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Abstract

Adenovirus-mediated transduction of the herpes simplex virus-thymi-
dine kinase (HSV-tk) gene followed by ganciclovir is suspected to induce
immune-mediated, systemic antitumor activities in the KM-1 mouse pros
tate cancer model (S. J. Hall et al., Int. J. Cancer, 70: 183-187, 1997).

Although numerous investigators have also implied a role for the immune
system in both local and systemic effects resulting from HSV-tk treatment,
the candidate effector ci'll(s) mediating these activities are unknown.

Fresh lymphocytes harvested from treated tumors (tumor-infiltrating

lymphocytes) generated significant in vitro lytic activity against the pa
rental cell line, RM-1, and an unrelated prostate cancer cell line. In vitro

antibody and complement depletion of CD3+ T cells and natural killer
(NK) cells from tumor-infiltrating lymphocytes indicated that NK cells

were the dominant mediator of the observed tumor cell lysis. Concur
rently, no cytotoxic T-cell activity was ascertained within splenocytes of

treated mice. In vivo depletion of NK cells resulted in a 20% reduction in
growth suppression within the primary tumor and complete abrogation of
the inhibition of preestablished lung mÃ©tastases.Depletion of T cells had
no effect on either response. Here, we identify the presence of N K cells
within adenovirus/HSV-tk- and ganciclovir-treated tumors, which serve to

mediate both local and systemic antitumor activities in this model, and lay
the mechanistic groundwork for further improvements in this gene ther
apy strategy.

Introduction

Suicide gene therapy using HSV-tk2 gene transduction in combi

nation with GCV is a therapeutic strategy that is being explored as a
treatment for a wide variety of cancers, leading to the initiation of over
17 clinical trials using this approach in the United States ( 1). The gene
product phosphorylates GCV. converting it to a nondiffusible nucle-

oside analogue that terminates DNA synthesis, leading to cell death
(2). Although this system exhibits a defined "bystander effect,"

whereby more cells die than are transduced, mediated primarily
through gap junction transport of the phosphorylated GCV to non-

transduced cells (3. 4), the generation of immunological activity has
been implicated by several investigators as an important aspect of
HSV-tk therapy. Previous work has documented that tumors treated
with HSV-tk and GCV are noted to contain a robust infiltrate of
macrophages and CD4+ and CD8+ T cells (5-8). Within treated
tumors are detectable levels of the cytokines. IL-1, IL-2, IL-6, IL-12.
IFN-y, tumor necrosis factor-a, and granulocyte macrophage colony-
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stimulating factor, in a fashion consistent with a Thl response profile
(7, 9). Functional antitumor roles for these immune effectors have
been implied to impact within a treated tumor as a form of a local
bystander effect (6, 10) and toward a synchronously growing non-
HSV-tk-transduced tumor or challenge tumor cell injection as a form
of a distant bystander effect (5, 8, 11-14), where immune effector

cells (T cells and macrophages) appear within these resolving lesions
(5. 8, 11). Further supporting evidence has noted significant loss of
such activities in immunocompromised hosts (6, 10, 11). Consensus
opinion has proposed that HSV-tk and GCV induce immune-related

activities through mediation of rapid cell kill and necrosis, exposing
putative tumor antigens to the attracted lymphocytic infiltrate in the
presence of stimulatory cytokines. Within this milieu will arise anti-

tumor lymphocytes. However, the direct demonstration and subse
quent identification of effector cell induction within the lymphocytic
infiltrate and its relevance to in vivo responses has not yet been made.
Integral to the success of such in situ gene therapy protocols for use
in patients with large local tumors or disseminated disease will be the
exploitation of the implied immune activity as a component of both
the local and distant bystander effect.

In an orthotopic model of mouse prostate cancer, ADV-mediated
expression of the HSV-tk gene within a primary tumor followed by

GCV therapy was found not only to inhibit local tumor growth and
prolong animal survival but also to suppress spontaneous metastatic
activity, despite the regrowth of the treated tumor (15). The generation
of a suppressive growth response against experimental lung mÃ©tasta
ses incurred by a tail vein inoculation following ADV/HSV-tk and

GCV supports the implication that such therapy could induce systemic
immune-mediated antitumor activity (15). In this study, direct evi
dence of HSV-tk- plus GCV-mediated induction of antitumor lym

phocytes was documented within the resulting population of TILs,
which could lyse both the parent and an unrelated tumor cell line. In
vitro antibody depletion studies identified NK cells as the major
mediators of this activity within the TILs. Concurrently, no cytotoxic
T-cell activity was ascertained within splenocytes of treated mice, in

vivo antibody depletion studies noted that inactivation of NK cells
lessened the impact of HSV-tk and GCV on the injected primary

tumor and completely abrogated the induced systemic activities due to
HSV-tk and GCV, whereas depletion of CD4+ and CD8+ T cells had

no impact on either activity.

Materials and Methods

Cell Lines. The RM-1 mouse prostate cancer cell line (obtained from Dr.

Timothy C. Thompson. Baylor College of Medicine. Houston, TX) was
derived from a ras- plus myc-induced primary tumor from the mouse prostate

reconstitution model system in a C57BL/6 mouse background (16), has been
well characterized (17). and has served a useful model for preclinical gene
therapy studies (15. 18). This cell line expresses MHC class I antigen, is
susceptible to CTL lysis, and is mildly immunogenic (19). Cells used in the
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reported studies were passage numbers 10-13 and were grown Â¡nDMEM with

10% FBS, 10 nM HEPES, and penicillin (100 units/ml) and streptomycin (100
mg/ml). The TRAMPC2 (pTC2) mouse prostate cancer cell line (obtained
from Norman M. Greenberg, Baylor College of Medicine, Houston. TX) was
derived from a primary prostate cancer induced through prostate-specific

expression of SV40 large T tumor antigen in a C57BL/6 mouse (20). Cells
were maintained in DMEM with 5c/c FBS. 5% Nu-serum IV. 5 /xg/ml insulin.
25 units/ml penicillin/streptomycin, and 10~8 Mdihydrotestosterone. YAC-1 is

a NK cell-sensitive mouse lymphoma cell line (American Type Culture Col
lection, Manassas, VA), maintained in RPMI 1640 with 10<7rFBS.

ADV Vectors. A replication-defective recombinant ADV carrying the
HSV-tk gene under transcriptional control of the Rous sarcoma virus long

terminal repeat promoter was prepared as described previously (21 ). Virus titer
for in vivo use was determined by plaque assay in 293 cells and expressed as
plaque-forming units following expansion and double cesium gradient ultra-

centrifugation purification.
In Vivo Gene Therapy. For the harvesting of TILs. orthotopic prostate

tumors were induced and prepared for vector injection as described previously
(15). On the day 6 post-tumor cell inoculation, tumors were injected with the
previously determined therapeutic dose of ADV/HSV-tk. 5 X IO8 plaque-

forming units (15), and. the following day. began a 6-day course of i.p. GCV

twice a day (Roche Laboratories. Nutley, NJ: 10 mg/kg) or PBS injections. To
gauge the ability of ADV/HSV-tk and GCV to impact on established dissem

inated disease, a preexisting micrometastasis model was created through the
induction of experimental lung mÃ©tastasesfollowing a tail vein injection with
5000 RM-1 cells in 100 /xl of HBSS at the same sitting as prostatic tumor cell

inoculation (day 0). Therefore, lung mÃ©tastaseshad 6 days to establish and
grow prior to vector administration, at which time the lung lesions were not
visible by eye.3 Mice were sacrificed 14 days after tumor cell inoculations. The

primary tumors were removed, the bladder and seminal vesicles were excised,
and a wet weight was obtained for each tumor. The lungs were likewise
removed, placed in Bouin's solution, and changed to 70% ethanol l h later.

Visible lung mÃ©tastaseswere counted with the aid of a dissecting microscope.
In Vitro Cytotoxic Assays. At designated time points, mice were sacri

ficed, and the primary prostate tumors and spleens were removed. Tumors
from each treatment group were pooled and mechanically lysed in HBSS. The
cell suspension was serially purified by gravity precipitation to remove as
much of the tumor debris as possible. The resulting single cell suspension was
then treated with red cell lysis buffer (Sigma Chemical Co.. St. Louis. MO)
and. following precipitation, passed through cotton wool pipettes. After wash
ing and resuspension, viable lymphocytes, as determined by exclusion of
trypan blue, were counted and exposed at 37Â°Cto MCr-loaded targets (150
fj.Ci/5 x IO6 cells) for 4 h at various E:T ratios in triplicate. The percentage of

specific lysis was calculated as (experimental release â€”¿�spontaneous release)/
(maximal release â€”¿�spontaneous release) from gamma counter measurements

of supernatant harvested by the Skatron system (Skatron Instruments Inc.,
Sterling, VA). Mechanically lysed splenocytes were purified by double-density
centrifugation (Lympholyte-M solution; Accurate Chemical and Scientific

Corp.. Westbury, NY) and prepared for CTL assay by priming with low dose
murine IL-2 (20 units/ml) in the presence of lethally irradiated RM-1 cells for

5 days. Primed splenocytes were then collected, counted, and exposed for 4 h
at varying E:T ratios, with the measurement of radioactivity as detailed above.

In vitro depletion of effector subsets within the TIL was accomplished

through exposure to antibodies: NKs with antiasialo GM1 IgG (rabbit IgG:
Wako Chemicals Inc., Richmond. VA) and CD3+ T cells with IgG from
hybridoma 2C-11 (rat IgG; American Type Culture Collection). Purified fresh

TILs were exposed to the appropriate antibody for 45 min on ice. Lysis of
antibody labeled cells was achieved by rabbit complement treatment (Accurate
Chemical and Scientific Corp., Westbury, NY) at 37Â°Cfor 1 h. The dose of

antibody used was determined earlier to effectively remove >99% of each
subset from splenocytes. The remaining viable TILs were recounted and
exposed to 5lCr-loaded targets at various effector to target ratios for 4 h in

triplicate, and the level of radioactivity was measured in the supernatant as
noted above.

In Vivo Depletions. Depletion studies were performed in the preexisting
metastasis model. Mice were depleted of specific lymphocyte populations

through i.p. injections of the appropriate antibodies beginning 1 day prior to
ADV/HSV-tk injection: CD4 T cells with purified ascites from hybridoma GK

1.5 (American Type Culture Collection). CDS T cells with purified ascites
from hybridoma 2.43 (American Type Culture Collection), NK cells with
antiasialo GM1 IgG (Wako Cemicals), and controls with rabbit IgG (DAKO

Corp.. CarpinterÃa. CA) and rat IgG (Accurate Chemical & Scientific Corp.,
Westbury, NY). Anti-NK antibodies were given every other day, whereas
anti-CD4/CD8 and control antibodies were given every third day. This exact

schedule and specific dosing of antibodies had been determined earlier to
completely (>99%) deplete each subset within examined splenocytes. Control
mice were given a total of 20 /j.g of IgG to equal that given to CD4/CD8 mice.
All mice were sacrificed on day 14 with removal of primary tumor and lungs
with the appropriate examination carried out as outlined above.

Results

To establish the presence of antitumor cells within the infiltrating
TIL population from ADV/HSV-tk- plus GCV- or ADV/HSV-tk- plus
PBS-treated tumors, mice were sacrificed on days 4, 6, and 8 post-

vector injection, i.e., 12 h following the completion of 2, 4. and 6 days
of prodrug therapy. Within TIL from ADV/HSV-tk- plus GCV-treated
tumors meaningful lytic activity was noted against RM-1; this activity
was absent in TIL from ADV/HSV-tk- plus PBS-treated mice (Fig. 1).
A time-dependent induction was noted with the peak on day 6 (20.6%

lysis). Likewise, only within TILs from treatment mice was there NK
activity, as determined by lysis of YAC-1 cells (Fig. 1). This response

was highest at the earliest time point analyzed, fading to insignificant
levels by the day 8. The specificity of the antitumor response was
tested against a syngeneic but unrelated mouse prostate cancer cell
line, pTC2, as the target for extracted TILs from treated and control
tumors. On day 6, the peak of activity against RM-1 targets, TILs
from ADV/HSV-tk- plus GCV-treated tumors, also demonstrated

significant lysis of the pTC2 cells (Fig. 2); similar lytic activity
against pTC2 was noted on day 8 (data not shown). Concurrently,
primed splenocytes from ADV/HSV-tk- plus PBS- and GCV-treated

mice sacrificed on days 6 and 8 failed to show any lytic activity
toward RM-1, noting the failure to develop tumor-specific CTLs
following HSV-tk plus GCV therapy within the time period studied

(data not shown).
The relative role of NKs and CD3+ T cells in the observed

TIL-mediated in vitro tumor cell lysis was studied by antibody and

complement depletion of each respective subset. Tumors were har
vested on day 6 post-vector injection. Depletion of CD3+ T cells
appeared to result in diminished RM-1 lysis compared to control

50-

ADV/HSVtk/PBS: RM-1

ADV/HSVtk/PBS: YAC-1

ADV/HSVtk/GCV: RM-1

â€”¿�ADV/HSVtk/GCV YAC-1

1 Unpublished data.

Days Post-Vector Injection

Fig. 1. Time course induction of antitumor lymphocytes and NK cells HI vitro. Fresh
TILs were harvested 4. 6, and 8 days posl-vector injection from ADV/HSV-tk- plus PBS-
and ADV/HSV-tk- plus GCV-treated tumors and exposed to s'Cr-laheled targets. RM-1

and YAC-1 cells. DarÃ points, E:T ratios of 100:1. averages of triplicate wells; bars. SE.
Each time point study has been reproduced with similar results.
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Fig. 2. Comparison of TIL-medialed lysis of RM-1 and an unrelated mouse prostate
cancer cell line, pTC2. TILs were harvested from ADV/HSV-tk- plus PBS- and ADV/
HSV-tk- plus GCV-treated tumors on day 6 post-vector injection and exposed to 51Cr-

loaded RM-1 and pTC2 cells and varying E:T ratios. Dala points, averages of triplicate
wells; bars. SE. This experiment was reproduced once with similar results.
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Fig. 3. Effect of T- and NK-cell depletion of TIL from ADV/HSV-tk- plus GCV-
treated tumors on lysis of RM-1. TILs were harvested from ADV/HSV-tk plus GCV on
day 6 post-vector injection and prior to exposure to MCr-loaded RM-1 treated with
anti-CD3 IgG plus complement. anti-NK IgG plus complement, or complÃ©mentonly.

Columns. E:T ratios of 100:1. averages of triplicate wells: bars. SE. This experiment was
reproduced once with similar results.

(complement only), although this was not statistically significant (Fig.
3, P = 0.1, r test). Loss of the NK population from the TIL resulted
in almost complete loss of lytic activity against RM-1 (Fig. 3,
P = 0.02, t test compared to control), indicating that NK cells were

responsible for the majority of lytic activity within the TILs.
The verification and relevant function of this population was as

certained in vivo through antibody-mediated depletions of candidate
lymphocyte populations in mice treated with ADV/HSV-tk plus GCV

in the preexisting metastasis model. As expected and shown previ
ously (13). by 14 days post-tumor inoculation, treatment with ADV/
HSV-tk plus GCV significantly suppressed tumor growth, 70% com

pared to control tumors (Fig. 44, P < 0.0001, t test). In mice depleted
of CD4 or CD8 T cells but treated with ADV/HSV-tk + GCV, no

significant change of tumor wet weight was noted compared to
ADV/HSV-tk plus GCV (P = 0.33 and P = 0.24, respectively, t test).
However, tumors in mice treated with ADV/HSV-tk plus GCV but
depleted of NK were, on average, 20% larger than ADV/HSV-tk- plus
GCV-treated tumors (P = 0.013, t test).

The role of candidate subset depletion on systemic antitumor re
sponses was addressed through measurement of differential lung
mÃ©tastasescounts. Treatment of an orthotopic primary tumor resulted
in a 43% reduction in countable lung mÃ©tastasescompared to control
(Fig. 4B, P = 0.0005, / test). However, depletion of NK cells com
pletely abrogated the systemic effects of ADV/HSV-tk plus GCV
(P = 0.647 compared to control and P = 0.074 compared to HSV-tk

plus GCV, t test), whereas the absence of either CD4 nor CDS T cells
had no effect on lung mÃ©tastasescompared to ADV/HSV-tk plus
GCV (P = 0.72 and P = 0.65, respectively, t test).

Discussion

This study was undertaken to determine the presence of antitumor
lymphocytes within treated tumors and the direct in vivo functional
relevance of these effector(s). The MCr release assays with fresh TILs

from treatment tumors revealed the presence of both nonspecific NK
cell activity (YAC-1 cell lysis) and lytic activity of RM-1 in differing
time-dependent patterns. Active lysis of an unrelated prostate tumor

cell line by TILs from treated tumors indicated a potential lack of
MHC class specificity to this response. Antibody and complement
depletion of TIL cellular subsets documented that NK cells were the
primary in vitro effector cell mediating lysis of RM-1. Given the
presence of ADV proteins and the tk transgene in both treatment- and
control-injected tumors, it would appear that HSV-tk- plus GCV-

mediated cell death and necrosis are critical to the induction of NK
cells, a subpopulation that is active against RM-1.

The in vivo verification of NK cell activity and its functional
significance was carried out in a preestablished metastasis model to
evaluate activities both within the treated tumor and systemically
against disseminated tumor lesions through depletions of candidate
effector cells. Because in vitro depletion of CD3+ T cells implied a
possible role for T cells in TIL activity, the in vivo studies were
expanded to account for both CD4+ and CD8+ T cells. Significant
reductions in HSV-tk- plus GCV-mediated activities within the pri-
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G HSV-tk/GCV+Control IgG

B HSV-tk/GCV+amiCD4 IgG

B HSV-tk/GCV+antiCD8 IgG

0 HSV-tk/GCV+amiNK IgG

HSV-tk/PBS

HSV-tk/GCV+Conuol IgG

HSV-tk/GCV+amiCD4 IgG

HSV-lk/GCV+antiCD8 IgG

HSV-tk/GCV+antiNK IgG

Fig. 4. Effect of T- and NK-cell depletion on local and systemic growth suppression
mediated by ADV/HSV-tk plus GCV. Mice were randomi/ed to receive i.p. injections of
anti-NK IgG. an(i-CD4 IgG. anti-CD8 IgG. or control IgG 1 day prior to vector injection

and continued as outlined in the text to deplete each population for the duration of prodrug
therapy. Fourteen days after vector injection, mice were sacrificed, the tumor wet weights
were recorded (A), and the lung mÃ©tastaseswere counted (ÃŸ).(HSV-tk plus PBS. n = 12;
HSV-lk plus GCV plus control IgG. n = 9; HSV-tk plus GCV plus anti-CD4 IgG. n = 5;
HSV-tk plus GCV plus anti-CD8 IgG. n = 8; HSV-tk plus GCV plus anti-NK IgG.
n = 10). The data presented were combined from Iwo independent experiments.
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mary tumor were only noted in mice depleted of NK cells. Although
treated primary orthotopic tumors in NK cell-depleted mice were
growth suppressed compared to HSV-tk plus PBS tumors, these
tumors were â€”¿�20%larger by wet weight than HSV-tk plus GCV and
control IgG (P = 0.013, t test). In this model, therefore, it appears that

NK cells may moderate, to a degree, a local bystander effect, account
ing for â€”¿�20%of the wet weight reduction mediated by HSV-tk plus
GCV therapy, whereas â€”¿�50%of the reduction in tumor weight occurs

presumably through the standard method of cytotoxicity.
The preestablished metastasis model was developed to gauge the

level of activity against established microscopic tumor lesions present
at the time of primary tumor treatment, a relevant model of the clinical
situation for a significant proportion of patients with prostate cancer.
Treatment of the primary tumor with HSV-tk plus GCV resulted in

over a 40% reduction in the number of lung lesions, verifying the
induction of significant systemic antitumor activity and demonstrating
the ability to impact on already established microscopic metastatic
disease. In parallel to the findings within the primary tumor, only
depletion of NK cells had any impact on activities of ADV/HSV-tk

plus GCV; in this instance, loss of NK cells completely abrogated the
ability of HSV-tk plus GCV to suppress lung metastasis, whereas the

depletion of CD4+ and CD8+ T cells had no effect on this response.
In contrast to the local bystander effect, NK cells appear to be the sole
mediator of the distant bystander effect in this model.

This is the first report to directly identify the presence of antitumor
leukocytes within HSV-tk- plus GCV-treated tumors and determine

the in vivo relevance of this population to both the local and distant
bystander effects. A review of the literature displays only indirect and
disparate data. Vis-Ã -vis activities within injected tumors, judgments

concerning the identity of the responsible immune effector cells have
been based on comparisons of efficacy between immunocompetent
and immunocompromised hosts (6, 10,11). A critical analysis of these
studies reveals that the differences in the method of immunosuppres-
sion can dramatically effect the local bystander effect due to HSV-tk

plus GCV therapy and, therefore, the basis for the understanding of
the role of the immune system. Immunosuppression by performance
of therapy in a nude mouse tended to result in a loss of activity,
implying a dominant role for T cells (6, 10), whereas immunosup-
pression through dexamethasone or cyclosporin therapy in a synge-

neic, immunocompetent host resulted in equally or more efficient
activity (22, 23). Such ambiguities in determining the role of an
immune response in the local bystander effect may be due to the
inherent immunogenicity of each cell line in question, potential dif
ferences in immune response depending on tumor location (brain,
lung, and subcutis), and/or distinctly unique differential responses
against the vector and transgene, depending on the mouse strain and
vector used. Furthermore, the differences in activity between an
individual cell line growing in an immunocompetent mouse versus a
nude mouse may be due to alterations in tumor cell-tumor cell, tumor
cell-host cell, and/or tumor cell-matrix interactions, which may effect
negatively the conventional HSV-tk plus GCV bystander effect and,

thus, may not necessarily be due to alterations in immune responses.
Ultimately, one would expect that the degree of celiiceli communi
cation mediating gap junction transport of phosphorylated GCV from
tumor model to tumor model play the dominant role in the local
bystander effect, whereas, as in the RM-1 model, immune responses

play a less than dominant role.
However, the generation of the systemic bystander effect, as dem

onstrated by growth suppression of a synchronously growing non-
HSV-tk-transduced tumor or challenge tumor cell injection, would be
best explained by an immune response (5, 8, 11-15). Indirect evidence

has demonstrated that the rejection of a challenge tumor cell injection
post-HSV-tk plus GCV therapy has been associated with the devel

opment of cytotoxic T-cell activity within splenocytes of these mice

(14). In another model, however, more direct evidence noted an active
infiltrate within a regressing, nontransduced, synchronous tumor in an
athymic nude mouse, which has functional NK cells; when repeated in
a severe combined immunodeficient mouse with no functional NK
cells, neither regression nor an infiltrate is seen, implying a strong role
for NKs as the responsible effector (11). Although several studies
have documented the presence of immune cells within synchronous or
challenge tumors, none have qualitatively assayed for the presence of
NK cells or, functionally, the presence of antitumor effector cells
directly (5, 8, 11). This report is the first to directly identify NK cells
as the major source of a systemic response due to HSV-tk plus GCV,

a finding that should be addressed in other tumor models.
In this study, use of ADV/HSV-tk plus GCV in an orthotopic,

metastatic model of mouse prostate cancer resulted in systemic anti-

tumor responses that were mediated through the induction of NKs.
Although significant and possibly defining a use for this therapy as an
adjuvant treatment for patients at high risk for microscopic mÃ©tastases
at the time of definitive local therapy, these activities are incomplete.
Combination therapies combining HSV-tk with vector-mediated local

expression of cytokines have been proposed to empirically enhance
the ill-defined immune activities of HSV-tk alone, usually aimed to
stimulate tumor-specific CTLs. Studies of disseminated prostate can
cer have noted that these cells have lost or down-regulate MHC class
I antigen expression, requiring the development of non-MHC-

restricted immune strategies (24, 25). Therefore, the finding of NK
induction by HSV-tk may define specific cytokine approaches to
produce a more sustained and robust non-MHC-restricted therapy for

disseminated prostate cancer.
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