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Abstract. Use of the herpes simplex virus thymidine kinase gene/
ganciclovir (HSV-tk/GCV) system is one of the promising approaches
in the rapidly growing area of gene therapy. The “bystander effect,” a
phenomenon in which HSV-tk* cells exposed to GCV are toxic to
adjacent HSV-tk~ cells, was reported to play an important role in
suicide gene therapy. However, the mechanism by which
HSV-tk/GCV induces the bystander effect is poorly understood. We
monitored the activation of caspase-3 in living cells induced by the
HSV-tk/GCV system using a genetically encoded fluorescence reso-
nance energy transfer (FRET) probe CD3, , a caspase-3 recognition
site fused with a cyan fluorescent protien (CFP) and a red fluorescent
protein (DsRed) which we reported and named in a previous paper.
Fluorescence protein (FP)-based multicolor cellular labeling, com-
bined with the multichannel fluorescence imaging and FRET imaging
techniques, provides a novel and improved approach to directly de-
termine whether the activation of caspase-3 involved in the
HSV-tk/GCV system induces cell apoptosis in tk gene-expressing cells
and their neighboring cells. FRET ratio images of CD3, and fluores-
cence images of the fusion protein of thymidine kinase linked with
green fluorescent protein (TK-GFP), indicated that HSV-tk/GCV
system—induced apoptosis in human adenoid cystic carcinoma
(ACC-M) cells was via a caspase-3 pathway, and the activation of
caspase-3 was not involved in the bystander effect of HSV-tk/GCV

system. © 2008 Society of  Photo-Optical Instrumentation Engineers.
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1 Introduction

HSV-tk/GCV system, which is the “virus-directed enzyme/
prodrug therapy”' of herpes simplex virus (HSV) thymidine
kinase (rk) gene/antiviral reagent ganciclovir (GCV),> is one
of the promising approaches in the rapidly growing area of
gene therapy. The “bystander effect,” a phenomenon in which
HSV-tk* cells exposed to GCV are toxic to adjacent HSV-tk~
cells, was reported to play an important role in suicide gene
therapy. GCV is a synthetic nucleoside analogue, which is
phosphorylated by viral thymidine kinase (TK) produced in
HSV-tk* cells. Phosphorylated GCV is further converted to
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the triphosphate form by cellular kinases and then incorpo-
rated into DNA molecules, where it prevents DNA
elongation,’ thus killing the cell. However, the therapeutic
effect of the HSV-tk/GCV system in cancer therapy is not
restricted to killing cancer cells in this way. Another therapeu-
tic effect has been reported, called the bystander effect.* The
bystander effect can lead to the killing of nontransduced tu-
mor cells in the immediate vicinity of GCV-treated HSV-rk*
cells. The magnitude of the bystander effect in vivo is sub-
stantial, the number of cells killed being at least comparable
to those killed by direct transduction.

HSV-tk/GCV also induces ligand-independent death recep-
tor aggregation and the activation of caspases.”® However,
activated caspases were detected by Western blot, which does
not distinguish between activated caspases from HSV-rk*
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Fig. 1 Fluorescence and transmission images of TK-GFP and CD3 co-expressed ACC-M cells. The fluorescent images of ACC-M-TK-GFP-CD3 cells
were detected using a laser confocal scanning microscope in (a) the CFP channel with excitation at 458 nm and emission at 465 to 485 nm, (b)
the DsRed channel with excitation at 514 nm and emission at 580 to 650 nm, and (c) the GFP channel with excitation at 488 nm and emission at
500 to 550 nm, respectively. A transmission image of ACC-M-TK-GFP-CD3 cells is also shown (d). The scale bar is 20 um.

cells or HSV-tk™ cells. Furthermore, very little is known about
caspase activation induced by the bystander effect. Therefore,
our purpose in this study is to monitor in real time the activity
of caspase-3 induced by the HSV-tk/GCV system in single
cells and to analyze directly whether the activity of caspase-3
is involved in the bystander effect in single cells. The imaging
of single cells is essential for understanding the molecular
mechanism of HSV-tk/GCV-induced apoptosis and the by-
stander effect.

In our previous work, we have constructed two fluores-
cence resonance energy transfer (FRET) probes (CD3 and
CD2), which have linkers containing the caspase-3 cleavage
sequence (DEVD) and caspase-2 cleavage sequence
(VDVAD) fused with enhanced cyan fluorescent protein
(ECFP) and DsRed2,” respectively. With these probes, the dy-
namics of caspases were monitored in real time in single
HeLa cells during cisplatin-induced apoptosis. In the present
study, the activation of caspase-3 induced by the
HSV-tk/GCV system in single cells was monitored in real
time by using CD3 and TK-GFP (the fusion protein of TK and
green fluorescence protein) co-expressed in human adenoid
cystic carcinoma (ACC-M-TK-GFP-CD3) cells. By using
mixed cultured CD3-expressing ACC-M (ACC-M-CD3) cells
and TK-GFP-expressing ACC-M (ACC-M-TK-GFP) cells,
we have directly demonstrated that the activation of caspase-3
is not involved in the bystander effect of the HSV-tk/GCV
system.

2 Materials and Methods
2.1 Gene Construction

For this study, we used a genetically encoded FRET sensor
CD3 (CFP-DEVD-DsRed2). The details of construction pro-
tocols were described previously,7 in which the enhanced mu-
tant ECFP was referred to using the more concise name CFP
throughout, and DsRed was generated from pDsRed2 (Clon-
tech).

2.2 Cell Culture, Transfection, and Screening

A human adenoid cystic carcinoma (ACC-M) cell line was
obtained from the China Center for Type Culture Collections
(Wuhan, China).® The TK-GFP vector was kindly provided by
Professor Ariane S6ling (Germany).” ACC-M cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma-Aldrich) supplemented with penicillin G sodium
(100 units/mL), streptomycin sulfate (100 wg/mL) and
10% fetal bovine serum at 37°C in a humidified atmosphere
of 5% CO,/95% air. ACC-M cells were transfected with the
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plasmid TK-GFP, which expresses the herpes simplex virus
thymidine kinase gene (HSV-tk) and EGFP (enhanced mutant
green fluorescence protein) in the same bicistronic message,
by FuGENEG6 Transfection Reagent (Roche, Switzerland).
Stable TK-GFP-expressing ACC-M cell clones (ACC-M-TK-
GFP) were screened with 800 ug/mL G418 (Promega Corp.,
Madison, Wisconsin). ACC-M-TK-GFP cells and ACC-M
cells were transfected with CD3 using the same methods.
Stable CD3-expressing ACC-M (ACC-M-CD3) cell clones
were screened with 800 ug/mL G418.

2.3 Imaging system for FRET Measurement and
Multicolor Fluorescent Imaging

FRET measurements were performed using an FV1000 laser
confocal scanning microscope (Olympus, Japan) with a Plan
Apo 60X oil immersion objective having 1.42 numerical ap-
erture (NA). The fluorescence images of CD3-expressing
ACC-M cells were detected by excitation at 458 nm (Ar la-
ser), and the emitted fluorescence bands were separated by a
grating and detected by photomultiplier tubes (PMT) in a
cyan fluorescent protein (CFP) channel (465 to 485 nm) and
FRET channel (580 to 650 nm). For reflecting FRET effi-
ciency of CD3 in living cells, the ratio of FRET (Rpggy) was
calculated as follows:'"!!

Regrer = Ierer/Icrps

where Irggr and Icpp are fluorescence intensities from the
region of interest detected through the FRET channel and the
CFP channel, respectively. Images of Rpgpp were calculated
and presented using MATLAB 7.0. We gave Rprgr the value
1 if the FRET probe CD3 was intact, and normalized other
values of Rgrgr relative to the maximum value of Rpggr.

For fluorescent imaging of multicolor labeled cells, the
fluorescence images of ACC-M-TK-GFP-CD3 cells were ob-
tained using laser confocal scanning microscopy, in which the
CFP channel used excitation at 458 nm and emission at 465
to 485 nm, the DsRed channel used excitation at 514 nm and
emission at 580 to 650 nm, and the GFP channel used exci-
tation at 488 nm and emission at 500 to 550 nm. The dead
cells induced by GCV were identified by morphological
changes in transmission images, such as membrane blebbing
and cell shrinkage.
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3 Results

3.1 Real-Time Imaging of Caspase-3 Activity During
HSV-tk/GCV-Induced Apoptosis in Living
ACC-M Cells

The genetically encoded probe CD3 was transfected into
ACC-M-TK-GFP cells, giving TK-GFP and CD3 co-
expressed ACC-M cells, named ACC-M-TK-GFP-CD3 cells.
The fluorescence images of ACC-M-TK-GFP-CD3 cells
showed CD3 localized in the cytosol and TK-GFP localized in
the nucleus (Fig. 1). To monitor in real time GCV-induced
apoptosis in HSV-tk* cells, TK-GFP and CD3 co-expressed
ACC-M cells were treated with 1.5 mg/mL GCV, and then
images of the ACC-M-TK-GFP-CD3 cells were obtained at
about 15-min intervals. A time series of Rpggr images, trans-
mission images, and multichannel fluorescence images of
ACC-M-TK-GFP-CD3 cells is shown in Fig. 2(a). The FRET
ratio of CD3 in ACC-M-TK-GFP-CD3 cells obviously de-
creased as the caspase-3 activity triggered the cleavage of the
CD3 probe.”'? In the plot of Rpggr versus time [Fig. 2(b)] and
the plot of diameter of cells versus time [Fig. 2(c)], it is ap-
parent that caspase-3 was activated before cell morphological
changes began. Furthermore, once the activation of caspase-3
had been initiated in the cytosol, the activation process was
completed within several minutes.” Using ACC-M-CD3 cells
expressing only CD3, and without TK-GFP, as a negative con-
trol, the FRET ratio of CD3 in ACC-M-CD3 cells was stable
and the cells still survived 8 h and 27 min after treatment
with 1.5 mg/mL GCV. It was especially notable that mitosis
of ACC-M-CD3 cells was not affected by GCV (Fig. 3, ar-
row). This indicates that GCV did not induce the activation of
caspase-3 in ACC-M-CD3 cells without TK expression. The
same experiments were repeated at least three times.

3.2 Real-Time Imaging of the Bystander Effect of the
HSV-tk/GCV System on Living ACC-M Cells

To confirm the relationship of caspase-3 activation and the
bystander effect of the HSV-tk/GCV system in living cells, we
mixed ACC-M-TK-GFP cells and ACC-M-CD3 cells in a 1:3
ratio and seeded them onto a 35-mm “coverslip-bottom cul-
ture dish.” After the cells were cultured for 24 h, 1.5 mg/mL
GCV was added to induce apoptosis. Mesnil et .+ reported
that the bystander effect involved a transfer of phosphorylated
ganciclovir molecules from HSV-7k* cells to HSV-tk~ cells
through gap junctions. Therefore, we chose to image the
ACC-M-CD3 cells growing adjacent to ACC-M-TK-GFP
cells. The FRET images of the ACC-M-CD3 cells adjacent to
ACC-M-TK-GFP cells showed that the FRET ratio of the
CD3 probe remained stable even as the cells died [Fig. 4(a)].
The same experiment was repeated at least three times. In Fig.
4(b), the plots of FRET ratio (Ipggr/Icpp) versus time were
calculated from four individual ACC-M-CD3 cells in each
repeat experiment. Error bars indicate SD, and the values of
Ierer/ Icpp did not normalize. Three approximately parallel
lines showed that the FRET ratio of CD3 in ACC-M-CD3
cells was stable. This indicated that the bystander effect of the
HSV-tk/GCYV system can kill the adjacent HSV-zk~ cells via a
caspase-3-independent pathway.
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Fig. 2 Single-cell imaging FRET changes of CD3 in response to
caspase-3 activity during GCV-induced apoptosis in ACC-M-TK-GFP-
CD3 cells. (a) A time series of Rgger images of the ACC-M-TK-GFP-
CD3 cells treated with 1.5 mg/mL GCV are shown in the top. The
color bar represents the FRET ratio of the CD3 probe. The transmis-
sion image (first column) and multichannel fluorescent images (sec-
ond column: DsRed channel; third column: CFP channel; fourth col-
umn: GFP channel) of the ACC-M-TK-GFP-CD3 cells at 6 h, 23 mins
and 9 h, 21 mins after GCV treatment are shown in the middle row
and bottom row, respectively. (b) The plot of Rgger versus time. (c) The
plot of the diameter of cells versus time. The diameter of cells is
calculated using the dimension of the longest axis from the transmis-
sion images.

4 Conclusion

Fluorescence resonance energy transfer can be utilized to
make highly sensitive detectors of molecular activity. Here we
introduce FRET-based sensors, which utilize variants of en-
hanced GFPs fused by a caspase-3-specific peptide linker to
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Fig. 3 Single-cell imaging FRET ratio of CD3 in living ACC-M-CD3
cells treated with GCV. Bright field images and a time series of Reger
images of ACC-M-CD3 cells treated with 1.5 mg/mL GCV showed
that the FRET ratio of the CD3 probe was stable and the cells still
survived. The mitosis of ACC-M-CD3 cells was not affect by GCV
(arrow). The scale bar is 20 um.

detect caspase-3 activity, to the study of the bystander effect
of the HSV-tk/GCV system.

HSV-tk gene therapy has been extensively studied on dif-
ferent kinds of tumors and largely relies on the bystander
effect. Using fluorescent protein (FP) based multicolor cellu-
lar labeling combined with multichannel fluorescence imaging
and FRET imaging techniques, the activation of caspase-3 in
the direct and the bystander killing effects of HSV-tk/GCV
system were visualized in real time. The advantages of this
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Fig. 4 Single-cell imaging FRET ratio of CD3 in living ACC-M-CD3
cells mixed with ACC-M-TK-GFP cells after GCV treatment. (a) Bright
field images and a time series of Rgger images of ACC-M-CD3 cells
adjacent with ACC-M-TK-GFP cells treated with 1.5 mg/mL GCV
showed that the FRET ratio of the CD3 probe in ACC-M-CD3 cells
remained stable until the cells’ death. The scale bar is 20 um. (b) The
plots of the FRET ratio (/eger/Icrp) Versus time were calculated from
four individual ACC-M-CD3 cells in three repeated experiments.

Journal of Biomedical Optics

031209-4

approach are: (1) CD3 was expressed in the cytosol and TK-
GFP was expressed in the nucleus (Figs. 1 and 2), which
results in less cross-talk between fluorescence signals from
each kind of fluorescent protein: and (2) CD3 was insensitive
to changes of H* during apoptosis and was a sensitive indi-
cator of the activity of Caspase—?).7’12

In order to monitor HSV-k/GCV system-induced apopto-
sis and its bystander effect, ACC-M-TK-GFP, ACC-M-CD3,
and ACC-M-TK-GFP-CD3 tumor cells were treated with
GCV and imaged with the FRET imaging technique. The re-
sults showed that GCV could induce the activation of
caspase-3 in ACC-M cells co-expressed with HSV-tk and
CD3 (Fig. 2) but could not induce the activation of caspase-3
in ACC-M cells without HSV-tk being expressed (Fig. 3).
Although the bystander effect of the HSV-tk/GCV system
could induce apoptosis in cells adjacent to HSV-tk~ express-
ing cells, apoptosis did not occur via a caspase-3 activation
pathway. That is to say, the activation of caspase-3 is not
involved in the bystander effect.

In summary, the combination with FP-based multicolor
cellular labeling and FRET imaging directly confirmed that
caspase-3 activation was involved in HSV-tk/GCV-induced
apoptosis in HSV-tk* cells but was not involved in the by-
stander effect. This work has provided an improved method of
studying the molecular mechanism of the HSV-tk/GCV sys-
tem.
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