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ABSTRACT

Inumi- cells expressing the herpes simplex virus thymidine kinase

(HSV-TK) gene are sensitive to the drug ganciclovir (GCV). We demon
strate here that //.S"V-7A'-positive cells exposed to GCV were lethal to
//i'V-TA-negative cells as a result of a "bystander effect." HSV-TK-nega-

tive cells were killed in vitro when the population of cultured cells con
tained only 10% //SV-TA-positive cells. The mechanism of this "bystander
effect" on //SV-7A'-negative cells appeared to be related to the process of

apoptotic cell death when //SV-7A-positÂ¡ve cells were exposed to GCV.

Flow cytometric and electron microscopic analyses suggested that apop
totic vesicles generated from the dying gene-modified cells were phagocy-

tized by nearby, unmodified tumor cells. Prevention of apoptotic vesicle
transfer prevented the bystander effect.

The toxic effect of //SV-TA-positive cells on //SV-TA-negative cells was

reproduced in an in vivo model. A mixed population of tumor cells con
sisting of //SV-TA-positive and //SV-TA-negative cells was inoculated s.c.

into mice. Regression of the tumor mass occurred when the inoculum
consisted of as few as 10% //SV-TA-expressing tumor cells.

The bystander effect was also demonstrated in i.p. tumor studies. Initial
experiments demonstrated that prolonged survival i 711days) occurred
when a mixture containing 50% //SV-TA-positive and 50% //SV-TA-

negative cells was injected i.p. followed by GCV treatment. Further, sur
vival was prolonged for mice with a preexisting //SV-TA-negative i.p.
tumor burden by injecting //SV-TA-positive cells and GCV. These results

suggest that genetic modification of tumor cells may be useful for devel
oping cancer therapies.

INTRODUCTION

Gene transfer with retroviral vectors has allowed the introduction of
new genetic material into tumor cells in order to augment their rec
ognition and subsequent elimination by effector cells (1-5). In addi

tion to increasing the functioning of a cell, this approach could also be
useful for negative selection of undesired cells through the introduc
tion of a gene that would render the cell susceptible to toxic actions of
a drug (6). After the discovery that the growth of cells infected with
attenuated HSV4 was inhibited by exposure to acyclovir (7, 8) or GCV

(9) and because of the viral TK gene (10), the HSV-TK gene has been
used by a number of investigators to modify neoplastic and nonneo-
plastic cells to confer sensitivity to killing by GCV (11-18). This
killing results from the increased specificity of the HSV-TK for the

drug GCV when compared to cellular thymidine kinases (9, 11).
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Using this approach, Moolten and Wells (13) demonstrated that
tumor cells became sensitive to GCV in vivo and in vitro as a result of
retroviral vector-mediated transduction of the HSV-TK gene. In vivo
studies demonstrated that tumors containing the HSV-TK gene fre

quently regressed when animals were treated with GCV (13). The
//SV-TK-transduced tumor cells used in the above experiments had

been subcloned to generate a clonal population of cells with high
HSV-TK expression (13). This model was somewhat artificial since
spontaneously occurring tumors transduced with the HSV-TK gene
would be expected to express a variable degree of HSV-TK protein.
Tumor cells that express low levels of HSV-TK may be more likely to

produce tumors when injected into mice since they would be relatively
resistant to ganciclovir. However, we extended these studies using a
bulk population of //SV-TX-transduced tumor cells and found that

tumors regressed when inoculated into mice that were treated with
GCV (14). These in vivo studies demonstrated that HSV-TK cells

sensitive to GCV were toxic to nearby tumor cells that were resistant
to GCV (14), a phenomenon which was termed a "bystander effect"

(15). Thus, the limitation that all tumor cells must express the HSV-TK

gene for ganciclovir to eradicate a tumor is overcome by this
"bystander effect" and forms the basis for this report.

Ezzeddine et al. (16) and recently Culver et al. (17) extended these
findings to demonstrate that producer cell lines could be used to
deliver the HSV-TK gene directly to a tumor mass, using brain tumors

as a model. Since dividing cells are more easily transduced than
resting cells, the tumor cells would be targeted more directly than
nondividing cells. When modified tumor cells were mixed with cells
that did not contain the HSV-TK gene, reduced tumor growth was
demonstrated in the murine brain tumor model which they used (16-

18). This inhibition of growth was not mediated by a cellular effect of
the A/SV-TX-positive cells on unmodified cells as we had described
previously (14) but through the transfer of the HSV-TK vector, which
converted the previously //5K-re-negative tumor cells into HSV-TK-
positive cells (17). The in viVo-transduced //SV-re-positive cells

could then mediate the bystander effect when the animals were treated
with GCV. While this approach has addressed the difficulty of a
heterogeneous tumor population, its clinical utility may be limited by
the introduction of cells that secrete retroviral vectors. In addition to
the issue of unintentional modification of normal cells, the possibility
exists of a recombination event leading to the production of an altered
viral construct.

Using the HSV-TK gene, we have extended our model system and
will describe in this report that //SV-7~A-containing tumor cells are

directly toxic to unmodified tumor cells in the presence of ganciclovir.
The //SV-re-positive cells appear to be toxic to the WSV-re-negative

cells via their own process of cell death. When exposed to GCV,
//SV-re-positive cells exhibit characteristics of apoptotic cell death,
including the formation of vesicles, which are taken up by the HSV-
re-negative tumor cells. The present studies show tumor regression of

a mixed population of cells with GCV treatment and demonstrate that
this bystander effect requires direct cell-cell contact.
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MATERIALS AND METHODS

Establishment of a Murine Model. A murine model was established to
determine the effects of //.W-7X-positive cells on WSV-TAf-negative cells in

vivo. The Kirsten virus-transformed sarcoma tumor cell line (KBALB) (19)
was injected into syngeneic BALB/c mice to form a HSV-TK-negative tumor.

Retroviral Vectors and Transduction. The LNL6 (20) and STK (13)
retroviral vectors were used for the studies performed. The LNL6 vector is a
Moloney murine leukemia virus-derived retroviral vector that contains a neo-
mycin resistance gene, neoR, promoted by the viral long terminal repeat. The

STK retroviral vector was constructed from the LNL6 vector. STK contains a
long-terminal repeat-promoted neoR gene and a SV40-promoted HSV-TK gene,
which is 3' to the neo* gene. The retroviral vector plasmids were transfected

by the calcium phosphate technique into psi-2 packaging cell lines, which were
cultured in the transfection medium for 16-20 h (20). These transfected cell

lines were then placed in fresh DMEM containing 10% fetal calf serum and 1%
glutamine (GIBCO). Twenty-four h later, the transfected cells were selected for
expression of neoK by culturing in medium containing 800 /xg/ml of G-418, a

neomycin analogue toxic to mammalian cells. After 14 days of selection in
G-418, clones were isolated and grown in culture. Supernatant (viral stock)

from confluent tissue culture plates containing each clone was isolated and
subsequently titrated for the presence of retrovirus. A clone with a liter of >105

colony-forming units/ml was identified and used for the following studies.
These cells tested negative for replication-competent virus.

Titers were performed using NIH-3T3 cells as target cells. One ml of STK
or LNL6 retroviral stock was diluted (from 0 to 10") and added with either

Polybrene or protamine (final concentration, 5-10 /j.g/ml) to 60-mm culture
dishes containing approximately 5 X IO4 NIH-3T3 cells. After 1 h, the viral

stock was removed and cells were incubated in fresh medium for 24 h at which
time 800 /xg/ml G-418 were added. Ten to 14 days later, tissue culture dishes

were stained with a 1% mÃ©thylÃ¨neblue solution, and blue colonies were
counted to determine the viral titer.

Cell Culture. Cell lines were maintained in DMEM with \% glutamine and
10% fetal calf serum and passaged when the culture plates were 75-90%
confluent. HCT-116 colon carcinoma cells were obtained from the American

Type Culture Collection. Cells were transduced with either the STK or LNL6
retroviral vector by exposing the cell line for 16 h to 5 /j.g/ml of protamine and
high liter viral stock from producer cell lines. The viral stock was then re
moved; the cells were cultured for 24 h in medium and and then exposed to
G-418 (800 Â¿ig/ml). Resistant cells were selected after at least 14 days in
G-418.

Cells transduced with the HSV-TK gene were tested for their sensitivity to
GCV (Cytovene; Syntex Inc., Palo Alto, CA). HSV-TK-posil\\e cells (2 X 10")

were plated into 30-mm tissue culture plates with GCV at a concentration of
0, 0.005, 0.05, 0.5, 5.0, or 50 /IM and cultured for 10-14 days, at which time
the plates were stained with 1% mÃ©thylÃ¨neblue. Blue-staining colonies were
counted. In vitro cell mixing experiments were performed by adding 5 X IO4
//SV-7K-positive cells and 5 x IO4//SV-7X-negative cells to a 100-mm culture

dish. GCV (50 /J.M)was added when the cells were 80-90% confluent.
S*/L" Assay. PG-4 cells (cat fibroblasts) were plated into 60-mm culture

dishes at 1 x IO5 cells/plate. The cells were cultured in McCoy's medium

containing 10% fetal calf serum for 24 h, at which time the McCoy's medium

was removed. Stock 10X DEAE-dextran (200 ng/ml in water) was diluted to
IX, and 0.5 ml Ix DEAE-dextran solution was added and incubated for 30
min at 37Â°C.The viral solution was diluted at a 10~', IO'2, 10~4, and 10~6
dilutions of supernatant sample in 1 ml of McCoy's medium. Five hundred jxl

of diluted supernatant containing Polybrene (8 pig/ml) were added and incu
bated for 2 h at 37Â°C.After 2 h, supernatant was removed from dishes and 2.5
ml of McCoy's medium were added to each dish. Plates were analyzed for

plaque formation with a microscope (under IOOX magnification without
phase) on days 2-5 (21).

Mixing Experiments: Transwell System. We plated 0.5 ml of KBALB-
LNL tumor cells at a concentration of 5 X H)4 cells/ml in DMEM (GIBCO)

with 10% fetal calf serum (Hyclone, Logan, UT) in the bottom wells of
Transwell microtiter plates (Costar, Cambridge, MA). We then added 0.3 ml of
the human TX-positive HCT-STK cells at 1.5 x lOVml into the upper inserts
or mixed in the bottom wells with the KBALB-LNL cells. The final volume of

the Transwell cultures was 1 ml. Cells were allowed to adhere overnight at
37Â°Cin a 5% CO2 incubator. GCV was then added to the respective wells to

achieve a final concentration of 50 Â¡J.M.Cultures were terminated at 4-5 days

and cell viability was determined using the dye exclusion method by counting
300-500 cells, as outlined above. In order to avoid drying of the cultures, 1(K)

fil of fresh media (Â±GCV) were added every 2 days to ensure that cells were

not deprived of nutrients.
Fluorescence Microscopy. In order to demonstrate features of apoptosis,

HCT-STK cells were cultured in the presence of 50 /LLMGCV as described

previously. Nuclear condensation and fragmentation were demonstrated by
fluorescence microscopy after staining with propidium iodide (22). Similarly,
microscopic examination was utilized to verify the transfer of labeled mem
brane components using the PRH26 dye from Zynaxis, Inc. (Sigma) (23, 24).
Briefly, 1.5 X 10" HCT-STK tumor cells were labeled with PKH26 and
cultured with 5 X IO5 KBALB-LNL tumor cells in the absence or presence of

50 /XMGCV for 72 h. The cells were harvested using a rubber policeman and
analyzed by fluorescence microscopy. KBALB-LNL cells were identifiable by
staining with an anti-H2 FITC-labeled monoclonal antibody. Fluorescent
vesicles (red) within the confines of KBALB-LNL cells (green) were taken to
represent transfer of apoptotic vesicles from PKH26-labeled HCT-STK cells

exposed to GCV.
Flow Cytometric Analysis of Cell-Cell Transfer of Apoptotic Vesicles.

KBALB tumor cells were plated in a 100-cm2 dish with 1.5 X 10" HCT-STK

cells previously labeled with the Zynaxis dye PKH26. Staining was timed for
4.5 min with 4 /xl of dye at 2 X IO6 Min 1 ml of diluent at 8 x 10" cells. GCV

at a final concentration of 50 /XMwas added at the initiation of the cultures.
Cells were harvested after 72 h and stained with the 62.4 anti-H-2D antibody
(25) for 30 min at 4Â°C,followed by FITC-labeled goat anti-mouse IgG anti

body (Jackson ImmunoResearch, West Grove, PA.). Cells were washed 3 times
in phosphate-buffered saline/bovine serum albumin/azide buffer and analyzed

on a Coulter Profile flow cytomcter; 32,000 cells were analyzed in each panel.
The red fluorescence depicted in the results represents the PKH26 dye labeling
the HCT-STK cells, while the green fluorescence indicates the class I antibody
staining of KBALB cells. Increases in double-positive staining cells repre
sented cell-cell transfer of apoptotic vesicles. Control experiments using cells
lacking the TK gene showed no difference between the GCV-treated cells and

controls, in red or green fluorescence.
Transmission Electron Microscopy. Cells were fixed in 2.5% glutaraldc-

hyde-2%- paraformaldehyde in 0. l Msodium cacodylate buffer and postfixed in

1% osmium tetroxide. Cells were dehydrated in a graded cthanol series fol
lowed by propylcne oxide and then embedded in an epoxy resin. Thin sections
were stained with uranyl acetate and lead citrate and photographed with a
JEOL 100B transmission electron microscope.

In Vivo Experiments. Female BALB/c mice were obtained at ~6 weeks of

age from The Jackson Laboratory. LNL6- or STK-containing tumor cells were
washed twice in phosphate-buffered saline and inoculated using a 26-gauge
needle either s.c. in a 0.1-0.2 ml volume on the abdomen or i.p. in a 1-ml

volume. GCV was diluted in sterile water to a stock concentration of 50 mg/ml.
For i.p. injection, the stock solution of GCV was diluted in DMEM to a
concentration of 2 mg/ml. Mice were given i.p. injections of 1.5 ml of the stock
twice a day for 5-10 doses.

RESULTS

Effects of GCV on HSV-TK-posit\\e Tumor Cells. We first dem
onstrated that KBALB murine tumor cells which contain the HSV-TK

gene are sensitive to killing by GCV both in vitro and in vivo. Ge
netically modified HSV-TK-positive and HSV-TK-negative KBALB

tumor cells were prepared by transduction of KBALB cells with either
the STK or parental LNL6 retroviral vector and were selected in
media containing the neomycin analogue G-418. Cell lines resistant to
G-418 were established. The KBALB-LNL or KBALB-STK cells

were grown to confluence in vitro in medium containing GCV at
various concentrations ranging from 0.005 to 50 /J.Mand the viable
cells were assayed after 10-14 days. As shown in Fig. 1, the tumor
cells which contain the HSV-TK gene are sensitive to the drug at

concentrations as low as 0.05 JAM,although a small percentage of
gene-modified cells were resistant to GCV even at the highest con

centration (50 JU.M).The concentration causing 50% inhibition of the
STK-transduced KBALB cells was similar to that observed when
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Fig. 1. Effect of GCV concentration on //SV-7X-positive tumor cells. The KBALB-

STK or KBALB-LNL cells were plated with medium and gradually increasing concen
trations of GCV ranging from 0 to 50 Â¡Ã•M.Ten to 14 days later, dishes were stained for live
colonies with 1% mÃ©thylÃ¨neblue and colonies were enumerated. Data represent the mean
and SEM (ban) of 2 separate experiments with colony formation compared to maximum
colony formation (control group) as a percentage. â€¢¿�KBALB-LNL; Ã‹, KBALB-STK.

Fig. 2. In vivo effects of GCV on KBALB-STK cells. Mice were inoculated s.c. with
either 2 x 10" KBALB-LNL or KBALB-STK tumor cells on day 0. These mice received

either GCV (150 mg/kg twice a day for 3.5 days) or no further treatment on day t) or day
5, as outlined below. Group 1, KBALB-LNL on day 0 (â€¢)(n = 5); Group 2, KBALB-LNL
and GCV beginning on day 0 (O) (n = 5); Group 3. KBALB-STK on day 0 (A) (n = 5);
Group 4, KBALB-STK and GCV on day 0 (ED)(n = 5): and Group 5, KBALB-STK and
GCV on day 5 (A) (n = 5). The tumor diameter is expressed as an average of the 2

measurements. Bars, SEM.

These results suggested to us that the GCV-sensitive KBALB-STK-
positive cells could eradicate nearby resistant KBALB-STK cells.

In Vitro Analysis of the Bystander Effect. To determine the effect
of A/SV-TX-positive cells on //SV-7X-negative cells in vitro, experi
ments were performed in which //SK-7X-positive and -negative cells

were mixed at varying ratios. Fig. 3 demonstrates that if as few as 10%
of the mixed cell population were HSV-TK positive, then the majority

of the population was eradicated when the cells were exposed to GCV.
The ability of //5V-7X-positive cells to kill //SV-7X-negative cells
in vitro suggested that //SV-TX-positive cells were toxic to nearby
//5V-7X-negative cells.

We first determined whether a soluble factor was produced by the
dying WSK-TX-positive cells. Fig. 4 shows that the effect was not due

to transfer of a soluble toxic compound since the tumoricidal effect of
//SV-TX-positive cells on bystander tumor cells was abrogated when

the two populations were separated by a filter membrane (Costar
Transwell; 0.4-/xm pore size). In this experiment, KBALB-LNL cell

viability was 86 Â±3.9% (SEM) when they were physically separated
from HCT-STK cells treated with GCV (Fig. 4), thus indicating that a

soluble factor was not involved.
To determine whether a cellular factor was responsible for the

effect, //SV-7X-positive cells were exposed to GCV and analyzed by
light, fluorescence, and transmission electron microscopy (Figs. 5-7).
The mechanism of cell death of the KBALB-STK and KBALB-LNL6

cells was suggested initially by exposing the populations to GCV
followed by visual examination by light microscopy (Fig. 5). GCV-
exposed //SK-7X-positive cells exhibited the characteristics of apop-

tosis or PCD: cell shrinkage; cell detachment; vesicle formation; and
chromatin condensation. As Fig. 5/4 demonstrates, GCV addition had
no effect on the KBALB-LNL6 cells, whereas the dying KBALB-

STK cells exhibited characteristic features of PCD (Fig. 55) (26). This
was substantiated by detailed fluorescence microscopic examination
of nuclear DNA in target cells using propidium iodide staining (Fig. 6)
(22). Fig. 6, A and B, show HCT-STK and KBALB-LNL cells at 5

days of culture without GCV, showing intact nuclear structure and
lack of DNA fragmentation. C and Cl in Fig. 6 contain HCT-STK

100 i
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HSV-infected cells were exposed to GCV (9). Thus, the toxic effect of
GCV on cells was conferred by transferring only the HSV-TK gene.

We next evaluated the effects of GCV administration on HSV-TK

modified tumor cells in vivo, expecting that s.c. inoculation of
//SVTAT-positive cells into mice followed by GCV therapy might lead
to tumor formation because of the GCV-resistant cells. As shown in
Fig. 2, cells which contain the HSV-TK gene are also killed in vivo.

KBALB cells injected s.c. into mice rapidly form visible, palpable
tumors (Fig. 2, groups 1 and 3). If KBALB cells containing the
HSV-TK gene are administered simultaneously with GCV, tumor for

mation is prevented (Fig. 2, group 4). If mice inoculated with KBALB
cells containing the HSV-TK gene are allowed to form tumors and then

are treated with GCV 5 days after inoculation, the already established
tumors regress and a cure is effected (Fig. 2, group 5). Control animals
receiving injections of the parental LNL6 vector and treated with
GCV do not show regression or killing of tumors (Fig. 2, group 2).
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Fig. 3. In vitro effect of GCV on HSV-TK mixed cell populations at varying densities.

Varying mixtures (from 0 to 100%) of KBALB-STK and KBALB-LNL cells were plated
in tissue culture dishes at low densities (1 X lOVplate). GCV (50 (Â¿M)was added to the
cell populations immediately after plating, and live colonies were enumerated at 10-14

days. Data represent mean Â±SEM (bars) of 2 separate experiments with colony formation
compared to maximum colony formation (control group) as a percentage. â€¢¿�.without
GCV; m, with GCV.
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Fig. 4. Requirement of direcl cell-cell contact
for the in i'ilro expression of the bystander effect.
KBALB-LNL tumor cells which are not killed by
GCV were plated as described on the bottom of
Transwell microliter plates and either directly
mixed with the GCV-sensitive HCT-STK tumor

cells or separated by a 0.4 (im membrane. As
shown above, the percentage of cell viability of
KBALB-LNL cells was decreased only when these

cells were mixed together directly in the bottom
compartment (22.6 Â±6.7), while they remained
86% viable when separated from the GCV-cxposed
HCT-STK by the Transwell membrane. Control
cells not exposed to GCV remained 95 and 92%
viable at 5 days of culture. Parallel controls showed
that KBALB-LNL cells were 78 and 79.5% viable,
while the sensitive HCT-STK cells, treated with 50
(Ã•MGCV. were only 36.5% viable at 5 days. Data
represent mean Â±SEM (hars) of 5 separate experi
ments.
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cells treated with 50 Â¿AMGCV for 5 days, starting to undergo apop-
tosis and nuclear fragmentation, in contrast to the A/SK-TX-negative
KBALB-LNL cells identically treated with GCV shown in Fig. 6D,

which remain viable with intact nuclear structure. In addition, mix
tures of both cell types are shown in Fig. 6, E, El, and F, and illustrate
HCT-STK undergoing PCD and being engulfed by KBALB-LNL cells
(Fig. 6F, arrows). Ultrastructural features of PCD in GCV-treated
HCT-STK cells were demonstrated by transmission electron micros

copy (Fig. 7). These ranged from early DNA condensation and mi
gration to the periphery (Fig. 7A), cytoplasmic vesicle formation
(Fig.70), and subsequent breakdown of nuclear and cytoplasmic
membranes (Fig. 1C). Although several attempts to demonstrate DNA
fragmentation by agarose gel electrophoresis have not succeeded,
other reports have indicated the occurrence of PCD without DNA
fragmentation (27).

The possibility that direct cell-cell-mediated transfer was respon

sible for mediating the antitumor effect of this bystander phenomenon
was further explored using a fluorescent tracking dye PKH26
(Zynaxis). HCT-STK cells were labeled with PKH26 (23) which emits

at 567 nm (red wavelength) after excitation at 488 nm. This lipophilic
dye partitions into the lipid regions of the cell membrane (24) and is
therefore suitable for monitoring the vesicles generated from the la
beled //SV-TX-positive cells. PKH26-labeled (red fluorescence) hu
man HCT-STK cells were then mixed with murine KBALB-LNL
tumor cells, which could be identified with a FITC-labcled anti-H-2
antibody, producing a green label. The mixed population of red-

labeled human and unlabeled murine cells was incubated with GCV
for 3 days; then the cells were harvested, stained with FITC-conju-
gated anti-H-2 antibody, and analyzed by fluorescence microscopy
and flow cytometry. HCT-STK PKH26-labeled vesicles were directly
observed in the KBALB-LNL cells stained with FITC-labeled anti-
H-2 antibody by fluorescence microscopy of the mixed population
(Fig. 8). Fig. M depicts the fluorescently labeled HCT-STK (PKH26-
stained) and KBALB-LNL cells (unstained). After addition of GCV,
fluorescent vesicles generated from dying HCT-STK cells were ob

served within the confines of the KBALB cells (Fig. 8B). Fig. 8C
highlights a KBALB-LNL cell having engulfed PKH26-labeled HCT-
STK fragments (arrows), again underscoring the likely cell-cell trans

fer of material via membrane vesicles derived from cells undergoing
PCD. This observation was strengthened by the direct examination of
double-positive cells by fluorescence microscopy as well as by flow
cytometry. As illustrated in Fig. 9, direct cell-cell transfer was quan
tified by flow cytometry. A 44% increase in the double-positive popu

lation (red and green fluorescence) was seen in those cells exposed to
GCV, associated with a marked reduction in cells bearing only the
green (FITC) label: this is consistent with phagocytosis of PKH26-
labeled (red) HCT-STK apoptotic vesicles by the FITC-labeled
(green) KBALB-LNL tumor cells.

Finally, the fate of vesicles generated from dying gene-modified

cells was analyzed by transmission electron microscopy of mixed
populations of KBALB-LNL and HCT-STK cells exposed to 50 /UM
GCV for 3 days. Mixed populations consisting of //SV-TX-positivc
and //SV-TX-ncgative cells were analyzed by transmission electron
microscopy after 3 days when less than 50% of //SV-TX-positive cells
were viable. As shown in Fig. 10, PCD-derived vesicles are within cell

vacuoles of tumor cells, indicating that phagocytosis of such vesicles
had occurred (Fig. 10, C and D), whereas a control cell shown in Fig.
IOS has empty vacuoles.

Taken together, these studies demonstrate that GCV-exposcd HSV-
7X-positive cells generate cytoplasmic vesicles which are phagocy-

tized by nearby unmodified cells, thereby underscoring the necessity
of close cell-cell contact for this effect to be seen.

In Vivo Mixing Experiments. To determine whether the in vitro
eradication of an //SV-7X-negative cell population by //SV-7X-posi-

tive cells could be reproduced in an in vivo model, the following
studies were conducted. The percentage of WSV-7X-positive cells

required for tumor regression was determined by s.c. inoculating
mixtures of //SV-7X-positive (KBALB-STK) tumor cells and HSV-
7X-negative (KBALB-LNL) tumor cells at varying ratios. An inocu
lum of tumor cells containing one of the mixtures, 100% KBALB-
STK or 50% KBALB-STK plus 50% KBALB-LNL, was injected s.c.

into BALB/c mice. After 3 days, when tumors became palpable, the
mice were begun on a 5-day course of GCV (Fig. 11). Animals
receiving an inoculum of as few as 50% KBALB-STK cells were able

to eradicate their s.c. tumor burden, as evidenced by complete tumor
regression (mice were observed up to 70 days). Injections of KBALB-
LNL or KBALB-STK tumor cells s.c. at separate sites with subse
quent GCV therapy led to regression of the KBALB-STK tumor cells
but had no effect on the KBALB-LNL6 tumors (data not shown).

Thus, the ability of GCV therapy to eliminate a s.c. tumor mass
containing the HSV-TK-negÂ¡i\ivcselectable marker was retained when
only 50% of the tumor inoculum was WSV-TX-positive. Since in this
s.c. model the WSV-7X-positive and //SV-7X-negative tumor cells

were in direct contact, the relative proximity of the tumor cells may be
important for the observed action.
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7

Fig. 5. Morphological analysis by light microscopy of KBALB-LNL and KBALB-STK
tumor cells exposed to GCV. /YSV-7X-positive and //SV-TX-negativc tumor cells were
exposed to GCV (50 UM) for 3 days and then photographed under light microscopy. A,
KBALB-LNL cell line; B, KBALB-STK cell line which were exposed to GCV for 3 days.
X 400.

To determine whether the bystander effect could be produced in a
space that was confined but larger, tumor suppression by an HSV-TK

cell population was assayed in an i.p. model. Mice receiving i.p.
injections of a mixture containing 50% //SV-7"A-positive and 50%

WSV-TX-negative cells demonstrated prolonged survival after GCV

therapy. Table 1 demonstrates that the three control groups of mice
receiving i.p. injections of either KBALB-LNL6 or KBALB-STK
tumor cells without GCV therapy and KBALB-LNL6 with GCV

therapy had a mean survival of less than 20 days (Table 1, groups 1,
2, and 3). The experimental animal group exhibited a significantly
prolonged survival (groups 4 and 5). Some experimental animals
survived long term (>70 days) if i.p. injections with KBALB-STK
cells either alone or mixed with 50% KBALB-LNL6 cells followed by

GCV therapy. Thus the bystander effect can occur in a larger confined
area such as the peritoneal cavity.

Analysis of the Bystander Effect in a Therapeutic Tumor
Model. The ability of//.SV-TX-expressing cells to affect a preexisting

tumor population was analyzed. The i.p. tumor model described pre
viously was modified for these experiments as described below. Con

trol groups of mice receiving i.p. injections of either KBALB-LNL6
cells and GCV treatment or KBALB-STK cells without GCV survived
15-19 days (Table 2, groups 1, 2, and 3). Group 2 had a decreased

survival because of an increased tumor burden due to the inoculation
of KBALB-STK cells without GCV therapy. Experimental mice re
ceiving i.p. injections of KBALB-LNL6 cells were given injections
either 1 or 5 days later with KBALB-STK cells. Mean survival of
the animals was prolonged to more than 30 days when IO6 or IO7

KBALB-STK cells were injected 5 days later, followed by GCV
therapy (group 5; P < 0.01). When KBALB-STK cells were injected
1 day after the KBALB-LNL6 cells (followed by GCV therapy)

(group 4), mean survival time was 33.1 days (P < 0.01). Mice in
all groups developed s.c. tumors at the site of the needle track
where the KBALB-LNL6 cells initially were injected. Presumably,
these s.c. //SV-7X-negative tumor cells never contacted those cells
expressing HSV-TK. Thus, the //5V-7X-transduced cells must be near
the //SV-TX-negative cells to eliminate preexisting tumor cells.

DISCUSSION

We have developed a model system in which tumor regression was
effected in vivo when only 50% of the tumor was modified. Further
more, when the unmodified tumor was allowed to grow for 5 days
prior to treatment, regression was still observed. This tumoricidal
effect resulted from the direct action of the modified WSK-TX-positive
cells and GCV on the unmodified //SV-7X-negative cells. This is a

unique model system, since no viral vectors were transferred to the
unmodified cells, and intimate cell-cell contact appeared to be neces
sary for the effect to occur (14), a process termed "the bystander
effect" (15).

In vitro studies have demonstrated that tumor cells modified with
the HSV-TK gene were killed in the presence of GCV. Furthermore,
when a mixed population of cells containing only 10% HSV-TK-

positive cells was exposed to GCV, the entire population was eradi
cated. We hypothesized that the HSV-TK-positive HCT-STK cells

could be producing a soluble factor(s) or particle(s) that may render
the //SV-7X-negative KBALB-LNL cells sensitive to GCV through
direct cell-cell contact. To investigate this further, //SK-TX-positive
and -negative cells were cultured in Transwell plates separated by a

0.4 /urn filter membrane. Under such in vitro conditions, the observed
bystander effect was abrogated, thereby making a soluble factor an
unlikely candidate for mediating this antitumor effect. Another expla
nation for the observed toxicity may reside in the manner of cell death
induced by GCV in these //5V-7X-positive cells, because the cell-cell

transfer of paniculate substance(s) may indeed occur in confluent
cultures.

To better understand the mechanism of transfer of toxicity, we then
analyzed the process of cell death of GCV-exposed //SV-7X-positive
cells. The micrographs of GCV-exposed KBALB-STK cells (Figs.
5-7) demonstrate cell shrinkage, chromatin condensation, and vesicle
formation, which are characteristic features of PCD (28, 29). KBALB-

LNL cells exhibit no change in morphology when exposed to GCV
(Fig. 65). These PCD features were also clearly highlighted by trans
mission electron microscopy (Figs. 7 and 10). These include vacuol-

ization of cells, chromatin condensation, and degeneration of the
nuclear membrane. As Fig. 8 demonstrates, the WSV-TX-negative
KBALB-LNL cells appeared to take up the PKH26 label associated
with the cytoplasmic vesicles that were generated by the dying HSV-
7X-positive HCT-STK cells, suggesting a potential mechanism by

which transfer of cell killing may occur since tumor cells have been
shown to phagocytize nearby apoptotic vesicles (30-32). The recep

tors involved in this uptake process may be cell type specific, via
surface structures such as the vitronectin receptor in neutrophils (33),
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Fig. 6. Analysis of PCD in HCT-STK cells exposed to GCV by fluorescence microscopy. Cells were allowed to grow for 5 days in Lab Tek chamber slides with or without GCV
and stained with 10 /xg/ml propidium iodide for 4.5 min; nuclear detail was examined by fluorescence microscopy. A, control HCT-STK cells grown without GCV. X 100. B, control
KBALB-LNL cells grown without GCV. X 100. C and CI. HCT-STK cells treated with 50 Â¡J.MGCV. C cells starting to undergo apoptosis with nuclear condensation. X 100. Cl,
HCT-STK cells fragmenting as they undergo apoptosis. X 400. D, KBALB-LNL cells treated with 50 JIM GCV. Cells are still intact and resemble controls in A. X I(K). E, El, and
F, mixed populations exposed to 50 /AMGCV for 5 days. Both Â£and El show KBALB-LNL cells undergoing apoptosis with uptake of HCT-STK DNA containing fragments, imparting
a cauliflower appearance. X 400. F: single arrows, KBALB-LNL cells undergoing apoptosis with HCT-STK fragments within vacuoles: double arrows, HCT-STK cells disintegrating
and vesicles containing nuclear material about ready to be engulfed by adjoining KBALB-LNL tumor cells. X 100.

5279

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/21/5274/2451725/cr0530215274.pdf by guest on 19 M

ay 2023



ANTICANCER GENE-MODIFIED TUMOR CELLS

or perhaps may involve the exposure of new sites on dying cells that
may regulate their uptake by scavenger cells, as illustrated by the
appearance of new phosphatidylserine structures on apoptotic lym
phocytes prior to macrophage uptake (32). More experiments will be
required to fully elucidate these pathways in the above GCV-mediated

tumor regression model.

B

Fig. 7. Analysis by transmission electron microscopy of PCD in HCT-STK cells
exposed to GCV. A, an HCT-STK cell 3 days after treatment with 50 fui GCV. The
chromatin aggregation into dense compact masses (arrows) along the margin of the
nucleus is characteristic of cells undergoing apoptosis. fl, a later stage of apoptosis of
GCV-treated HCT-STK cells. Nuclear material is further condensed, and vesicles form
along the cell edge. C the almost complete breakdown of a GCV-treated HCT-STK cell
with 4 cellular areas still distinguishable. No intact membrane remains. Bar, 1 /Â¿m.X
12,395.

Fig. 8. Uptake of fluorescent PKH26 dye-labeled vesicles from HCT-STK cells un
dergoing apoptosis by adjoining KBALB-LNL cells. HCT-STK cells were prcstained with
Zynaxis PKH26 dye and mixed with unstained KBALB-LNL cells. Uptake of fluorescent
vesicles was demonstrated after adding 50 HMGCV for 72 h. A. control untreated mixed
populations (note diffuse staining of membrane seeking PK.H26 dye in HCT-STK cells. X
400. ÃŸ.cell mixtures exposed to 50 U.MGCV at 3 days of culture. Arrows, fragments of
dying HCT-STK cells that have been taken up by intact KBALB-LNL cells X 400. C,
arrows, engulfed PKH26-labcled HCT-STK vesicles within a single KBALB-LNL cell. X

400.

Transfer of these vesicles may be an important feature of the by
stander effect based on the action of GCV. The HSV-TK enzyme

specifically monophosphorylates GCV, which can then be further
phosphorylated by normal cellular enzymes to generate a toxic com
pound (34-36). Since cell membranes are impermeable to the phos

phorylated agent, a potential mechanism of transfer of the toxic com
pound to the HSV-TK-negntive cells is through the apoptotic vesicles.
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Fig. 9. Flow cytometric analysis of mixtures of
HCT-STK and KBALB-LNL tumor cells. Shown

are the two parameter fluorescence histograms of
untreated mixtures of KBALB-LNL and HCT-STK
cells. Green fluorescence, FITC-labeled goat anti-
mouse IgG staining KBALB-LNL cells positive for
the murine class I H-2D antigen. Reti fluorescence,
Zynaxis PKH26 dye-stained human HCT-STK tu

mor cells. Control, untreated cells (left) show little
if any double-positive cells (background staining),

whereas after exposure to 50 /Â¿MGCV, there is an
increase of 44% in the number of double-positive
cells (middle). Right, double-positive cells adjusted

for background. Note the marked decrease in the
large green cells which represent the dying FITC-
labeled KBALB-LNL cells undergoing PCD after
taking up the PKH26-labeled HCT-STK-derived

apoptotic vesicles.

UNTREATED CELLS 72 HOURS GCV TREATED CELLS
GCV TREATED CELLS â€¢¿�UNTREATED CELLS

RESULTANT FLUORESCENCE

RED FLUORESCENCE

It is also possible that the HSV-TK enzyme itself is transferred
through these vesicles, as shown by Dagher et al. (37) using electro-
poration. Other potential explanations for the death of adjoining HSV-
7X-negative cells include the transfer of toxic molecules through

nearby gap junctions (38). It has been demonstrated in soft agar
colony assays that transfer of molecules occurs among cells with
intact membranes (39, 40). Another possibility may be mediated
through the transfer of hydrolases or other similar enzymes triggered

by PCD and transferred to nearby unmodified cells (28). Lastly, an
additional benefit may be derived from the in vivo cell killing of
tumors by apoptosis, namely through a heightened immune response
to tumor cells resulting from a priming effect. This hypothesis is
strengthened by Hogquist el al. (40) who showed the processing and
release of interleukin 1 during apoptosis. Similar strategies for devel
oping cancer vaccines have been based on this approach by expressing
cytokine genes in tumor cells (41, 42).

Fig. 10. Uptake of apoptotic vesicles from HCT-STK cells exposed to GCV by KBALB-LNL cells (analysis by transmission electron microscopy). Murine KBALB-LNL cells and
human HCT-STK tumor cells were mixed and exposed to GCV (50 /Â¿M)for 3 days. Cells were then observed by transmission electron microscopy. A, micrograph of vesicles (arrows)
at the periphery of an HCT-STK cell undergoing apoptosis after 3 days of exposure to GCV. X 37,000. Bar, 0.5 um. B, control KBALB-LNL tumor cell showing extensive vacuolated
cytoplasm devoid of apoptotic vesicular material within these vacuoles. X 20.760. Bar, 0.5 (im). C, mixed populations treated with GCV. The cell in the center contains extensive
deposits ol vesicular material in its cytoplasmic vacuoles (arrows). Note also the direct cell-cell contact of cytoplasmic foot processes with adjoining cells. Vacuolar contents are similar
to those derived from cells undergoing apoptosis shown in A. X 6,920. Bar, 2 /Â¿m.D, enlarged area of C with several vesicle-filled vacuoles (arrows), in contrast to the empty
cytoplasmic vacuoles characteristic of the KBALB-LNL tumor cells depicted in B X 20,700. Bar, 0.5 firn.
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Fig. 11. Regression of preeslablished HSV-TK-negative tumors, mixed with 50% HSV-
7X-positive cells, after GCV therapy in vivo. BALB/c mice received s.c. injections of
KBALB-LNL tumor cells or a 50:50 mixture of KBALB-LNL and KBALB-STK cells on

day 0. After 3 days, tumors became palpable and mice were treated with 150 mg/kg of
GCV for 5 days. Tumor diameter increased in animals receiving no STK-positive cells
(O), whereas animals that had received a 50% mixture of STK-positive tumor cells
displayed tumor regression in vivo (A).

Table 1 In vivo Ganciclovir treatment on i.p. tumors: effect of mixing TK-positive cells

on survival

Group123456No.
ofmice4145567Mean GanciclovirsurvivalChallenge

i.p. treatment" (days Â±SE)fc0%

KBALB-STK/100% KBALB-LNL - 18.0 Â±0.00%
KBALB-STK/1009Ã•KBALB-LNL1%
KBALB-STK/99%KBALB-LNL10%

KBALB-STK/90%KBALB-LNL50%
KBALB-STK/50%KBALB-LNL100%

KBALB-STK/0% KBALB-LNL19.9

Â±0.925.4
Â±1.729.8
Â±1.4e82.0
Â±13.6C87.1
Â±8.3C

" Given i.p. for 3 days, beginning 5 days after challenge.
''Statistical comparisons with group 2 using Student's / tesi.
CP< 0.001.

Table 2 In vivo inoculation of HSV-TK-modified tumor cells: effect of GCV therapy on

preexisting tumors

Group"12

3
45Treatment''None

10" KBALB-STK day 1, no GCV

GCV days 5-7
10" KBALB-STK day 1, GCV days 5-7
lO'MO7 KBALB-STK day 5, GCV days 9-11Mean

survival'

(days Â±SE)n18.0

Â±0.0 4(1)
13.3 Â±0.2 3 (1)
18.2 Â±0.7 9(2)
33.1 Â±2.8d 13 (2)
31.7 Â±1.2' 11(2)

shown above.

Our model system represents a novel approach to cancer treatment
using gene therapy and offers an acceptably low risk of malignant
transformation consequent to retroviral gene therapy (43). Previous
studies have demonstrated killing of //SV-7X-containing tumor cells

by GCV therapy but with the limitations of the necessity of all cells
being modified (13) or the introduction of producer cell lines, which
generate retroviral vectors that may inadvertently be taken up by
normal cells (16-18). In the present studies, regression of the tumor
occurred when only one-half of the cells contained the HSV-TK

enzyme, and no retroviral vectors were transferred in the process.
These attributes have shown the clinical utility of this gene therapy
approach to the treatment of cancers confined to a given cavity such
as brain tumors (17, 18) or ovarian neoplasms (44). Indeed, we have
utilized the above observations to develop the first human gene
therapy protocol using //SV-7X-modified tumor cells to treat ovarian

cancer patients (45).
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