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Abstract

Although cancer vaccines with defined antigens are commonly used, the use of whole tumor cell
preparations in tumor immunotherapy is a very promising approach and can obviate some
important limitations in vaccine development. Whole tumor cells are a good source of TAAs and
can induce simultaneous CTLs and CD4" T helper cell activation. We review current approaches
to prepare whole tumor cell vaccines, including traditional methods of freeze-thaw lysates, tumor
cells treated with ultraviolet irradiation, and RNA electroporation, along with more recent methods
to increase tumor cell immunogenicity with HOCI oxidation or infection with replication-
incompetent herpes simplex virus.
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Introduction

Accumulating evidence shows that a proportion of many common solid tumor types are
spontaneously recognized and attacked by the immune system and this is associated with
improved clinical outcomes. For example, in ovarian cancer, we identified intraepithelial
lymphocytes (infiltrating tumor islets) in tumors expressing a molecular signature of T cell
activation, including IFN-y, IL-2 and effector lymphocyte-associated chemokines [1].
Ovarian cancer tumor-infiltrating lymphocytes (TILs) are oligoclonal [2], recognize
autologous tumor antigens [3-5], and display tumor-specific cytolytic activity ex vivo [5-7].
The presence of intraepithelial TILs is associated with significantly longer clinical remission
after chemotherapy as well as improved overall survival of the patients in ovarian cancer [1],
an observation validated by different studies in ovarian cancer [8-15] and other tumors such
as melanoma, breast, prostate, renal cell, esophageal and colorectal carcinoma [16-22]. The
association of spontaneous antitumor immune response with improved survival implies that
many patients could benefit from strengthening tumor rejection through immunotherapy.

Tumors are recognized by the immune system through unique tumor associated antigens
(TAAS) (reviewed in [23]). TAAs can be divided into five major categories: (1) mutated
antigens expressed uniquely by tumors; (2) overexpressed antigens, i.e. normal proteins

whose expression is upregulated in tumor; (3) oncofetal antigens shared by embryonic or

© 2010 Published by Elsevier Ltd.

Address: Biomedical Research Building I1/111, Room 1325, 421 Curie Boulevard, Philadelphia, PA 19104-6142, *Tel.: +1 215 662
3316, fax: +1 215 573 7627, gcks@mail.med.upenn.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chiang et al.

Page 2

fetal tissues and; (4) differentiation or lineage antigens; and (5) cancer-testis antigens shared
by spermatocytes/spermatogonia and tumor cells. With rapid advancements in molecular
biology and the development of new genomic and proteomic interrogation technologies such
as gene expression microarray, differential display, SAGE, mass spectrometry etc. as well as
techniques to interrogate immune response through serum autoantibodies such as SEREX
(serological analysis of autologous tumor antigens in serum of cancer patients by
recombinant cDNA expression cloning), many additional TAA targets are rapidly identified
and added in the design of new immunotherapeutic strategies. However, painstaking work
remains to be done to fully characterize the immunogenicity of these emerging antigens in
the human, identify the most immunogenic epitopes, and test their role as bona fide tumor
rejection antigens that can cause tumor regression.

The most popular and widely used TAAs for tumor vaccines are HLA-restricted
immunodominant peptides. It is relatively easy to synthesize large quantities of clinical
grade peptides, but there are several disadvantages associated with their use. First, only
patients possessing specific HLA expression(s) are eligible. Second, the resulting immune
responses are limited to the epitope(s) used for immunization that might be insufficient to
rapidly eliminate tumors, and could drive the emergence of escape variants of the tumor
cells. Indeed, the phenomenon of epitope spreading is only observed in very small numbers
of patients after single or multiple peptide immunization [24,25]. Finally, the longevity of
MHC-peptide complexes in vivo is unknown. The affinity of peptides for their various HLA
molecules also varies and this could affect their immunogenicity in vivo, should competition
occur between/amongst the peptides. Some research groups have incorporated peptides
encoding epitopes recognized by CD4" T helper cells to elicit a stronger overall immune
response through providing cognate help to CD8* T cells. However, few authentic tumor
antigen CD4™* epitopes have been defined to date. Peptide-based trials have met with limited
success and the issues previously mentioned still need to be addressed. Vaccination with the
full length protein or open reading frame RNA or cDNA of candidate TAAs is a valid
alternative, but still faces similar challenges regarding the need for painstaking
characterization of individual TAAs.

A promising alternative to individual TAAs is vaccination using derivatives of whole tumor
cells without defining the antigens. Tumor cells express a whole array of TAAs that are both
characterized and uncharacterized, and this rich source of antigens contains epitopes of both
CD8" cytotoxic T cells (CTLs) and CD4™ T helper cells. This is important, as the parallel
presentation of both MHC Class | and |1 restricted antigens would help to generate a
stronger overall anti-tumor response and long term CD8* T cell memory via CD4* T cell
help [26,27]. In addition, it could greatly diminish the chance of tumor escape compared to
using single epitope vaccines. Furthermore, the use of whole tumor cells theoretically
eliminates the need to define, test and select for immunodominant epitopes. The tumor cells
could be autologous, i.e. obtained from the patients, or allogeneic “off-the-shelf”. The major
drawback for using autologous tumor cells is that they are only useful in single patient-
tailored anti-tumor immunotherapies, and they could pose problems of collection,
processing, reproducibility and inter-patient variability. Nevertheless, tumor cells from each
patient potentially carry gene mutations encoding for unique TAAs that are important in
stimulating effective and long-lasting anti-tumor responses in the patient. On the other hand,
allogeneic tumor cell lines that share one or even several of the TAAs as autologous tumor
cells provide a simpler method of delivering antigens in tumor immunotherapy. Allogeneic
cell lines can be propagated in large quantities in cell factories and the quality can be easily
assessed and monitored in good manufacturing practice (GMP) facilities.

In an attempt to compare the efficacy of peptide-pulsed to whole tumor cell-pulsed
vaccinations in cancer patients, Neller et al examined the clinical outcomes of 173 published
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peer-reviewed immunotherapy trials that used either molecular defined synthetic antigens, or
autologous or allogeneic tumor cells without concomitant therapies in patients with
melanoma, renal cell and hepatocellular carcinomas, lung, prostate, breast, colorectal,
cervical, pancreatic or ovarian cancer [28]. They found that 138 of 1711 patients (8.1%) had
objective clinical responses when whole tumor or tumor extracts were used as antigens
[including DC loaded with tumor extracts, modified tumor cells or tumor mRNA], as
compared to 63 of 1733 patients (3.6%) when molecularly defined tumor antigens were used
such as synthetic peptides or proteins, and viral or plasmid vectors encoding peptides or
proteins (P < 0.0001, Chi-square test). As spontaneous objective clinical responses are rarely
seen in most of the cancers treated, the authors concluded that most objective clinical
responses were an indication of effective immunotherapy. With the same criteria, the
authors further analyzed 1601 patients who enrolled in 75 published trials for advanced
metastatic melanoma, and found an objective response rate of 12.6% (107/845) when whole
tumor undefined antigen was used compared to 6% (41/608) when defined antigen was
administered (P < 0.001). Interestingly, they also found no significant difference in the
response rate comparing autologous to allogeneic tumor sources (P = 0.15) [see reference
[28] for the complete list of clinical trials]. These results provide encouragement for
pursuing whole tumor antigen vaccination approaches. Obviously, because tumor cells
express a large load of ‘self” antigens and have evolutionally adapted to induce immune
tolerance, methods to prepare whole tumor antigen become critically important to produce
immunogenic vaccines.

Exosomes, a form of cell-free whole tumor antigen

Exosomes or microvesicles are 50 to 100 nm in diameter membrane vesicles that are
generated in the multivesicular endosomes of cells, and are actively secreted by almost all
cell types via exocytosis in both normal and pathological conditions. In the cancer setting,
exosomes have been purified from the plasma, ascites and pleural effusions of cancer
patients and found to contain tumor antigens. Tumor-derived exosomes are close replicas of
the originating cells in terms of protein contents, and antigens such as HER-2/neu, EGFR2,
CEA, MART-1, gp100, TRP-1, and members of the HSP family including HSP 70 and HSP
90 are commonly present in such exosomes [29-34]. A recent Phase | clinical trial
investigated the use of CEA-expressing exosomes purified from the ascites of patients with
advanced colorectal cancer, with or without GM-CSF administration [35]. Patients in both
groups received a total of four subcutaneous immunizations at weekly intervals. Activation
of CEA-specific cytotoxic T cells was detected in 75% of the patients who received both the
exosome vaccine and GM-CSF, compared to 20% for patients who received exosomes
alone. Methods for purifying exosomes from ovarian carcinomas have been described [36],
and it would be interesting to employ this approach in the treatment of this cancer.
Interestingly, the immunogenicity of tumor-derived exosomes can be increased when they
are derived from tumor cells exposed to stress conditions. For example, exosomes derived
from heat-shocked tumor cells bear HSP 70 on their surface and can promote NK cell
activity [37] and TNF secretion by macrophages [38]. It has also been shown that exosomes
from heat-shocked lymphoma or carcinoma cells are more immunogenic than those from
control untreated cells [24]. Although an attractive cell-free approach to cancer
immunotherapy, exosome use will require careful optimization, as increasing evidence
points to their possible immunosuppressive properties on T cells and monocytes. Exosomes
isolated from tumor cell supernatants or directly from patients can induce T cell apoptosis in
vitro through CD95 ligand (FasL) [32,39] or galectin 9 [40]. Tumor exosomes that contain
membrane bound TGF-f can also promote Treg function and inhibit IL-2 induced T cell
proliferation [41,42]. Furthermore, tumor exosomes can reduce the cytotoxic capacity of NK
cells by downregulating NKG2D[43]; impair the differentiation of myeloid precursors into
DCs [21]; or induce the generation of myeloid-derived suppressor cells (MDSC) [31].
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Killed whole tumor cells, a simple vaccine

The question of immunogenic cell death: necrotic versus apoptotic whole tumor cells

Whole tumor cells are a very simple approach to vaccination and can potentially be
administered directly, without the need for dendritic cells. Live tumors cells are however
poorly immunogenic and are shown to secrete soluble factors, such as vascular endothelial
growth factor to suppress DCs differentiation and maturation [44], soluble Fas ligand to
induce lymphocyte apoptosis [45], or soluble MICA products to inhibit NKG2D-mediated
killing by immune cells [46]. In addition, IL-10 [47] and TGF- [48] released by tumor cells
could inhibit DC and T cell functions. Galectin-1 [49] and indoleamine 2,3-dioxygenase
[50] also inhibit T cell activation. A method to kill and at the same time to enhance the
immunogenicity of tumor cells is therefore required. The question whether an apoptotic or
necrotic cell is intrinsically immunogenic or tolerogenic, and indeed more suitable for use in
immunotherapy, has long been debated [51-55]. Furthermore, although some differences
exist between purified apoptotic and necrotic cells, their equivalent ability to mature DCs
phenotypically, as well as to elicit both effective immune priming and antitumor therapeutic
efficacy in vivo when presented by DCs has been demonstrated. DCs pulsed with apoptotic
tumor cells have been used successfully to induce tumor vaccination [56-60]. In fact,
immunogenic cell death is not a simple correlate of cell death type but depends on a large
extent on the death-initiating stimulus that could cause the exposure of immunogenic factors
on the cell surface or the release of immunogenic signals into the extracellular space. Some
of the widely used methods of preparing whole tumor cell vaccines are discussed below.

Necrotic tumor cell lysate

A widely used and straightforward method of tumor cell preparation already used in clinical
trials is necrotic whole tumor cell lysate. Whole tumor cells can be made necrotic by
repetitive freeze-thaw cycles. This method generates cell material that contains a crude
mixture of all kinds of cellular components including fragments of the destroyed cellular
membrane, intracellular organelles such as mitochondria, and cellular RNA and DNA.
Necrotic tumor cells have been shown to induce partial maturation in DC without further
addition of maturation stimuli [61], probably due to the abundance of heat shock proteins
(HSP), such as HSP 70 and 90, which are released from dead cells after primary necrosis
[62]. HSP exposed by tumor cells are recognized by TLR4 expressed on DCs, which
facilitates intracellular antigen processing and presentation [63]. The endoplasmic reticulum
chaperone glucose-regulated protein 170 (GRP170), which is a member of the HSP 70
superfamily, has also been shown to bind to scavenger receptor-A on DCs and enhance the
immunogenicity of tumor cells [64]. In addition, pro-inflammatory factor high mobility
group box 1 (HMGB1) released during necrotic cell death [65,66], interacts with TLR4 on
DCs and stimulates the processing and presentation of tumor-derived antigens [67]. Ligation
of TLR4 by HMGBL1 inhibits the fusion of phagosomes with lysosomes, thereby preventing
the degradation of tumor antigens and facilitating their trafficking to the dedicated antigen-
presenting compartment. Neutralization or knockdown of HMGBL1 or knockout of TLR4
abolishes the capacity of dying tumor cells to elicit anti-tumor responses both in vitro and in
vivo. Uric acid has recently received attention as a critical endogenous danger signal that is
released from injured or dying cells [68-70]. It is the natural end product of the purine
metabolic pathway. When cells are injured, they rapidly degrade their RNA and DNA to
purines, which are converted into uric acid, resulting in accumulation of uric acid in the
milieu. Shi et al showed that uric acid induces DC maturation, and enhance DC based
vaccination [69]. In another study, it was also demonstrated that pretreating RIP-mOVA
mice intraperitoneally with allopurinol and uricase to deplete uric acid, resulted in reduced
in vivo cell division of the infused OT-1 T cells [68].
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Tumor lysates can be administered directly without the aid of dendritic cells. In order to
increase the immunogenicity of whole-cell tumor vaccines, one approach is to associate the
cells with potent adjuvant haptens to provoke a strong inflammatory response. A clinical
phase I trial using dinitrophenyl (DNP)-modified autologous ovarian tumor cells in stage 111
patients reported no acute toxicities. Some patients developed a measurable immune
response, although no clinically meaningful responses were observed [71]. Alternate
adjuvants can be used, including TLR agonists. In a murine glioblastoma model,
subcutaneous vaccination of tumor-bearing mice with CpG-tumor lysate combination
increased the number of T cells and activated DCs in the lymph nodes draining the
vaccination site as compared to mice treated with CpG or tumor lysate alone. Up to 55% of
mice vaccinated with CpG/lysate were rendered tumor-free and exhibited over 2 times
greater median survival compared to mice in the CpG only, tumor lysate only or no
treatment group (P<0.05) [72].

Because whole tumor lysates can be suppressive, the use of dendritic cells (DCs) provides
further opportunities to manipulate the DCs during pulsing ex vivo and thus optimize their
immunogenicity. For example, DCs can be polarized ex vivo with the use of interferons,
Toll-like receptor agonists or p38 mitogen-activated protein kinase (MAPK) inhibitors to
drive cytotoxic lymphocytes and Th17 effector cells at the expense of Treg [73]. Early
murine vaccine studies suggested that murine bone marrow-derived DCs pulsed with whole
tumor lysate were able to elicit potent anti-tumor responses and cytolytic activity in vitro
and in vivo [74]. Supporting the use of whole tumor lysate as cancer vaccine is a clinical
trial of 43 stage IV and 7 stage 111 melanoma patients vaccinated with autologous DCs
pulsed with a novel allogeneic cell lysate (TRIMEL) derived from three melanoma cell lines
[75]. More than 60% of the stage IV patients had positive delayed type hypersensitivity
(DTH) reaction after vaccination, and the median survival of these patients was 33 months
compared to 11 months for stage 1V patients without DTH response. All stage 11 patients
were DTH-positive after vaccination and remained tumor-free for a median follow-up period
of 48 months (range of 33 to 64 months) [75]. To date, whole tumor lysate clinical trials in
ovarian cancer patients have incorporated DCs as a vehicle for delivering TAAs. Hernando
et al showed in a phase I clinical trial that patients with advanced gynecological
malignancies could be effectively vaccinated with DC pulsed with keyhole limpet
haemocyanin (KLH) and autologous tumor cell lysate. The DC-tumor lysate vaccine was
safe and well-tolerated by the patients, and induced a delayed type 1V hypersensitivity
reaction (DTH) with no significant adverse effects. Three of the 8 patients exhibited
remission inversion, i.e. the progression-free survival following vaccine was longer than the
one prior to vaccine and after their previous chemotherapy treatment, with stable disease
lasting 25 to 45 weeks [76].

Supernatants from freeze-thawed tumor cell lysate can also be used as a source of TAAs.
They can be easily harvested by ultracentrifugation and filter-sterilization. The resulting
supernatant contains mainly soluble tumor-derived proteins that allow for non receptor-
mediated uptake by DCs via macro-pinocytosis [77], and subsequently processed into the
MHC class Il pathway. This form of antigen uptake has been however shown to lead to
substantially lower cross-presentation of soluble ovalbumin as compared to cell-associated
ovalbumin [78]. Supernatants may also contain soluble immunosuppressive factors
produced by tumor cells as well as HSP, HMGBJ1, uric acid and pro-inflammatory
cytokines, which help enhance the cross-presentation of TAAs.

In a pilot study at the University of Pennsylvania (UPCC-11807) we are testing partially
mature DCs pulsed with autologous tumor cell lysate supernatants in subjects with recurrent
ovarian cancer. DCs are pulsed with tumor freeze-thaw lysate supernatant and used
intradermally without further maturation every two weeks in combination with
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immunomodulation with oral metronomic cyclophosphamide (to deplete Treg) [79] and
intravenous bevacizumab (to disrupt the blood-tumor endothelial barrier) [80]. The vaccine
combination has been tolerated well to date. VVaccine elicited tumor-reactive T cells as
documented by tetramer analysis of HER-2-reactive T cells and IFN-y ELISpot analysis.
Partial objective responses have been observed by RECIST criteria, one of which can be
specifically attributed to the vaccine and not to the cyclophosphamide/bevacizumab
combination (Coukos and colleagues, unpublished).

Apoptotic whole tumor cells

Another popular method of preparing whole tumor cell is to administer a lethal dose of
ultraviolet (UV) ray irradiation to generate whole apoptotic tumor cells. During apoptosis,
the asymmetry of cell plasma membrane phospholipids is lost and thus exposes the
phosphatidylserine (PS) externally. The PS receptors on DC have been implicated for
mediating uptake of apoptotic cells [81] and efficient cross-presentation of TAAs [82,83].
Calreticulin (CRT) is a Ca2*-binding protein present in the lumen of the endoplasmic
reticulum (ER), and is involved in the modulation of Ca,™ signaling and homeostasis [84].
Upon apoptosis initiation, CRT translocates to the dying cell surface as a crucial determinant
for phagocytosis by macrophages and DCs [85]. Recently, CRT has been implicated in the
immunogenicity of apoptosis elicited by anthracyclines or y-irradiation [86]. The recognition
of CRT on the dying cell surface by DCs has led to activation of DCs and the induction of
CTL response in vitro and in vivo, while the immunogenicity of apoptotic cells could be
abolished by CRT blocking antibodies or CRT knockdown with specific small interfering
RNAs. HMGBL1 is also released from apoptotic tumor cells at late stages of the dying
process, and this release can be blocked by the pan-caspase inhibitor Z-VAD-fmk which
delays secondary necrosis [87,88]. Late-stage apoptotic cells have been shown to stimulate
mature DCs but not immature DCs, to produce pentraxin-3 (PTX3) [89]. Once secreted,
PTX3 binds to the membranes of apoptotic cells, initiating DC maturation and modulating
immune responses [90].

The combined administration of UV-irradiated autologous whole cells and Bacillus
Calmette-Guérin (BCG) as an adjuvant has been examined in a clinical study with 81 stage
I1I/1V metastatic melanoma patients [91]. In this trial, the patients were given the irradiated
vaccine intradermally. The 5-year overall patient survival rate was approximately 45%,
which was superior to historical controls (at 35% and 20% for Stage 11l and 1V,
respectively). To enhance the immunogenicity of irradiated tumor cells, in a phase I trial
autologous tumor cells were modified with adenovirus to secrete GM-CSF (GVAX) in
patients with stage IV melanoma and advanced ovarian cancer [92,93]. Humoral and cellular
antitumor immune response was detectable along with induction of brisk T cell infiltrate in
metastatic lesions with extensive tumor destruction, fibrosis and edema associated with
tumor-selective vasculopathy. Approximately 20% of the immunized patients achieved
long-term survival in excess of 5 years, in spite of the small number of response according
to RECIST criteria [94].

The GVAX approach was also tested with allogeneic cells; a series of phase 1/11 studies in
patients with hormone-refractory prostate cancer (HRPC) tested the Prostate GVAX
vaccine, which consisted of two UV-irradiated allogeneic prostate cancer cell lines — LNCaP
and PC-3 — previously modified genetically to secrete GM-CSF, intended to maximize
recruitment of DCs at the site of vaccine injection. Early phase data were encouraging
[95-97]. In the largest of these multi-center trials, 34 of 55 patients with metastatic HRPC
showed an overall median survival of 26 months that compared favorably with median
survival times observed in phase 11 taxane chemotherapy trials in similar patients with
HRPC [98-100]. However, the clinical efficacy of Prostate GVAX in prostate cancer
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patients was not confirmed in two phase Il randomized studies (VITAL-1 and -2) and the
program was discontinued.

UV-irradiated whole ovarian tumor cells were explored in DC based vaccines in preclinical
models in ovarian cancer. UVB induced apoptosis in murine ovarian cancer cells, which was
associated with mild upregulation of stress response proteins HSP 70 and GRP94. DCs
pulsed with UV-irradiated whole ovarian tumor cells and administered intraperitoneally and
subcutaneously resulted in modest antitumor efficacy in the mouse [101,102]. Similarly,
UVB induced apoptosis in human ovarian cancer cells, and autologous PBMC-derived DCs
pulsed with UVB-irradiated autologous tumor cells and matured with TNF-a and TRANCE
elicited modest expansion of tumor-specific T cell precursors from peripheral blood in
patients with ovarian cancer. Following three rounds of stimulation ex vivo, a low frequency
of tumor-reactive T cells was detected by IFN-y ELISpot in approximately half the patients
[103].

Enhancing the immunogenicity of necrotic whole tumor cell lysates by oxidative-

modification

Hypochlorous acid (HOCI) is a potent oxidant formed from hydrogen peroxide (H,0O,) and
chloride ion (CI") in a reaction catalyzed by the neutrophil enzyme myeloperoxidase (MPO)
during acute inflammation. As well as showing strong microbicidal activity, HOCI has been
shown to enhance the immunogenicity of protein antigens by several folds via oxidation in
vivo and ex vivo [104-106]. It has been demonstrated that proteins oxidized by HOCI are
more readily taken up and processed by APCs and led to enhanced activation of antigen-
specific T cells in vitro [107-110]. Therefore myeloperoxidase activity acts as a link
between the innate immune response and the induction of adaptive immunity [111]. The use
of HOCI to potentiate the immunogenicity of whole ovarian tumor cells has been previously
described [112,113]. These were the first studies to describe the use of HOCI, and indeed an
oxidizing agent, to chemically modify whole tumor cells to enhance their immunogenicity
for uptake by myeloid DCs and priming autologous tumor-specific CD4* and CD8* T cell
responses. The well-characterized ovarian tumor cell line SKOV3, was chosen as a model
source of antigens in these studies due to its overexpression of the two important ovarian
TAAs, i.e. HER-2/neu and MUCL1. It was found that HOCI induced a dose-dependent
necrotic cell death in SKOV3 tumor cells after 1 hour of treatment at 37°C in HBSS.
Approximately 99% of necrotic tumor cell death was observed at 60 uM HOCI, and
extensive cell fragmentation occurred when 65 pM HOCI or higher was used [113]. It was
found that T cells stimulated with oxidized SKOV3 cells not only responded to oxidized
SKOV3 as assessed by IFN-y ELISpot, they also responded to peptides encoding known
HLA-A2 epitopes of HER-2/neu and MUCL. Since the SKOV3 cells are HLA-A2", this
response demonstrates that oxidized cells had been taken up and cross-presented by DC.
Importantly, these T cells did not respond significantly to HLA-A2 restricted melanoma
MART-1 peptide thus confirming antigen specificity of the observed response. To
demonstrate that the enhancement in tumor cell immunogenicity was via HOCI oxidation
and not due primarily to necrotic cell death, SKOV3 tumor cells were killed by other means
that induce cellular necrosis, i.e. heat and hydrochloric acid (HCI) treatment, and loaded on
to DCs for priming tumor-specific responses. Indeed, tumor-specific responses were only
seen with HOCI-oxidized cells, and not with heat or HCl-treated cells. As HOCI and the
closely related chemical HCI differed principally in that the former is a strong oxidizing
agent, while the latter is not, these results strongly suggest that oxidation is an essential
feature of the enhancement in immunogenicity observed.

This model was tested further in the ovarian cancer setting [112]. The responses of seven
healthy volunteers were compared to the responses from a group of ten patients with ovarian
cancer using autologous DCs loaded with oxidized SKOV3 and autologous T cells. T cells
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from all ten patients responded to the DCs pulsed with oxidized SKOV3 cells, although the
average number of spots in IFN-y ELISPOT was lower than in the volunteer cohort (P<
0.01, MannWitney test). This might reflect differences in age distribution and general
health. Pentamer staining of patients’ T cells performed using a HER-2/neu peptide (E75;
KIFGSLAFL)/HLA-A2 pentamer revealed that between 2 and 4% of the CD8* T cells were
specific for HER-2/neu E75 peptide. Importantly, T cells primed with DCs loaded with
oxidized SKOV3 recognized autologous tumor cells from ascites T cells that recognized the
two promiscuous class Il MHC restricted HER-2/neu peptides — KIFGSLAFLPESFDGDPA
and GVGSPYVSRLLGICL, and autologous unmodified tumor cells in the absence of any
exogenous APCs in the ELISpot assays. Importantly, T cells stimulated with oxidized
melanoma cells were only specific for oxidized melanoma cells and MART-1 peptides, but
not to oxidized SKOV3 ovarian tumor cells or to any ovarian TAAs. Thus the T cells
stimulated by oxidized antigen remain tolerant to common self antigens that might be shared
between cells of different tissue origin, but can respond to tumor-specific antigens.

We recently compared the immunogenicity of DCs pulsed with whole tumor lysate prepared
using HOCL oxidation versus other common methodologies. DCs derived from elutriated
peripheral blood monocytes of HLA-A2* healthy donors treated with GM-CSF and IL-4 for
more than 48 hours were pulsed with different tumor preparations including: HOClI-treated
whole tumor cells; supernatants or pellets of freeze-thaw lysate of HOCI-treated tumor cells;
H,0,-treated whole tumor cells; UVB-irradiated whole tumor cells; supernatants of freeze-
thaw lysate of tumor cells (no prior treatment); and whole freeze-thaw tumor cell lysate (no
prior treatment). Output lymphocytes were then cocultured with T2 cells pulsed with HLA-
A2 restricted HER-2/neu peptide or unpulsed T2 cells overnight, and IFN-y in culture media
was analyzed by ELISA. Confirming previous data, IFN-y response was significantly higher
in T cells primed with DCs pulsed with HOCI-oxidized whole tumor cells (Figure 1).

The improvement in antigen immunogenicity might be explained by three possible
mechanisms. First, HOCI can quantitatively deaminate serine and convert its side chain into
an aldehyde, and some studies have shown that tagging protein antigens with such aldehydes
led to significant improvement in the responses directed against the antigens [114-116].
Second, oxidation of protein antigens might allow protein unfolding (e.g. by the reduction of
disulphide bonds in the protein) and therefore enhance both processing by DCs and exposure
of immunogenic peptides to specific T cells [117]. The heat-shock protein, such as HSP70,
might also play a role in chaperoning polypeptides that unfolded during oxidative stress to
help them regain a functional structure or by directing them to a degradation pathway [118].
Third, scavenger receptors such as the lectin-like oxidized low-density lipoprotein
receptor-1 (LOX-1) might be involved in the uptake of HOCI-oxidized SKOV3 tumor cells.
LOX-1 is a type D scavenger receptor expressed on the surface of dendritic cells,
macrophages, smooth muscle cells and platelets [119], which binds to a broad range of
ligands that include oxidized low-density lipids (OxLDL), hypochlorite-modified HDL,
advanced glycation end products (AGE), aged/apoptotic cells, activated platelets and
bacteria [120-125]. LOX-1 has been implicated in antigen cross-presentation in DCs [126],
therefore it is reasonable to postulate that it is involved in the uptake of oxidized SKOV3 by
DCs and facilitate cross-presentation of ovarian TAAs to CD8* T cells. CD36, a class B
scavenger receptor expressed by macrophages and DCs for endocytic take up of OxLDL
[127] and AGE-proteins [128], might also play a role in the uptake of oxidized SKOV3.

Enhancing the immunogenicity of whole tumor cell lysates by viral infection

Viral oncolysates have been utilized to increase whole tumor cell vaccine immunogenicity.
Proposed mechanisms for this effect include activation of immune response through viral
induction of inflammatory cytokines, and recruitment of helper T cells with viral immune
recall. Immunogenicity of tumor cells may be enhanced through activation of “danger
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signals” by virus, or via increased uptake of tumor antigen uptake by DCs due to virus-
tumor antigen interaction [129-134]. In the clinical setting, Freedman et al [135] tested a
UV-irradiated influenza A virus oncolysate vaccine using ovarian cancer cell lines. Patients
received several intraperitoneal or intrapleural infusions, and some experienced prolonged
progression-free survival, with some clinical responses [136]. Schirrmacher et al utilized
live inactivated low-dose Newcastle disease virus (NDV) administered with whole tumor
cells, and noted improved results compared to use of tumor lysates, and led to development
of specific cytotoxic T cell responses against tumor, but not virus [137]. A phase 1 clinical
trial of NDV-modified autologous tumor cells in 31 patients with advanced disease yielded a
50% two-year survival rate [138].

We have tested the use of replication-deficient herpes simplex virus (HSV) in whole tumor
vaccines. We and others have previously shown that replication-restricted oncolytic HSV
strains Kill tumor cells by apoptosis [139-141]. In addition, infection of epithelial cells by
HSV leads to rapid up-regulation of HSP70, macrophage inflammatory protein (MIP)-18,
interleukin (IL)-1a, IL-1p and IL-6 [142], suggesting that HSV infection may activate
antigen presenting mechanisms. Animal experiments in syngeneic tumor models indicate
that tumor inoculation with replication-restricted HSV result in activation of adaptive
antitumor immune response. Indeed we recently demonstrated that inoculation of ICP34.5-
deficient HSV-1716 induced in situ tumor vaccination. This was achieved through DC
activation in tumors but also through increased antigen uptake mediated through adhesive
interactions between HSV glycoproteins on infected tumor cells and HSV receptors on DCs.
Stress response proteins HSP70 and GRP94 were upregulated in infected tumor cells, thus
increasing the antigenicity of these cells [143, 144]. Importantly, we demonstrated that
engulfment of HSV-infected tumor cells induced upregulation of NKG2D ligands on DCs
and enhanced their ability to activate NK cells and costimulate T cells, an effect that was
abrogated by the presence of soluble NKG2D (Figure 2).

We searched for HSV strains that can induce tumor cell death but are replication-
incompetent (to minimize the expression of viral antigen load by infected tumor cells). The
HSV-1 genome comprises approximately 80 genes, which are expressed with temporal
hierarchy following viral entry into the cell and exert diverse and temporally related
functions. Immediate-early (IE) or o genes ICPO, ICP4, ICP22, ICP27 and ICP47 are
expressed within 4 hours postinfection. Replication-incompetent ICP4- and ICP4-1CP27-
viruses can rapidly kill human cells [145; 146]. ICPO in ICP4°ICP27- HSV dramatically
reduces viral toxicity [145-147] We hypothesized that the use of replication-incompetent
HSV-1 lacking all 1E/a genes except ICPO could trigger apoptosis in tumor cells while
upregulating danger signals, thereby producing strongly immunogenic whole tumor antigen.
We used HSVd106, a replication-incompetent HSV-1 mutant lacking ICP4, ICP22, ICP27
and ICP47 but expressing the ICPO IE/a gene [147,148]. We demonstrated that HSVd106
efficiently kills tumor cells by apoptosis while upregulating the expression of danger signals
such as HSP70 and GRP94 (Figure 3). Tumor cells killed by HSVd106 were readily
engulfed by immature DCs and enhanced DC maturation, improving tumor antigen
presentation and the therapeutic efficacy of DC vaccines in vivo. We then compared the
immunogenicity of DCs pulsed with HSVVd106-infected cells to DCs pulsed with UVB-
irradiated TC-1 cells. The growth of TC-1 tumors was significantly slower in mice
vaccinated with DCs pulsed with HSV d106-treated tumor cells compared to animals
vaccinated with control or UVB cells pulsed DCs. Moreover, a higher percentage of tumor
free animals was observed in animals vaccinated with DCs pulsed with HSV d106-infected
cells compared to DCs pulsed with UVB irradiated TC-1 cells.
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Dendritic cell/tumor fusion vaccines

The use of DC/tumor cell fusion approach is first described by Gong et al [149] whereby the
DCs and tumor cells were fused by the membrane destabilizing agent polyethylene glycol
(PEG) or by electroporation. This novel method allows DCs to express the entire repertoire
of TAAs of the fused tumor cell, and to process endogenously and present tumor epitopes
via MHC class I and Il pathways to activate both CD4* and CD8* T cells. In a preclinical
study in MUCL transgenic mice, which are unresponsive to human MUC1 antigen,
administration of DC/MUC1™* tumor cell fusion vaccines generated to anti-MUC1 CD4* and
CDS8™ T cell responses and led to tumor eradication [150-152]. Interestingly, vaccination of
DCs transfected with MUC1 RNA could not reverse the unresponsiveness to MUC1
suggesting that vaccination with DC/tumor fusion vaccine only could break tumor tolerance
[153].

DC/tumor fusion vaccines given in combination with recombinant IL-12 have been
evaluated in a Phase I/11 clinical trial involving patients with malignant brain tumors.
Tumor-specific immune responses were observed, and three out of 12 patients achieved a
partial response [154]. In a multiple myeloma clinical trial, patients’ DCs were matured by
exposure to TNF-a for 48 hours and fused to the patients' derived bone marrow specimens
by PEG [155]. These DC-tumor fusion vaccines were then coadministered with GM-CSF.
Toxicities related to the vaccines have been mild. In addition, clinical trials involving
patients with breast and renal carcinoma have been completed [156]. Twenty-three patients
were treated (10 breast cancer patients and 13 renal cancer patients). The vaccines were
administrated subcutaneously to each patient at 3-week intervals for a total of three doses.
Patients were vaccinated with 1 x 10% DCs pulsed with KLH protein at the time of the first
fusion vaccination. At a separate site, patients were concurrently vaccinated with fusion
cells. No substantial treatment-related toxic effects were observed. Of the 18 evaluable
patients, 10 showed a 2-fold or greater increase in tumor-reactive CD4* and CD8* T cells.
Two patients with metastatic breast cancer demonstrated disease regression, and six patients
(five renal cancer patients and one breast cancer patient) demonstrated disease stabilization
for 3 to 9 months after the completion of vaccination.

The use of normal donors' DCs as a source of allogeneic DCs to generate the DC/tumor
fusion vaccine has been investigated. A potential advantage of this strategy is that DCs
generated from normal donors, as compared with cancer patients, may demonstrate greater
functional activity. However, there are some disadvantages associated with this approach.
First, the T-cell responses to allogeneic DC/tumor fusions are dependent on the inconsistent
expression of MHC class | molecules by the tumor. Second, the absence of class 11
expression by tumor cells may prevent the development of an antigen-specific helper T-cell
response. In a study, eight patients underwent vaccination with allogeneic DC/renal
carcinoma fusions [157]. Stabilization of disease and induction of antitumor immunity was
seen in a subset of patients. In a Phase | study, 24 patients underwent serial vaccination with
allogeneic DC/tumor hybrids. Vaccination was well tolerated, and anti-tumor immunity was
observed in a subset of patients. Two patients experienced a partial response, and eight
patients demonstrated stable disease [158]. DC/ovarian tumor cell fusions have been
generated and demonstrated to be able to induce anti-tumor CTL activity in vitro [159].

DCs pulsed with whole tumor RNA

Whole tumor RNA offers similar advantages as whole tumor cells in DC-based
immunotherapy; there is no need to define HLA-expression in patients, and the RNA can
encode for multiple epitopes, to recruit both tumor-specific CD4* helper T cells and CD8*
CTLs. This approach, as with whole tumor cells, is useful for forms of cancers where
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suitable tumor antigens are not yet defined. In addition, such approach may address
important limitations in the procurement of autologous tumor antigen in cases where
isolating large number of tumor cells is not feasible. Finally, a distinct advantage of vaccines
using whole tumor RNA is the inclusion of possible stroma antigens. It has long been
recognized that tumor stroma hosts cell populations with unique phenotype and tumor-
promoting function such as tumor endothelium, pericytes, cancer-associated fibroblasts and
tumor-associated macrophages. Tumor stroma can be a barrier to immunotherapy and its
disruption can be beneficial. These cell populations express unique targets and their
inclusion in immunotherapy provides synergistic results. Thus, inclusion of whole tumor
stroma RNA may enhance vaccine efficacy.

DCs can be loaded with tumor RNA via three different methods: lipid-mediated transfection,
passive transfection or electroporation. The problem with lipids is that they are often toxic to
DCs and must be carefully optimized. Though lipids are readily available for investigation
studies, the choices for clinical use are somehow limited. Passive transfection of immature
DCs can occur when the DCs are co-cultured with tumor RNA in vitro. This method has
been used successfully in preclinical studies [160,161] and two clinical trials involving
prostate and renal cell cancer patients [162,163]. More recently, electroporation has become
the method of choice for introducing tumor RNA into DCs because no additional reagents
are required and it is compatible with clinical use [164-166]. Special care is needed to
recover the DCs after electroporation, as they can be fragile. Tumor RNA can be directly
introduced into the cytoplasm of the DCs and the tumor antigens are then expressed as full-
length proteins within the cell. The assumption is that patient's own DCs would process and
present the most relevant peptides to the immune system. Compared to DNA, RNA has
certain important advantages. First, RNA can easily access the cellular translation machinery
upon entry into the cytoplasm. Second, RNA is not subjected to cellular transcriptional
regulations like DNA. Third, RNA will be rapidly degrade after electroporation and is
unlikely to integrate into the host genome. However, this intrinsic instability of RNA could
be a potential obstacle to clinical use, and tumor samples and RNA must be carefully
handled right from the initial biopsy excision.

In a preclinical study, we compared the efficacy of whole tumor RNA to UV-irradiated
apoptotic whole tumor cells as a source of TAAs for DCs-based immunotherapy [167]. We
used TC-1 cells, a mouse adenocarcinoma cell line generated by cotransfection of lung
epithelial cells with HPV-16 E6 and E7 genes and H-Ras [168], which has been used to test
E6 and E7-targeted tumor immunotherapy [169-171]. We showed that following
electroporation with 50 pg of TC-1 RNA/108 DCs, DCs expressed E6 and E7 protein in
their cytoplasm for at least 4 days. The highest expression of E7 antigen was obtained at 300
V and 150; these settings yielded 50% viability in electroporated DCs. DCs were incubated
with UV-irradiated TC-1 cells at 1:2 ratio (DC to tumor cell) or electroporated with an
amount of total RNA equivalent to two tumor cells per DC and matured with TNF-a and
LPS. A significantly higher frequency of tumor-reactive IFN-y producing cells was found in
spleens from animals vaccinated with RNA-DCs compared to animals vaccinated with UV-
DCs. In addition, a four-fold higher frequency of CD3* CD8* cells binding to H2-DPb-
restricted HPV E7 epitope RAHYNIVTF [171] was detected in splenocytes from animals
vaccinated with RNA-DCs compared to animals vaccinated with UV-DCs. In preventive
vaccinations, tumor growth was significantly delayed in animals vaccinated with RNA-DCs
as well as animals vaccinated with UV-DCs, but tumors were significantly smaller in mice
vaccinated with RNA-DCs. Therefore our results suggested that electroporation with whole
tumor cell RNA and pulsing with UV-irradiated tumor cells are both effective in eliciting
anti-tumor immune response but RNA electroporation resulted in more potent tumor
vaccination under these experimental conditions. Several reasons may account for our
findings. First, antigen up-take may be less efficient with pulsing dying cells compared to
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RNA electroporation. Since UVB irradiation has been shown to result in a mixed population
of apoptotic and necrotic tumor cells [53], it is possible that either process leads to
degradation of important antigens [172], resulting in suboptimal antigen processing or
presentation. Second, apoptotic DNA may bind to MHC class molecules and interfere with
antigen presentation [173]. Third, although non-viral methods of DNA transfection of DCs
are inefficient, the efficiency of gene transfer with RNA electroporation resembles that of
transfection with recombinant viruses [174]. Finally, another advantage of RNA transfer of
DC over pulsing DC with protein antigens is that endogenously synthesized antigens have
better access to the class | MHC pathway [175].

Maturation protocols can modify the capability of DCs to effectively present antigens
following RNA electroporation. We found that the efficacy of RNA-electroporated DCs was
further enhanced by the coadminstration of CpG (Figure 3). Interestingly, human DCs
treated with a maturation cocktail formulated with TNF, IL-1p, IFN-y, prostaglandin E2, and
the Toll like receptor (TLR) 8 agonist R848 were able to generate an efficient immune
response upon RNA electroporation; while addition of the TLR3 ligand poly(l:C) to the
maturation cocktail rendered DCs unable to express proteins from electroporated RNA
[176]. Indeed, the formulation of appropriate maturation cocktails is one of the challenges
that faces the generation of effective DC-based vaccines for clinical use [177].

The potential of tumor RNA as cancer vaccines has been used for treatment in melanoma,
prostate and renal cell carcinoma with some success. In a phase | trial with metastatic renal
cell carcinoma patients, 6 of 7 patients receiving the renal tumor RNA-transfected DCs
vaccine demonstrated an expansion of tumor-specific T cells after immunization [163].
These T cell exhibited a polyclonal reactivity against a broad set of renal TAAs, including
telomerase reverse transcriptase, G250, and oncofetal antigen. Although most patients
underwent secondary therapies after vaccination, the tumor-related mortality of the study
subjects was low with only 3 of 10 patients dying from disease after a mean follow-up of
19.8 months. In another phase 1/11 study, melanoma patients were administered mature
autologous DCs transfected with autologous tumor mRNA that had been previously
cryopreserved [178]. The vaccine was well-tolerated and 9 of 19 patients had vaccine-
specific T cell responses, while 8 of 18 patients had positive DTH reaction. The authors
compared two routes of vaccinations — intradermal and intranodal — and found the former
more potent in inducing tumor-specific T cell response (7 of 10 compared to 3 of 12
patients). In a recent clinical trial, 15 melanoma patients were directly injected intradermally
with autologous naked mRNA (without DCs) plus GM-CSF, and some patients exhibited
anti-tumor humoral responses after immunization [179]. More studies are needed to clarify
the efficacy of direct RNA injection in tumor immunotherapy.

Conclusion

The use of whole tumor cell preparations in tumor immunotherapy is a very promising
approach and obviates some important limitations in vaccine development. Whole tumor
cells are a good source of TAAs and can induce simultaneous CTLs and CD4* T helper cell
activation. There are several approaches to preparing whole tumor cell preparations.
Because tumor lysate can be intrinsically suppressive to DC activation in vitro and in vivo,
interventions to prevent DC suppression are critically needed. Although DCs pulsed with
UV-irradiated tumor cells is a common method to prepare whole tumor vaccines, in our
hands proved to be inferior to RNA electroporation or methods we developed to increase
tumor cell immunogenicity, comprising infection with replication-incompetent HSV or
oxidation with HOCI. These will ultimately need to be tested in clinical studies.
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Figure 1.

Comparison of immunogenicity of human DCs pulsed with different lysate preparations of
SKOV3 ovarian cancer cells. Autologous DC from HLA-A2+ donor, derived from elutriated
peripheral blood monocytes treated with GM-CSF and IL-4 for 48 hours, were pulsed with
lysates of SKOV3 cells, which express Her2, for 4 hours and matured overnight with LPS
and IFN-y. DCs were then used to prime naive, autologous lymphocytes for 10 days. Output
T cells were incubated overnight with T2 cells pulsed with HLA-A2 restricted Her2 peptide
or unpulsed T2 cells. The relative presence of functional Her-2 reactive lymphocytes was
measured by IFN-y ELISA. DCs were pulsed with freeze-thaw lysates of HOCI-treated
whole tumor cells (HOCI); supernatants [HOCI (S)] or pellets [HOCI (P)] of freeze-thaw
lysate of HOCI-treated tumor cells; freeze-thaw lysates of H,O,-treated whole tumor cells
(H202); supernatants of freeze-thaw lysate of UVB-irradiated tumor cells (UV); and
supernatants [F/T (S)] or whole freeze-thaw tumor cell lysate [F/T (L)]. Unpulsed DCs (No
ag) were also matured with LPS and IFN-y. Error bars represent data from duplicate co-
culture wells. T cell priming against Her2 was highest in T cells incubated with DCs pulsed
with HOCI-oxidized whole tumor cells.
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Figure 2.

Activation of mouse DCs by tumor cells killed with oncolytic replication-restricted HSV.
(A) Tumor-infiltrating CD8+ T cells isolated from 1D8 tumors were incubated with bone
marrow derived DCs that were pulsed with 1D8 ovarian tumor cells killed by HSV-1716
(clear) or DCs pulsed with UV-irradiated 1D8 cells (gray). DCs pulsed with viral oncolysate
induce more pronounced proliferation of CD8+ T cells, as assessed by CMTMR dilution.
(B) Flow cytometry analysis of NKG2D ligand (NKG2DL) expression in (left) unpulsed
immature DCs (gray) or unpulsed DCs matured with LPS (clear), and (right) control
unpulsed DCs (gray) and DCs pulsed with ID8 cells killed by HSV-1716 (clear). NKG2DL
was detected through NKG2D/FC chimera (R&D). (C) Percent of CD25+ activated NK
cells as determined by flow cytometry analysis 48 hours after incubation with immature DCs
or DCs pulsed with apoptotic cells killed with HSV-1716 (1716-APO), in the presence or
absence of soluble NKG2D (5 g/ml).

Semin Immunol. Author manuscript; available in PMC 2011 June 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Chiang et al.

Page 25

GRP94 DAPI

HSVd106

s @
Figure 3.

Upregulation of stress response protein GRP94 in TC-1 cells 24 hours after infection with
HSVd106 (1 MOI), TC-1 cells irradiated with UV-B and control TC-1 cells (CTRL).
Magnification 200x.
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Figure 4.

Antitumoral effect of DCs electroporated with whole tumor RNA in the C56BL/6 mouse.
(A) Kaplan-Meier curves depict tumor-free percentages in mice vaccinated prophylactically
with DCs electroporated with total RNA extracted from TC-1 cells (50 pg of TC-1 RNA/104
DCs in 200 pL at 300 mV and capacitance of 150 pF) with or without CpG (5"
TCCATGACGTTCCTGATGCT-3"). CpG was added at 0.1 or 1 pg/ml to the RNA mixture
immediately before DC electroporation. CpG enhanced DC efficacy in a dose-dependent
manner, reducing significantly tumor incidence. (B) Growth of flank TC-1 tumors in the
above animals.
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