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treatment, not only do cells that express HSVtk succumb but also
frequently nonmodified neighboring tumor cells as well. This phe
nomenon is called â€œbystandereffectâ€•(5, 6).

Such a strategy has been used to treat various experimental tumors
(5, 7â€”11). After some encouraging results from studies in experimen
tal animals, many clinical protocols have been approved worldwide
(12). Although clinical trials using this method have been started, the
precise mechanism of the bystander effect in vivo has not been fully
elucidated. Several hypotheses have been proposed for its mechanism,
including involvement of immune responses (13â€”16),apoptosis (17),
endocytosis of toxic cell debris (6), or blood vessel destruction (8).

It has been shown that gapjunctions may play important roles in the
mechanism of bystander effect in vitro (18â€”22).Like other nucleo
tides, phosphorylated GCV cannot pass through the plasma membrane
except when traversing to neighboring cells by gap junctions (23).
Gap junctions form channels that connect adjacent cells. The channels
are permeable to molecules smaller than Mr 1000, such as cyclic
AMP, calcium, and inositol triphosphate, but do not allow the transfer
of proteins and nucleic acids. Gap junction channels are formed by
proteins called connexins. The family of connexin proteins includes at
least 13 members in rodents (24, 25).

Although gap junctions probably play a key role in the mechanism
of bystander effect in vitro, their role has not been directly tested in
vivo. Many factors may affect a bystander effect in vivo. Particularly,
it has been claimed that the host immune system contributes to
mediating the bystander effect (16). This effect can be investigated by
eliminating the immune system, for instance by means of using
immune-deficient animals such as SCID (26) or SCID-beige (bg)
mice (27).

We have examined the role of gap junctions as a potential mech
anism of the bystander effect in vitro and, particularly, in vivo. C6 rat
glioma cells (28), which exhibit a low level of intercellular commu
nication by gap junctions as shown by morphological and functional
studies (29, 30), and Cx43-transfected clones of this cell line forming
gapjunctions from a moderate level (Cx43-12 and Cx43-l4) to a high
level (Cx43-13), were transduced with the HSVtk gene. Mixtures of
transduced and nontransduced cells were tested in vitro and in vivo in
SCID-bg mice.

MATERIALS AND METHODS

Cell Line. RatC6 glioma cells (AmericanType CultureCollection, Rock
ville, MD) were grown in DMEM (Life Technologies, Inc., Paisley, United

Kingdom) supplemented with 10% (v/v) FCS (Life Technologies, Inc.), 10
p@g/mlstreptomycin, and 10 units/ml penicillin. Production of C6 glioma cells
transfected with Cx43 cDNA has been described previously (31). Briefly, cells
were transfected with the plasmid pLTRCx43, an SV4O-basedvector (pLTR)
in which the Cx43 cDNA clone G2 was inserted. The pLTRCx43 construct
contains a dominant selectable marker, the Escherichia coli xanthine-guanine
phosphoribosyl transferase (gpt) gene, as well. After transfection and selection,
various clones were isolated that were grouped into moderate (Cx43- 12 and

Cx43-14) or high (Cx43-l3) expressers of Cx43 mRNA and protein. The level
of expression of Cx43 in the clones correlated well with the level of intercel
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ABSTRACT

Transfer of the herpes simplex thymidine kinase gene (HSVtk) into
tumor cells followed by the administration of ganciclovir (GCV) provides
a potential strategy for the treatment of some malignancies. During GCV
treatment, not only the cells that express the HSVtk gene are killed but
also frequently neighboring tumor cells that are not genetically altered.

This has been called the â€œbystander effect?' Although the mechanism of

the bystander effect in vivo remains elusive, our results suggest that gap
junction formation between neighboring cells Is an Important contributing
factor.

The C6 rat glioma cell line, which exhibits a low level of intercellular
communication by gap junctions and connexin43 (Cx43)-transfected
clones of this cell line forming gap junctions from a moderate level
(Cx43-12 and Cx43-14) to a high level (Cx43-13), were transduced with
HSVtk. Transduced and nontransduced cells were mixed in various con
centrations and then cultured in vitro or injected s.c. into C.B-17/SCID

beige mice followed by i.p. injections of GCV. Cx43-transfected clones
showed a significant increase of the bystander effect compared with the
less coupled C6 parental cell line. In 11 of 12 mice injected with cells of

Cx43-transfected clones, no tumors were seen at the Inoculation site when
a mixture of 50% HSVtk-negative and HSVIk-positive cells was used.
Moreover, in mice injected with cells of clone Cx43-13, which exhibits the
highest intercellular communication, tumors were frequently undetectable

at the inoculation site when using mixtures of 75% HSVtk.negative and
25% HSVIk-positive cells, and even mixtures containing 5% HSVtk

positive cells of Cx43-transfected clones showed tumor size reduction. All
animals in control groups (n 26) developed large tumors at every
injection siteSThese results demonstrate that gap junctions are an impor
tent component in mediating the bystander effect in vivo.

INTRODUCTION

Somatic gene therapy is a rapidly developing therapeutic modality
for experimental treatment of some cancers (I). One of the approaches
in gene therapy of cancers is virus-directed enzyme/prodrug therapy
using viral vectors carrying the HSVtk@ gene and anti-viral drugs
GCv or acyclovir (2, 3). GCV is metabolized by HSVtk into a
monophosphate form and subsequently to GCV-triphosphate by en
dogenous mammalian kinases. GCV-triphosphate is incorporated into
the DNA of dividing cells, arresting DNA replication and causing cell
death (4). Therefore, cells that express HSVtk become sensitive to the
toxic effect of GCV and can be killed in vivo. Moreover, during the
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lular coupling. The characteristics of these clones have been described previ
ously (30).

Retroviral Vector. A replication-deficient retroviral vector, containing
HSVtk and the bacterial neomycin resistance (NeoR) fusion gene, was kindly

provided as a high-titer PA317 amphotropic vector-producing fibroblast clone
by Dr. Michael Blaese (NIH, Bethesda, MD). To produce virus-containing
supernatant, the PA317 vector-producing fibroblasts were plated in 175-cm2
flasks in DMEM with high glucose and 10% heat-inactivated FCS. The
medium was changed when cells were subconfluent and then collected after
24 h, filtered (0.45 sm), and frozen at â€”70Â°C.The titer of supematant was

4 X iÃ¸@viral particles/ml as measured on 3T3 cells. Supernatantcontaining the
viral particles was negative for helper virus when target 3T3 cells were tested
by PCR for amphotropic env sequences as described previously (32).

Transduction of Parental C6 and Cx43-transfected Clones, Cx43-12,
Cx43-13, and Cx43-14. One million cells of parental C6 or Cx43-transfected
clones were incubated in a 75-cm2 flask. Twenty-four h later, cells were
incubated in a supematant containing vector (10 virus particles/cell) with 4
lLg/ml polybrene (Sigma Chemical Co., St. Louis, MO) for 24 h. The same
transduction procedure was repeated daily for 2 more consecutive days. The

cells were then exposed to I mg/mI G-418 (Life Technologies, Inc.). After 2
weeks of 0-41 8 selection, resistant cells were obtained for consecutive exper
iments.

DNA Isolation and PCR. Isolationof DNA was performedusing SDS/
proteinase-K lysis of cells, followed by phenol/chloroform extraction (32).
PCR reactions were carried out using 100ng of each primer and 0.2 unit of Taq
polymerase (Life Technologies, Inc.) in the total volume of 50 p1 Samples
were incubated initially for 5 mm at 95Â°Cfollowed by 30 cycles using primers
neol (5'-CAA GAT GGA TFG CAC GCA CG-3') and neo 5 (5'-CCC OCT
CAG AAG AAC TCG TC-3'). The presence of the neoR gene sequence in
DNA samples resulted in a 790-bp fragment when a combination of neol-neo5
primers were used.

In Vitro GCV Sensitivity Assay. To determine the optimal cytocidal effect
of CCV, lQ@transduced or nontransduced cells of parental C6 or Cx43-
transfected clonal origin were seeded in a well of 24-well plates (triplicate).
After 24 h incubation, CCV was added to a final concentration of 0.36 to 72
@.LM(0.1â€”20 @g/ml).CCV containing medium was changed every other day for

7 days, after which living cells were counted using the trypan blue dye
exclusion test.

In Vitro Analysis of the Bystander Effect. To determine the effect of
HSVtk-positive cells on HSVtk-negative cells in vitro, experiments were
performed in which HSV:k-positive and HSVtk-negative cells were mixed at

different ratios. Mixtures of cells were incubated at a concentration of 2 X 10â€•
or 10' cells in a well of 24-well plates (triplicate) in basal medium with or
without CCV (final concentration, 36 ELM).Medium was changed every other
day for 7 days; thereafter, viable cells were counted using trypan blue dye
exclusion test.

Mice. C.B-l7flcrHsd-Scid-bg mice (SCID-bg) were purchasedfrom Har
lan UK Ltd. (Bicester, England). Mice were bred and maintained under
specific pathogen-free conditions in the animal facilities of Huddinge Hospital.

Cages, water bottles, and bedding were autoclaved and changed twice a week.
The animals received antibiotics as described previously (33). Mice were used
at 5â€”8 weeks of age. All procedures involving animal use were approved by

the local ethical committee.
Establishment of Tumors in SCID-bg Mice. Prior to inoculation into

mice, parental C6 or Cx43-transfected clones (Cx43â€”l2, Cx-43â€”13,and Cx43â€”
14)were trypsinized and then washed twice with PBS. To establish tumors 106
5 x 106,or 10 X 106cells were injecteds.c. on the backof SCID-bgmice.
Animals were examined at different time points, and the size of tumors was
measured using calipers. Animals were sacrificed and dissected after 20 days
because of large tumors.

Kinetic Assays for Growth of Parental C6 or Cx43-transfected Clones.
To see whether transduced or nontransduced clones had similar growth kinet
ics in vivo, l0@ transduced or nontransduced cells were injected s.c. into four

separate locations on the back of each mouse. Tumor size was measured using

calipers 20 days after transfer of cells.
In Vivo Analysis of Bystander Effect. Various percentages of HSVtk

positive and HSVtk-negative cells of parental C6 or Cx43-transfected clones
were mixed. Cells ( l0@per site) were injected s.c. into four separate locations
on the back of each mouse: (a) 100% HSVIk-negativecells into the upper left;

(b) 100% HSVtk-positive cells into the upper right; (c) 50% each of HSVtk

negative and HSVtk-positive cells into the lower left; and (d) 75% HSVtk
negative and 25% HSVtk-positive cells into the lower right location of the
mice. Similar experiments were performed with 10 or 5% HSVrk-positive cells

mixed with 90 or 95% HSVtk-negative cells. Simultaneously, to evaluate the
direct effect of GCV on nontransduced cells, 10@cells of parental C6 or
transfected clones per site were injected s.c. into four different locations on the
back of each mouse. Five days after s.c. injection of cells, those mice receiving
a mixture of transduced and nontransduced cells as well as those only receiving
nontransduced cells were given 25 mg/kg CCV in 500 @ltwice a day by i.p.
injections. Mice in the control groups were injected i.p. with a similar volume
of saline.

Stathtical Analysis. The Wilcoxon-Mann-Whitney test was used in the
statistical analysis. The levels are expressed as median Â±range. Differences

were considered significant when P@ 0.05.

RESULTS

HSVtkTransductionof C6 Parentaland Cx43-transfectedC6
Clonesand Sensitivityto GCV. Thetransductionfrequencyafter2
weeks of 0-418 selection was 27, 25, 30, and 17% for C6, Cx43-12,
Cx43-14, and Cx43-13 cells, respectively. Neo resistance cells posi
tive for HSVtk were continuously selected by G-4l8. To optimize the
concentration of GCV, transduced and nontransduced cells were
grown in medium containing GCV at various concentrations ranging
from 0.36 to 72 p.M(0.1â€”20,&g/ml). Cells were evaluated after 7 days.
C6, Cx43-l2, and Cx43-14 HSVtk-positive cells were sensitive to
GCV treatment at concentrations 3.6 @M(l @g/ml),whereas
Cx43-l3 cells were sensitive at l8 p.M (5 p.g/ml), but almost
complete eradication of cells was obtained at 36 ,LM(10 @tWml;Fig.
1). To use the same concentration of CCV for all cells, 36 ,.tM GCV
was used in the subsequent experiments. There was no toxic effect of
Ccv onnontransducedcells.

In Vitro Bystander Effect. For in vitro evaluation of bystander
effects, two different concentrations of cells (2 X lO@or lO@cells/
well) were used. Transduced and nontransduced cells were mixed in
different proportions. In the group oflow cell concentration (2 X lOg),
as few as 10% of HSVtk-positive cells were enough to eradicate the
majority of HSVtk-negative cells in all Cx43-transfected clones after

7 days of exposure to GCV (Fig. 2a). Furthermore, when the number
of cells was increased in each well (l0@), a bystander effect was

A

LA

00 ..

>
0
(@ 1.2

a
0

,0

@ 0.8

U

ce0.6

5<

@ 0.4

U
0

,-
0 0.2
0z

A

I

0

LA

0

.

0
0

A 0 1

ILA

A 00

A

0 0.36 3.6@ 18 â€˜ 36 72

Ganciclovir concentration (j.@M)

Fig. 1. In vitro susceptibility of C6 parental (Ls) and Cx43-transfected clones [Cx43-12
(A). Cx43-14 (0), and Cx43-l3 (â€¢)lexpressing the HSVtk gene to killing by GCV. A
total number of l0@cells were incubated with various concentrations of GCV. After 7 days
in culture, the number of surviving cells was counted. Data represent triplicate samples.
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GAP JUNCTIONS MEDIATING A BYSTANDER EFFECF IN VIVO

19.1 Â±3.0 mm; Cx43-l4, 17.8 Â±3.3/18.1 Â±2.6 mm; and Cx43-13,
13.0 Â±1.5/12.7 Â±1.3 mm (median Â±range).

In Vivo Bystander EffecL To determine whether the levels of gap
junctions are important for a bystander effect, lO@HSVtk transduced
and nontransduced C6 parental cells or Cx43-transfected clones,
which express Cx43 from a moderate to a high level, were injected
into SCID-bg mice in various proportions, followed by the adminis
tration of GCV. All animals (n = 66) had small palpable tumors
before initiation of the GCV treatment S days after injection of the
cells. Tumor diameters before GCV treatment in C6, Cx43-l2, Cx43-
14, and Cx43-l3 cells were 5.2 Â±2.0 mm, 4.9 Â±2.6 mm, 4.7 Â±1.6
mm, and 4.9 Â±1.2 mm (median Â±range), respectively.

In Vivo Bystander Effect in Parental C6 Cells. In the group
carrying C6 parental cells, all animals receiving saline only developed
large tumors at each injection site, regardless of the proportion of
HSVtk-negative or HSVtk-positive cells in the injected mixture at the
end of the experiments (20 days after cell injection). All GCV-treated
animals (n = 14) developed tumors at locations inoculated with
HSVtk-negative cells only. Five of 14 animals had small tumors when
only HSVtk-positive cells were used (Fig. 4, 5). At the inoculation site
of a mixture of 50% HSVtk-negative and HSVtk-positive cells, there
were still tumors, although tumor sizes were statistically smaller than
in control animals injected with S X 106 non-Cx43-transfected cells
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Fig. 2. The in vitro bystander effect in C6 parental (is) and Cx43-transfected clones
[Cx43-l2 (A), Cx43-14 (0), and Cx43-13 (â€¢)].HSVtk-positive cells were mixed with
HSVtk-negative cells in various proportions. Cells were plated in tissue culture dishes at
lowdensities(20 x lOâ€•/well;a) or at highdensities(l0@/well;b). GCVwasaddedin
medium. After 7 days of culture. the remaining cells in the plates were counted. Data
represent triplicate samples.

observed in parental cells (C6) as well, probably due to increased
cell-to-cell contact at higher density (Fig. 2b).

In Vivo Growth Kinetics of Parental C6 and Cx43-transfected
Clones. One x 106, 5 x 106, or 10 x 106 parentalC6 or Cx43-
transfected clones (Cx43-l2, Cx43-l3, and Cx43-l4) were injected
s.c. into SCID-bg mice. All animals developed tumors. In untreated
animals, the tumor diameters from connexin high-expressing Cx43-l3
cells were smaller than from C6 parental cells, but there was no
statistical difference between parental C6 and Cx43-l2 or Cx43-l4
clones. Tumor diameters 20 days after injection of 1 X 106, 5 X 106,
and 10 X 106 cells, respectively, were 17.2 Â±2.6, 20.6 Â±6.0, and
22.6 Â±5.2 mm (median Â±range) for C6 parental cells; 16.5 Â±4.9,
18.7 Â±2.6, and 22 Â±0.8 for Cx43-l2; 16.3 Â±4.3, 18.0 Â±2.7, and
20.3 Â±2.0 for Cx43-14; and 9.1 Â±2.3, 10.5 Â±3.4, and 13.7 Â±0.7
for Cx43-13 cells (Fig. 3).

Experiments were also performed to evaluate growth kinetics of
transduced and nontransduced cells in vivo. There was no statistically
significant difference in the size of s.c. tumors when l0@cells of either
nontransduced or HSVtk-transduced cells of the individual clone were
injected into SCID-bg mice. Twenty days after injection of cells, the

following tumor sizes were observed (nontransduced/HSVtk trans
duced): C6, 19.5 Â± 2.8/19.8 Â± 2.1 mm; Cx43-l2, 18.2 Â± 4.0/
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Fig. 3. In vivo growth rate of C6 parental (z@)and Cx43-transfected clones (Cx43â€”l2
(A), Cx43- 14 (0), and Cx43- 13 (â€¢)]in SCID-bg mice. Mice were inoculated with
1 X 106 (a), S X 106 (b), or 10 X l0@(c) cells. Twenty days after injections ofcells, sizes
of the tumors were measured.
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GAP JUNCTIONS MEDIATING A BYSTANDER EFFECT IN VIVO

inoculation site of a mixture of 75% HSVtk-negative and 25% HSVtk
positive cells (Fig. 4). There was also a significant tumor size reduc
tion or inhibition when administering only 10 or 5% HSVIk-positive
cells (clones Cx43-l2, Cx43-l4, and Cx43-13), even when comparing
with untreated animals receiving 5 X 106 nontransduced cells (Fig.
3b, 20 days, 5).

Effect of GCV on Nontransduced Cells. To rule out the effect of
GCv treatment per se on tumor formation, i0@nontransduced cells of
each clone were injected into four separate locations on the back of
each mice given either saline or GCV. Twenty days after cell injec
tion, no significant difference was found between the size of tumors
appearing in the control and in GCV-treated mice.

DISCUSSION

Saline-treated mice
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GCV-treated mice The transfer of suicide genes to tumor cells has become an impor
taut tool for somatic gene therapy of malignancy. Because it is
impossible to transduce or transfect 100% of tumor cells using avail
able techniques, a bystander effect in the HSVtk/GCV system is an
excellent method to eradicate some tumors. Although the mechanisms
of a bystander effect has not been fully understood, several clinical
trials have been started with the aim of treating patients with end-stage
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negative and HSVtk-positive cells were injected into four separate locations on the back
of each mouse. GCV treatment was started 5 days after injection of cells and continued
for2 weeks(25mg/kgx 2/day).Allmiceweresacrificed20daysafterinjectionofcells.
Each mouse was injected with 100% nontransduced cells in the upper left. 100%
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(Fig. 3b, 20 days, 4). At the inoculation site of a mixture of 75%
HSVtk-negative and 25% HSVtk-positive cells, an apparent bystander
effect was not observed, although tumor size reduction was statisti
cally smaller than in control animals injected with S X 106 non-Cx43-
transfected cells (Fig. 3b, 20 days, 4). There was no statistical differ
ence between animals receiving GCV or saline when administering
only 10 or 5% HSVtk-positive cells (Fig. 5).

In Vivo Bystander Effect in Cx43-transfected Clones. In the
animals (n = 18) receiving mixtures of HSVtk-positive and HSVtk
negative Cx43-transfected cells, clones Cx43-l2, and Cx43-l4, which
express moderate levels of Cx43, a bystander effect was observed,
resulting in no or significantly smaller tumors than in animals receiv
ing C6 parental cells (Fig. 4, 5). In seven of eight animals, there were
no palpable tumors at the inoculation site, using a mixture of 50%
HSVtk-negative and HSVtk-positive cells. Similarly, there was a
significant tumor size reduction at the inoculation site of a mixture of
75% HSVtk-negative and 25% HSVtk-positive cells (Fig. 4). More
over, an even greater degree of bystander effect was observed with
clone (Cx43-l3), which expresses the highest level of Cx43. In four of
four animals receiving GCV, there were no tumors at the inoculation
site of a mixture of 50% HSVtk-negative and HSVtk-positive cells. In
the same animals, three of four mice did not have tumors at the
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Fig. 5. Bystander killing ofC6 parental (@)and Cx43-transfected clones [Cx43-12 (A),
Cx43-14 (0), and Cx43-l3 (â€¢)]in SCID-beige mice. Upperpanel, saline-treated control
mice; lower panel, GCV-treated mice. Cells (l0@) with different proportions of HSVtk
negative and HSVtk-positive cells were injected into four separate locations on the back
of each mouse. GCV treatment was started 5 days after injection of cells and continued
for 2 weeks (25 mg/kg X 2/day). All mice were sacrificed 20 days after injection of cells.
Each mouse was injected with 100% nontransduced cells in the upper left, 100%
HSVtk-positive cells in the upper right. 90% HSVtk-negative mixed with 10% HSVtk
positive cells in the lower left, and 95% HSVtk-negative mixed with 5% HSVtk-positive
cells in the lower right region of the back.
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brain tumors, ovarian cancer, and pleural mesothelioma (12). How
ever, understanding the mechanism of a bystander effect is of general
importance in the design of cancer gene therapy. There is evidence
that gap junctions between adjacent cells are important to transfer
phosphorylated GCV from HSVtk-positive cells to HSVtk-negative
cells in vitro (18â€”22),but the mechanism of the bystander effect in
vivo is still controversial.

To test the role of gap junctions for the bystander effect in vivo, we
compared the degree of bystander effect between cells from a poorly
coupled C6 rat glioma cell line and clones from this cell line stably
transfected with a cDNA encoding an important gap junction protein,
Cx43. Our results suggest the importance of gap junctions for the
bystander effect of the HSVtk/GCV system in vivo as well as in vitro.
We found that Cx43-transfected clones showed clear and significant
augmentation of the bystander effect, and furthermore, there was a
strong correlation between the bystander effect and the level of gap
junctions. For example, about 5% of HSVtk-transduced Cx43-13 cells
gave a similar reduction in tumor size as compared to 50% of
HSVtk-transduced parental C6 cells. Some of the mice developed
tumors at locations inoculated with C6 HSVtk-positive cells only.
This is probably due to the low concentration of GCV at the tumor site
as compared to in vitro. Reversal of HSVtk-positive cells to HSVtk
negative is unlikely, because cells that had been obtained from tumor
masses were sensitive in the culture (data not shown). Statistical
comparisons were made with both 5 X 106 and 10 X 106 cells because
it could be argued that the direct toxic effect on a mixture of 50%
HSVtk-positive and 50% HSVtk-negative cells would result in only
5 x 106 surviving cells in the absence of a bystander effect.

C6 glioma cells were initially derived from rat glial tumors induced
by N-nitrosomethylurea (28). It has been shown that C6 glioma cells
exhibit marked reduction in expression of Cx43 and a low level of
intercellular communication (29, 30). However, Cx43-transfected
clones of this cell line express Cx43 mRNA and protein from a
moderate (Cx43-12 and Cx43-l4) to a high level (Cx43-l3). The level
of expression of this gap junction gene correlates well with the level
of intercellular coupling. The amount of Cx43 mRNA was found to be
30-fold greater in clones Cx43-l2 and CX43-l4 and 50-fold greater in
clone Cx43-l3 relative to that in C6 cells. The level of Cx43 protein,
relative to C6 cells, was 3-fold greater for clones Cx43-l2 and

Cx43-l4 and 8-fold greater for clone Cx43-13 (30). Cx43-transfected
clones (Cx43-l2 and Cx43-14), which express moderate levels of gap
junction protein, had similar growth kinetics to C6 parental cells, but
the transfected clone (Cx43-l3), which has the highest level of gap
junction protein, grew slowly, probably due to a rise of intercellular
communication. However, a strong bystander effect was obtained
from all Cx43-transfected clones. Similar to these results, it has been
shown that when uncoupled cells were transfected with one of the
genes encoding a connexin, a greater bystander effect was observed in
vitro (20â€”22).Actually, the concept of gap junctions was proposed
more than two decades ago in a similar system using 6-TG to select
fibroblasts that lack HGPT. HOFF-negative cells, normally resistant
to 6-TG, became sensitive to 6-TO when cocultured with HGPT
positive cells (23, 34). This phenomenon was called â€œthekiss of
death.â€•Later experiments showed that the toxic metabolites were
transferred from HGPT-positive cells to HGPT-negative cells via gap
junctions (35).

Apart from gap junctions, several mechanisms have been proposed
to explain these phenomena, including apoptosis (17), endocytosis of
toxic cell debris (6), exposure of soluble toxins, involvement of
immune responses (13â€”16),and blood vessel destruction (8). There
fore, the mechanism of a bystander effect in vivo may be a complex
phenomenon because of the involvement of tumor vascularity capac
ity or immune responses to tumor cells, but results of our experiments

show that the gap junction is an important component for the by
stander effect.

SCID-bg mice were chosen as an animal model to avoid the major
effects of the immune system in the experiments. SCID-bg mice, in
addition to the characteristics of SCID mice (26), are also deficient in
natural killer cells, and the genetic defect of the bg locus has been
characterized recently (36, 37).

Recently, it has been claimed that a bystander effect may not be
seen in immunodeficient animals, indicating a role for the immune/
inflammatory system (16). In the study of Ramesh et a!. (16), a murine
fibrosarcoma cell line, KBALB, was transduced with HSVtk, and then
athymic or nonlethally irradiated BALB/c mice were s.c. injected with
a mixture of HSVtk-positive and HSVtk-negative cells of this cell line.
Five days after injection of cells, the animals were treated with GCV
twice a day for only five doses before sacrifice. A bystander effect
was not seen, even when the tumor population comprised 50% HS
Vtk-positive cells. However, as mentioned above, animals were
treated for a short time, and such a brief observation period may not
be enough to observe the regression of tumor masses. In our experi
ments, complete eradication of the tumors was observed 10 days after
GCv treatment. Furthermore, we have demonstrated that a bystander
effect can be obtained in SCID mice receiving mixtures of HSVtk
transduced and nontransduced cells of the ARH-77 myeloma cell line
(11).

In conclusion, this study has shown that the expression of gap
junction proteins is an important factor in mediating tumor eradica
tion, or tumor cell reduction, by a bystander effect in vivo as well as
in vitro.
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