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Abstract
Neuroattenuated herpes simplex virus ICP34.5 mutants slow progression of preformed tumors and
lead to complete regression of some tumors. Although this was previously thought to be due to viral
lysis of infected tumor cells, it is now understood that there is an immune component to tumor
destruction. We have previously shown that no difference in survival is seen in lymphocyte-depleted
mice after viral or mock therapy of syngeneic intracranial melanomas. We have also demonstrated
the presence of a wide spectrum of immune cells following viral therapy, including larger percentages
of CD4+ T cells and macrophages. In this paper, the contribution of the immune system to tumor
destruction has been further delineated. Viral therapy of intracranial melanoma induces a tumor-
specific cytotoxic and proliferative T cell response. However, there is no increase following viral
therapy in either serum tumor antibody levels or viral-neutralizing antibodies. Thus specific T cell
responses appear to mediate viral-elicited prolongation in survival. These data suggest that designing
new viruses capable of augmenting T cell responses may induce stronger tumor destruction upon
viral therapy.
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Introduction
At least 20–40% of cancer patients are expected to develop brain metastases [1,2]. Among
these, melanoma has the highest frequency of brain metastases in adults [3], with asymptomatic
cerebral metastases found in 50–75% of melanoma patients at autopsy [4]. Furthermore, with
41,600 cases diagnosed in 1998, melanoma has the fastest increasing cancer incidence rate in
the United States [5]. Although many successful therapeutic agents have been developed for
treatment of noncerebral metastases, few have been efficacious in the treatment of brain
metastases, which often impact quality of life and long-term survival. These therapeutic agents
are ineffective for treatment of cerebral metastases because they are unable to cross the blood–
brain barrier. Therapy for brain metastases remains mainly palliative, with aggressive therapy,
such as surgery and steroids, prolonging survival to 1 year [6]. Thus, there is great interest in
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alternative therapies, such as neuroattenuated herpes simplex virus 1 (HSV-1), for intracranial
therapy of brain metastases.

Neuroattenuated HSV-1, with a deletion in the RL1 gene, is able to prolong survival of mice
bearing various tumors [7–17]. The HSV-1 RL1 gene confers neurovirulence [18–20]. Deletion
or mutation of the RL1 gene, which encodes the ICP34.5, or γ-34.5, protein, results in HSV
variants that are incapable of replicating in the central nervous system (CNS) of mice and are
also incapable of causing encephalitis [19,21]. Previous work with the S91 Cloudman M3
melanoma model in DBA/2 mice demonstrated that neuroattenuated HSV-1 prolongs survival
of intracranial tumor-bearing mice following direct intra-neoplastic viral delivery [11,12].
However, the innate immunogenicity of this tumor cell line has limited studies into the role of
the immune response in viral-mediated tumor cell killing. Although HSV-1 was thought to
infect many different cell types derived from many animals, early work showed that several
murine tumor lines, such as B16 and K-1735, are resistant to HSV-1 infection and killing
[11]. Although several murine melanoma cell lines are resistant to HSV-1 infection, over 40
human melanoma primary cell lines and established human tissue culture lines were shown to
be susceptible to infection [11].

Because of the paucity of available HSV-susceptible murine tumor cell lines, new murine
melanoma cell lines were developed to study the role of the immune response in HSV-1-
mediated tumor destruction. These cell lines are murine B78H-1 melanoma cells, a
nonmelanotic sub-clone of the murine B16 melanoma cell line, transfected with the HSV-1
entry coreceptors, HVE A and C [13]. The B78H1-A10 (A10) and B78H1-C10 (C10) cells are
susceptible to HSV infection, with growth rates comparable to those of other cell lines [13].
Thus the A10 and C10 cell lines allow for the investigation of host and viral factors that
influence the outcome of HSV-based therapy. When HSV-1 1716 is administered to
intracranial melanoma-bearing mice at the midpoint of survival, survival is prolonged twofold
[11]. Furthermore, when virus is administered even earlier, there is a 60% long-term survival
rate [11]. However, in immunodeficient mice bearing intracranial syngeneic murine
melanomas, HSV-1 1716 is unable to prolong survival [12], demonstrating the contribution of
the immune response to viral-mediated tumor destruction. An earlier onset of the immune
response following viral therapy was also seen in immunocompetent syngeneic mice [12]. This
response was characterized by an early influx of immune cells, mainly of CD4+ T cells, NK
cells, and macrophages (although most types of immune cells are found in the tumor mass
following viral therapy) [12]. CD8+ T cells were present sparingly in tumor masses. In our
model, viral activation of the immune response within the CNS is the preliminary trigger for
recruiting an anti-tumor response. Thus, nonspecific macrophages and natural killer cells enter
the area and release cytokines, recruiting and activating lymphocytes. These activated
lymphocytes are then exposed to tumor antigens from virally lysed cells and alert the immune
system to the presence of the tumor. In this model, active viral replication and an active immune
response are necessary for tumoricidal activity.

This paper explores more fully the activation and contribution of a tumor-specific immune
response following neuroattenuated HSV-1 therapy of intracranial melanoma. The data
demonstrate that while an integrated, complete immune response is necessary for viral-
mediated prolongation in survival, this effect is mediated mainly by a tumor-specific cytotoxic
and proliferative T cell response. Furthermore, significant levels of serum antibodies to tumor
and virus antigens are not present and a neutralizing antibody response does not develop
following intracranial viral therapy. These data predict that a more vigorous, specific T cell
immune response to tumor antigens during neuroattenuated HSV-1 tumor therapy should result
in an improved therapeutic outcome.
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Results
The Immune System Is Required for Viral Therapy

Although the contribution to the therapeutic effect of an active immune response (i.e.,
capability to respond to viral therapy of intracranial melanomas) has been demonstrated
previously [12], problems of tumor immunogenicity exist with the models used in these
experiments. Thus, we repeated the importance of the immune response using the B78H1-A10
and B78H1-C10 tumor cell lines [13] in syngeneic C57/Bl6 RAG2−/− knockout mice. We
implanted both RAG2−/− and immunocompetent C57/Bl6 mice intracranially with tumors and
followed 10 days later with either mock or HSV-1 1716 therapy. There was no increase in
survival following viral therapy in immunodeficient, RAG2−/− knockout mice (Fig. 1B)
compared to the significant prolongation in immunocompetent C57/Bl6 mice (Fig. 1A). This
response is independent of tumor line, either A10 (Fig. 1) or C10 (data not shown). The mean
average survival time following viral therapy is 28.6 ± 1.26 days for immunocompetent C57/
Bl6 mice compared to 22.5 ± 0.2 days for Rag2−/− mice. To delineate further which immune
cells contribute to viral-mediated prolongation in survival, we implanted CD4+ and CD8+ T
cell-knockout as well as NK-deficient beige mice with tumors and followed 10 days later with
viral therapy. As can be seen in Figs. 1C, 1D, and 1E, no prolongation in survival occurred
following viral therapy in any of the immunodeficient strains. Mean survival for CD4−/− treated
mice is 20 ± 0.5 days, for CD8−/− mice is 22.5 ± 1.25 days, and for NK mice is 20.5 ± 0.3 days.
However, the range of days over which death occurred differs for the different immunodeficient
strains; thus CD8−/− mice have a range of 15 days, whereas CD4−/− mice have a range of 10
days, and NK and Rag2−/− mice have a narrow range of 4 days. These data demonstrate that a
complete and integrated immune response is necessary for viral-mediated prolongation of
survival.

Cytotoxic T Cell Response
The above data along with previous work [12] have demonstrated that an active immune
response is necessary for efficacy of viral therapy. To explore more fully how the immune
components mediate prolongation in survival and whether tumor or viral antigens are being
recognized, we performed a cytotoxic T lymphocyte (CTL) assay. This assay was performed
even though CD8+ T cells are not present in high levels following viral therapy [12], as the
above data demonstrate that CD8+ T cells are necessary for prolongation in survival. The assay
was designed to determine if tumor-specific and/or viral-specific immune responses develop
following viral therapy of intracranial tumors. We implanted immunocompetent mice
intracranially with tumors and followed 10 days later with either mock or HSV-1 1716 therapy.
We isolated splenocytes 20 days following therapy and determined specific cytotoxicity toward
syngeneic tumor cells, nonsyngeneic tumor cells (irrelevant H2 tumor controls), and syngeneic
non-tumor cells (H2-matched nontumor controls). The data demonstrate that a tumor-specific
immune response develops following tumor implantation alone (Fig. 2A); however, this
response is increased in animals receiving viral therapy (Fig. 2A). No specific cytotoxicity
toward nonsyngeneic tumor cells (irrelevant H2-matched tumor control) or syngeneic
nontumor cells (H2-matched non-tumor control) was observed (data not shown). Interestingly,
when target cells are infected with virus prior to determining CTL-specific response, a viral-
specific response develops in animals receiving viral therapy that is significantly higher than
that seen for non-viral-infected target cells (Fig. 2B). However, no specific anti-tumor response
is seen for nonsyngeneic infected tumor cells (irrelevant H2-matched tumor control) or
syngeneic infected nontumor cells (H2-matched nontumor control) (Fig. 2B). Thus this
response requires both viral and tumor antigens to be present and may be directed toward novel
antigens expressed only upon viral infection of A10 and C10 tumor cells. This response is not
directed toward the viral coreceptors expressed on the cell surface as no specific response is
seen when the target cells are viral-infected Hve A- or Hve C-expressing CHO cells (data not
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shown). Also, the CTL response toward A10 and C10 target cells is similar whether the effector
cells are isolated from either A10 or C10 tumor-bearing treated mice.

Proliferative T Cell Response
Because the above data, in combination with previous results demonstrating higher percentages
of CD4+ T cells following viral therapy [12], suggest an active role of CD4+ helper T cells in
viral-mediated tumor destruction, we performed a proliferative T cell assay. In this assay, we
isolated splenocytes from either mock or tumor-bearing animals that had been either mock or
virally treated. We incubated the cells together with tumor cells or UV-inactivated HSV-1-
infected tumor cells, as well as nontumor syngeneic and nonsyngeneic tumor cells, to determine
the response to both tumor and viral antigens. As can be seen in Fig. 3A, an increase in the
proliferative T cell response occurs in HSV-1 1716-treated tumor-bearing animals compared
to mock-treated tumor-bearing animals. No response was seen when cells were incubated with
nonsyngeneic tumor cells (irrelevant H2-matched tumor control) or syngeneic nontumor cells
(H2-matched nontumor cells) (data not shown). Additionally, unlike the CTL response, viral
therapy did not induce a viral-specific proliferative response (Fig. 3B). Use of infected H2-
matched or irrelevant H2-matched control cells as stimulation cells also did not induce cell
proliferation. Thus, only a tumor-specific proliferative T cell response develops following
HSV-1 1716 therapy of intracranial melanomas.

Serum Antibody Levels
B cells are present sparingly in intracranial tumor masses [12], but antigen-presenting cells
traveling from the tumor site to regional lymph nodes and the spleen may activate B cells
distally; thus we assayed the presence of serum antibodies against tumor cells following mock
and HSV-1 1716 therapy. We collected sera from animals 20 days following mock or viral
therapy and used an ELISA to determine the presence of tumor-specific antibodies. Although
an increase in tumor-specific antibody levels was detected, it was not significant over levels
detected for nonspecific staining from sera collected from mock tumor-bearing animals (data
not shown). Additionally, there was no increase in antibody levels toward tumor cells or
HSV-1-infected cells from sera collected from virally treated animals. Thus, a significant
humoral response could not be detected following viral therapy and does not seem to play a
significant role in viral-mediated prolongation in survival.

Neutralizing Antibody Levels
As stated above, B cells are present sparingly in intracranial tumor masses [12]. Thus, the
absence of tumor-specific antibodies is not unexpected. Subsequently, we determined the
presence of serum virus-neutralizing antibodies, following mock and HSV-1 1716 therapy. We
incubated sera collected for the above experiments with virus and determined the ability to
neutralize virus. No neutralizing antibodies were detected from any tumor-bearing group (data
not shown). Thus serum-neutralizing antibodies are not produced following viral therapy of
intracranial tumors.

Discussion
Brain tumors, both primary and metastatic, require the development of innovative new
therapeutic agents due to the increase in their frequency and the inability of current therapies
to provide beneficial results. Different replication-competent and noncompetent viral therapies
for tumors located within the central nervous system are currently being studied, including
herpes simplex viruses, adenoviruses, poxviruses, retroviruses, and Newcastle disease virus
[7,8,26–32]. Of these, both HSV-1 and adeno-viruses have mounting potentials as therapeutic
agents. Replication-competent adenoviruses are currently being used for squamous cell
carcinomas of the head and neck [33] and are being explored as therapeutic agents for many
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other types of tumors [34–39]. Neuroattenuated HSV-1 has the ability to replicate in dividing
cells within the CNS and is unable to replicate or cause disease in nondividing cells [40,41].
Neuroattenuated HSV-1 is also unable to cause encephalitis [42] and is avirulent in SCID mice
[43]. Thus, neuroattenuated HSV-1 is a leading candidate for intracranial tumor therapy and
is currently being used in clinical trials [44,45]. Previous studies have demonstrated the proof
of the principal that neuroattenuated HSV-1 is able to prolong survival of intracranial tumor-
bearing animals [7,8,11,15,16,46–48]. The study described herein was undertaken to define
more fully the role of specific immune components in viral therapy.

To determine the specific immune components involved in viral-mediated prolongation in
survival, a new syngeneic tumor model was needed. The natural host for HSV-1 is humans;
however, the majority of the tumor models studied are in rodents. HSV-1 does not naturally
infect rats or mice and thus it is not surprising that some murine and rodent tumor cell lines
are resistant to HSV-1 infection [11]. This resistance to infection is at the level of coreceptor
expression in murine B16 melanoma cells [13]. Thus, we reported previously the development
of two new murine melanoma cell lines, B78H1-A10 and B78H1-C10, that have been stably
transfected with human HSV-1 coreceptors [13]. These cells are syngeneic in C57/Bl6 mice
and develop tumors normally with a mean survival of 3 weeks. HSV-1 1716 replicates to levels
similar to those of wild-type parental strains in these cell lines [13]. Viral therapy prolongs
survival significantly and the tumors remain modestly immunogenic [13].

To determine further the specific components of the immune response important to viral
therapy, different immunodeficient and knockout strains of mice were implanted with tumors,
followed by either mock or viral therapy. Similar to earlier reports [13], in immunodeficient
RAG2−/− mice the viral therapy was unable to prolong survival over that of mock-treated
animals. Interestingly, in CD4−/− and CD8−/− mice viral therapy was also unable to prolong
survival. Also, viral therapy was unable to prolong survival in NK-deficient beige mice. Thus
an organized, balanced immune response is necessary to mediate the prolongation in survival
seen following viral therapy. Interestingly, the survival of the CD8−/− was not confined to a
narrow range as with other immunodeficient strains. CD8−/− mice succumbed to the tumor
burden over a range of approximately 15 days, while RAG2−/−, CD4−/−, and NK-deficient mice
succumbed over a range of 5–10 days. However, the median survival for all groups was 20–
21 days. This difference in survival of CD8−/− mice may indicate that CD8+ T cells are
important during later stages of viral-mediated tumor destruction and that CD4 T+ cells and
NK cells are more important earlier. This correlates with previous immuno-histochemistry data
demonstrating increases in CD4+ T cells and NK cells early following viral therapy [12].

We next determined the ability of viral therapy to induce either a tumor- or a viral-specific
CTL or proliferative T cell response. Previous reports have demonstrated that neuroattenuated
HSV-1 is able to induce a tumor-specific CTL response in a flank model of tumor therapy;
however, the ability of neuroattenuated HSV-1 to induce a tumor-specific CTL or proliferative
response after intracranial therapy has not been demonstrated. In this paper, we utilized the
newly created, lowly immunogenic B78H1-A10 and B78H1-C10 tumors to demonstrate that
viral therapy of intracranial tumors induces both a CTL and a proliferative T cell response
toward tumor antigens. The CTL response induced following viral therapy is both tumor- and
viral-specific; however, the proliferative response is toward tumor antigens and not viral
antigens. Thus, although a tumor-specific proliferative T cell response is induced earlier in
viral-mediated tumor destruction, only a viral-specific CTL response develops following viral
therapy. Accordingly, following viral therapy the lysis of tumor cells recruits CD4+ T cells to
the tumor mass, where the cells are triggered to respond to tumor antigens and not viral antigens.
This may in part be due to the ability of the virus to block immune recognition of infected cells,
through modulation of both MHC classes I and II [49–51]. CD4−/−, CD8−/−, and NK−/− mice
are unable to mount an immune response to prolong survival after viral therapy. Taken together,
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these data point to a model in which CD4+ T cells are recruited to the tumor mass following
viral therapy, as are NK cells. CD4+ T cells secrete cytokines to recruit and activate CD8+ T
cells. CD8+ T cells, along with NK cells, lyse both infected and uninfected tumor cells, leading
to tumor destruction and the development of a tumor-specific CTL response. The proliferation
of T cells in response to tumor antigen alone combined with the specific CTL response may
translate to better recognition of distant, untreated metastases, which may in turn lead to better
destruction of the metastases.

As viral therapy of intracranial tumors depends on an active integrated immune response, viral
therapies will depend on the immune status of the recipients. Results of phase I clinical trials
of HSV-1 for malignant gliomas have been published, with viral therapy demonstrating
potential therapeutic benefits in both trials [44,45]. No significant detrimental effects were
observed from the viral therapy in either study. These studies have shown that neuroattenuated
HSV-1 is a viable therapy for intracranial malignant gliomas and may be useful for other CNS
neoplasms, both primary and metastatic. The demonstration of a significant immune
component necessary for viral-mediated tumor destruction highlights the importance of
determining the immune status of potential recipients of viral therapy and the importance of
monitoring the immune status of patients entered into future clinical trials. The creation of new
neuroattenuated HSV-1 therapeutic viruses designed to engage more fully the immune
response in viral therapy may provide additional useful viral candidates for tumor therapy.
New viruses that are able to activate more fully a complete and harmonized immune response
may lead not only to better destruction of the local treated tumor, but also to immune-mediated
destruction of distant metastases and to the destruction of migratory cells within the CNS.

Materials and Methods
Animals and viruses

Female C57/Bl6 and female B6.129S6-Rag2tm1 N12 mice (Rag2−/−) (4 – 6 weeks of age,
weighing approximately 20 g) were obtained from Taconic (Germantown, NY). B6.129S2-
Cd4tm1Mak (CD4−/−), B6.129S2-Cd8atm1Mak (CD8−/−), and C57Bl/6J-Lystbg-J/+ (beige
NK−/−) mice were obtained from The Jackson Laboratory (Bar Harbor, ME).

To produce virus stocks, subconfluent monolayers of African green monkey kidney (Vero)
cells were infected with HSV strain 1716 (stock titer 1 × 108 pfu/ml). HSV strain 1716 has a
759-bp deletion, which deletes part of the genes encoding ICP34.5, LAT, and orfP [22]. Virus
was concentrated from the culture and titered by plaque assay as previously described [23].
All viral stocks were stored frozen in viral culture medium (DMEM containing penicillin and
streptomycin) at −70°C and thawed rapidly just prior to use. Serum-free medium was used for
control (mock) inoculation studies as negative controls.

Tumor cell lines
B78H1 cells [24] were obtained from Meenhard Herlyn (Wistar Institute, Philadelphia, PA).
Generation and characterization of Hve-transfected cells are described elsewhere [13]. Briefly,
B78H1 cells were transfected with the HveA- (pBec10), HveB- (pMW20), or HveC- (pBG38)
containing vectors or empty vector (pcDNA3) (Invitrogen). Stable transfectants were selected
after 14 days of antibiotic selection and then cloned for single-cell colonies by limiting dilution
methods. FACS analysis was performed to select further for homogeneous receptor-expressing
populations. Additional cell lines used include M-3 S91 Cloudman melanoma cells, Harding–
Passey melanoma cells, F4 cells, and Hve-expressing Chinese hamster ovary cells, CHO-
HveA-M1A, CHO-HveC-M3A, and parental CHO.
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For preparation of tumor implantation, cells were grown using DMEM containing 0.05%
penicillin, 0.05% streptomycin, and 10% calf serum. When originally obtained, cells were
grown and then frozen in 95% calf serum/5% DMSO so that all experiments could be initiated
with cells of a similar passage number. On the day of intracranial injection, cells in subconfluent
monolayer culture were passaged with 0.25% trypsin solution in EDTA, washed 1× in cell
culture medium, resuspended at the appropriate concentration in medium without serum, and
held on ice.

Intracranial tumor production
Mice were anesthetized by interperitoneal injections of ketamine/xylazine (87 mg/kg ketamine
and 13 mg/kg xylazine). The head was cleansed with 70% EtOH and betadine. A small midline
incision was made in the skin of the head exposing the skull. Stereotactic injection of tumor
cell suspension was performed using a small animal stereotactic apparatus (Kopf Instruments,
Tujunga, CA). Injections were done with a Hamilton syringe through a 28-gauge needle. The
needle was positioned at a point 2 mm caudal of the bregma and 1 mm left of midline. Using
a separate 27-gauge needle the skull was breached at the appropriate coordinates. The injection
needle was advanced through the hole in the skull to a depth of 2 mm from the skull surface
and then extracted 0.5 mm to create a potential space. Cells (5 × 104) in a total volume of 10
μl were injected over 2 min. Following the injection, the needle was left in place for 2 min and
then slowly withdrawn. The skin was sutured closed.

Viral inoculation
Mice were anesthetized by interperitoneal injections of ketamine/xylazine (87 mg/kg ketamine
and 13 mg/kg xylazine) and the head was cleansed with 70% EtOH. Using a Hamilton syringe
with a 28-gauge needle, the appropriate amount of virus was injected, in a volume of 10 μl,
through a midline incision at the same stereotactic coordinates used for tumor cell injection.
The injection was performed over 2 min, and following the injection the needle was left in
place for 2 min and then slowly withdrawn. The amount of HSV-1 1716 used in all experiments
(5 × 104 PFU/mouse) was the lowest PFU at which the longest survival was seen in previous
experiments [11].

Cytotoxic T cell assay
Cytotoxic T cell activity was measured using the Promega CytoTox 96 nonradioactive
cytotoxicity assay kit (Promega, Mad-ison, WI). Specifically, spleens were removed
aseptically from either mock-or tumor-bearing animals, which had been either mock or virally
treated, 20 days posttherapy. Spleens were teased into single-cell suspensions, red blood cells
were lysed, and cells were resuspended in DMEM after viability was counted. Effector
lymphocytes were incubated for 72 h prior to assay. CTL activity was determined per the
manufacturer’s instructions. Target cells included syngeneic tumor cells, UV-infected tumor
cells, nonsyngeneic tumor cells (irrelevant H2-matched tumor control—S91 melanoma and
Harding–Passey melanoma cells), infected nonsyngeneic tumor cells, syngeneic nontumor
cells (H2-matched controls—F4), and Hve receptor control cell lines (CHO-HveA-M1A,
CHO-HveC-M3A, and CHO). Samples were processed in triplicate and averaged, and
background lysis levels were subtracted. Data are representative of two separate experiments.
Ratios of target-to-effector cell assays were 1:100 to 1:1.

Proliferative T cell assay
Proliferative T cell activity was measured using the Promega 96 aqueous nonradioactive cell
proliferation assay kit (Promega). Specifically, spleens were removed aseptically from either
mock- or tumor-bearing animals, which had been either mock or virally treated, 20 days
posttherapy. Spleens were teased into single-cell suspensions, red blood cells were lysed, and
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cells were resuspended in DMEM after viability was counted. Effector lymphocytes were
incubated with stimulating cells for 48 h prior to assay. Proliferative T cell activity was
determined per the manufacturer’s instructions. Stimulating cells included syngeneic tumor
cells, UV-infected tumor cells, nonsyngeneic tumor cells (irrelevant H2-matched tumor control
—S91 melanoma and Harding–Passey melanoma cells), infected nonsyngeneic tumor cells,
syngeneic nontumor cells (H2 matched controls—F4), and Hve receptor control cell lines
(CHO-HveA-M1A, CHO-HveC-M3A, and CHO). Samples were processed in triplicate and
averaged, and background proliferation levels were subtracted. Data are representative of two
separate experiments. Ratios of proliferating lymphocytes were 1:100 to 1:1.

Serum antibody assay
The presence of serum antibody against tumor antigens was determined by ELISA. Briefly,
sera were collected from either mock- or tumor-bearing animals, which had been either mock
or virally treated, 20 days posttherapy. Plates of confluent tumor cells (A10 and C10) and Vero
cells (negative control) were fixed and blocked with 0.1% BSA in PBS. Sera were serially
diluted and added to plates. Plates were incubated for 2 h, washed with PBS, and blocked with
0.1% BSA in PBS, and then biotinylated goat anti-mouse antibody (1:10,000) was added. Plates
were again incubated for 1 h and then an avidin–biotin detection system (ABC and VIP; Vector
Laboratories, Burlingame, CA) was used to determine serum antibody levels. Samples were
processed in duplicate and averaged, and background binding was subtracted. ELISA was
performed twice.

Neutralizing antibody levels
Neutralizing antibody levels were determined using previously published methods [25].
Briefly, sera collected from the previous experiment were heat inactivated for 1 h at 65°C. Sera
were serially diluted and mixed in equal volumes with HSV-1 1716 for 20 min at 4°C. Sera
and virus were then added to semiconfluent Vero cells in a 48-well plate. Plates were incubated
for up to 72 h and neutralizing antibody levels were determined by calculating the concentration
needed to reduce plaques by 50%. Data are the averages of samples processed in triplicate with
background neutralizing activity subtracted. Two separate experiments were performed.
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FIG. 1.
An immune response is necessary for viral-mediated prolongation in survival. Mice were
treated with direct intratumoral injections of either mock viral culture medium (square) or
HSV-1 1716 (5 × 104 pfu, triangle) 10 days following tumor implantation (see Materials and
Methods). Significant prolongation in survival is seen in C57/Bl6 immunocompetent mice (A)
following viral therapy, 17.4 ± 0.5 vs 28.6 ± 1.26, P > 0.001. No significant prolongation in
survival is seen following viral therapy in Rag2−/− immunodeficient mice, 21.2 ± 0.4 vs 22.5
± 0.2 (B), CD4−/− immunodeficient mice, 20.7 ± 1.13 vs 20 ± 0.5 (C), CD8−/− immunodeficient
mice, 21.4 ± 1.2 vs 22.5 ± 1.25 (D), or NK−/− beige immunodeficient mice, 20.4 ± 0.5 vs 20.5
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± 0.3 (E). N = 10 for C57/Bl6, N = 10 for Rag2−/−, N = 10 for CD4−/−, N = 17 for CD8−/−, and
N = 10 for NK−/−.
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FIG. 2.
Viral therapy of intracranial melanoma increases both tumor- and viral-specific CTL activity.
Effector lymphocytes were isolated from mock- and HSV-1 1716-treated tumor-bearing
animals 20 days post-viral therapy and incubated for 3 days. Splenocytes were then examined
for specific killing of target cells, either uninfected or infected tumor cells, using the Promega
CytoTox96 nonradioactive cytotoxicity assay. (A) A tumor-specific CTL response develops
following viral therapy. Splenocytes isolated from either mock-treated tumor-bearing mice
(square) or HSV-1 1716-treated tumor-bearing mice (triangle) were examined for specific
killing of target uninfected tumor cells. (B) A viral-specific CTL response develops following
viral therapy. Splenocytes isolated from HSV-1 1716-treated tumor-bearing animals were
examined for specific killing of target cells, either uninfected (square) or HSV-1 infected

Miller and Fraser Page 14

Mol Ther. Author manuscript; available in PMC 2009 March 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(triangle) tumor cells. No response is seen toward the control targets, including H2-matched
cells (F4) (circle), H2-unmatched melanoma (S91 and HP) (diamond and plus sign), or Hve-
expressing CHO cells (M1A, M3A, and CHO) (x, dash, and asterisk). Each line represents the
average percentage of specific killing as a function of maximum LDH release at various E/T
ratios for N = 5 mice per group.
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FIG. 3.
Viral therapy of intracranial melanoma increases tumor-specific proliferation activity but not
viral-specific activity. Effector lymphocytes were isolated from mock- and HSV-1 1716-
treated tumor-bearing animals 20 days post-viral therapy and incubated for 3 days with mock-
or viral-infected tumor cells as targets and examined for specific proliferation with the Promega
Cell Titer 96 aqueous nonradioactive proliferation assay. (A) A tumor-specific proliferation
occurs following viral therapy. Splenocytes isolated from either mock- (circle) or HSV-1 1716-
treated (diamond) tumor-bearing animals were examined for specific proliferation following
incubation with target syngeneic tumor cells. (B) No viral-specific proliferation occurs
following viral therapy. Splenocytes isolated from HSV-1 1716-treated tumor-bearing animals
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were examined for specific proliferation following incubation with target cells, either
uninfected (closed circle) or HSV-1-infected (diamond) tumor cells. No response is seen
following stimulation with the infected control cells, including H2-matched cells (F4) (open
circle), H2-unmatched melanoma (S91 and HP) (open diamond and open square), and Hve-
expressing CHO cells (M1A, M3A, and CHO) (x, triangle, and plus sign). Each line represents
the average percentage of specific killing as a function of maximum formazan release at various
E/T ratios for N = 5 mice per group.

Miller and Fraser Page 17

Mol Ther. Author manuscript; available in PMC 2009 March 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


