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ABSTRACT

Traditional therapies for cancer include surgery, chemotherapy, and radiation. Chemotherapy has widespread systemic cytotoxic effects
against tumor cells but also affects normal cells. Radiation has more targeted local cytotoxicity but is limited to killing cells in the radiation
field. Immunotherapy has the potential for systemic, specific killing of tumor cells. However, if the immune response is specific to a single
antigen, tumor evasion can occur by down-regulation of that antigen. An immunotherapy approach that induces polyvalent immunity to
autologous tumor antigens can provide a personalized vaccine with less potential for immunologic escape. A cytotoxic immunotherapy strategy
creates such a tumor vaccine in situ. Immunogenic tumor cell death provides tumor antigen targets for the adaptive immune response and
stimulates innate immunity. Attraction and activation of antigen presenting cells such as dendritic cells is important to process and present tumor
antigens to T cells. These include cytotoxic T cells that kill tumor cells and T cells which positively and negatively regulate immunity. Tipping the
balance in favor of anti-tumor immunity is an important aspect of an effective strategy. Clinically, immunotherapies may be most effective when
combined with standard therapies in a complimentary way. An example is gene-mediated cytotoxic immunotherapy (GMCI) which uses an
adenoviral vector, AdV-tk, to deliver a cytotoxic and immunostimulatory gene to tumor cells in vivo in combination with standard therapies
creating an immunostimulatory milieu. This approach, studied extensively in animal models and early stage clinical trials, is now entering a

definitive Phase 3 trial for prostate cancer. J. Cell. Biochem. 112: 1969-1977, 2011. © 2011 Wiley-Liss, Inc.
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T he immune system is important for defense against cancer.
This is evidenced by the increased incidence of cancer in
immune compromised hosts such as patients with HIV infection and
in transplant recipients undergoing immune suppression who have
an increased risk of cancer [Crum et al., 2004; Gutierrez-Dalmau and
Campistol, 2007]. In mice, occult cancer grows out of control after
suppression of T cells and IFNv, suggesting that the immune system
maintains cancer in an equilibrium state [Koebel et al., 2007]. Cancer
cells themselves have been shown to offset this equilibrium through
perturbation of immunity. For example, tumor cells have been shown
to have decreased MHC class I expression and express soluble factors
such as VEGF, IL-6, and IL-10 which inhibit maturation of dendritic
cells [Gottfried et al., 2008]. Patients with aggressive tumors such as
malignant brain and pancreatic cancer have altered serum cytokines,
increased regulatory T cells (Treg), and decreased dendritic cell (DC)
number and function [Liyanage et al., 2002; Ebrahimi et al., 2004;
Facoetti et al., 2005; Yanagimoto et al., 2005; Fecci et al., 2006].
Effective cancer immunotherapy must overcome negative effects and
tip the balance in favor of effective anti-tumor immunity.

The innate immune response is critical for immediate response to a
local insult and has specificity to the site of the tumor based on local
soluble and cellular factors but is not antigen specific [Janeway and
Medzhitov, 2002]. Systemic anti-tumor immunity depends on
adaptive immunity mediated by antigen-specific immune cells,
especially T cells. Danger signals that alert the innate immune
system to react are critical to initiate a stimulatory response
[Matzinger, 2002]. Stimulation of adaptive immunity requires
presentation of tumor antigens to T cells by antigen presenting cells
(APC) such as monocytes and dendritic cells (DC). APCs are activated
in the milieu of an innate response. Antigen-specific T cells are
stimulated to proliferate and generate anti-tumor effects through
soluble factors, such as cytokines, and through direct killing by
cytotoxic T lymphocytes (CTL). Like most biologic systems,
regulatory factors exist to prevent unwanted or excessive immune
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reactions. These are also mediated by soluble factors such as IL-10
and TGFB and often orchestrated by regulatory T cells (Treg).
Overcoming immune inhibitory effects requires a multi-faceted
immune stimulation to tilt the immune balance to the effector side.
In addition, a polyvalent immune response is important to maintain
targeting to the tumor which, through the selective pressure of
therapy, can modulate antigen expression and become resistant to
single antigen approaches.

STEP 1: IMMUNOGENIC CELL DEATH

Immunogenic cell death refers to cell death that ignites an innate
immune response. Necrosis is the pathologic form of cell death, a
messy process which is alarming to the immune system whereas
apoptosis is a more stealth way in which normal cells die, avoiding
immune stimulation under normal physiologic conditions. Both
necrosis and apoptosis of tumor cells can provide tumor antigens for
initiation of immune stimulation through multi-step processes. For
example, the release of Toll-like receptor (TLR) ligands from dying cells
induces migration and activation of DCs [Randolph et al., 2008]. Purine
nucleotides, such as ATP, released from injured tissues bind to P2RX7
on the recruited DCs leading to IL-1B release which stimulates IFNvy
secretion from T cells [Locher et al., 2010]. Exposure of calreticulin/
ERp57 complexes on the cell surface of dying cells stimulates uptake
by DCs [Locher et al., 2010]. Stimulation of APC expression of co-
stimulatory molecules, such as occurs when DC are activated to
become mature DG, is critical for stimulatory antigen presentation.

STEP 2: APC ANTIGEN PRESENTATION TO T CELLS—HAND OFF
FROM INNATE TO ADAPTIVE IMMUNITY

An important factor for cell death to be immunogenic is processing
of antigens into peptides for presentation to T cells [Friedman,
2002). CD4™" helper T cells require peptide antigen presentation on
MHC class II molecules whereas CD8 " CTL recognize peptide antigen
on MHC class L. There are three general pathways for APC processing
of antigens. Endogenous antigens from intracellular pathogens or
self-derived proteins undergo proteosomal degradation into pep-
tides, which are then loaded on MHC class I molecules in the
endoplasmic reticulum and transported to the cell surface.
Extracellular antigens taken up by phagocytosis or endocytosis
are processed by endosomal proteases, loaded onto MHC class 1I
molecules and transported to the cell surface. The third pathway
called cross-priming or cross-presentation occurs when exogeneous
antigens get loaded onto MHC class I. Heat-shock proteins (HSP)
chaperone peptides onto MHC class I and are particularly important
for cross-presentation such as through re-presentation of HSP-
peptide complexes released from cells due to stress or cell death [Li
et al.,, 2002]. Cross-presentation is particularly important for
cytotoxic immunotherapy since it provides for tumor antigens
released from dying tumor cells and taken up by APCs to be
presented not only on MHC class II but also on MHC class I
molecules; this is necessary for CTL stimulation.

The antigen specific T cell receptor mediates the binding of T cells
to antigen presented as peptides in the groove of the MHC molecule
on APC [Friedman, 2002]. T cell activation, rather than anergy,
depends on a second signal delivered via binding of ligands on T
cells to their respective co-stimulatory molecules on APCs. These co-

stimulatory molecule-ligand pairs include CD80 and CD86 on APCs,
which bind to CD28 on T cells and CD40 on APCs, which binds to
CD154 (CD40L) on T cells. These interactions stimulate proliferation
and functional activation of T cells. Recognition of an MHC-bound
peptide without concurrent binding of co-stimulatory molecules is
interpreted as processing of a self or nonpathologic peptide and can
lead to T cell anergy. Co-stimulatory molecule expression on APCs is
critical for maintaining a high avidity memory CTL response [Yang
et al., 2005]. This circles back to the importance of the innate immune
response and necrotic cell death which induce co-stimulatory
molecule and MHC class IT expression on APCs [Gottfried et al., 2008].

STEP 3: EFFECTOR T CELLS

Activated CD4" helper T cells include two subsets with distant
cytokine patterns. Th1 cells stimulate CTL activation and expansion
by secreting cytokines such as IL-2, IFN+y, TNFB, IL-7, and 11-12. Th2
cells express cytokines including IL-2, IL-4, IL-5, and IL-10 and
stimulate B cells to mature into plasma cells which secrete antigen-
specific antibodies. The helper T cell response is down-regulated by
expression of CD152 (CTLA-4) which binds to CD80 and CD86 on
APCs sending a negative signal to the T cell. This is in contrast to the
positive signal generated earlier in the T cell response when CD28
binds to CD80 and CD86.

CD8" CTL are the ultimate effectors of anti-tumor immunity.
Tumor-antigen-specific activated CTL kill tumor cells through either
perforin/granzyme-B or death receptor pathways [Friedman, 2002].
The frequency of tumor antigen-specific CTL in the peripheral blood
has been shown to correlate with anti-tumor immune responses and
clinical responses in tumor vaccine studies in melanoma, pancreas
and prostate cancer [Thomas et al., 2004; Gulley et al., 2005;
Sanderson et al, 2005]. Regulatory T cells (Treg,
CD4"CD25%Foxp3™) inhibit the activation and function of T cells
and are critical for preventing autoimmunity and for down-
regulating a response once a pathogen has been controlled. For
tumor immunotherapy, overcoming suppressive factors such as
Tregs may be critical to maintain anti-tumor immunity. For
example, myeloid-derived suppressor cells (MDSC) are associated
with defective dendritic cell function and suppress immunity in part
by activating Treg cells [Serafini et al., 2008]. The frequency of
circulating MDSCs is increased in some cancer patients and
correlated with worse clinical cancer stage and metastatic tumor
burden [Diaz-Montero et al., 2009]. The importance of danger
signals in tipping the balance in favor of effector T cells is
exemplified by a study in which a viral vaccine could break CD8 T
cell tolerance in the presence of Treg whereas a DC-based vaccine
required removal of Treg or co-administration of either a TLR ligand
or an irrelevant virus [Yang et al., 2004]. Immune inhibitory factors
elicited by tumors may be overcome by effectively and simulta-
neously stimulating innate and adaptive immune components

(Fig. 1).

CYTOTOXIC EFFECTS
Cytotoxicity is necessary for the release of tumor-associated
antigens (TAAs). As discussed above, the method of cell death is

1 9 7 0 CYTOTOXIC IMMUNOTHERAPY FOR CANCER

JOURNAL OF CELLULAR BIOCHEMISTRY



No danger detected,
natural cell death
\

T-cell tolerance?
no activation or proliferation

D4 Helper %
T-cel]
/ Immune * Unchecked
Anergy $ I L~ 'I'umor
Growth

t

CDE™ Cyluh)xu.

K%T—ccl]

Tumor Growth

MHC
Immature APC ass [1
'c Tumor Cell
Pt Q Orderly MHC (
xR & Cell Death o, - class [
T = >3
: Q Released
Antigens
S : Antigen lnada(él’ -
w i o) no co-stimulatory molecules

Immature APC, no co-stimulatory signals

“Danger” signals from inflammation,
virt{s presence and death mode

T-cell proliferation
cytokine secretion

& MHC

Immature APC

Tumor Cell

MHC

ﬁ L|J:-:.I

Immunogenic
Cell Death

Rel Icascd/ ﬁ

Antigens

GMCI

Vector Mature APC
L with co-stimulatory TnO't‘(,Li'E.‘-

ax,ﬂ

CD4+HLIDLF "
Tecell = Specific
Immune .
Stlmulatlon “ Anti-
Tumor
* Immunity

CDS Cymmxlc

%T cell

Immune Resp(mse-
Search and Destroy |

Fig. 1.

APC maturation, co-stimulatory signal expression, cytokine secretion

Immune consequences of standard nonimmunogenic cytotoxic therapy versus gene-mediated cytotoxic immunotherapy (GMCI) using a viral vector. Immune

stimulation requires positive signals in multiple steps to avoid immune anergy. Inmunogenic cell death provides tumor antigens in a “danger"” milieu with signals, such as heat
shock proteins, Toll-like receptor ligands, and inflammatory mediators, that attract and activate antigen presenting cells (APC), including dendritic cells (DC). Mature APCs
express costimulatory molecules that are required for T cell activation. In the absence of mature APCs, T cells may become anergic. Additional T cell stimulatory factors expand
the tumor specific T cell army which can then attack tumor cells throughout the body.

an important determinant for how the released antigens will be
handled. Immunogenic cell death can lead to T cell activation
whereas normal, physiological cell death may result in T cell anergy.
The gene-mediated cytotoxic immunotherapy (GMCI) approach,
that will be highlighted here, consists of an adenoviral vector
containing the Herpes virus thymidine-kinase gene (AdV-tk)
delivered to tumor cells followed by systemic anti-herpetic prodrug
administration in combination with the patient’s chosen standard
cancer therapy. AdV-tk is injected into the tumor site leading to
local expression of HSV thymidine kinase (HSV-tk). Anti-herpetic
prodrugs which are substrates for HSV-tk include valacyclovir
(VCV), acyclovir, and ganciclovir (GCV). Valacyclovir, an oral
formulation with very good bio-availability, is a valine-ester of
acyclovir which is rapidly converted to acyclovir by first-pass
intestinal and hepatic metabolism. Acyclovir is mono-phosphory-
lated by HSV-tk at the tumor site after which cellular kinases add the
second and third phosphate groups to generate a nucleotide analog
which is toxic to dividing or DNA-repairing cells [Fyfe et al., 1978;
Eastham et al., 1996]. Normal, quiescent cells are less susceptible to
this effect. DNA damaging agents, such as radiation and some
chemotherapies, increase DNA repair activity and consequently
increase susceptibility to AdV-tk/prodrug activity. The tumoricidal
effect is expanded to nearby cells, even though not directly
transduced by the injected AdV-tk, through spread of activated
prodrug through GAP junctions, apoptotic vesicles and other

mechanisms; this is known as the local bystander effect [Freeman
et al., 1993; Fick et al., 1995].

An anti-angiogenic effect for AdV-tk/prodrug has also been
described [Ram et al., 1994; Ayala et al., 2006]. This is likely due to
the susceptibility of endothelial cells from growing tumor vessels to
AdV-tk/prodrug-mediated cytotoxicity.

IMMUNE EFFECTS

In addition to the local bystander effect, a systemic bystander effect
that generated protection against metastases and tumor re-
challenge was observed [Perez-Cruet et al., 1994; Vile et al,
1994; Hall et al., 1997]. Three different groups in three different
animal models, hepatocellular carcinoma, colon carcinoma, and
melanoma, demonstrated efficacy in immunocompetent but not
immunodeficient mice [Vile et al., 1994; Gagandeep et al., 1996;
Kuriyama et al., 1999]. Thus, the systemic bystander effect was
concluded to be immune-mediated. Furthermore, tumor growth
inhibition could be adoptively transferred with splenocytes from
animals bearing tumors treated with AdV-tk plus prodrug but not
from controls treated with AdV-tk plus saline [Agard et al., 2001].
That study not only corroborated the immune nature of the
response, but also showed that tumor cell killing was required to
induce the response. The mode of cell death induced by AdV-tk/
prodrug has been shown in animal models and clinical trials to
include necrosis and apoptosis [Eastham et al., 1996; Ayala et al.,
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2006]. In a pre-prostatectomy clinical trial, cytopathic effects were
primarily observed in areas of carcinoma with little or no effect on
benign glands or stroma; this is in contrast to radiation and
hormonal ablation which induce changes in benign and malignant
areas [Ayala et al., 2000, 2006]. Infiltration of APCs into tumors
occurs after AdV-tk/prodrug treatment and is most abundant within
tumor foci especially in areas of necrosis [Ayala et al., 2000].
Widespread and specific anti-tumor effects of AdV-tk/prodrug are
immune-mediated and due to stimulation of each of the critical steps
for an effective anti-tumor immune response.

INNATE IMMUNE STIMULATION

Danger signals expressed by AdV-tk/prodrug-treated tumors are
important for stimulating APCs and include TLR ligands, heat shock
proteins, adhesion molecules and cytokines. Increased expression of
high-mobility-group-box-1 (HMGB1), a TLR2 and TLR4 agonist,
was measured after AdV-tk/prodrug in a glioma mouse model
[Curtin et al., 2009]. The Vile group discovered differential
immunogenicity of HSV-tk expressing cell lines after prodrug
treatment which correlated with the predominant type of cell death;
Bi6tk cells primarily died by necrosis and were immunogenic
whereas CMT93tk cells primarily underwent apoptosis and were
poorly immunogenic [Melcher et al., 1998]. Another difference was
that the B16tk cells showed high levels of hsp70 expression after
GCV treatment whereas the CMT93tk cells did not [Melcher et al.,
1998]. Tumors expressing hsp70 had infiltration of macrophages, T
cells and predominantly DC [Todryk et al., 1999]. HSV-tk/prodrug-
treated tumors have increased expression of the adhesion molecule
ICAM-1 which mediates adhesion to endothelium and chemotaxis of
leukocytes [Ramesh et al., 1996]. Supernatant or lysate from HSV-
tk/prodrug-treated tumors induces expression of co-stimulatory
molecules B7-1 (CD80) and B7-2 (CD86) on APCs which are critical
for T cells to be stimulated, rather than anergized, to tumor antigens
[Ramesh et al., 1996]. Thus, the evidence strongly suggest that AdV-
tk/prodrug mediated cell death is a potent stimulator of an innate
immune response.

T CELL FUNCTIONS

Significant evidence supports the critical importance of T cells in
anti-tumor effects of AdV-tk/prodrug. For example, in HSV-tk/
prodrug-treated tumors, infiltration of CD4" and CD8" T cells
were found in animal models and human clinical trials following
treatment including brain tumors and prostate cancer [Barba et al.,
1994; Vile et al., 1997; Chhikara et al., 2001; Ayala et al., 2006;
Chiocca et al., 2009]. Cytokines that stimulate APCs and T cells,
including IL-2, IL-12, IFNvy, TNFa, and GM-CSF, were also increased
in HSV-tk/prodrug-treated tumors whereas inhibitory cytokines IL-
4, IL-6, and IL-10 were not [Vile et al., 1997]. In one of the prostate
cancer clinical trials, serum IL-12 levels were measured and found to
be significantly increased after AdV-tk/prodrug treatment whereas
the inhibitory cytokine TGFB was not increased [Ayala et al., 2006].
CD8™ T cells were shown to be critical for local and distant anti-
tumor effects based on comparisons of outcomes with and without
anti-CD8 antibody depletion in preclincal studies [Agard et al.,
2001].

The T cell response to HSV-tk/prodrug therapy has a specific
tumor antigen associated component and a nonspecific TK
modulatory effect. The specific response is illustrated by in vitro
proliferation assays. For example, T cells from animals bearing HSV-
tk/prodrug-treated tumors proliferated in response to parental
tumor cells [Ramesh et al., 1996]. In addition, there is a nonantigen
specific “superantigen-like” stimulation. In the presence of APCs
expressing MHC class II, the HSV-tk protein, independent of its
enzymatic function, stimulated T cells to proliferate and secrete IL-2
in a mixed lymphocyte reaction assay (unpublished results). This
may be important for amplifying the T cell response in AdV-tk-
mediated cytotoxic immunotherapy.

DELIVERY VEHICLE IS IMPORTANT COMPONENT

The convergence of released tumor antigens, danger-signals, APCs
and stimulation of T-cell proliferation, provide the milieu for a
potent anti-tumor immune response. In gene-mediated approaches,
the vector type used to deliver the gene is also part of the equation. A
previous Phase 3 study used a retroviral vector to deliver HSV-tk to
malignant gliomas and failed due in large part to poor transduction
[Ram et al., 1997; Harsh et al., 2000; Rainov, 2000]. Unlike the
retroviral vectors that were applied in this study, adenoviral vectors
can transduce either dividing or nondividing cells. In a small,
controlled study in malignant gliomas, the combination of
adenovirus with the HSV-tk gene showed a doubling of the mean
survival compared to the retroviral delivery or the adenovirus with a
marker gene [Sandmair et al., 2000]. Despite existing immunity to
adenovirus, which is common in the general population, intratu-
moral delivery allows transduction of tumor cells before immune
clearance and even permits repeat administration, with repeat tumor
responses without added toxicity [Miles et al., 2001]. In animal
models, improved suppression of tumor growth and increased
survival has been demonstrated with three courses of AdV-tk/
prodrug compared to one or two courses [Lambright et al., 2000].
Overall, the use of an adenoviral vector to deliver the HSV-tk gene
has been fundamental to the positive results in human clinical
studies.

COMBINATION WITH STANDARD OF CARE TREATMENTS
In the clinic, patients usually present with relatively large tumor
burdens that have overwhelmed the immune system. Immunother-
apy likely has the greatest potential for efficacy when used to
combat minimal residual or small metastatic disease left after the
debulking of the tumor with standard therapy. Preclinical studies
demonstrated that AdV-tk/prodrug is synergistic with radiation,
surgery, and some chemotherapeutic agents [Chhikara et al., 2001;
Rainov et al., 2001; Sukin et al., 2001; Vlachaki et al., 2001; Nestler
et al., 2004]. This likely results from increased incorporation of the
nucleotide analogues during the DNA repair process, increased
bystander effect due to radiation-induced cell membrane damage,
and potentiation of the systemic anti-tumor effect of AdV-tk
through enhanced immune stimulation by surgery or radiation-
induced inflammation.

Synergy between AdV-tk/prodrug therapy and radiation was
demonstrated in a murine prostate tumor model [Chhikara et al.,
2001]. Subcutaneous tumors in the flank were generated with the
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RM-1 cell line and lung metastases were generated by tail vein
injection of RM-1 cells on the same day that they were injected
subcutaneously. The subcutaneous tumors were treated by either
intratumoral injection of saline, a control adenovirus AdV-Bgal,
AdV-tk followed by systemic GCV, local radiation therapy or the
combination of AdV-tk/GCV and radiation therapy. The number of
lung nodules was reduced by 37% following treatment with AdV-tk/
GCV and by an additional 50% when combined with radiation to the
primary tumor, whereas radiotherapy alone to the flank tumor had
no effect on lung nodules. The fact that radiation alone did not have
any effect on lung metastases indicates that the effect when
combined with AdV-tk/GCV was synergistic rather than additive.
Tumors treated with AdV-tk/GCV plus radiation had significantly
increased T cell infiltration consistent with the immune-mediated
mechanism for the synergistic effect [Chhikara et al., 2001]. Even in
an orthotopic brain tumor model where inflammation within
the limited space of the cranium could lead to toxicities, the
combination of AdV-tk/GCV with radiation had better overall effects
without overlapping toxicity [Nestler et al., 2004]. Combining AdV-
tk/GCV with surgery showed similar results as with radiation in
prostate and mammary tumor models; local administration of AdV-tk
to the tumor bed following surgical resection not only delayed local
recurrence but also had systemic anti-tumor effects [Sukin et al.,
2001]. Thus, the combination of AdV-tk/prodrug with standard of
care surgery and radiation therapy not only decreased the local tumor
burden but also leads to synergistic immune-mediated systemic anti-
tumor effects without added toxicity.

CLINICAL EXPERIENCE

Safety and evidence for efficacy have been demonstrated in
numerous clinical trials of cytotoxic immunotherapy (Table I). For
AdV-tk, early trials evaluated the approach as monotherapy. Phase 1
and 2 studies in recurrent prostate cancer demonstrated safety, PSA
responses and immune stimulation [Herman et al., 1999; Miles et al.,
2001]. Pre-prostatectomy studies also demonstrated safety and
provided tissue for detailed analysis of the histologic and
immunologic effects which were described above [van der Linden
et al.,, 2005; Ayala et al., 2006]. In a Phase 1 trial for recurrent
malignant gliomas involving 13 patients, three patients survived
more than 25 months, one with stable disease and another with
transient reduction in tumor dimensions; two had a post-treatment
interval of reduced steroid requirement [Trask et al., 2000]. At

autopsy, inflammation and necrosis were seen within tumors
without extratumoral inflammation. Of particular interest, at
autopsy from one patient, lymphocytic infiltrate was also observed
in a contralateral, untreated tumor, suggesting induction of systemic
anti-tumor immunity. Several groups have conducted Phase 1
studies with similar adenoviral-HSV-tk vectors in adult brain
tumors and have reported comparable results with no significant
toxicity [Germano et al., 2003; Smitt et al., 2003]. Other Phase 1
studies with adenoviral delivered HSV-tk/prodrug as a monotherapy
have been performed in colorectal liver metastases, mesothelioma,
and retinoblastoma [Sung et al., 2001; Chevez-Barrios et al., 2005;
Sterman et al., 2005]. In the mesothelioma study, 34 patients were
treated with vector ranging from 5 x 10" vp to 5 x 10'* vp injected
into the pleural space followed by ganciclovir [Sterman et al., 2005].
The approach was safe, acute inflammatory reactions were observed
and antibody responses to tumor were consistently detected. Long-
term durable clinical responses were observed in several patients
without other therapy and two of the three patients at the highest
dose level survived more than 8 years. Slow resolution of a right
cardiophrenic tumor in one of these patients with eventual complete
response at 3 years suggested a durable immune-mediated
mechanism. Similar indications of possible efficacy with little or
no toxicity have been reported for other indications [Sung et al.,
2001; Chevez-Barrios et al., 2005].

Encouraging clinical results have also been observed with other
cytotoxic immunotherapy approaches. One approach uses an
oncolytic herpes simplex virus (JS1/34.5-/47-/GM-CSF; OncoVex)
that leads to lytic replication after intra-tumoral injection of the
agent and immunogenicity is enhanced by the expression of GM-
CSF [Harrington et al., 2010]. In a single-arm Phase 2 study in
patients with stage III and IV malignant melanoma, intriguing
evidence of efficacy was reported with a 26% objective response rate
affecting both treated and distant lesions demonstrating a systemic
in situ vaccine effect generated from a locally administered therapy
[Senzer et al., 2009]. Phase 3 clinical trials have been initiated with
this agent in melanoma and squamous cell carcinoma of the head
and neck. Another similar approach using a replicating adenoviral
vector expressing HSV-tk and cytosine deaminase delivered
intratumorally has positive results from Phase 1 trials for prostate
cancer and a Phase 2 trial has been initiated [Freytag et al., 2007a,b].

Immunologic effects of standard cancer treatments that may
affect the results of immunotherapy approaches are important to

TABLE 1. Examples of Cytotoxic Immunotherapy Strategies in the Clinic and the Current Phase of Clinical Development

Intervention Indication Phase Refs.
AdV-tk/GCV Recurrent malignant glioma 1 Trask et al. [2000]

AdV-tk/GCV Colorectal liver metastases 1 Sung et al. [2001]

Adeno-HSV-tk vectors/GCV Mesothelioma 1 Sterman et al. [2005]

AdV-tk/GCV Retinoblastoma 1 Chevez-Barrios et al. [2005]
AdV-tk/VCV + topotecan Recurrent ovarian cancer 1 Hasenburg et al. [2001]

AdV-tk/VCV + surgery or chemoradiation Upfront Pancreatic cancer 1 Bloomston et al. [2011]

AdV-tk/GCV Recurrent prostate cancer 2 Herman et al. [1999], Miles et al. [2001]
AdV-tk/GCV Pre-prostatectomy 2 Ayala et al. [2006], van der Linden et al. [2005]
AdV-tk/VCV + surgery and chemoradiation Upfront malignant glioma 2 Chiocca et al. [2009]

Ad5-CD/TKrep + GCV/5-FC + radiation Upfront prostate cancer 2 Freytag et al. [2007a]

AdV-tk/VCV + radiation = ADT Upfront prostate cancer 3 Teh et al. [2004], Aguilar et al. [2006]
JS1/34.5-/47-/GM-CSF Metastatic melanoma 3 Senzer et al. [2009]
JS1/34.5-/47-/GM-CSF + chemoradiation Upfront squamous cell carcinoma head and neck 3 Harrington et al. [2010]
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consider in the clinical development strategy. Although radiation
and chemotherapy primarily kill tumor cells through apoptosis
and also have the potential to kill immune effector cells, positive
immune modulating effects may help potentiate novel cytotoxic
immunotherapy. For example, radiation upregulates expression in
tumors of MHC class I, adhesion molecules, heat shock proteins,
inflammatory mediators, and immunostimulatory cytokines
[Friedman, 2002]. Chemotherapy such as cyclophosphamide and
temozolomide has been shown to decrease the number and function
of regulatory T cells [Lutsiak et al., 2005; Heimberger et al., 2008;
Jordan et al., 2008; Emens et al., 2009; Greten et al., 2010]. Another
approach being developed is to inhibit the CTLA4 regulatory
pathway in T cells with an anti-CTLA4 antibody (e.g., ipilimumab)
which was recently shown to improve survival in patients with
metastatic melanoma but also with the risk of autoimmunity [Hodi
et al., 2010].

Combining AdV-tk with standard therapy including radiation,
surgery, and chemotherapy has proven to be safe and potentially
effective in clinical trials including ovarian, brain, pancreatic, and
prostate cancer [Hasenburg et al., 2001; Teh et al., 2004]. In
malignant gliomas, a European group reported increased survival
results from a randomized Phase 2 study in conjunction with surgery
compared to surgery alone [Immonen et al., 2004]. We have recently
conducted a Phase 1b/2a study to evaluate AdV-tk therapy with
surgery and chemoradiation in newly diagnosed malignant gliomas
with similarly encouraging safety and efficacy results [Chiocca
et al., 2009]. In ovarian and pancreatic cancer, combining AdV-tk/
prodrug with topotecan or 5-fluorouracil, respectively, was well
tolerated [Hasenburg et al., 2001; Bloomston et al., 2011]. A 71
patient Phase 2 study for newly diagnosed prostate cancer as an
upfront adjuvant to radiation therapy found a statistically
significant improvement in disease free survival, compared to
historical controls, with no agent-specific toxicity [Aguilar et al.,
2004, 2006; Teh et al., 2004]. In this trial, more so than in the
previous prostate cancer trials with AdV-tk/prodrug alone, the
percentage of activated CD4" and CD8™ T cells in the peripheral
blood increased significantly after treatment and was sustained for
8-12 months [Satoh et al., 2004; Fujita et al., 2006]. These studies
support the hypothesis that adjuvant up-front use of AdV-tk/
prodrug in combination with standard treatments can tip the
balance in favor of the effector immune response to prevent disease
progression or recurrence and have led to the development of a
randomized-controlled, definitive Phase 3 trial for prostate cancer.

Clinical development of cytotoxic immunotherapy has entered the
definitive clinical testing stage, Phase 3. The field has evolved as it
proceeded through the stages of safety and early efficacy analysis.
Lessons learned from mechanistic studies in both preclinical and
clinical stages as well as from other immunotherapy strategies
have led to improvements. The realization that standard cancer
treatments have positive immunologic effects has been an important
contribution. Incorporating novel agents such as AdV-tk/prodrug
into the standard treatment armamentarium for cancer early in the

disease process has the potential to prevent recurrence or metastases
without added toxicity. This approach has been well received by
patients and clinicians since it adds to the well-known treatment
modalities, is simple to administer and has the potential to improve
quality of life long-term. The results of definitive Phase 3 trials in the
coming years will be highly anticipated.
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