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The editors wish to dedicate this book to Alfred Mann, inventor, entrepreneur,
and philanthropist, whose vision made a difference and inspired and guided
generations of scientists, engineers, and businesspeople.






Preface

Throughout the last 20 years, progress in the field of molecular targeted therapies
and genomics resulted in significant advances in the treatment of hematological
and solid tumor malignancies. Nevertheless, the holy grail of cancer therapy, to
transform this illness into a manageable chronic condition or cure it altogether,
remains elusive. In spite of all the therapeutic advances made recently in cancer
therapy, there is still a lack of adequate therapeutic approaches to manage cancer
patients over long periods using conventional treatments. Therefore, the field of
cancer vaccines or immunotherapies in general may provide a ray of hope for
the future. Despite sustained research and development at both preclinical and
clinical stages—in academic and industry settings for over two decades—there is
still no approved therapeutic cancer vaccine in the United States. Promising
preclinical data in a wide range of models still remain to be translated into
innovative, safe, and effective therapeutic vaccines or active immunotherapies in
cancer. It is the editors’ conviction that in light of the challenges associated with
development of safe and effective cancer vaccines, it is more important to
critically examine the failures, dissect past experience, and daringly challenge
conventional paradigms that were artificially imported from other therapeutic
areas of drug development. A translational approach (bench to bedside and
reverse) aimed to optimize therapeutic platforms and guide the early development
process to patient populations that would likely benefit most would require both
significant time and financial commitment. However, this is a necessary evil for
the success of not only cancer vaccines but also first-in-class molecular targeted
therapies in general.

Cancer Vaccines: Challenges and Opportunities in Translation addresses
a wide range of readership from basic scientists with dual interest in oncology
and immunology, translational scientists, clinical researchers, industry scientists,
physicians, and technicians involved in the research and development of new
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immunotherapies in cancer to business and project managers as well as regula-
tory experts within industry, academia, or government. The topic is approached
from a different perspective by a panel of researchers in academia and industry
involved with the development of major classes of cancer vaccines. The book
outlines the gaps, challenges, and difficulties encountered in the past in con-
junction with hurdles associated with translation of immunology research into
clinic along with potential solutions that are currently implemented.

The excitement related to the concept of cancer vaccination fueled a broad
and diverse technology base currently in early or late clinical development. This
created an impression of enormous activity in the field; nevertheless, due to the
complexity and specificity of each of these platforms’ mechanisms of action
along with the heterogeneous nature of the disease target, this assessment may
be an overestimation. In fact, if one takes a critical perspective at this field, the
more realistic assessment is that none of these technologies is close to be mature
to yield a robust pipeline of drugs that would have the capability of making a
significant impact in the current standard of cancer care. Nevertheless, we believe
that far from having a pessimistic view of the field, this is rather a realistic, and in
consequence, a constructive stance.

The diverse technology base of cancer vaccines under development
(categorized based on the nature of technology platform, in Table 1) reflects
an ongoing quest for validating the proof of concept and building on approaches
that have a potential to be applied across various cancers in a more economical
fashion. This explains why cell-based and highly personalized approaches lead
the way in clinical development and proof of concept generation. These are
followed by synthetic, “off the shelf” approaches which are becoming more
realistic with recent advances in cancer genomics and target discovery and
validation.

There are several key aspects that are emphasized in this book: (1) chal-
lenges presented by cancer vaccine development; (2) the relevance of preclinical
models and basic science on new targets in translating new immunotherapies;
(3) state of the art of current major cancer vaccines programs in development;
(4) the importance of companion diagnostics and markers to the development of
cancer vaccines; (5) new paradigms and models to optimize decision-making in
the development of cancer vaccines; and (6) specific examples of failures and
successes, along with take-home messages resulting from past experiences of
developing cancer vaccines.

In the first section of this book, dedicated to basic and preclinical research,
Frédéric Lévy and his collaborators provide an in-depth perspective on the
science underlying new cancer vaccine target discovery and evaluation, with an
eye on tumor antigen processing, highlighting methods of optimizing current
technologies in development and designing superior ones. In the subsequent
chapter, Daniel L. Levey discusses preclinical models of cancer immunotherapy
with emphasis on autologous (i.e., personalized) approaches along with value of
these models in predicting outcomes in human disease. A critical analysis of the
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Table 1 A Diverse Technology Base for Cancer Vaccines Currently in Development

Major categories Vaccine type Vector category Examples/stage

Targeted to Personalized Cell based Dendritic cells transfected
predefined with antigens (phase 3)
antigens

Synthetic molecules Idiotypes (phase 3)
Off the shelf Cell based Allogeneic cells transfected
with antigen
Synthetic molecules Peptides, proteins (phase 3)
Microbial vectors Recombinant DNA
Replicons
Bacteria
Viruses
Not targeted Personalized Cell based Primary cell lines DC
to predefined transfected with RNA
antigens pools
Non—cell based Tumor lysate extracts, HSP
(phase 3)
Off the shelf Cell based Allogeneic cells transfected
with cytokines (phase 3)
Non—cell based Tumor/tumor cell lysates
(approved in Canada®)

Note: The technologies with investigational drugs in phase 3 development.
*Melacine®—melanoma tumor cell lysate.

preclinical evaluation of several approaches in a diversity of tumor settings
resulted in the conclusion that extension of applicability of cancer vaccines
outside the minimal residual disease status or adjuvant setting may likely require
a combination-drug approach.

In the second section, dedicated to cell-based antimicrobial and personal-
ized vaccines, Roopa Srinivasan contrasts the first prophylactic vaccine against
cancer (in reality, an antiviral vaccine directed against human papillomavirus
responsible for cervical carcinoma) with allogeneic cell-based therapeutic
vaccines undergoing clinical development. She outlines “lessons learned” from
recent challenges encountered by such vaccines in late-stage clinical develop-
ment. Florentina Teofilovici and Kerry Wentworth continue by presenting an
in-depth analysis of personalized, autologous cancer vaccines with emphasis on
heat shock protein—based approaches currently in late-stage clinical develop-
ment. Additionally, other autologous vaccine approaches are discussed. Finally,
John S. Yu and his collaborators conclude this section with an exciting perspec-
tive on dendritic cell-based vaccines with particular emphasis on their applica-
bility to neuro-oncology along with innovative combination approaches aimed to
improve the clinical efficacy of cancer vaccines and chemotherapeutics alike.
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In the third section of this book, with focus on antigen-based approaches,
Boris Minev and Stephanie Schroter detail the science, progress, and challenges
associated with development of peptide-based cancer vaccines and offer an
in-depth state of the art of this dynamic field. Zhiyong Qiu and Kent A. Smith
continue by outlining the advantages and shortcomings of other antigen-directed
approaches such as those based on recombinant DNA vectors along with
methods to enhance their potency. The editors continue by proposing a new
set of paradigms in support of cancer vaccine development, with a specific focus
on optimizing a recombinant DNA/peptide-based vaccination strategy. Finally,
Chih-Sheng Chiang and his collaborators discuss the seminal role of companion
diagnostics and biomarkers in the process of development of cancer vaccines.

By and large, beyond simply offering a snapshot of current technologies
and investigational cancer vaccines in development, we intended to propose
strategies for success aimed to optimize and expedite development of safe and
potent cancer vaccines. Consequently, this book is different from others
dedicated to cancer vaccines since it covers topics relevant to industry, trans-
lation, and development, with an eye on improving healthcare in addition to
science. The overall picture stemming from our effort to synthesize the progress
and challenges associated with developing cancer vaccines for clinical use can
be condensed into several parameters that, if taken into account, may signifi-
cantly increase the likelihood of success: (1) To make a difference in clinical
outlook, the vaccine needs to be capable of mediating a very high level of
immune response of appropriate quality; (2) the selection of targets needs to be
rigorous to allow identification of specific molecules expressed on cells that are
key to tumor progression or relapse; (3) biomarkers are critical to identifying and
guiding the development and application of cancer vaccines to patients that have
a competent immune system and who are more likely to respond to such agents;
and (4) since current data suggest that cancer vaccines seem to be more effective
in a limited disease burden, positioning their development relative to standard
therapies, along with carefully defining optimal indications or combination
approaches, represents a success factor of paramount importance.

In conclusion, in this postgenomic era, it is time to translate this vast
scientific information and expand the healthcare benefits by adding vaccines to
the large arsenal of cancer therapy in the quest of continuing to improve on the
treatment and quality of life of all cancer patients.

Adrian Bot
Mihail Obrocea
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Factoring in Antigen Processing in
Designing Antitumor T-Cell Vaccines

Frédéric Lévy, Sara Colombetti, Jozef Janda, Laurence Chapatte, Pedro
Alves, Javier Garcia Casado, Nicole Lévy, and Anne-Lise Peitrequin

Ludwig Institute for Cancer Research, Lausanne Branch,
University of Lausanne, Epalinges, Switzerland

INTRODUCTION

Cytolytic CD8™" T cells are critical mediators of tumor cell lysis. Their stimulation
and/or inhibition are regulated by CD4" T cells. CD8* and CD4 " T cells recognize
peptides presented at the surface of antigen-presenting cells (APCs) by MHC class I
and class II molecules, respectively. These peptides are the products of antigen
processing. In the context of this chapter, the term “antigen processing” defines the
ensemble of biochemical pathways involved in the production of peptides asso-
ciated with MHC class I and class II molecules. Even though the transport of
peptides across the endoplasmic reticulum membrane by transporters associated
with antigen processing (TAP) is frequently included as part of the MHC class
[-restricted antigen-processing pathway, it will not be discussed here.

It is commonly assumed that antigen processing produces antigenic pep-
tides, i.e., peptides recognized by specific T cells. This notion stems from the fact
that T cells are used as readouts in experiments addressing antigen processing.
However, it should be noted that the pool of antigenic peptides presented by MHC

This work was supported in part by grants from the Swiss National Funds, the Cancer Research
Institute, the NCCR, the Leenaards Foundation and the Hans Altschiiler Stiftung.
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molecules constitutes only a small fraction of all cellular peptides binding to MHC
molecules (1,2). The majority of those MHC-associated peptides are immuno-
logically silent in that they are either ignored by T cells or unable to stimulate
T cells because of tolerance. Some of them might nevertheless become targets of
autoreactive T cells in the context of autoimmune diseases. Similarly, many tumor-
associated peptides, which are derived from self-proteins, are not immunogenic
(i.e., they do not induce T cells) but are nevertheless antigenic (i.e., they can be
recognized by T cells), provided that specific CD8" T cells can be efficiently
stimulated. The goal of anticancer T-cell vaccines is to activate cytolytic CD8™"
T cells capable of recognizing tumor-associated peptide antigens presented at
the surface of tumor cells. In this chapter, the major components involved in the
processing of peptide antigens by tumor cells will be summarized and the impact
of antigen processing on the design of antitumor T-cell vaccines will be discussed.

THE ANTIGEN-PROCESSING MACHINERY

Because peptides are mostly produced in the course of protein degradation, the
main components of the antigen-processing pathway are proteases (generally
referring to enzymes degrading proteins) and peptidases (enzymes degrading
peptides). The processing of antigens presented in the context of MHC class I
molecules is thought to occur predominantly in the cytosol and the endoplasmic
reticulum, while the processing of MHC class II-restricted antigens takes place
primarily within the endo/lysosomal compartment.

Processing of MHC Class I1-Restricted Peptide Antigens
20 S Proteasomes

MHC class I molecules generally bind peptides of 8 to 10 amino acids in length
and present them to CD8" T cells; however, longer peptides have also been
found (3). The vast majority of these peptide antigens derive from proteins
degraded by the proteasomes, a multicatalytic protease complex of the cytosol
and nucleus. The core unit of the proteasome, the 20 S proteasome, is composed
of 2 pairs of 14 different subunits arranged in 4 heptameric rings. Each of the two
outer rings contains seven o subunits (¢1-o7) and each of the two inner rings
contains seven 3 subunits (31-B7). The catalytic activities of the proteasome are
confined to the inner cavity formed by the two B rings and are associated with
three pairs of particular B subunits. There are at least four types of 20 S pro-
teasomes: the standard proteasome, the immunoproteasome, the intermediate
proteasome, and the thymoproteasome (4-6). Each type differs from the others
by the composition of their catalytic subunits. The standard proteasome contains
the catalytic subunits B1, B2, and B5; the immunoproteasome contains the
subunits B1i/LMP2, B2i/MECLI1, and B5i//LMP7; the intermediate proteasome
contains the subunits B1i/LMP2, B2, B5i/LMP7 or B1, B2, and B5i/LMP7; and
the thymoproteasome contains the subunits B1i/LMP2, B2i/MECLI1, and B5t



Factoring in Antigen Processing in Designing Antitumor T-Cell Vaccines 3

Name Standard Immuno- Thymo- Intermediate
proteasome | proteasome proteasome proteasomes

B subunits | B1, B2, B5 B1i, B2i, B5i B1i, B2i, B5t B1i, B2, B5i

B1, B2, B5i
Cells Constitutive Constitutive cTECs ?
in most in DCs
cell types Inducible by
IFN-v in other
cells

Enzymatic | Trypsin-like |« Trypsin-like | |Chymotrypsin-| ?
activities | Caspase-like || Caspase-like |like
Chymotrypsin-| T Chymotrypsin-
like like

Figure 1 Types of proteasomes.

(Fig. 1). Two transcripts of the subunit B5i/LMP7 (LMP7-E1 and LMP7-E2)
have been detected in human cells (7). LMP7-E1 differs from LMP7-E2 by the
usage of a different pro-sequence, an N-terminal sequence that protects the
catalytic Thr residue from acetylation before completion of the assembly of
the proteasome particle, and that is removed from the mature form of the subunit.
Whereas LMP-E2 is normally incorporated into maturing immunoproteasomes,
LMP7-El is not productively incorporated.

Most cells express the standard proteasome constitutively. Upon treatment
with Interferon-y (IFN-y), type I IFNs, or TNF-a, synthesis of immunoprotea-
some subunits is induced (8-10). As the conversion of the proteasomes requires
de novo proteasome assembly and degradation of stably assembled proteasomes
[t > 2-15 days (11,12)], this process takes several days to complete. Spe-
cialized cells, such as dendritic cells (DCs), EBV-transformed B cells, and
T cells, express immunoproteasomes constitutively (Ref. 13 and unpublished
data). This constitutive expression is independent of IFN-y as IEN-y '~ mice, in
which the expression of immunoproteasomes cannot be induced, still express
immunoproteasomes constitutively (14). However, expression of STATI, a
downstream effector of the IFN-y signaling cascade, is required. The physio-
logical expression pattern of intermediate proteasomes is at present unknown.
The thymoproteasome appears to be expressed selectively in cortical epithelial
cells of the thymus (cTECs) (6). These cells have been shown to mediate
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the positive selection of thymocytes, a process by which thymocytes expressing
a T-cell receptor with “moderate” affinity for MHC molecules survive, while
those unable to recognize MHC molecules undergo apoptosis. The specific
expression pattern of this type of proteasome suggests that it may play a role in
the selection of the T-cell repertoire.

Even though all types of proteasomes are capable of degrading proteins, the
cleavage pattern of each type is different. The standard proteasomes possess three
enzymatic activities, termed caspase-like activity, trypsin-like activity, and
chymotrypsin-like activity, cleaving after acidic, basic, and hydrophobic residues,
respectively. The immunoproteasomes preferentially cleave after hydrophobic and
basic residues but not after acidic residues. The specificities of the intermediate
proteasomes have yet been reported while thymoproteasomes appear to cleave less
efficiently after hydrophobic residues. These differences, while not affecting
general protein turnover, have a major impact on the processing of antigens since
the proteasomes are the major source of MHC class Irestricted peptide antigens.
A large number of biochemical analyses has shown that the C-termini of most
MHC class I ligands are produced by proteasomes (15). Inversely, peptides whose
C-termini are not generated by proteasomes fail to be presented by MHC class I
molecules in cells (16). This fact is explained by the absence of carboxypeptidases
in the cytosol of mammalian cells. In contrast, the proteolytic production of the
appropriate N-termini by the proteasome is not essential as many aminopeptidases
are capable of trimming N-terminally extended proteasome products (see below).
Of note, it has been recently reported that proteasomes can generate, through
peptide splicing, peptides with noncontiguous amino acid sequences (17,18). The
frequency of this phenomenon remains unknown, but it indicates that the diversity
of proteasome products is probably larger than anticipated.

Several tumor cell lines have been shown to transcribe the genes encoding
the immunoproteasome subunits constitutively. It is not clear whether this
transcription results from in vitro culture conditions and if these subunits are
incorporated into functional proteasomes. Most interestingly, several human
cancer cells have been found to express preferentially the LMP7-El isoform
(19). Thus, despite apparent transcription of the B5i/LMP7 subunit in tumor
cells, mature proteasomes may not contain that subunit and the processing of
tumor-associated antigens may be affected. Altogether, detailed knowledge of
the proteasome composition of the intended target cells is important in selecting
appropriate T-cell vaccines.

The PA28 Complex

The PA28 complex (or 11 S regulator) is composed of o/f heterodimers and
binds to the o rings of the 20 S core (20,21). The main activity of PA28
described to date is to activate the 20 S proteasome, probably by opening the
extremity of the proteasome to facilitate the access of substrates to the inner
enzymatic cavities (22). However, the role of the PA28 complex in vivo is not
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clear as another cap, the 19 S cap, is normally attached to the 20 S core and
contains subunits capable of binding and unfolding ubiquitylated substrates.
Irrespective of the exact biochemical function of PA28 in vivo, PA28 expression
has been shown to be important for the processing of some antigenic peptides in
cells, as the generation of the melanoma-associated peptide antigen TRP23¢0_365
depends solely on the expression of PA28 (23). It was recently shown that the
N-terminal region flanking the antigenic peptide TRP2340_363 conferred sensi-
tivity to PA28 by promoting coordinated cleavages at the N- and C-termini of
that peptide antigen (24).

N-Terminal Exopeptidases

The size of peptides emerging from the proteasomes ranges from 3 to over 22 amino
acids in length (25). Over 60% of the proteasomal products are shorter than 8§ to
9 amino acids and are therefore immunologically irrelevant as they are too short to
bind MHC molecules. Approximately 15% of the proteasomal products are peptides
of 8 to 9 amino acids displaying suitable anchor residues to be directly loaded onto
MHC class I molecules. Longer peptides with appropriate C-terminal anchor resi-
dues have to be trimmed by N-terminal exopeptidases. Biochemical analyses of the
proteasomal degradation of antigenic peptide precursors have shown that some
antigenic peptides are produced only as N-terminally extended intermediates
(13,26-28), while others are produced both in their optimal sizes of 9 to 10 amino
acids and as N-terminally extended intermediates (16,28-30). In the latter case, it
appears that the peptide produced directly by the proteasome is preferentially
selected for presentation by MHC class I molecules (30).

Many cytosolic N-terminal exopeptidases have been shown to be capable
of trimming the extra amino acids at the N-termini of antigenic peptide inter-
mediates produced by the proteasomes. Tripeptidyl peptidase II (TPP II), bleomycin
hydrolase, Leu aminopeptidase, puromycin-sensitive aminopeptidase, and thimet
oligopeptidase have all been implicated in the trimming of antigenic peptide
intermediates (31). However, it is not yet clear if individual peptidases perform
unique, nonredundant functions in the trimming of particular MHC class I ligands as
the genetic deletion, the chemical inhibition or the overexpression of some of these
peptidases did not affect the presentation of selected CD8* T-cell epitopes (32-34).
Depending on the fragment released by the proteasomes, two of these peptidases
have been shown to act either sequentially or redundantly (35). It has been suggested
that most MHC class Itestricted peptide intermediates produced by the proteasome
as fragments longer than 15 amino acids are trimmed by TPP II (36). However,
recent studies have demonstrated that the presentation of several peptide antigens by
MHC class I remained unaffected in cells lacking TPP II activity, suggesting that
proteasomes only rarely produce fragments longer than 15 amino acids (37,38).

By virtue of their enzymatic activities, most N-terminal exopeptidases
have also a negative effect on antigen processing by trimming antigenic peptide
intermediates to sizes that are too short for binding to MHC class I molecules. In
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some instances, inhibition of some of the peptidases has resulted in a more
efficient presentation of antigenic peptides (39). Taken together, the large
number of N-terminal exopeptidases and their broad enzymatic activities predict
that the majority of peptides produced by the proteasomes are trimmed to sizes
too short to bind MHC class I molecules long before they have had a chance of
crossing the endoplasmic reticulum membrane.

Among the cytosolic peptidases described above, TPP II is the only
peptidase to date that may also produce the C-termini of a limited number of
MHC class I-restricted peptide antigens, albeit inefficiently. TPP II is a pep-
tidase that habitually removes N-terminal tripeptides. However, it has also
been shown to cleave polypeptides internally (40). This activity is essential
for the production of an HIV-Nef-derived peptide presented by HLA-A3 and
HLA-A11 (41). However, it is unclear if the latter activity of TPP II is
capable of cleaving full-length proteins or rather cleaves long peptide frag-
ments produced by other proteases. Given that Lys residues are the preferred
residues for these intra-protein cleavages, MHC class I ligands containing
C-terminal Lys (typically HLA-A3 and HLA-A11 ligands) may be in part
processed by TPP II.

In the endoplasmic reticulum, additional aminopeptidases have been
identified. These peptidases are termed ERAP or ERAAP in mice and ERAP1
and 2 in humans (42-44). Human ERAP1 and 2 form heterodimers. ERAAP was
originally shown to influence the presentation of antigenic peptides, particularly
those containing Pro as anchor amino acid at position 2 (45). This is explained by
the inefficient translocation of Pro2-containing peptides through the TAP (46).
Those peptides are probably transported as N-terminally elongated precursor
and trimmed in the ER before or after binding to MHC class I molecules. Thus,
human MHC alleles such as HLA-B7, -B35, -B51, -B54, -B55, -B56, and -B67
and murine H-2LY, which preferentially select ligands with Pro2 as anchor
residues, may depend more on the activity of this peptidase than other alleles.
Silencing of ERAAP expression in L%-transfected murine L cells led to a
reduction of cell surface expression of L, confirming the importance of this
peptidase in the trimming of L! ligands (42). However, ERAAP '~ mice also
displayed reduced H-2K" or D expression at the surface of splenocytes (but not
of embryonic fibroblasts) (47,48). In those mice, ERAAP was shown to affect
the presentation of some H-2"-restricted peptides but not others, while it had no
impact on the cross-presentation of soluble antigens (48,49). Thus, the proteo-
lytic activities of ERAAP are required for the processing of a larger number
of antigenic peptides than just those containing Pro at position 2. As with the
cytosolic exopeptidases, ERAAP activities have negative effects on antigen
processing in that the trimming of N-terminally extended peptide intermediates
may continue beyond the size limit for binding to MHC class I molecules (49).
Recent results indicated that MHC class I molecules may bind N-terminally
extended intermediates in the endoplasmic reticulum, thereby limiting
the destructive effects of progressive ERAAP trimming (50). Surprisingly,
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ERAAP ™'~ cells induce potent CD8" T-cell responses when transferred into
wild-type syngeneic mice (51). Such phenotype was not observed in adoptively
transferred splenocytes from B1i/LMP2 ™~ mice (Ref. 52 and unpublished data),
even though the population of MHC class I-restricted peptides produced by
wild-type splenocytes (expressing immunoproteasomes constitutively) differ
from that produced by LMP2™'~ splenocytes. The reason for this discrepancy
remains to be elucidated.

In conclusion, antigen processing is prone to large modulation by intra-
cellular proteases and peptidases. It has been estimated that only 1 peptide in
2000 synthesized proteins will eventually be presented by MHC class I mole-
cules at the cell surface (53). Moreover, the efficiency by which different epit-
opes are produced from the same protein differs by as much as 10 times (54).
Finally, the efficiency by which the same epitopes are produced also varies
between different cell types (55). Thus, qualitative and quantitative analyses of
the processing of individual target epitopes are required for the optimal selection
of T-cell vaccines.

Processing of MHC Class II-Restricted Peptide Antigens

Because tumor antigen-specific CD4" T cells and Treg play a critical role in the
priming of antitumor T-cell responses and the activity of antitumor T cells in
situ, respectively, the presentation of tumor-associated peptide antigens by MHC
class II molecules has gained more importance over the last few years. Unlike
MHC class I, MHC class II molecules bind peptides of widely different length,
ranging from 15 to 30 amino acids. Several molecules are involved in the
processing and editing of MHC class II-restricted peptide antigens, in particular
endo/lysosomal enzymes, MHC class II accessory molecules (DM and DO), and
the invariant chain. It is commonly viewed that the major source of peptide
antigens presented by MHC class II molecules is provided by the endo/lysosomal
degradation of endocytosed or cell surface proteins. However, accumulating
evidence suggests that cytoplasmic and nuclear antigens may also gain access
to MHC class II by intracellular autophagy or chaperone-mediated transport
(56-58). Several tumor-associated antigens expressed in the cytosol or nucleus of
melanoma cells have been shown to be processed and presented by MHC class 11
molecules (59-62), underscoring the relevance of this cytosol-to-endosome
pathway in tumor antigen recognition by CD4" T cells. Whereas the endosomal
proteases have been proposed to process antigens taken up into endo/lysosomes
by autophagy (63,64), proteasomes and other cytoplasmic proteases, in particular
calpains, may play an important role in the processing of antigens targeted to
endo/lysosomes via chaperone-mediated transport (65). However, most of the
conclusions of these studies rely on the effect of protease inhibitors on antigen
presentation. Thus, additional evidence will be necessary to formally demon-
strate the role of cytoplasmic processing in the generation of MHC class II-
restricted cytosolic antigens.
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Within the endo/lysosomes, the major proteolytic enzymes are the cathe-
psins. Detailed analyses of several of these proteases have shown that most of
them act redundantly in the context of antigen processing. Individual cathepsin-
deficient mice did not display phenotypic changes in the presentation of CD4"
T-cell epitopes (66,67). Cathepsin L and S differ from all the other cathepsins
in that they appear to perform unique, nonredundant functions. The two
cathepsins are differentially expressed. Whereas active cathepsin L is primarily
expressed in cortical thymic epithelium, bone-marrow-derived APCs and mac-
rophages, active cathepsin S is detected in DCs, activated macrophages, and
B cells (68). The relevance of these cathepsins in antigen processing was
demonstrated by studying the CD4' T-cell response in cathepsin L and S
knockout mice. However, it is not easy to pinpoint their exact function(s) in the
MHC class IlI-restricted antigen-processing pathway because their role in the
processing of the invariant chain associated with MHC class II molecules and of
bona fide peptide antigens cannot be easily dissociated. In fact, contribution of
cathepsins L and S in both, the processing of invariant chain and peptide anti-
gens, has been demonstrated.

Another endo/lysosomal protease, the asparaginyl endoprotease (AEP), has
been shown to be involved in antigen processing by mediating initial cleavages
of some antigenic peptide precursors, which are then further trimmed by cath-
epsins (69). Unlike cathepsins, the cleavage specificity of this protease is well
defined as it cleaves after nonglycosylated Asn residues. AEP is involved in the
initial cleavages of the MHC class Il-associated invariant chain and in the
cleavages of Asn-containing antigenic peptide precursors. However, the cleav-
age specificity of AEP is not only limited by the sole presence of Asn but also by
other amino acids surrounding the cleavage site (70). The exact role of AEP in
antigen processing remains unclear: while it was originally shown that AEP was
required for the presentation of an MHC class II epitope from the tetanus toxin
antigen (using competitive inhibitors of AEP) (69), analysis of AEP~'~ mice has
shown that it is dispensable for the presentation of several Asn-containing
epitopes (71) but it is required for the proteolytic activation of several cathepsins
(72). Thus, as for the cathepsins, the contribution of AEP to antigen processing
may be indirect.

As with all proteases, cathepsins and AEP can both generate and destroy
potential peptide antigens (73-75). The efficient presentation of given peptides is
therefore dependent on the activity and specificity of the proteases. These may
be influenced to some extent by the pH of the processing compartment and the
conformation of the antigenic peptide precursor. In that context, it was reported
that the production of two distinct MHC class II peptide antigens derived from
the same protein occurred at different stages of endosomal maturation (76,77);
peptides from unstructured regions were produced in early endosomes, while
those derived from more structured regions were produced in late endosomes.

Thiol reductases also play an important role in the processing of MHC
class II-restricted antigens as the reduction of disulphide bridges within proteins
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will “relax” the conformation of the protein and will probably render it more
sensitive to proteolytic attack or will allow some part of it to associate with MHC
class I molecules. A specialized thiol reductase, IFN-y-inducible lysosomal thiol
reductase (GILT), has been identified. GILT is constitutively expressed in MHC
class II-positive cells, typically DCs, B cells, and macrophages, and has the
particularity of operating at acidic pH, typical of the endo/lysosomes. In other
cells, its expression is induced by IFN-y. The relevance of GILT for the proc-
essing of some MHC class Il-restricted peptide antigens, in particular those
derived from peptide precursors containing disulphide bridges, was demon-
strated by showing that the CD4" T-cell response against these antigens was
reduced in GILT-deficient mice or cell lines (78,79). Even though tumors such
as melanomas frequently express MHC class II molecules, they do not express
GILT, unless treated with IFN-y, and do not present cysteinylated MHC class
II-restricted peptide antigens (80). Thus, difference in endo/lysosomal protease
and thiol reductase expression patterns between professional APC and tumor
cells have to be considered when incorporating tumor-antigen-specific CD4"
T-cell epitopes in the vaccine.

An additional finding relevant to vaccine development is that of Unanue
and colleagues who found that the same MHC class II-restricted peptide antigen
is presented in different conformations depending on whether APCs are stimu-
lated with peptide or protein (81). It appears that peptides, which are minimally
folded and do not require extensive proteolytic processing, are loaded onto
MHC class in early, mildly acidic endosomes, while the loading of peptides from
folded proteins onto MHC class II molecules necessitate extensive low-pH-
dependent proteolytic processing in late endosomes. Moreover, the conformation
of the peptide loaded in late endosomes is edited by the MHC class II accessory
molecule DM, which is not active in early endosomes, and selects for peptides
forming stable complexes with MHC class II molecules. In contrast, the peptide
loaded in early endosomes forms a more unstable association of MHC class 11
molecules (82). It ensues that CD4" T cells activated by peptide immunization
react poorly against the same peptide antigen when it is produced from full-
length protein (83). A recent study confirmed these findings in mice transgenic
for a T cell receptor reacting against peptide-derived epitopes (82). Antigen
conformation is not only important for activating the appropriate CD4 " T cells,
i.e., those capable of recognizing endogenously processed peptide antigens, but
appears to be also critical in the differential recognition of tumor and normal cells
by CD4" T cells. Indeed, a recent study has shown that the antigenicity of a tumor-
associated MHC class Il-restricted peptide was caused by the aberrant confor-
mation of the antigen produced in the tumor cells but not in normal cells (84).

Collectively, these studies demonstrate that the enzymes involved in
antigen processing and the cellular location where processing occurs play a
critical role in the production of MHC class Il-restricted peptides. They also
suggest that the inclusion of MHC class II-restricted peptides in T-cell vaccines
should be selected carefully so as to maximize the chances of inducing CD4™"
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T cells capable of providing help for CD8" T cells at the tumor site by recog-
nizing endogenously processed epitopes.

Impact of Adjuvants and Carriers on Antigen Processing

T-cell vaccines are generally administered in combination with so-called adju-
vants, which stimulate the antigen-specific immune response. Most adjuvants
activate the innate and adaptive arms of the immune system, the latter through
the induction of DC maturation. Even though the key cellular receptors—the
Toll-like receptors (TLR)—that bind these adjuvants have been reasonably well
described (85), little is known about the processing (if any) of these adjuvants
and its influence on the efficacy of T-cell vaccines.

For TLR ligands whose receptors are expressed at the cell surface such as
TLR4 and TLR11, it has been demonstrated that efficient antigen presentation by
MHC class II occurred when the antigen and the TLR ligand were endocytosed
within the same vesicle (86,87). However, the positive effect of the TLR ligand on
antigen presentation was not mediated by influencing antigen processing. Surpris-
ingly, a recent study reported that the uptake and presentation of MHC class I-
restricted antigens conjugated to ligands of TLR2 (also expressed at the plasma
membrane) were independent of the expression of TLR2 (88). The reason for this
discrepancy remains unknown, but one possibility could be that MHC class I-and
II-restricted peptide precursors follow distinct endocytic routes toward their proc-
essing compartment (cytosol and late endosomes for MHC class I and II peptides,
respectively) or that the TLR2 ligand used in the latter study binds to other TLRs.

For TLR9, which is not constitutively expressed at the cell surface, it has
been reported that the uptake of antigens conjugated to the TLR9 ligand CpG
and the presentation of the peptide by MHC class I molecules occur in absence
of ligand-TLR interaction but that the CD8" T-cell priming by such antigen-
CpG complexes required expression of TLR9 in late endosomes (88,89). These
results suggest that interactions of TLRs with their ligands do not per se influ-
ence the processing and presentation of antigenic peptides but rather the
induction of T-cell responses. Nevertheless, it appears that adjuvants capable of
reaching late endosomes are more efficient in inducing antigen-specific T-cell
responses. Interestingly, a recent report indicated that a mutation in UNC-93B, a
12-membrane spanning protein expressed in the endoplasmic reticulum, affected
both TLR3, 7, and 9 signaling as well as antigen cross-presentation by MHC
class T and II (90). These results suggest that cross talk between adjuvant
receptors and antigen processing exists.

Aside from adjuvants, vaccines also frequently contain nonpeptidic car-
riers. The function of these carriers is both to protect the antigen from premature
degradation and to serve as depot. Several studies have demonstrated that long-
lived and acid-resistant carriers ameliorate antigen-specific responses (91-93).
Newer generations of carriers aim at combining the carrier function with the
adjuvant effect by decorating antigen-containing liposomes with antibodies
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specific for proteins expressed at the surface of DCs (94). Again, more specific
targeting and increased resistance of these vaccine combinations against pre-
mature degradation should provide increased efficacy of T-cell vaccines.

SELECTION OF TARGET ANTIGENS

Given that the aim of antitumor T-cell vaccines is to induce effector CD8"
T cells capable of eliminating tumor cells via the recognition of peptide-MHC
class I complexes, the focus of this section will be on MHC class I ligands.
Ideally, target antigens of T-cell vaccines should be derived from gene products
that directly participate in tumorigenesis or that are essential for tumor survival,
so as to minimize the selection of antigen-negative mutant cells. However, the
most reliable technique currently used to identify potential targets of cancer
vaccines does not particularly select for such gene products (Table 1). This
technique, pioneered by Boon and colleagues (95), relies on the capacity of
T-cell clones to recognize autologous tumor cells specifically, irrespective of
the biological role of the gene product from which the MHC class I-restricted
peptide is derived. Importantly, because this technique is based on the recognition

Table 1 Selection of Target Antigens

Advantages Disadvantages

T-cell-mediated ® Direct identification of CTL ® Availability of biological

identification epitopes material
® Correct antigen processing ® Relevance of the identified
antigens for tumorigenesis
unknown
Reverse ® Rapidity ® Processing of the selected
immunology ® Independent of available antigenic peptides unknown
biological material ® Reactivity of CTL unknown

® Selection of gene products
relevant for tumorigenesis

Modified ® Rapidity ® Reactivity of CTL unknown
reverse ® Independent of available
immunology biological material

® Selection of gene products
relevant for tumorigenesis
® Correct antigen processing

Biochemical ® Direct identification of bona ® Auvailability of biological
identification fide MHC class I ligands on material
tumor cells ® Reactivity of CTL unknown

® Correct antigen processing

Abbreviation: CTL, cytotoxic T lymphocyte.
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of tumor cells by CD8™" T cells, it inherently ensures that the target peptide antigen
is correctly processed by the tumor cell. It also guarantees the presence of effector
T cells capable of recognizing this target antigen. A variation of this method has
been used to identify CD8' T-cell epitopes derived from mutated tumor-
associated antigens (96). Tumor-infiltrating lymphocytes from melanoma patients
were screened for recognition of target cells expressing the HLA molecules of the
patients and transfected with the mutated gene. However, these T-cell-based
approaches present several technical limitations, including the need for sufficient
tumor-specific lymphocytes, the capacity of T-cell clones to expand in vitro, and
the need for autologous tumor cell lines. Given these limitations, other methods
have been developed and implemented.

Among them, the so-called reverse immunology approach has been most
frequently used. The first step of this method includes the selection of a target
protein, which may be a protein directly involved in tumorigenesis
(e.g., mutated p53, survivin, telomerase). Next, the target protein is analyzed
for the presence of potential MHC class I ligands. This is facilitated by the
extensive characterization of MHC class I ligands and the discovery of specific
pairs of highly conserved amino acids, so-called anchor residues, present in the
majority of peptides associated with defined MHC class I alleles. These anchor
residues are specific for each MHC class I allele, mediate the binding of
peptide to the MHC molecules, and are generally located at the sub-
aminoterminal (i.e., position 2) and C-terminal position of the peptide. The
search and predicted affinity score of peptides potentially binding to given
MHC class I molecules is nowadays automated, thanks to several web-based
software (e.g., http://www.syfpeithi.de/, http://www-bimas.cit.nih.gov/molbio/
hla_bind/). After selection of the top candidates, peptides are generally syn-
thesized and used to induce specific cytotoxic T lymphocytes (CTLs), which
are then tested on peptide-pulsed target cells to confirm specificity and/or on
cells expressing the targeted gene product. However, several peptides eliciting
CTLs are inefficiently processed by tumor cells and are not presented when
expressed at physiological levels (97-100). On the basis of these limitations,
modified “reverse immunology” has been developed. The procedure remains
similar to the one described above, except that in vitro proteasome degradation
is included. Active 20 S proteasomes are easily purified and retain their
original specificities in vitro. Depending on the purification scheme, 20 S
proteasomes may have to be activated by adding minute amounts of SDS or
purified PA28. Active proteasomes are then incubated with long synthetic
peptides encompassing the antigenic peptide of interest plus several N- and C-
terminal amino acids and the fragmented products are quantified by HPLC and
identified by mass spectrometry (13,55). With this procedure, the processing of
candidate peptides is monitored in an easily tractable manner. Several tumor-
specific peptide antigens have been identified with this refined “reverse
immunology” approach and have been shown to be naturally processed by
tumor cells (16,101,102). This procedure can be performed with any type of
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20 S proteasomes, and differential processing by standard or immunoprotea-
somes can be easily monitored.

A potentially interesting variation of the preceding approach is the use of
partially inhibited proteasomes. A few years ago, we had shown that partial
proteasome inhibition led to the presentation of the HLA-A2-restricted peptide
tumor antigen MAGE-3,7,_579 that was normally destroyed by the proteasome
(97). Shortly thereafter, a second epitope, derived from the melanoma-associated
protein TRP-2, was found to behave similarly (98). The proteasome inhibitor
bortezomib (Velcade®™) was recently introduced in cancer treatment. Similar to
other proteasome inhibitors, bortezomib only blocks proteasome activities
partially. Thus, it is possible that this treatment may induce the production of a
series of neo-epitopes, which should be highly immunogenic since they are not
produced under normal conditions. Similarly, van Hall and colleagues have
isolated T cells recognizing specifically TAP-negative tumor cells or tumor cells
in which proteasomes had been inactivated (103). These T cells were shown to
reject injections of lethal doses of TAP-negative (but not TAP-positive) tumor
cells in vivo.

Last, a pure biochemical approach can also be used. With this method,
defined alleles of MHC class I expressed on tumor cells are purified by specific
antibodies and the pool of peptides associated with the particular allele is
identified by de novo mass spectrometry sequencing (2). The advantage of this
approach is that it directly identifies bona fide MHC class I ligands presented by
tumor cells and does not require preselection of any target gene product.
However, it necessitates high number of cells and elaborate technical skills.
More importantly, it does not predict the existence of effector T cells capable of
recognizing this particular epitope. A recent example illustrates the risk of this
method. An HLA-A2-restricted peptide derived from the carcinoembryonic
antigen CEACAMS was isolated and identified by the biochemical approach
from colon cancer cells (104). However, this peptide was later shown to be
unable to elicit CD8" T cells reactive against CEACAMS" HLA-A2" tumor cell
lines derived from colon cancer patients (105).

In conclusion, the approaches described above present some advantages
and disadvantages (Table 1). The selection of one or the other approach will be
entirely based on the availability of the biological material and the technological
skills of the research laboratory.

SELECTION OF VACCINES

The primary aim of developing antitumor T-cell vaccines is to induce effective
cytolytic T-cell response against tumor cells. This section will focus on the
contributions of antigen processing in the selection of effective T-cell vaccines,
i.e., vaccines that induce tumor-reactive CD8" T cells. It will not discuss the
impact of antigen processing on production of CD4" helper T-cell epitopes,
mainly because of insufficient characterization of this process. As described
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above, several intracellular factors can influence the processing of the target
epitopes. These factors should naturally be reckoned with during the develop-
ment of T-cell vaccines. However, vaccines themselves can also be administered
in different forms (peptides, proteins, immune complexes, DNA, RNA, etc.),
which may or may not be influenced by intracellular processing and impact on
their efficacies.

Minimal T-Cell Epitope

Many vaccines are based on peptides of the optimal size for binding MHC class I
molecules. These peptides are generally 9 to 10 amino acids and may contain
amino acid substitutions that increase binding affinities to MHC class I mole-
cules without affecting T-cell recognition. The main advantage of this type of
vaccines is that they can be immediately loaded onto MHC class I molecules
expressed at the surface of DC without any processing. However, the efficacy of
these vaccines may be limited by the presence of highly active proteolytic
enzymes in the serum and at the surface of DC (106,107). The removal of a single
amino acid at the N- or C-terminus of the peptide will immediately produce an
inactive product since it will be too short to bind MHC class I molecules.

Minigenes encoding minimal T-cell epitopes are also widely used. Con-
trary to peptidic vaccines, minigene-based vaccines necessitate the transfer of
the nucleic acids into target cells and the synthesis of the peptide. Again, the
requirement for proteolytic processing is bypassed, except for the removal of
the initiation Met by Met-aminopeptidase. This experimental approach leads to
potent T-cell responses in vitro and in vivo. In some cases, minigenes containing
N-terminal endoplasmic reticulum-targeting signal sequences have been used
(108). These constructs offer two main advantages: First, the peptide antigens are
directly delivered to the endoplasmic reticulum independently of TAP. Second,
the peptide antigens are produced directly in their optimal sizes by removal of
the signal sequence. However, such approach should be cautiously evaluated
as the site selected by signal peptidase to cleave signal sequences in the endo-
plasmic reticulum is greatly influenced by surrounding amino acids (109). Thus,
the efficiency of antigenic peptide release may be highly variable and difficult
to predict.

Other methods to generate the exact amino acid sequence of the target
peptide directly in the cytosol of cells have been described and rely on the
co-translational cleavage of linear ubiquitin (Ub) fusions by Ub proteases. Ub is
naturally synthesized as N-terminal fusion to itself or to ribosomal proteins
(110). By exploiting this natural mechanism, we have generated Ub fusion
plasmids into which any peptide coding sequence can be inserted at the 3 end of
Ub, as long as the first codon does not code for Pro (because of inefficient
release by Ub proteases). Upon translation of this fusion gene, Ub is cleaved,
liberating the peptide in its final form directly in the cytosol. Variation of this
method includes the addition, at the N-terminus of Ub, of a fluorescent protein
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such as EGFP (97). The main advantage of this method is that the expression of
the minigene can be indirectly monitored by the detection of EGFP-Ub; more-
over, since EGFP-Ub and the MHC class I peptide are translated from the same
mRNA, the amount of each protein is equimolar and allows for the relative
quantitation of peptide production by cells (30,111). Again, as for peptides,
cleavage of a single amino acid at the N- or C-termini of minigene-encoded
peptides eliminates their ability to associate with MHC class I molecules. It has
been estimated that the fraction of minigene-encoded peptides that are eventually
presented by MHC class I at the surface of cells ranges between 1 in 50 and 1 in
17,000, depending on the peptide sequence (53,111). Thus, improvements of the
current methods are desirable for some peptide antigens.

DNA constructs containing linear concatenations of multiple minimal
tumor-associated peptide sequences have also been produced (112,113). Each
peptide within these constructs was found to be antigenic and immunogenic.
However, immunodominance of one of the peptides may appear with repeated
immunizations (114,115). In other cases, peptides expressed in concatenated
form (but not as single minigenes) failed to elicit specific CD8" T-cell responses
(116). It should be noted that the processing of these concatenated constructs
may be very different from the processing of the same peptides in their natural
context as the different flanking sequences will influence proteasome cleavages.
Typical example is the processing and presentation of the HLA-A2-restricted
MAGE-3,7,_579 when expressed in concatenated constructs (114), but not when
expressed in its physiological context (97). Finally, administration of con-
catenated peptides containing CD8" and CD4 " T-cell epitopes has been tested in
humans and shown to elicit CD4" but not CD8" T-cell responses (117).

Extended Peptide Sequences and Proteins

Because of the high sensitivity of minimal antigenic peptides to inactivation by
exopeptidases, it has been proposed that elongated peptide sequences should
confer increased resistance to proteolytic inactivation and should therefore be
more efficient at producing appropriate MHC class I ligands. Immunization
of mice with long synthetic peptides was indeed more potent at eliciting CD8"
T-cell responses than minimal peptides (118). Given the necessity of these long
peptides to be processed intracellularly by DCs, the efficiency of this process
should be carefully evaluated. It should also be mentioned that the use of long
peptide vaccines may inadvertently induce T cells directed against cryptic
epitopes, which do not correspond to the intended target and which are not
naturally presented by the tumor cells. Indeed, immunization of cancer patients
with the 11-mer peptide NY-ESO-1,57_4; resulted in the induction of T cells
capable of recognizing the cryptic 9-mer NY-ESO-1,59_j57 (not presented by
tumor cells) but not the naturally processed 9-mer NY-ESO-1,57_165 (119,120).
By extension, whole protein-based vaccines have also been used. As for
extended peptides or concatenated antigens, processing of protein-based vaccines
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by DCs is required for the induction of CD8" T cells. In this context, it is
imperative to ensure that the processing of the peptide antigen of interest is
identical, or at least very similar, in DCs and tumor cells. As mentioned above,
DCs express immunoproteasomes constitutively, while tumor cells do not. Thus, a
vaccine may induce a very high frequency of antigen-specific T cells because of
efficient processing in DCs, but these T cells may be totally ineffective in clearing
tumor cells because the tumor cells expressing the standard proteasome may
actually not present the same epitope. Aside from these considerations, vaccines
based on proteins offer nevertheless several advantages: First, proteins may con-
tain multiple putative peptide antigens restricted by a variety of MHC class 1
alleles. Second, all these peptides are expressed in the same protein context as the
protein expressed in target cells. Third, protein antigens may also contain CD4"
T-cell epitopes capable of eliciting CD4 " T-helper cells. Last, proteins may induce
antibodies that could boost the priming of specific CD8" T cells through cross-
presentation of antibody-antigen immune complexes by DCs (121). Protein-based
vaccines are generally administered either as purified proteins in adjuvant,
antibody-protein complexes, or as nucleic acid sequences (mRNA, plasmids, or
recombinant vectors). The main difference between the protein- and nucleic acid-
based vaccine modalities is the initial site of processing. While proteins or
antibody-protein complexes are taken up by endocytosis and initially degraded by
endosomal proteases, proteins encoded by DNA and/or mRNA are processed by
cytosolic proteases. However, recent evidences indicate that the priming of CD8"
T cells by endocytosed proteins in DCs depended on their processing by the
proteasome of DCs (122). The pathway by which endocytosed proteins reach the
cytosolic proteasomes remains unknown even though some transporters located
in the endoplasmic reticulum have been recently shown to influence cross-
presentation by MHC class I and II (90).

An interesting correlation exists between the induction of antibodies and
the CD8" T-cell responses after protein immunization (123). In general, the
efficiency of CD8" T-cell priming by pure protein vaccines is rather low. In
contrast, vaccination modalities incorporating protein-antibody complexes
are much more efficient at inducing CD4" and CD8" T cells (124,125). Also,
regions containing immunogenic CD8" T-cell epitopes may contain B-cell
epitopes (126). It is therefore tempting to speculate that the binding of antibodies
to antigens not only stimulates the antigen uptake by DCs but also influences
antigen processing by protecting the region of the antibody epitope from pre-
mature degradation by endo/lysosomal proteases. Such effect has already been
documented for MHC class II-restricted antigens (127).

Altered Peptide Ligands

Many tumor-associated peptide antigens are poorly immunogenic. At least three
reasons account for this observation. First, the affinity of the peptide to MHC
molecules is not sufficient to induce stable peptide-MHC complexes required for
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the efficient priming of T cells. Second, the T-cell repertoire against the peptide
antigens may be partially tolerized or have low-intermediate avidity. Third, the
peptide may be rapidly modified or degraded. To circumvent these limitations,
altered peptide ligands have been developed. However, careful biochemical
analyses of the impact of such modification on processing are rarely performed.
All too often, it is assumed that the processing of antigens containing modified
amino acids will be similar to those containing the natural sequences. One
category of altered antigens includes peptides with modified anchor residues to
increase affinity to MHC molecules. The natural sequence of these peptides is
characterized by the presence of suboptimal anchor residues. Substitution of
these residues by canonical MHC class I anchor residues dramatically increases
the stability of the peptide-MHC complexes and converts most of these peptide
antigens into highly immunogenic peptides. Typical examples of this category
are the melanoma-associated peptide antigens Melan-Ayq_35(A27L) (128),
gp100209217(T210M) (129), and several peptides derived from the tyrosinase-
related protein-1 (Tyrp-1) (130). Comparisons of the processing of wild-type and
modified gp100 and Melan-A demonstrated that the proteasomal cleavage pat-
tern in the region surrounding the substituted amino acid was qualitatively and
quantitatively different (26,30). However, these changes did not lead to
decreased presentation, probably because of the increased affinity of the modi-
fied peptides to HLA-A2. The immunogenicity of several modified peptides
derived from Tyrp-1 was also significantly increased when compared to that of
the natural peptides. Again, processing of the tested epitopes did not significantly
impact on their immunogenicity. However, several point mutations within
and outside of antigenic peptides have been shown in other contexts to alter
proteolytic processing and presentation of tumor-associated peptide antigens
(131-135). Thus, analyses of the impact of amino acid substitutions on the
proteolytic processing of particular peptide antigens should be performed to
ensure adequate processing of protein-based vaccines.

A second category of altered peptides are those capable of breaking T-cell
tolerance, such as xenogeneic peptides. Such peptides have been particularly
useful in inducing T-cell responses in vivo in murine models (136,137) and,
more recently, in rhesus macaques (138), and in vitro in human model systems
(139). In some instances, the syngeneic and xenogeneic peptide antigens differ
by only one amino acid (e.g., mouse and human Melan-A peptide restricted by
HLA-A2); in other instances, the difference is more important (e.g., mouse and
human gp100,5_33 restricted by H-2D" differ by three amino acids). Neverthe-
less, T cells elicited by xenogeneic peptide immunizations are cross-reactive
against syngeneic peptides. For the two examples mentioned above, it was found
that the processing of mouse and human antigens was similar (136,140,141).
However, this may not be the case for all antigens (142).

Peptides that are rapidly degraded by enzymatic activities of the serum or
APCs may lead to decreased immunogenicity. Chemical modifications of pep-
tides have been reported with variable degrees of efficacy (143). In the context of
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the Melan-A,¢ 35/HLA-A2 epitope, we have found that the immunogenicity of
chemically modified peptide in HLA-A2 transgenic mouse models was greatly
diminished (unpublished data) despite increased peptide stability and capacity to
stimulate specific CTLs in vitro (143).

It should be noted that CD4" T-cell tolerance can be induced by mem-
brane-associated, secreted, or cytoplasmic self-antigens (144). Thus, similar to
the high immunogenicity conferred by the use of MHC class I-restricted altered
peptide ligands or xenogeneic antigens, altered or xenogeneic MHC class
II-restricted peptide ligands may be more effective in stimulating CD4" helper
T cells and, consequently, CD8" T-cell responses.

In conclusion, there are to date no clear demonstration that protein-based
vaccines incorporating substituted amino acids within MHC-binding sequences
may be less immunogenic as a consequence of incorrect processing. Given the
small number of studies addressing the effects of amino acid substitutions on
the processing of antigenic peptides, it is difficult to conclude that amino acid
substitutions will have no impact on immunogenicity.

INDUCTION OF T-CELL RESPONSE
Impact of Processing on T-Cell Development and Repertoire

As mentioned earlier, the differential expression of proteasomes in the thymus
suggests that antigen processing affects thymocyte development and, hence,
peripheral T-cell repertoire. Thymoproteasome, because of its restricted expression
in cTECs, will probably regulate the positive selection of thymocytes. Thymopro-
teasomes have been shown to produce preferentially peptides carrying C-terminal
hydrophilic residues, contrary to those normally found in association with MHC
class I molecules, which carry more hydrophobic C-terminal residues. Thus, it is
possible that the peptides produced by thymoproteasomes have reduced affinity for
MHC class I molecules. The molecular mechanism by which the reduced affinity of
peptides for MHC class I influences the positive selection process remains to be
uncovered. It should be noted that the positive selection of thymocytes has also been
shown to be altered in B5i/LMP7 '~ mice (145). Since the incorporation of 5t and
B51/LMP7 into proteasome particles is mutually exclusive and since 5t seems to be
exclusively expressed in cTECs, both sets of findings are difficult to reconcile.
Moreover, another study has analyzed the transcription of catalytic proteasome
subunits in ¢cTECs and has reported that the subunits 31, B2, and B5 are transcribed
but none of the immunoproteasome subunits, leading the authors to suggest that
positive selection is mediated by peptides produced by standard proteasomes (146).
Thus, the type of proteasome involved in positive selection of thymocytes still
remains to be exactly determined.

The expression of immunoproteasomes by medullary thymic epithelial
cells and DCs also shape the T-cell repertoire by producing MHC peptide
ligands, which induce the negative selection of high avidity thymocytes (146).
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This process eliminates most potentially autoreactive T cells and is of central
importance for the development of tolerance to self-antigens, including those
expressed by tumor cells. Analyses of the T cells of p1i/LMP2 '~ mice indicated
a 50% reduction in the frequency of CD8" T cells in the periphery (147). Also,
the T-cell repertoire against several epitopes was drastically altered (52). Thus,
the processing of antigens by immunoproteasomes in the thymus shapes the
peripheral T-cell repertoire that can be mobilized by T-cell vaccines.

Impact of Processing on T-Cell Responses

It is accepted that CD8" T-cell priming and cross-priming are primarily medi-
ated by DCs. Both priming and cross-priming of CD8" T cells depend on the
processing of MHC class I-restricted antigens by the proteasomes of DCs (122).
DCs exist in at least two states: the immature and mature states. Immature DCs
reside in tissues, have the capacity of capturing antigens, and express both
standard and immunoproteasomes. Upon stimulation, tissue-resident DCs mature
and migrate to the draining lymph node. Mature DCs lose endocytic capacity,
upregulate co-stimulatory molecules, process antigens efficiently, and express
only immunoproteasomes. Given that some tumor-associated peptide antigens
(but not all) are produced by standard proteasomes of tumors but not by
immunoproteasomes of DCs, vaccines exploiting the recipients’ DCs to elicit
T-cell responses should primarily incorporate target antigens that are efficiently
processed by both types of proteasomes. In the context of the HLA-A2-restricted
peptide Melan-Aj¢_35, which is inefficiently produced by immunoproteasome,
the efficacy of protein-based vaccines at eliciting specific CD8" T cells in
HLA-A2 transgenic mice was low (55). In contrast, the same vaccine adminis-
tered to immunoproteasome-deficient mice elicited a high frequency of specific
CDS8™ T cells. Further analyses confirmed that the in vivo anti-Melan-A T-cell
response was controlled by the proteasomal processing of DCs.

It has been shown that particular DC subsets (CD8" DCs) stimulate T cells
owing to their capacities of acquiring and processing exogenous antigens
(148-150). Interestingly, it was recently reported that a CD8" DC subset, which
stimulated efficiently CDS8™ T cells and to some extent CD4™ T cells, contained
higher levels of several gene products involved in antigen processing (including
ERAAP, cathepsins, Gilt, AEP, and cystatins) than CD8 DCs, which stimulated
primarily CD4" T cells but not CD8" T cells (151). Differences in enzymes
involved in antigen processing have also been documented in the context of
human DCs (152). Thus, the effectiveness of protein-based antitumor T-cell
vaccines is not only influenced by the type of proteasomes expressed by the DCs
but also by the differential expression of a large variety of other processing
enzymes.

It was originally postulated that immature DCs residing at different ana-
tomical sites captured antigens and, upon maturation and migration to draining
lymph nodes, processed and presented them to activate antigen-specific T cells
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(153). In mice, studies on immune responses against viral infections have
demonstrated that the subset of lymph-node-resident CD8" DCs was the major
subset of DCs capable of initiating a CD8" T-cell response in vivo (154,155).
Other DCs were also found to contribute to the response, most likely by cap-
turing antigens in the periphery and transferring those to resident lymph node
DCs (156,157). In contrast, it was recently shown that subcutaneous immuni-
zations of recombinant lentiviral vectors transduced skin-derived DCs, which,
after migration to the draining lymph node, initiated the T-cell response directly
(158). Unfortunately, no biochemical information on the antigen-processing
enzymes expressed in the different DC subsets is available. Future studies should
address this issue.

CONCLUSION AND PROSPECTS

Anticancer T-cell vaccines have to fulfill at least two conditions: First, they have
to stimulate cytolytic CD8" T cells and, second, they have to activate CD8"
T cells capable of recognizing tumor cells. These two conditions are constrained
by the available T-cell repertoire into which the vaccines will have to tap, by the
efficacy of the vaccine at mobilizing this repertoire and by factors influencing
antigen processing and presentation. As discussed in this chapter, antigen
processing regulates the selection of thymocytes in the thymus and the T-cell
repertoire in the periphery. It also controls the presentation of tumor-associated
peptides by MHC molecules and, consequently, regulates both CD4" and CD8*
T-cell responses. Antigen processing may produce largely different peptides
depending on the environment of the tumor. Finally, induction of effective T-cell
responses against peptide tumor antigens may favor the selection of antigen-
negative tumor cell populations. On the basis of these considerations, it should
be desirable to select T-cell vaccines with the following properties: (i) the target
antigen should be important for tumor cell development; (ii) the target antigen
should be efficiently processed by standard, intermediate, and immunoprotea-
somes; (iii) the antigenic peptide should bind MHC class I molecules with high
affinity; (iv) the T-cell repertoire should not be tolerized; and (v) the antigen
should be frequently expressed in tumors. The question arises: Does a target
antigen fulfilling all these conditions exist? Two classes of targets come close:
the first class includes all gene products containing tumor-promoting mutations,
such as mutated B-Raf and N-ras, and BCR-ABL fusion region. To date no
CD8" T-cell epitopes have been found for mutated B-Raf; however, a CD4*
T-cell epitope has been recently described (159). An HLA-Al-restricted peptide
derived from mutated N-ras has been identified using tumor-infiltrating lym-
phocytes of a melanoma patient (96). CTL epitopes have also been identified
overlapping the BCR-ABL fusion point (160). The second class contains so-
called cancer/germ-line gene products, e.g., NY-ESO-1, SSX2, and MAGEs
(161). These antigens are normally expressed in spermatogonias but not in
normal somatic cells. In a proportion of cancers, some of these gene products are
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expressed and produce immunogenic epitopes. Unfortunately, as with the other
class of antigens, the expression frequency of these genes is extremely variable,
both between patients and between cells within the same tumor lesion. In con-
clusion, it appears that the ideal target remains to be identified. Nevertheless,
several potentially promising targets fulfilling the conditions listed above exist
and should be entering initial phases of clinical trials.
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INTRODUCTION

This chapter discusses preclinical models of cancer immunotherapy with emphasis
on autologous (i.e., personalized) approaches, and the value of these models in
predicting outcomes in human disease. No model is perfect, and transplantable
rodent tumor cell lines are particularly challenging tools because of their rapid
rate of growth from the moment of injection. In contrast, human cancers may be
latent due to slow growth over a period of many months to years before mani-
festing themselves. It would thus seem unlikely that a rodent tumor cell line that
progresses from an inoculum to a lethal mass four weeks later can teach us
anything about the human disease. Nevertheless, because models of spontaneous
tumors are not amenable to autologous immunotherapy approaches comprising
each tumor’s unique constellation of mutated antigens, we currently must rely on
established cell lines that generally become selected for rapidly dividing clones.
Despite this challenging setting, the literature definitively shows that treatment
of rodents with minimal tumor burden (wherein treatment begins no later than
about 10 days post-tumor challenge or within a few days of surgical resection of
the primary tumor) with personalized cancer vaccines improves survival to a
significant degree. Such efficacy has been observed using several vaccine
approaches. Treatment of longer established disease is less effective with these
same approaches. Encouragingly, evidence has accumulated beyond just the
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anecdotal that the lives of human patients with minimal residual disease are
extended with autologous immunotherapy. It is therefore apparent that immu-
notherapy in preclinical models tells us something about immunotherapy of
human cancers. Personalized cancer immunotherapy is also amenable to com-
bination drug treatment as a considerable body of literature demonstrates, and
the value of preclinical models of such vaccine/drug cocktails is also discussed.
Combination approaches are likely to be required for extending the application
of cancer immunotherapy beyond early-stage disease. Drugs and biologics that
slow the rate of tumor growth and/or counteract specific immune suppression
will be the key components of such combination approaches.

PREDICTIVE VALUE OF PRECLINICAL MODELS

Cancer vaccines have been extensively characterized in the preclinical setting,
providing a strong foundation and supporting rationale for studies in humans.
Several approaches are described in this section (non-exhaustive list):

Tumor-derived heat shock protein-peptide complexes (HSPPCs)
Tumor cells modified to secrete cytokines

Tumor cells modified to express costimulatory B7 molecules

Tumor cells mixed with the adjuvant bacille Calmette—Guérin (BCG)
Lymphoma-derived immunoglobulin (idiotype)

Two key points emerge from these studies. First, therapeutic vaccination against
cancer results in benefit to the host, as measured by complete tumor rejection,
prolonged stabilization of tumor growth, and/or improved survival time. The
evidence for this point is extensive and based on a large variety of tumor models
(described below). Second, where examined, efficacy has been observed to be
greater in the minimal disease setting compared with the setting of more
advanced disease. This second point echoes the case of successful early inter-
vention against established smallpox infection: If smallpox vaccine is adminis-
tered within one to four days of exposure to the disease, it may prevent or lessen
the degree of illness; however, the effect of vaccination is limited if administered
once disease symptoms have already started (1,2).

Transplantable tumor lines have been used in most preclinical immuno-
therapy studies, including chemically induced tumor lines and tumor lines of
spontaneous origin. As transplantable tumors tend to become selected during
passage for rapidly dividing clones that form palpable tumors within a few days
after implantation in rodents, limitations on their utility arise. The most signif-
icant problem is the short lifespan of such tumor-bearing animals (typically
3-6 weeks) and thus the narrow window in which to administer the immuno-
therapeutic and see benefit. As amplification of an immune response takes time,
the rapidly dividing tumor may outpace the development of sufficient numbers
of immune effector cells. This is a major limitation of current preclinical models.
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Studies showing that large numbers of tumor-specific T cells isolated from a tumor
immune donor can induce tumor regression upon adoptive transfer to a tumor-
bearing syngeneic recipient, highlight this kinetics problem, and offer a potential
solution, although a particularly daunting one in practice (3-5).

One might consider turning to more recently developed models of spon-
taneous tumors in rodents where the latency period between the transforming
events and the lethal tumor-bearing state is relatively long and thus provides a
more realistic window for immune activation. Unfortunately, these models are
not amenable to treatment with personalized vaccines that are produced from
each individual host’s tumor for at least two reasons. The first is practical. One
must wait for a large enough primary tumor mass and/or metastases to develop
such that sufficient tissue can be harvested for vaccine production. This assumes
surgery can be performed on individual mice, that mice survive surgery on
potentially multiple anatomical sites, that the window for immune activation
after surgery and prior to death due to tumor recurrence will be wide enough, and
that surgery can be performed on sufficient numbers of individual mice to run
studies that stand up to statistical scrutiny. Second, the models where mice
develop spontaneous tumors driven by viral oncogenes like SV40 T antigen
under a tissue-specific promoter (e.g., RIP-TAg model) are complicated by the
expression of the dominant viral protein in the tumor itself. This expression
would likely mask or make irrelevant any immune response to individualized
antigens and does not reflect the antigen profile of most tumors in humans where
viral proteins are not a component of the proteome (6). This second issue may be
less of a concern with other transgenic models where mammalian oncogenes are
manipulated to drive transformation or where tumor suppressor genes are deleted
(7,8). However, the practical reasons related to surgery on individual mice apply
to these models as well. In conclusion, models of spontaneous tumor formation
are really only useful for testing off-the-shelf, shared antigen vaccines.

Various approaches to immunotherapy in preclinical models are discussed
below, and details of studies comparing the relative efficacy in the early-stage/
minimal residual disease setting versus more advanced setting are provided in
Table 1.

Tumor-Derived Heat Shock Protein-Peptide Complexes

Heat shock proteins (HSPs) are a group of proteins found in all cells in all life
forms. They function as chaperones, helping proteins fold while also transporting
them throughout the cell. In their chaperone function, they bind with a large
repertoire of proteins and peptides. Recent studies demonstrate an essential role
of HSPs (complexed with antigenic peptides) in the priming of immune response
by cells undergoing necrotic death (22).

Tumor-derived complexes of HSPs and their associated peptides have been
tested extensively in animal models of cancer. The published literature indicates
that HSPPCs are active against established disease in nine tumor models tested,
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including fibrosarcoma, leukemia, melanoma, and lung, colon, prostate, and breast
cancers (9,23-28). Across these studies, HSPs have been shown to significantly
slow tumor growth, elicit complete tumor regression, and/or prolong survival.

Cytokine-Secreting Tumor Cells

Tumor cells that have been modified to produce cytokines such as interleukin 2
(IL-2), IL-6, IL-12, interferon y (IFN-y), macrophage colony-stimulating factor
(M-CSF), and granulocyte-macrophage colony-stimulating factor (GM-CSF)
have been evaluated as vaccine preparations in models of established disease.
Two related types of cancer cells—3LL Lewis and D122 lung cancer cells—
have been widely utilized in these studies. At least 10 studies testing autologous,
cytokine-producing 3LL or D122 cells in therapy have demonstrated significant
benefit (29-38). Other published rodent models in which autologous, cytokine-
producing tumor cells have demonstrated significant antitumor activity in ther-
apeutic settings include models of melanoma, sarcoma, glioma, lymphoma,
leukemia, squamous cell carcinoma, mastocytoma, mesothelioma, and prostate,
breast, kidney, colon, bladder, and pancreatic cancers (10-15,39-51).

B7-Expressing Tumor Cells

Proper activation of the immune system requires not only presentation of anti-
gens on the surface of antigen-presenting cells but also expression of the B7
family of costimulatory proteins. Therefore, one strategy in cancer vaccine
development is the modification of tumor cells to express B7 in order to make
the tumor cells more immunogenic. This vaccine strategy often includes cyto-
kine treatment as well to further enhance immunogenicity.

In animal studies of this approach, complete regression of established
tumors and/or prolongation of survival have been demonstrated in models of
myeloma, hepatoma, glioma, fibrosarcoma, lymphoma, mesothelioma, masto-
cytoma, melanoma, and breast and colon cancers (16-18,52-58).

Tumor Cells Mixed with BCG

Another method of autologous immunotherapy involves vaccination with whole
tumor cells mixed with the adjuvant BCG, which is designed to enhance immune
response to vaccination. A variant of this approach is to first modify the tumor
cells with a hapten, followed by mixing the cells with BCG prior to adminis-
tration. The hapten binds to proteins on the tumor cell, which is believed to
further increase the immunogenicity of the vaccine.

A number of studies have examined the efficacy of autologous hapten-
modified or unmodified tumor cells mixed with BCG in treatment of cancer in
rodents. Among the benefits observed in the studies were significant improve-
ments in relapse-free survival and overall survival in models in which the primary
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tumor is surgically removed. In other models, improvement in overall survival and
reduction in the metastatic disease burden in lungs were observed. Animal models
included those for breast, liver, and bladder cancers (19,20,59-65).

Lymphoma-Derived Immunoglobulin (Idiotype)

Idiotype is the unique antigenic portion of the immunoglobulin produced by
cancerous B cells, such as those found in lymphomas and myelomas. The idiotype
protein itself or the DNA encoding the idiotype have been used as experimental
autologous vaccines to generate immune response against the specific cancer from
which the protein or DNA were derived.

In rodent models of established lymphoma and myeloma, a variety of
idiotype vaccine approaches have demonstrated significant survival benefit.
Generally, optimal efficacy has been achieved using the specific idiotype protein
or encoding DNA in combination with other nonspecific immune modulators
(e.g., IL-2, IL-12, GM-CSF, Flt3 ligand) or cyclophosphamide chemotherapy. In
some studies, dendritic cells pulsed with the idiotype protein were used to treat
mice as a form of cellular immunotherapy (21,66-69).

DO THE PRECLINICAL STUDIES PREDICT OUTCOMES
IN HUMAN TRIALS?

In the clinical setting, a number of studies have tested many of the same per-
sonalized vaccine approaches described above in patients with melanoma, colon
cancer, non—-small cell lung cancer, and lymphoma (Table 2). Among these were
two randomized, controlled trials where efficacy findings can be interpreted

Table 2 Examples of Clinical Activity in Patients Treated with Autologous Cancer
Vaccines: Effect of Tumor Burden on Outcome

Treatment Indication Comments Reference
HSPPC-96 Stage IV Mla patients in the vaccine arm 70
(Oncophage™/ metastatic survived longer than those in the PC
Vitespen) melanoma arm (626 vs. 383 days, P = .177).
(randomized Survival was comparable in both
study) arms for M1b patients (297 vs. 320

days, P = .478), and longer in the PC
arm for M1c patients (299 vs. 226
days, P = .015). Impact of number of
doses was examined using landmark
analyses to correct potential biases.
Patients who received >10 doses of
vaccine survived longer than those
who received PC (478 vs. 377 days,
P = .072).

(Continued)
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Table 2 Examples of Clinical Activity in Patients Treated with Autologous Cancer
Vaccines: Effect of Tumor Burden on Outcome (Continued )

Treatment Indication Comments Reference
Cytokine (GM-  Stage IV 28 patients treated with planned three 71
CSF)-secreting metastatic vaccinations. 6/9 patients with non-
tumor cells melanoma assessable disease (e.g., NED) at time of
(single-arm first vaccination experienced prolonged
study) survival (>5 yr). No patients with
assessable disease were 5-yr survivors.
Hapten-modified Stage III 214 patients treated with 6-12 72
irradiated melanoma vaccinations. Overall survival was
tumor cells + rendered 61.9% in patients with a palpable
BCG NED by lymph node mass only vs. 43.2% in
surgery patients with palpable mass plus
(single-arm 1-2 microscopically positive nodes
study) and 21.4% in patients with palpable
mass plus three or more
microscopically positive nodes.
Irradiated tumor  Stage Il and III 254 patients randomized: 128 treated 73
cells + BCG colon cancer with up to four vaccinations; 126
rendered NED observation control. Recurrence free
by surgery survival was significantly improved
(randomized in vaccinated stage II patients vs.
study) stage II control patients. No such
benefit observed in stage III patients.
Irradiated tumor  Stage I, II, and 18 patients were treated with three 74
cells + BCG III non-small vaccinations. With median follow-
cell lung up of 17 mo (range 5-29 mo) since
cancer first vaccination, 8/10 stage I
(single-arm patients were NED and 9/10 were
study) alive while 7/7 stage II and III
patients had relapsed with 3/7 alive.
The 18th patient had stage IV
disease and relapsed/alive.
Idiotype + Stage II, 111, 41 patients treated with five vaccinations 75
adjuvant and IV B after first undergoing standard
cell NHL chemotherapy. 15/21 patients who
(single-arm were in complete clinical remission
study) after chemotherapy remained tumor-

free with 4.6 yr median follow-up from
start of vaccination. 16/20 patients
with tumor present after chemotherapy
experienced disease progression after
vaccination.

Abbreviations: HSPPC, heat shock protein—peptide complex; PC, physician’s choice; NED, no evidence
of disease; OS, overall survival; PD, progressive disease; CR, complete response; PR, partial response.
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with some confidence. Caution is more appropriate when drawing conclusions
from the remaining nonrandomized studies that enrolled, in most cases, small
numbers of patients. What is encouraging, however, is the consistency of the
trend across multiple indications toward benefit in the setting of minimal disease
versus bulky disease.

RECENT TRENDS IN PRECLINICAL MODELING

The correlation between the successful preclinical application of personalized
cancer immunotherapy in early-stage disease and growing evidence for clinical
activity using these same approaches in early-stage cancer patients bodes well
for a field that has struggled for many decades to emerge from a morass. As
cancer diagnostics continue to improve, one might predict an increase in the
number of patients whose cancer is detected earlier and who would thus be
amenable to personalized cancer immunotherapy. Evidence from recent clin-
ical studies suggests that many of these patients will experience a significant
improvement in recurrence free and overall survival by vaccination in the
postsurgical adjuvant setting. Yet is there a role for personalized immuno-
therapy in patients whose disease is not detected early and who thus face a
poorer prognosis? The preclinical models suggest that active immunotherapy
alone will be insufficient to provide a meaningful impact on lifespan in this
setting. Instead, as is often the case in cancer care, personalized immuno-
therapy will likely be used in combination with traditional cancer drugs
(chemotherapeutic agents) and with other immunomodulatory agents several
of which are still in experimental testing in humans. The remainder of this
chapter describes some of these trends with an emphasis on preclinical
experiments. In some cases, off-the-shelf (nonpersonalized) cancer vaccines
that have been tested in combination with other agents are discussed. There is
every reason to believe that personalized vaccines will also be useful in these
combination settings.

The challenge posed by the narrow window between tumor challenge and
death in preclinical models is even more pronounced in combination therapy
where at least two agents are intended to be administered, in many cases in a
staggered manner. In most combination studies, therefore, rodents with relatively
early-stage disease have been tested. This setting, then, does not in fact perfectly
mimic the advanced-stage setting in humans where drug combinations are
likely to be needed. Starting treatment with a cytotoxic agent when the tumor
burden in rodents is minimal may not mimic the extent of antigen release in the
form of apoptosis and secondary necrosis that is expected to occur in humans
with bulky disease administered the same drug. Nevertheless, the preclinical
models at least provide an opportunity to determine whether the combination
agent of interest is antagonistic, additive, or synergistic with immunotherapy.
Assuming an additive or synergistic effect is noted, the rationale for testing in
advanced-stage cancer patients will be strengthened.
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Chemotherapy Plus Active Inmunotherapy

Chemotherapeutic agents have been tested with cancer vaccines and have
demonstrated synergy in several models. For instance, docetaxel administered
two days prior to each of the three vaccinations of GM-CSF-secreting B16
melanoma cells results in 50% long-term survival of B16 tumor-bearing mice
compared to 10% survival with either agent alone (76). While docetaxel was
shown to induce neutropenia and lymphopenia, the expansion and survival of
antigen-specific T cells (examined in OT-1 TCR transgenic mice using OVA-
transfected B16 cells) was not impaired. In another study using neu transgenic
mice, three different chemotherapeutic drugs (cyclophosphamide, doxorubicin,
and paclitaxel) were tested in combination with a HER-2/neu expressing tumor
vaccine and showed enhanced activity in a therapeutic setting (77). Whether
drug was administered before or after vaccination affected the outcome and the
optimal order of administration was found to vary from one drug to the next.

Some recent clinical studies provide yet another somewhat surprising
perspective on how active immunotherapy might synergize with chemotherapy.
With the caveat associated with retrospective analysis, 25 patients with glio-
blastoma multiforme were vaccinated with DCs loaded with autologous tumor
HLA-eluted peptides or tumor lysate (78). Thirteen of these patients went on to
receive subsequent chemotherapy. An additional 13 nonvaccinated patients
analyzed in this study also received chemotherapy. Of the vaccine plus
chemotherapy-treated patients, 42% were two-year survivors while only 8% of
patients treated with chemotherapy alone or vaccine alone survived this long. It
is hypothesized that infiltrating CD8+ T cells may upregulate markers on the
tumor (e.g., Fas), which render cells more susceptible to chemotherapeutic drugs
that kill targets via induction of apoptosis.

In another study, a striking response rate of 62% among 21 extensive-stage
small cell lung cancer patients treated with second-line chemotherapy was
observed after vaccination with DCs transduced with full-length p53 (79).
Thirteen of the 21 patients were platinum-resistant and 61.5% of these were
responders. In a third study of patients with various metastatic cancers treated
with a DNA vaccine encoding a common tumor antigen, five of six immune
responders who received subsequent salvage therapy experienced unexpected
clinical benefit (80). Among those benefiting from the salvage therapy were four
patients with progressive disease after vaccination. Among eight patients who
did not demonstrate immunity to vaccination and who survived to receive
additional therapy, only one derived clinical benefit.

Clearly, determining the optimal mode of administration represents a
challenge to clinical applications of vaccine/chemotherapy combinations, as the
best regimen may only be understood through an extensive matrix of combi-
nation testing in clinical trials. Furthermore, as discussed by Lake and Robinson,
delivery of more antigen by vaccination may not be necessary in cases where the
chemotherapeutic agent alone results in sufficient antigen release via tumor cell
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apoptosis and secondary necrosis (81). In these situations, amplification of
endogenous responses to cross-presented antigen using antibodies against,
e.g., CD40, may be sufficient to realize clinical benefit (82).

Nonspecific Imnmune Modulation Plus Active Immunotherapy

Another trend emerging in the practice of active immunotherapy with personalized
(and nonpersonalized) cancer vaccines is their use in combination with other
nonspecific immunomodulatory agents. Again, these combination approaches are
likely to be necessary in any setting more advanced than minimal residual disease
(83). Moreover, if the nonspecific agents prove to be well tolerated with minimal
toxicity, there may be incentive to employ them even in the setting of minimal
disease burden to further decrease the likelihood of disease recurrence. The
nonspecific agents include antibodies against CTLA-4 that are designed to prevent
effector T cell downregulation and a large number of agents that address the
problem of immune suppression in tumor-bearing hosts. With emphases on pre-
clinical testing, these various agents are discussed in turn below.

Striking synergy between anti-CTLA-4 antibody and autologous GM-CSF-
secreting B16 melanoma and SM 1 breast tumor vaccines against established disease
in mice has been observed, and the antibody has also been tested in combination with
an off-the-shelf GM-CSF-secreting prostate cancer vaccine, with promising results
in preclinical studies (84-86). In a preliminary study in human cancer patients pre-
viously treated with either autologous or off-the-shelf cancer vaccines who went on
to receive infusion with anti-CTLA-4 antibody, only those patients who received the
autologous vaccine demonstrated signals of clinical activity (87). Many additional
clinical trials are underway testing anti-CTLA-4 antibody either as monotherapy or
in combination with off-the-shelf peptide vaccines, GM-CSF, and off-the-shelf
whole cell vaccines (88,89 and http://www.clinicaltrials.gov/). Unfortunately, there
are no clinical trials currently underway testing anti-CTLA-4 antibody with per-
sonalized cancer vaccines despite the suggestion that autologous vaccines may be a
particularly potent partner for this antibody. Will the dose of antibody required vary
depending on what vaccine type is employed? This later question is of interest given
the autoimmune-like toxicities associated with the antibody (90).

In the last 10 to 15 years, the issue of specific immune suppression in
tumor-bearing hosts has moved from a concept with few tangible toe holds from
which to direct therapeutic intervention to remarkable progress in identifying
molecular structures and cell types that are ripe for targeting in preclinical and
clinical settings. One can envision that just as different chemotherapeutics
have been combined in the clinic based on unique mechanisms of action, mul-
tiple agents each working to address distinct pathways of immune suppression
will be utilized in combination. A nonexhaustive list of agents, their biological
targets and evidence, where available, for utility in combination with cancer
vaccines are presented in Table 3. Two agents that address the problem posed by
accumulation of regulatory T cells (Tregs) are discussed in some detail.
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Cyclophosphamide has been a mainstay of cancer therapy and is typically
used in combination with other chemotherapeutic drugs. In these settings, cyclo-
phosphamide is administered at a dose that optimally causes cross-linking of DNA
of rapidly dividing malignant cells. Cyclophosphamide has also been shown to
have a role in immune modulation as elucidated by Robert North and others (91).
It was shown that at certain doses, typically lower than those required for direct
antitumor activity, cyclophosphamide selectively inhibits the activity of suppressor
T cells, or what are now more commonly referred to as Tregs. This observation
has been exploited in several models where the drug is given prior to adminis-
tration of cancer vaccines. The premise behind this regimen is that elimination of
Tregs will relieve a brake on endogenous effector T cells and/or on novel T cell
specificities primed by vaccination. Berd and colleagues have combined low-dose
cyclophosphamide treatment with a hapten-modified autologous melanoma vac-
cine strategy for many years in clinical trials (Table 2), and a pivotal study testing
this approach in melanoma patients is underway (http://www.clinicaltrials.gov/).
Preclinical experiments in a murine breast cancer model, also using low-dose
cyclophosphamide in combination with hapten-modified autologous tumor cells,
have added to the validity behind this combination approach (92). The mechanism
by which cyclophosphamide inhibits the activity of Tregs in murine models is
suggested to involve reduction in cell number (via apoptosis) and downregulation
of GITR and FoxP3 gene expression (93,94). Given the favorable safety profile
generally associated with low-dose cyclophosphamide administration and the
increased understanding of its specific effect on Tregs that would allow its
effectiveness to be monitored, one could envision the drug’s incorporation into any
number of active immunotherapy trials with the goal of reducing the deleterious
effect of suppressor T cells in tumor-bearing hosts.

Ontak (denileukin diftitox) is an IL-2-diptheria toxin fusion protein that binds
to the high-affinity IL-2 receptor and causes cell death. Ontak is FDA approved for
treatment of cutaneous T cell lymphoma where it acts directly on malignant cells.
Given that immunosuppressive T cells also express the high-affinity IL-2 receptor,
recent and intensive preclinical and clinical efforts has ensued to determine whether
Ontak might be useful in treatment of a number of malignancies (95-100). One of
these studies tested Ontak in renal cell carcinoma patients in combination with an
autologous vaccine consisting of DCs transfected with tumor-derived RNA (100).
Associated with the elimination of Tregs in mice and humans treated with Ontak is
enhanced levels of immunity to subsequent vaccination with various immunogens,
providing a strong rationale for its ongoing investigation in immunotherapy of
cancer when combined with patient-specific or off-the-shelf cancer vaccines.

CONCLUSIONS

A wealth of data suggests that preclinical models of cancer, despite their limi-
tations, have been reasonably effective in predicting the minimal disease setting
where active specific immunotherapy is most likely to be of benefit to cancer
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patients. Although not the focus of this chapter, it is also clear that this very
setting is the most challenging in which to perform clinical trials. Patients with
early-stage disease live longer and, depending on the indication, will likely have
all visible disease completely resected. This leaves time to recurrence and overall
survival as the only reasonable markers of efficacy of subsequently administered
adjuvant immunotherapy. Although these are “gold standard” endpoints, trials in
this setting can easily extend beyond five years depending on the indication.
Despite this challenge, glimmers of success of autologous cancer vaccine
strategies have emerged and have grown more convincing during the last decade.
Looking forward, preclinical trends suggest that the tools exist to incrementally
extend active, personalized immunotherapy to later stages of disease. As is often
the practice in oncology, individual drugs that each address a distinct disease
pathway (e.g., anti-angiogenesis, immune suppression) will likely be used in
combination with therapeutic vaccines in this later stage. As this setting is rel-
atively more difficult to model due to the rapid rate of growth of rodent tumors,
it may prove necessary to look for evidence of additive or synergistic effects in
small clinical trials without the full complement of preclinical testing that is
more feasible in early stage disease.
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INTRODUCTION

Cancer remains a major cause of death worldwide despite multiple approaches to
therapy and prevention. Nonsurgical methods of treatment include chemotherapy
and/or radiotherapy that target rapidly dividing cells. Of the more recently
developed treatment modalities for cancer are biological therapies such as hor-
monal and antibody therapeutics, and vaccines. The past two decades have seen
the science of tumor immunology evolve into a distinct discipline forming the
basis of cancer vaccines. Of particular relevance to the development of tumor
vaccines has been the presence of immunity to tumor antigens. This is of sig-
nificance, given that tumor antigens arise from self-tissue. However, the chal-
lenge of breaking through host immune tolerance to effectively mount a robust
antitumor response still remains.

The immune system has evolved to combat parasites, bacteria, and viruses
based on recognition of foreign antigens on these pathogens. Consequently,
vaccines have been effective in the induction of protective immunity to infectious
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disease agents. Gardasil™ (Merck & Co., Inc., New Jersey, U.S.A.), the first
cancer vaccine approved by the FDA, is a prophylactic vaccine against cervical
cancer in young women (1). The vaccine is a quadrivalent virus-like particle
(VLP) vaccine and offers protection by generating neutralizing antibodies against
the human papillomavirus (HPV). This vaccine does not protect women who are
already infected with the papilloma virus and who may consequently develop
cervical cancer.

While traditionally the immune system has evolved to protect the host
from invading pathogens, it is also believed to be triggered when it perceives a
“danger” signal by the host’s self-tissue (2). In cancer, such signals may be
associated with the existence of tumor immunity as seen with clinical examples
of spontaneous regressions in melanoma, gastrointestinal, lung, and breast can-
cers (3). In addition, histopathology of tumor sections has revealed infiltrating
lymphocytes around the tumor bed, and recent studies indicate that ovarian
cancer patients with such infiltrates in tumors have an improved prognosis
compared with similarly staged patients without lymphocytic infiltrates (4).
Therefore, the immune repertoire may contain autoreactive immune cells
capable of rejecting tumors, when activated appropriately. However, in spite of
clear animal model data demonstrating the potential therapeutic benefit of cancer
vaccines, with the exception of those for viral-mediated cancers, therapeutic
tumor vaccines have had only limited success in humans. More recent studies are
looking at enhancing tumor-specific responses using immune modulators in an
attempt to translate them to effective tumor protection.

Different types of cancer vaccines have induced tumor immunity and a
correlative antitumor response in syngeneic mouse tumor models, leading to
their efficacy testing in human. Most noteworthy examples of therapeutic cancer
vaccines that are in various stages of development are plasmid or viral-vector
DNA, dendritic cells (DCs) pulsed with peptide or RNA, allogeneic whole tumor
cells, allogeneic tumor-cell lysate, cytokine-transduced tumor cells, heat shock
proteins, and autologous T-cell therapy (5,6). Among the prophylactic vaccines,
the one that was recently approved is Gardasil™ for the prevention of cervical
cancer; precancerous genital lesions; and genital warts due to HPV) types 6, 11,
16, and 18 in young women (1).

Allogeneic tumor vaccines as potential form of a therapeutic vaccine were
tested in large randomized phase 3 trials. The two allogeneic tumor-cell vaccines
that were tested in phase 3 trials for melanoma were Melacine™ (Corixa Cor-
poration Washington, U.S.A./GlaxoSmithKline, England, UK) and Canvaxin™
(CancerVax Corporation, California, U.S.A./Micromet, Inc., Maryland, U.S.A.).
Both vaccines had showed efficacy in the early stages of clinical development.
However, pivotal trials did not indicate a clinical benefit and the trials were
discontinued. Phase 3 trials with GVAX® (Cell Genesys, California, U.S.A.)
are ongoing for the treatment of prostate cancer. In this chapter, we will discuss
the potential that some of the allogeneic tumor vaccines have offered and
the reasons for their failure in becoming a successful therapeutic agent. We will
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also examine the possible criteria that contributed to the success of Gardasil™

and consider some of these ideas in the development of therapeutic cancer
vaccines.

ALLOGENEIC VACCINES

There is growing evidence that a variety of cancers can be clinically treated by
vaccines. This was seen in two randomized phase 3 studies where an autologous
tumor-cell-vaccine approach as an adjuvant for the treatment of colorectal
and renal cancers provided clinical benefit (7,8). Several vaccine strategies
(DC/peptide or RNA, protein or DNA) have employed a single-antigen approach
in which either an overexpressed or uniquely expressed tumor antigen or epitope
that is identified on tumor tissue is targeted. The limitation of this approach lies
in both the chosen antigen as well as the major histocompatibility complex
type of the patient (in the case of peptide immunization). Polyvalent tumor
vaccines that are allogeneic or autologous should, at least in theory, overcome
these limitations.

Tumor cells as polyvalent vaccines have been attractive as they are the
richest source of antigens. With a wide array of potential tumor antigens (some
or possibly most of them unknown), they could potentially activate and amplify
every facet of the immune system for both cellular and humoral antitumor
responses. These cell lines can be manipulated in vitro, such as addition of
cytokine genes to enhance potential antitumor effect (9). In addition (as with
whole tumor-cell vaccines), professional antigen-presenting cells (APCs) such as
DCs may phagocytize apoptotic tumor cells from the vaccine and effectively
cross-prime T cells with a host of immunogenic epitopes (10).

Added to its therapeutic appeal is the idea that allogeneic vaccines share
a manufacturing advantage. Allogeneic cell lines for use as whole cells, lysates,
or genetic manipulations can be initially difficult to establish in vitro and they
require antigenic consistency and proof of stability. However, once established,
this approach provides unlimited material for vaccination by overcoming
the requirement for tumor tissue and/or leukapheresis from the patient (as for
some autologous vaccines) and consequently the delay in preparation of vaccine.
They can be consistently manufactured in large lots that can be used to treat
multiple patients and be fully tested before release. Whole tumor cells, lysates,
and genetically modified tumors have been tried as allogeneic vaccines in
clinical trials.

Allogeneic Whole Tumor Cells

Some of the earliest attempts at inducing an antitumor response were in mela-
noma, where intact allogeneic cell lines were used as a vaccine (11). Canvaxin™
is a whole, multicell polyvalent vaccine consisting of a mixture of three sub-
lethally irradiated allogeneic melanoma lines that are of different HLA haplotypes



58 Srinivasan

expressing various known tumor antigens (12). Canvaxin™ has the potential
benefit of viable but nonreplicating cells so that they may continue to express
and present antigen. Tumor-cell profiling by flow cytometry indicated the
expression of gangliosides, tyrosinase, TRP-1/gp75, Melan-A, and gp100. The
assurance that irradiation of the final product is effective and that cells have been
rendered replication-incompetent is of critical importance for allogeneic tumor
whole-cell vaccines. This was achieved at irradiation doses at which the cell
could not replicate while maintaining antigenic integrity.

Canvaxin™ was extensively tested in phase 1 and 2 clinical trials with the
results indicating a statistically significant increase in median and five-year
survival of stage III and IV surgically resected patients with melanoma when
compared with matched historical controls (13,14). The promising clinical
benefit was correlated with vaccine-induced immune responses (11,15-18).
Early phase 2 nonrandomized clinical trial results indicated a strong cellular
delayed type hypersensitivity (DTH) along with high anti-TA99 IgM and anti-
GD2, -GD3, -GM2, and -GM3 ganglioside IgM titers in patients with resected
melanoma (19). Serum complement—dependent cytotoxicity for melanoma cell
lines in vitro also increased over baseline levels when patients were administered
this polyvalent vaccine (15). Canvaxin™™ was tested in a postsurgical adjuvant
setting in large double-blinded, randomized phase 3 trials for AJCC stage III and
IV melanoma (20,21). The trials compared patients vaccinated with either
Canvaxin™ or placebo, with both arms having received BCG with the first two
doses. All patients were observed for overall survival (OS) and disease-free
survival (DFS). In spite of encouraging immune responses to Canvaxin'™ in
early studies, both trials were discontinued because the independent Data and
Safety Monitoring Board found that the data were unlikely to provide significant
evidence of an OS benefit for these melanoma patients treated with Canvaxin™™,
when compared with those on the control arm (6,22,23). The control arm in these
pivotal trials, which included BCG without the allogeneic cell component of the
vaccine, did better than expected. The vaccinated patients in phase 1 and 2 trials
were compared to matched historical controls that did not receive BCG.

Autologous tumor vaccines, with BCG as a component, have been shown
to be effective in randomized trials for stage II and III colon carcinoma (7,24,25).
While the importance of randomized phase 2 trials is becoming increasingly
recognized and implemented, it is perhaps crucial when immune adjuvants form
a component of the vaccine regimen.

Allogeneic Tumor-Cell Lysate

These vaccines are conceptually similar to whole-cell vaccines, except that
protein and other cellular components from the lysate serve as the immunogens.
Melacine®™ is a mechanically disrupted cell lysate from 20 x 10° tumor-
cell equivalents of two allogeneic melanoma lines given with a proprietary
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immunological adjuvant DETOX™ (Corixa Corporation, Washington, U.S.A./
GlaxoSmithKline, England, UK) (26). Several known potential antigens such as
those from the gangliosides, tyrosinase, and MAGE families as well as Melan A,
gpl00, and HMW-MAA were expressed by these cell lines.

A phase 1 trial in melanoma patients indicated a clinical response in 5 out of
17 patients (27). Clinical response was correlated with the presence of cytotoxic
T lymphocytes (CTLs) and antibodies and a DTH response against melanoma
antigens. Phase 1 and 2 trials conducted on AJCC stage IV patients indicated that
6% of the patients showed an objective response. The vaccine also indicated a well-
tolerated safety profile. This modest antitumor activity in stage IV melanoma patients
led to the licensure of Melacine™ in Canada for use in advanced disease (28).

The promise of this vaccine in an adjuvant setting was tested in a large
phase 3 trial with surgically resected lesions of intermediate thickness in node
negative melanoma patients (29,30). The premise of this trial was that these
stage II patients would have a low tumor burden (T3NOMO) and less tumor-
induced immune suppression providing a longer time for immune response to
work against tumor. The trial compared patients vaccinated with 40 doses of
Melacine™ given over the first two years with those that were observed for
recurrence-free survival (RFS) and OS. On the basis of a similar study with fewer
patients, Mitchell and his colleagues had reported a clinical benefit in those
patients who expressed HLA types A2, A28, B44, B45, and C3, with the strongest
benefit in those patients expressing HLA A2 and/or C3 (31). Both RFS and OS in
the pivotal trial were significantly increased in HLA A2/C3 melanoma patients
(26). However, no significant improvement in RFS or OS was observed in the test
population as a whole (which included patients expressing other HLA types as
well). Prospective randomized trials would be needed to confirm the clinical
benefit of this type of vaccine in defined HLA A2/C3 subsets in the adjuvant
setting before the approach can be considered as providing therapeutic benefit.

Cytokine-Modified Tumor Vaccine

Several cytokines such as IFN-o, IFN-y, IL-12, and IL-2 have been used to
enhance an antitumor CD8™" response (32-35), of which one of the most effective
cytokines used as an immune adjuvant is GM-CSF (36). GM-CSF is a powerful
immune adjuvant, and attracts and activates DCs at a site of vaccination (37).
Transducing polyvalent tumor cells with GM-CSF has the advantage of
recruiting DCs to the vaccine where it encounters a multitude of potential tumor
antigens to provide a wide-ranging and durable response. Preclinical studies in
a B16 mouse-melanoma model have demonstrated that GM-CSF transduced
tumor cells, in comparison to other cytokines such as IL-4 and IL-6, and induced
the most potent systemic antitumor effect (36). Many subsequent studies in other
murine tumor models have validated the potent systemic immunity induced by
GM-CSF-ransduced tumor-cell immunotherapies (38-40).
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The above-mentioned approach is currently followed in clinical trials for
treatment of several types of cancers (41). Tumor lines are genetically modified
to secrete GM-CSF and followed by irradiation to render them incapable of
proliferation. The current approach includes GM-CSF-engineered and irradiated
tumor cells that are either allogeneic (patient nonspecific) or autologous (patient
specific). The most mature candidate of these is GVAX™, a patient nonspecific
vaccine, and is currently being studied in a phase 3 trial in patients with
advanced-stage, hormone-refractory prostate cancer. This vaccine is composed
of two prostate cancer cell lines: one derived from a lymph node metastasis and
the other from a bone metastasis, which were genetically modified to secrete
GM-CSF. Data from early trials in hormone-refractory prostate cancer indicted
an enhanced survival by about seven months, on the basis of which pivotal trials
are underway. Other trials using GVAX®™ combined with chemotherapy or
immune modulators are at various stages of clinical development (9).

INFECTIOUS DISEASE VACCINES

Generation of vaccines for infectious diseases has been more successful for
obvious reasons in that the antigen is foreign and the immune system can therefore
mount a robust response. This vital observation by Edward Jenner in 1796 revo-
lutionized this discipline when he inoculated people with the related cowpox virus
to build immunity against the deadly smallpox virus, leading to the global erad-
ication of the disease by 1980. Prophylactic cancer vaccines that prevent the onset
of cancer have shown success in a preventative setting through neutralizing anti-
bodies against the virus that is the causative agent for some cancers. The recently
approved vaccine Gardasil™ is of prominence for cervical cancer in young women
9 to 26 years of age who are protected from the onset of infection to the HPV (1).
This VLP vaccine is effective against HPV types 16 and 18, responsible for
approximately 70% of cervical cancers, and against HPV types 6 and 11, which
cause approximately 90% of genital warts. Cervarix ™ (GlaxoSmithKline, England,
UK) is another vaccine against HPV types 16 and 18 that was approved in Australia
in May 2007 for use in women between 10 and 45 years of age (42). Cervarix ™ is
formulated with a novel proprietary adjuvant system called AS0O4, which is designed
to enhance immune response and increase the duration of protection (43).

Vaccines for the prevention and/or treatment of other virus- and bacteria-
induced cancers such as those caused by hepatitis B and hepatitis C (HBV and
HCV), Epstein—Barr (EBV) viruses, and Helicobacter pylori are also being
studied. However, in this chapter, we will restrict ourselves to information about
HPV vaccines alone.

Human Papillomavirus

About 500,000 women are diagnosed with cervical cancer every year, making it
the third leading cause of death in women. At least 93% of these invasive
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cervical cancers contain the HPV. This etiologic agent is a double-stranded DNA
virus surrounded by capsid proteins, L1 and L2, and six regulatory proteins, E1,
E2, E4, E5, E6, and E7. While the majority of cervical cancers and their pre-
cursor lesions contain HPV DNA (44), the expression of specifically the E6 and
E7 viral proteins in precursor squamous intraepithelial lesions (SIL) leads to
malignant transformation (45). HPV DNA gets integrated into the host genome
in cancer cells; however, it remains in an episomal state in precancerous or
noncancerous cells (46,47).

Preventative HPV vaccines were designed by expressing the capsid protein
L1 in bacteria (48), yeast (49), insect (50), or mammalian systems (51,52). The
expressed L1 proteins spontaneously assemble to form VLPs that do not carry
the oncogenic genome. Preclinical data in rabbits and canines indicate that L1
VLPs of the cottontail rabbit papillomavirus (CRPV) and canine oral papil-
lomavirus (COPV) could generate an antibody response that protect them from a
subsequent viral challenge (53,54). Passive transfer of these antibodies from
immune animals was also able to confer protection to a viral challenge in
nonimmunized animals. These types of observations along with those from other
investigators have led to the clinical testing and subsequent approval of the first
vaccine against cervical cancer (1,55,56).

The development of antibodies to capsid VLP as a preventative vaccine is
a landmark in the epidemiology of cervical cancer. However, the more chal-
lenging issue is the treatment of precursor and fully transformed cervical cancer
lesions for which neutralizing antibodies are ineffective and a cell-mediated
immune response is required. Though capsid proteins have also been known to
generate an antigen-specific cell-mediated immunity, this does not clear
those infections that are established or those that have escaped antibody sur-
veillance (57). However, several other studies suggest that cell-mediated
immune responses may control HPV-associated malignancies. Vaccinating
rabbits with nonstructural viral proteins generated an immune response that
induced regression of virus-induced papillomas. Although the vaccination gen-
erated antibodies, there was no correlation between antibody titers and regres-
sion, suggesting a cell-mediated mechanism of control (58). Additional evidence
is seen in clinical settings when immunocompromised individuals such as
transplant or HIV-positive patients have shown a higher incidence of HPV
infections and associated neoplasms (59-62). Moreover, warts on patients who
are on immunosuppressive therapy often disappear when the treatment is dis-
continued (63). In addition, infiltrating immune cells were observed in histo-
logical samples of spontaneously regressing warts (64,65).

Of the six identified regulatory proteins of HPV mentioned above, the
oncogenic viral proteins E6 and E7 are required to maintain malignancy (66,67).
Studies in prophylaxis and therapeutic animal models using HPV (E6/E7)-
immortalized tumor cells have indicated the requirement of CD4 helper and CD8
effector T lymphocytes (68). In addition, T-cell responses against E7 are
frequently seen in patients with cervical neoplasia and a persistent viral load
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(69). In another study, as an indication of natural defense mechanisms against
HPV-related cervical lesions, Thl responses to in vitro peptide stimulation (of
E6 and E7 oncoproteins) of lymphocytes from patients with low- to high-grade
and invasive cervical cancer showed a decreasing level of IL-2 production when
compared with previously infected individuals who were cytologically negative
(70). The evidence of CTL responses to E6 or E7 in HPV-positive women
without cervical intraepithelial neoplasia is important compared with responses
in the HPV-positive women with neoplasia (71,72). These data collectively
suggest that E6 and E7 may be attractive targets for a therapeutic vaccine against
cervical cancer (73).

LESSONS LEARNED FROM TRADITIONAL CANCER VACCINE TRIALS
AND INFECTIOUS DISEASE VACCINE MODELS

Over the past two decades, cancer vaccines as a possible treatment modality have
seen much promise. While a variety of approaches in preclinical studies have
induced a “cure” for mouse cancers, several of these approaches have been tried
in human with limited success. The only approved therapeutic cancer vaccine, a
xenogeneic DNA vaccine, was for the treatment of canine melanoma (74).
However, the field has substantially matured, with information from a host of
clinical trials now available to help in the understanding of major aspects of
preclinical and clinical vaccine development. In contrast, infectious disease
vaccines target an invading pathogen, and the success in developing this type of
vaccine is inherently straightforward. Taken collectively, there are some
elements from these studies that may be useful in developing therapeutic cancer
vaccines regardless of whether the cancer arises from self-tissue or is induced by
a pathogen.

There are several factors in the preclinical development of a vaccine that
need to be considered. These include the choice of relevant target antigens,
immunogenicity of the vaccine, dosing—both route of administration and timing
of vaccine administration, combination of vaccine with immune modulators or
other treatment modalities, and appropriate mouse models to conduct and ana-
lyze proof of concept studies. There is sufficient evidence from infectious dis-
ease and cancer immunotherapy studies that one of the appropriate types of
antigens to target would be that which is imperative for a cancer cell to survive
and proliferate. For example, in cervical cancer, the expression of E6 and E7
proteins of the viral genome is crucial to maintain malignancy. These are
therefore expressed exclusively in cervical cancer cells and not on normal cells,
making this an attractive target. Likewise, successful antibody therapies to treat
several cancers have been those that target growth factor receptors, cell acti-
vation and signaling molecules, or molecules in the angiogenesis pathway. While
targeting these molecules has a greater potential of autoimmune toxicity, this
undesired side effect may be associated only in the face of a robust antitumor
response. Clinical studies have indicated that this may be controllable or even a
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reversible phenomenon. Tumor load is another consideration for the success of a
vaccine. Studies from mice models for cervical cancer have indicated that the
antitumor therapeutic effects targeting the E7 subunit are better achieved when
tumor burden is low. In addition, studies in patients have indicated that precursor
lesions have been associated with a CTL response, while no CTL activity is
detected when these become established cancers.

Several other methods of augmenting an immune response to tumor
antigens have been studied. Examples of prime-boost strategies and use of
immune modulators are among a few. Immune modulators such as Toll-like
receptor (TLR) agonists to enhance antigen uptake and presentation by DCs,
activation of B7 family of costimulators on DCs, and dampening of negative
costimulatory molecules such as CTLA-4 on T cells have all been used sepa-
rately. A probable chance of success would be achieved when using some of
these modulators in combination and timing them appropriately in the vacci-
nation schedule to obtain a robust immune response.

Among clinical studies, more thought is required into the type of patient
population that should be enrolled in the study. Several clinical studies have
indicted that therapeutic cancer vaccines are not effective in bulky disease, or
in late- or end-stage patients. This is probably due to tumor-induced immune
suppression caused by soluble factors such as TGF-f. Several studies now
indicate the role of CD4tCD25" T regulatory cells and their role in inducing
tolerance. These cells depend on TGF-B for their survival and suppress
T effector cytolytic function, which is considered crucial for the killing of tumor.
The probability of this approach becoming a treatment option is most likely in a
minimal disease setting or as an adjuvant where one would expect to find
minimal tumor-induced immune suppression.

Also, an aspect of the success of pivotal trials depends on results from
controlled phase 2 studies. This would eliminate an assumption that similarities
exist between the two groups of patients studied at different points in time and in
the face of continuous assessments and improvements on disease staging/clas-
sification and clinical/immunological monitoring. Patients may be randomized to
an observation or follow-up arm, or an intent-to-treat arm of the trial, depending
on the vaccine, staging of the disease, and the clinical end point. While efficacy
data were often compared with historical controls, more and more phase 2 trials
are now being randomized.

Of importance is the development of biomarkers and imaging techniques in
aiding diagnosis and disease monitoring during treatment. In a recent study using
molecular-genetic imaging techniques, the investigators showed that they could
induce EBV tyrosine kinase expression within tumors by treating with Velcade™,
a proteosome inhibitor, followed by radiolabeled 2'-fluoro-2’-deoxy-beta-p-5-
iodouracil-arabinofuranoside (FIAU) to image and potentially kill these tumors
(75). Like imaging, the use of biomarkers will be an important tool to aid
monitoring in clinical trials. To name a few, markers such as prostate-specific
antigen (PSA) and CA-125 are currently available to monitor the disease status of
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patients with prostate or ovarian carcinomas, respectively, indicating the need to
identify more of these.

The development of cancer vaccines has clearly been fraught with chal-

lenges. Nevertheless, the wealth of information acquired from preclinical and
clinical studies has guided us to a level where much has been learnt and new
insights gained. All these lessons can potentially be exploited to chalk out
various avenues to develop successful therapeutic cancer vaccines.
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Personalized Cancer Vaccines

Florentina Teofilovici and Kerry Wentworth

Antigenics Inc., Lexington, Massachusetts, U.S.A.

THERAPEUTIC CANCER VACCINES VS.
TRADITIONAL CANCER TREATMENT

Traditional cancer drugs are cytotoxic agents, meaning that they kill cells.
Although most chemotherapeutics preferentially affect rapidly dividing cells
(i.e., cancer cells), they cannot differentiate between malignant and normal
cells. The unavoidable toxicity to normal cells often results in treatment-related
toxicities such as increased susceptibility to bleeding and infection, mucositis,
nausea and vomiting, hair loss, etc. This nonspecific approach to cancer treat-
ment makes it more suitable for use in disease settings in which the tumor burden
is high, such as advanced or metastatic disease.

Therapeutic cancer vaccines belong to a newer class of targeted cancer
therapies. Like innovative treatments such as Gleevec™ (imatinib mesylate;
Novartis, New Jersey, U.S.) and Herceptin@‘\" (trastuzumab; Genentech, California,
U.S.), most cancer vaccines in development are designed to attack only malignant
cells. By targeting tumor cells with high specificity, this new class of treatments
tends to be associated with fewer toxicities compared with traditional cancer
drugs.

The discovery that cancer regression can be achieved when antigens
(substances capable of triggering immune response) on malignant cells are
recognized by the immune system means that, theoretically, malignant cells can
be eradicated without toxicity to normal, healthy tissues.

69
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In 1908, Paul Ehrlich and Ilya Mechnikov were awarded the Nobel Prize
for their hypothesis of the immune surveillance theory of cancer, which sug-
gested that the immune system continually “removes” tumors that arise spon-
taneously (1). Their theories lay largely dormant until it was noticed a half
century later that Kaposi’s sarcoma occurred in kidney transplant recipients
whose immune systems were pharmacologically suppressed to allow their
transplanted organ to “take.” Once immunosuppression was stopped, the tumors
regressed (2-5).

At this time, Klein et al. demonstrated the phenomenon that one could
immunize against tumors in the same manner as was being performed with
remarkable success against polio and smallpox viruses (6,7). It was known that
although tumors are of self-origin (in contrast with viruses), they are still capable
of triggering an immune response. From this observation, researchers correctly
predicted that tumors must express tumor-specific antigens that are responsible
for triggering this response. Burnett also suggested that transplantation antigens
expressed on tumor cells could stimulate the immune system, leading to the
generation of “protective” immunity that prevented against tumor development
(8,9). Recently, use of a new generation of mice with deficient immune systems
has solidified the crucial role of the immune system in protecting against
spontaneous tumors (10).

The increased risk of cancers in patients with medically induced primary or
acquired immunosuppression has firmly established a role for the immune sys-
tem in the control of cancer (11). The tumors observed in medically immuno-
suppressed organ transplant patients are similar to cancers seen in individuals
infected with human immunodeficiency virus (HIV). HIV patients have a
10,000-fold increased risk of developing blood cancers as well as a significantly
higher incidence of other cancers (11,12). However, similar to immunosup-
pression-induced cancers in transplant recipients, cancers often regress when an
HIV patient’s immune system is restored using highly active antiretroviral
therapy (13-15). The clear demonstration of a relationship between the
immune system and cancer has led to the development of many therapeutic
cancer vaccines.

PERSONALIZED CANCER VACCINES

Despite the varied approaches employed by the many therapeutic cancer vac-
cines in development, they all share one fundamental goal: to program a patient’s
immune system to attack the patient’s cancer. Some vaccines utilize antigens
(any substance capable of stimulating an immune response) that are known to be
associated with certain types of tumors. In recent years, there was an increased
interest on so-called unique antigens that are products of random mutations
arising in the course of tumor cells’ uncontrolled cell divisions. This led
researchers’ interest and work on personalized (autologous) cancer vaccines that
use the patients’ own tumor cells to generate immune response specific to the
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patients’ own cancers. Pramod Srivastava, Professor of Immunology and
Director of the University of Connecticut Cancer Center explains, “A cancer cell
can host millions of mutant peptides. Each time a cell divides, it probably has
about somewhere between 6 and 60 mutations” (16).

The personalized vaccines have the opportunity to present to the host
immune system the entire repertoire of the mutated peptides (antigens capable of
triggering immune system response) resulted from the degradation of encoded
proteins. The vaccines prepared from patient’s own tumor have the advantage of
possibly being more immunogenic, exposing the host immune system to a per-
ceived “foreign” large number of muted peptides including those antigens that
researchers have not yet recognized.

Another approach in personalized cancer vaccines is the dendritic cell-
based therapy. Patient’s dendritic cells (DC) are stimulated ex vivo through
exposure to tumor-cell lysate, fusion with tumor cells, infected by virus con-
taining a gene or exposure to purified peptides. A single or a few peptides from
cancer-specific antigens can be used to pulse the patient’s own DC. Given back
to the patient, DC will present the tumor antigens to the T cells in the effector
arm of the immune system (17).

In contrast to personalized vaccines using patient’s own tumor to derive a
large repertoire of antigens that DC load in vivo, DC vaccines are using patient’s
own blood to process autologous DC that are loaded in the laboratory with
allogeneic tumor antigens expressed by the majority of tumors in a given type of
cancer or on a variety of cancers.

Whether they are based on cancer cells, purified proteins, or live immune
cells, most therapeutic cancer vaccines generally aim to activate the branch of
the immune system that can directly target and specifically kill cancer cells.

Therapeutic cancer vaccines are based on the principle that, given the right
conditions, the human immune system is capable of generating an effective
antitumor immune response.

CLINICAL DATA IN PERSONALIZED CANCER VACCINES THAT
REACHED PHASE 3 CLINICAL TRIALS

One of the shared and clear advantages to cancer vaccines is the excellent safety
profile, which makes their use in the adjuvant or earlier-stage disease setting
more suitable than more conventional treatments such as chemotherapy.
Choudhury et al. note that “collectively the data indicate that vaccine therapy is
safe, and no significant autoimmune reactions are observed even on long-term
follow-up” (18). Such a safety profile would indicate the potential for a high
quality of life index, which is a unique feature when measured against the
adverse effects associated with traditional cancer treatments.

Despite a general consensus that cancer vaccines appear to be safe and
well tolerated, it is more difficult to draw conclusions regarding their efficacy.
To date, there have only been approximately 25 randomized phase 2 or 3 trials
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conducted with cancer vaccines. However, there are several examples that
indicate treatment activity is present in subsets of cancer patients and, as pre-
dicted by the preclinical studies, this activity is typically seen in earlier stages of
disease. The following sections have the description of the autologous cancer
vaccines that reached the phase 3 development and the related clinical trial
results (summary of the vaccine information is provided in Table 1).

Table 1 Personalized Cancer Vaccines: Characteristics

Class of Target tumor/ Lead phase of
Vaccine vaccine Composition indication development
OncoVAX®  Polyvalent  Autologous- Colon cancer, Phase 3
irradiated tumor adjuvant setting
cells mixed with
adjuvant BCG
Oncophage®™  Polyvalent  Autologous tumor-  Renal cell Phase 3
derived heat carcinoma,
shock protein- adjuvant setting
peptide complex
gp96
Provenge™ Dendritic Autologous Prostate cancer, Phase 3
cells dendritic cells metastatic
and a fusion HRPC
protein composed
of PAP and
GM-CSF
Favld® Antigen Autologous Follicular B-cell Phase 3
specific recombinant non-Hodgkin’s
anti-idiotype lymphoma
protein following
conjugated to treatment with
KLH, adminis- Rituxan®
tered with
GM-CSF
MyVax® Antigen Autologous Untreated Phase 3
specific recombinant follicular non-
anti-idiotype Hodgkin’s
protein lymphoma
conjugated to
KLH, adminis-
tered with
GM-CSF

Abbreviations: BCG, bacille Calmette-Guérin; PAP, prostatic acid phosphatase; GM-CSF,
granulocyte-macrophage colony-stimulating factor; KLH, keyhole limpet hemocyanin; HRPC,
hormone-refractory prostate cancer.
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OncoVAX® (Intracel; Frederick, MD, U.S.)

OncoVAX is an autologous vaccine prepared individually from each patient’s
tumor cells. After surgical resection of the tumor, cells from the tumor are
irradiated and then mixed with the adjuvant bacille Calmette-Guérin (BCG, an
attenuated strain of bacteria that can boost immune response to a vaccine). It is
designed to stimulate a specific immune response against each patient’s own
cancer.

OncoVAX was evaluated in the adjuvant setting (in conjunction with
another treatment—in this case, surgery) in a phase 3 clinical trial involving
patients with stage II and III colon cancer. In the study, patients were random-
ized to receive either OncoVAX or observation after surgical resection of the
primary tumor. The study found that with a 5.8-year median follow-up, there was
a statistically significant benefit associated with vaccine for both recurrence-free
survival and overall survival (OS) in stage II (earlier-stage) patients (n = 157)
but not in stage III (advanced-stage) patients (n = 84). In the trial, OncoVAX
was associated with a significant improvement in five-year recurrence-free
survival (79% vs. 62% for vaccine and control groups, respectively; P = 0.009).
OS was also significantly improved in stage II patients receiving vaccine (82.5%)
compared with comparable patients in the control arm (72.7%; P = 0.010) (19).
A phase 3 confirmatory trial in stage II colon cancer is planned.

Oncophage® (Vitespen; Antigenics, Lexington, MA, U.S.)

Oncophage is an autologous vaccine that consists of complexes of heat shock
proteins (HSPs) and their associated peptides derived from patients’ own tumor
cells. These complexes (HSPPCs) comprise a sort of antigenic “fingerprint” that
is unique to each patient’s cancer. The vaccine is designed to stimulate a specific
immune response against cancer cells bearing this fingerprint.

Oncophage was evaluated in a phase 3 study, which randomized 728
patients with nonmetastatic renal cell carcinoma (RCC; kidney cancer) at high
risk for recurrence to receive either nephrectomy alone (observation arm) or
nephrectomy plus Oncophage vaccination. Subgroup analyses demonstrated that
in 361 patients (60% of randomized eligible patients) with earlier-stage disease
and it increased risk of recurrence [stage I (high histological grade), stage II
(high-grade), or stage III T1, T2, and T3a (low-grade)] treatment with Onco-
phage resulted in prolonged time to recurrence (P < 0.01; HR = 0.550) (20).

ATL (Reniale®; LipoNova AG, Hannover, Germany)

Reniale is an autologous cancer vaccine based on lysates from patient’s tumor
cells. The cells are purified and after a few hours of incubation with gamma
interferon they go through a devitalization process.
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Liponova completed a phase 3 trial of Reniale, involving 558 patients with
nonmetastatic RCC. Although the majority of clinical research indicates greater
benefit of cancer vaccines among patients with earlier-stage disease, a subset
analysis of the phase 3 trial found a significant reduction in tumor progression
for patients with T3 tumors but not those with T2 tumors (21). Five-year pro-
gression-free survival (PFS) was 81.3% for patients with T2 tumors who
received vaccine (n = 119) versus 74.6% for similar patients in the control arm
(n = 145; P = 0.216). For patients with T3 tumors, five-year PFS was 67.5% for
those in the vaccine arm (n = 58) compared with 49.7% for those in the control
arm (n = 57; P = 0.039). Liponova provided an updated report with additional
OS data (22). This secondary intent-to-treat (ITT) analysis was performed on
477 patients (233 patients in the treatment group and 244 patients in the control
group). PFS remained in favor of the Reniale group (P = 0.0476, log-rank test),
with no statistically significant OS difference between both groups. In the
per protocol group, there remained 134 patients in the Reniale group and
218 patients in the control group where both PFS and OS were statistically
significant in favor of the Reniale group (P = 0.024, log-rank test, for PFS; and
P = 0.0356, log-rank test, for OS, respectively).

Provenge® (Sipuleucel-T; Dendreon, Seattle, WA, U.S.)

Provenge consists of autologous (patient-derived) DC that have been cultured with
a “delivery cassette” that contains a version of the prostate cancer—associated
antigen prostatic acid phosphatase (PAP) (found in about 95% of prostate cancers)
and the cytokine granulocyte-macrophage colony-stimulating factor (GM-CSF). It
is designed to activate specialized immune cells called T cells to recognize and
destroy cells bearing the PAP antigen. In contrast to personalized vaccines using
patient’s own tumor to derive a large repertoire of antigens, Provenge uses a
generic antigen common in prostate carcinoma. A phase 3 trial of Provenge
involving 127 patients with asymptomatic, androgen-independent, metastatic
prostate cancer (study D9901) missed the primary end point of time to progression.
However, the final three-year follow-up data showed a median survival benefit of
21%, or 4.5 months, and a threefold improvement in survival at 36 months
compared with placebo, regardless of Gleason score (P = 0.010; HR = 1.7) (23).

A second phase 3 trial (study D9902A), involving 98 men with asympto-
matic, metastatic, androgen-independent prostate cancer, corroborated findings
from the first trial: Patients who received vaccine had a 19.0-month median sur-
vival time compared with 15.7 months for patients who received placebo, repre-
senting a 21% improvement (P = 0.331; HR = 1.3). Integrated analysis of data
from both trials showed a statistically significant survival benefit among the overall
ITT population of 225 patients: Patients who received Provenge had a median
survival of 23.2 months compared with 18.9 months for patients who received
placebo (P = 0.011; HR = 1.5) (24). A third, pivotal phase 3 trial (study D9902B)
is ongoing to evaluate Provenge as a treatment for advanced prostate cancer.
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CANCER VACCINES: ONGOING PHASE 3 STUDIES

Favld® (Favrille; San Diego, CA, U.S.)

Favld is an autologous active cancer immunotherapy in which recombinant
patient-specific idiotype protein isolated from tumor biopsy is conjugated to key-
hole limpet hemocyanin (KLH) and administered in combination with the immu-
nostimulatory factor GM-CSF. Favld is currently undergoing a phase 3 clinical
study to determine its ability to extend time to progression (TTP) in patients with
follicular B-cell non-Hodgkin’s lymphoma following treatment with Rituxan™. The
primary end point is disease-free survival at three years. At the time of the pro-
spectively planned interim analysis conducted on 233 out of 349 randomized
patients who had been followed for 12 months or more (25), there was no significant
difference between Favld-treated and control groups in a secondary end point of
response improvement; final data are expected at the end of 2007 (26).

MyVax® (GTOP; Genitope Corporation, Fremont, CA, U.S.)

MyVax personalized immunotherapy is an autologous active cancer immuno-
therapy consisting of recombinant patient-specific idiotype that is conjugated to
KLH, an immunogenic carrier protein, and administered along with GM-CSF
adjuvant. Results from a phase 2 study showed that 9 of the 21 patients in the
study remained progression-free in their last clinical follow-up at 56 to
78 months following chemotherapy. A pivotal phase 3 study to measure PFS in
patients with follicular non-Hodgkin’s lymphoma is underway and scheduled to
be completed by December 2007 (27).

Stimuvax® (Biomira; Edmonton, AB, Canada/Merck KGaA,
Darmstadt, Germany)

Stimuvax, a non-patient-specific vaccine, consists of a synthetic peptide derived
from the tumor-associated antigen MUC-1 encapsulated in a liposome (a phos-
pholipid shell intended to facilitate and improve treatment delivery). It is designed
to neutralize the immunosuppressive effect of MUC-1 to better enable the immune
system to target the cancer.

A phase 2, randomized, open-label trial evaluated Stimuvax in patients
with stage IIIB or IV non-small cell lung cancer (NSCLC) whose disease was
stable or had responded to treatment following completion of first-line standard
chemotherapy, with or without radiation treatment. Final analysis of the trial,
which involved 171 patients, showed a survival advantage associated with
vaccination for patients with stage IIIB disease (earlier-stage disease and
therefore associated with better prognosis; n = 65) but not for patients with stage
IV disease (advanced-stage disease, worse prognosis; n = 106) (28,29). In the
study, median survival was 30.6 months for stage IIIB patients who received
vaccine compared with 13.3 months for stage IIIB patients in the control arm
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(best supportive care based on current standard clinical practice, which includes
palliative radiation therapy and/or second-line chemotherapy). A 1300-patient
phase 3 trial has recently launched in patients with stage IITA or IIIB locore-
gional NSCLC (30).

GSK 1572932A (GlaxoSmithKline; Philadelphia, PA, U.S.)

This cancer immunotherapeutic non-patient-specific vaccine consists of a puri-
fied recombinant MAGE-A3 protein combined with GSK’s proprietary adjuvant
system. The agent is designed to trigger an immune response against tumor cells
expressing MAGE-A3, a tumor-specific antigen expressed on a variety of can-
cers including NSCLC and melanoma.

GlaxoSmithKline has initiated a phase 3, randomized, double-blind pla-
cebo-controlled trial of GSK 1572932A as an adjuvant therapy in patients with
stage IB, II, or IIIA resectable NSCLC whose tumors express the MAGE-A#
antigen. The study will enroll approximately 2270 patients and the primary end
point is disease-free survival. GSK 1572932A is used in combination with
VaxImmune and QS-21 Stimulon adjuvants (30).

THE CONVENTIONAL DRUG DEVELOPMENT MODEL AND
DIFFICULTIES APPLYING REGULATORY PROCESS TO CANCER
VACCINE DEVELOPMENT

The conventional development model for new treatments consists of preclinical
and clinical research phases. Preclinical research entails laboratory studies to
investigate the basic properties of a drug as well as studies in animals to evaluate
the safety and efficacy of a treatment in animal “models” of human diseases.

Clinical research is the investigation of an experimental treatment in
humans. Clinical trials are designed to answer specific questions about new
therapies or new ways of using known treatments. They are used to determine
whether a new drug or treatment is both safe and effective, and are only con-
ducted if the preclinical studies have yielded promising results. Before a treat-
ment is approved for marketing, clinical research is typically divided into three
phases: phase 1, phase 2, and phase 3.

® Inphase 1 clinical trials, researchers test a new drug or treatment in a small
group of people for the first time to evaluate its safety, determine a safe
dosage range, and identify side effects.

¢ In phase 2 clinical trials, the study drug or treatment is given to a larger
group of people to see if it is effective and to further evaluate its safety.

* In phase 3 studies, the study drug or treatment is given to large groups of
people to further determine its effectiveness, monitor side effects, compare
it to commonly used treatments, and collect information that will allow the
drug or treatment to be used safely.
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Compared with many other disease areas, prognosis for cancer patients
tends to be poorer and they generally have fewer treatment options. Therefore,
clinical development of a cancer treatment is often more condensed than the
typical phase 1/2/3 drug development model. In oncology, an investigational
agent is usually evaluated in one or more earlier-stage trials (phases 1 and 2,
involving about 20-80 patients) to determine dosing and evaluate for safety and
preliminary signals of efficacy, followed by one or more late-stage trials
(phases 2 and 3, involving about 40—>200 patients). The late-stage trials are
randomized, meaning that the experimental agent is being compared with a
“control” treatment (usually the current standard of care), and patients are ran-
domly assigned to receive one treatment or the other. In this way, the effect of the
investigational therapy can be compared with the effect of the control treatment.

To be approved for marketing, a clinical trial of an experimental treatment
typically must successfully meet its primary end point(s). Depending on the type of
end point used, the U.S. Food and Drug Administration (FDA) employs two
approval pathways for oncology treatments: regular approval and accelerated
approval. Regular approval is based on an end point that provides direct evidence of
clinical benefit (e.g., OS) or on a surrogate end point (e.g., PFS) that reliably
predicts clinical benefit. Accelerated approval, which is used for new treatments that
provide an advantage over currently available therapy, may be based on a less
established surrogate end point that is only reasonably likely to predict clinical
benefit (e.g., objective response rate to treatment). Under the terms of accelerated
approval, the drug manufacturer is required to conduct post-approval studies to
determine if the treatment provides direct clinical benefit (e.g., improvement in OS).

In cases in which a late-stage clinical trial fails to meet its primary end point,
subset analyses (either predefined or post hoc) may find evidence of benefit in a
subgroup of patients. According to conventional regulatory process, a second late-
stage study conducted specifically in this patient subgroup is almost always nec-
essary to confirm the benefit observed in the first late-stage trial.

The conventional regulatory process for developing and assessing cancer
treatments is largely based on evaluation of traditional chemotherapeutics. The
earlier and now standard regulatory pathways have successfully introduced a
formidable arsenal of treatments against both new and recurrent cancers, but
have yet to license a single therapeutic cancer vaccine to date.

CHALLENGES IN CLINICAL DEVELOPMENT OF CANCER VACCINES

Longer Trials to Reach Evaluable Clinical End Points

Experimental cancer agents are often clinically evaluated in the metastatic or
advanced disease setting. For many reasons, this disease setting allows for more
rapid clinical development. Often this patient population has limited or no treatment
options, which provides clinical, regulatory, and financial incentive for working to
fill unmet medical needs. Also, patient prognosis is usually poor due to the advanced
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nature of disease, which allows for trials to efficiently utilize OS as an end point.
The advantage of employing such an end point is twofold: Measurement is easy,
accurate, and objective, and the direct clinical value of survival improvement is
unquestioned. In addition, trials in the metastatic or advanced disease setting may
measure effect on surrogate end points such as tumor response or time to pro-
gression, which can also be evaluated in a relatively short time frame given the high
tumor burden and poor prognosis of the patient population. The long timeline
required to collect data on these end points makes the newer adaptive clinical trial
design, intended to accelerate clinical development by using early evaluation of
incoming trial data to refine patient selection, unfeasible in these disease settings.

There are several differences between traditional cancer treatments and
therapeutic cancer vaccines, which largely stem from the differences in the
action of newer targeted treatments such as cancer vaccines compared with the
classical, cytotoxic (cell-killing) that characterize most of the current cancer
treatments. Supported by numerous animal studies, these differences are con-
sistent with basic principles of tumor immunology, and include:

® The action of cancer vaccines is primarily cytostatic rather than cytotoxic;
therefore, treatment effect typically includes slowing tumor growth instead
of reducing tumor burden.

e Cancer vaccines are most effective when tumor burden is low and thus
function well in the earlier-stage disease or adjuvant treatment settings.

® There appears to be a latent period before cancer vaccines exert a treatment
effect. This is likely due to the time required for adequate tumor-targeting
immune mechanisms to maximally expand.

Collectively, these differences translate into longer development timelines.
Preclinical and clinical research strongly indicate that because of lower tumor
burden, targeted treatments such as therapeutic cancer vaccines are likely to have
their highest effect in earlier-stage disease or adjuvant treatment and/or in the
minimal residual disease (MRD) settings. However, clinical trials involving
these “better-prognosis” patients can be challenging due to the long timelines
required. Because of the improved prognosis of these patient groups, collecting
data on OS or recurrence-free survival—both meaningful end points in the earlier-
stage or adjuvant/MRD settings—often takes many years. The lower tumor burden
in these better-prognosis patients means that the “faster” end points utilized in the
metastatic/advanced disease setting (e.g., tumor response, time to progression) are
often not applicable. From a development standpoint, the size and duration of late-
stage trials in the earlier-stage disease or adjuvant treatment setting leads to
excessive expense and unusually long timelines.

Identification of Optimal Patient Population

An additional challenge in the clinical development of cancer vaccines is that—
despite evidence suggesting maximum benefit in better-prognosis patients—it is
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impossible to precisely identify the target treatment group for any given vaccine
in any given indication without conducting a large randomized trial. Because the
patients’ immune response is part of his own treatment and must be intact for a
vaccine to work, the stage of the cancer as well as history of prior therapies are
much more important considerations for therapeutic vaccines than for conven-
tional cancer treatments. This makes the selection of a patient population
especially critical. Often a vaccine’s effect must be evaluated across a range of
disease stages to identify exactly which stages are most responsive to the
treatment. The target treatment population may vary by vaccine as well as by
cancer type; therefore, a large randomized trial must be conducted for each
vaccine in each indication for which it is to be developed.

According to current regulatory process, any benefit observed in a sub-
group of patients—even if statistically significant in predefined or post hoc
analyses—in most of the cases must be subsequently confirmed in a second
randomized trial involving this subgroup. Therefore, these large, late-stage trials
must be conducted sequentially, meaning that a late-stage development program
could last more than 10 years, which currently represents a significant impedi-
ment to the success of the field of cancer vaccines.

Lack of Early Surrogate Markers

The lack of information with which to orient initial late-stage studies can be
attributed to the absence of a reliable early marker or critical event that indi-
cates that clinical benefit may be associated with the experimental treatment.
Newer therapies such as therapeutic cancer vaccines, EGFR/HER2/neu
inhibitors, and angiostatins tend to affect cancers in a different manner com-
pared with traditional cancer treatments. They appear to slow the course of
disease without causing earlier-measurable tumor shrinkage. Therefore, the
effect of treatment only becomes apparent later, when the growth of the tumor
lesions is retarded or absent, and the comparative time to progression is slowed.
Treatment effect in the earlier-stage disease or adjuvant treatment settings
can be even longer to ascertain, as the minimal tumor burden in these settings
makes quicker end points such as tumor response or time to progression
inapplicable. Therefore, identification of a surrogate marker or critical event
indicative of clinical benefit could provide earlier feedback to help identify the
group of patients most likely to benefit from treatment. This could help shorten
development timelines by making the newer adaptive trial designs feasible in
the earlier-disease/adjuvant treatment setting: By identifying patients that
seem to be benefiting most from treatment early in patient enrollment,
enrollment criteria could be tailored to focus on enrolling the optimal patient
population. This could potentially eliminate the need for a second trial to
confirm subset analysis findings, affording the opportunity for a single, late-
stage clinical trial to establish all of the efficacy and safety information nec-
essary to support a treatment’s initial licensure.
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In the metastatic disease setting, surrogate markers related to tumor
response can be utilized. In the earlier-disease/adjuvant treatment setting, how-
ever, in which tumor response cannot be assessed, a reliable marker has yet to be
identified. In this better-prognosis setting, there are many scientific and tech-
nological hurdles to be overcome, even ones as basic as availability of immu-
noassays that are amenable to routine use and can undergo adequate validation.
Work continues in the development of reliable immunological biomarkers.

Following the 2006 Meeting of the Cancer Vaccine Consortium, Finke
et al. identified the challenges of developing effective anticancer immuno-
therapies as related to the following factors: (1) underlying heterogeneity in
some of the cancers and patient cohorts selected for study, (2) the longer time
required to establish an effective cellular immune response versus the observa-
tion period designed into the study, and (3) diminished immunocompetence in
patients with high tumor burden. Planning for phase 3 trials also encounters the
difficulty that arise when using historical data to estimate the mean survival time
or other end points in the control or experimental groups and aggressive pro-
jections of the ultimate benefit of active cancer immunotherapy. Finally, there is
the long time and high cost of running clinical studies with cancer vaccines (31).

REGULATORY CONSIDERATIONS AND A NEW CLINICAL PARADIGM

There are a few regulatory considerations that have the opportunity to facilitate
clinical development of cancer vaccines. In December 2006, the U.S. FDA issued
a proposed rule to amend the regulation concerning charging patients for inves-
tigational new drugs (INDs). If the proposed role becomes effective as currently
written, it will permit charging for a broader range of investigational uses than
presently allowed. This allowance could provide a potential mechanism to help
partially fund the necessary long and expensive late-stage trials of cancer vaccines.

A new mechanism for drug approval was recently adopted in Europe that
allows for granting a conditional marketing authorization (CMA) prior to full
marketing approval for a treatment that preliminarily indicates a positive risk-
benefit assessment in late-stage trials. In life threatening or orphan disease settings,
CMAs allow patient access to treatments that have demonstrated clinically mean-
ingful but less statistically robust findings, which require subsequent confirmation
in post-marketing trials. CMAs provide an opportunity for more comprehensive
cost recovery compared with charging patients for investigational treatments.

A new development paradigm for cancer vaccines was recently proposed by
the Cancer Vaccine Clinical Trial Working Group (CVCTWG), a group of more
than 50 experts from academia, regulatory bodies, and the biotech/pharmaceutical
industry from America and Europe (32). The authors propose a clinical devel-
opment model in which therapeutic cancer vaccines are investigated in two general
types of clinical studies: proof-of-principle trials and efficacy trials. Designed to
account for biologic features of cancer vaccines, the proposed paradigm “supports
a more flexible, expeditious, and focused clinical developmental process with
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early and informed decision-making through prospectively defined ‘go’ or ‘no go’
decision points, use of biologic end points, adjusted clinical end points, early use
of randomized trials, and adaptive design components, where applicable.” How-
ever, there remain challenges with being able to effectively apply some of these
concepts in the better-prognosis patient setting. The ability to glean reliable
information regarding potential efficacy at time points early in a clinical trial
remains a challenge and a barrier to accelerated decision making.

Continued innovation and dialogue in the regulatory process for cancer
vaccine development will be critical for the sustained investment of time, effort,
and funds—without which progress in this novel and important area may never
be achieved.
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INTRODUCTION

The total number of new cases of primary malignant brain tumors in the United
States in 2005 was 21,690 as estimated by the Central Brain Tumor Registry of the
United States (CBRTUS). Astrocytomas are the most common primary brain
tumor. Glioblastoma multiforme (GBM) is the most aggressive and malignant form
with a median survival of only 15 months despite best possible treatment—surgical
resection followed by radiation and chemotherapy. GBM can transition from a
lower grade glioma (secondary GBM) or can develop de novo (primary GBM).
Despite advances in surgical technique, chemotherapy, and radiation ther-
apy, the prognosis for patients with malignant glioma remains poor. Even after
optimal treatment with surgical resection followed by chemoradiation therapy, the
median survival of GBM is 15 months. The infiltrative nature of the disease, a
central nervous system (CNS) microenvironment that can escape immune sur-
veillance, and resistance of tumor to chemotherapy contribute to a grim prognosis.
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Dendritic cells (DCs) have an ability to promote an effective antitumor immune
response and sensitize glioma cells to chemotherapy as demonstrated in recent
trials. This chapter will discuss results of recent DC-vaccine clinical trials and
explore future strategies of DC vaccines for malignant gliomas.

The inherent vulnerability of the brain parenchyma and complex character
of the tumor itself can explain the poor response of malignant brain tumors to
current therapies (1,2). As the name implies, glioblastoma is multiform, both
grossly and genetically. GBM has various deletions and amplifications, and point
mutations leading to activation of signal transduction pathways downstream of
tyrosine kinase receptors such as epidermal growth factor receptor (EGFR) and
platelet-derived growth factor receptor (PDGFR), as well as to disruption of cell
cycle—arrest pathways by INK4a-ARF loss or by p53 mutations associated with
CDK4 amplification or RB loss (3).

The brain’s physical isolation from the systemic circulation by the blood-
brain barrier (BBB), absence of lymphatic vessels, lack of resident DCs and
human leukocyte antigens (HLA) on brain cells makes it an immunologically
privileged organ. The neuronal environment is protected from surveillance by
immune cells in part by the BBB which functions to regulate passage of mac-
romolecules and intravascular immune cells from the lumen of vessels in the
neural parenchyma into the extravascular compartment.

The location of cells within the brain is variable, making complete resec-
tion of malignant gliomas difficult (2). Tumor cells can be found centimeters
away from the primary tumor site. Invasion of glioma cells into surrounding
normal brain parenchyma is accomplished via white matter tracts, perivascular
and periventricular spaces. In gliomatosis cerebri, cells spread diffusely and in
severe cases, can involve the entire brain. Tumor cells invade critical structures
creating mass effect and causing irreversible damage to areas needed for patient
survival. The genetic instability, cellular heterogeneity, and disseminated nature
of malignant gliomas make current treatment strategies to eliminate all residual
intracranial tumor reservoirs unsuccessful (4,5a). Therefore, recurrence of tumor
is inevitable and contributes to the lethality of this disease.

CELLULAR IMMUNITY

Cell-mediated immunity requires T cells to be in direct contact with their targets
in order to cause injury to tumor cells. A cellular immune response is dependent
on T-cell receptors’ specific recognition of cell-surface antigens and its ability to
recognize and destroy foreign cells, including host cells bearing intracellular
pathogens. The presence of both foreign antigens and self-antigens on a cell’s
surface is needed to activate T cells in response to a foreign antigen. Activation
of the cell-mediated immune attack triggers complementary T-cell clone pro-
liferation and differentiation, which yields a large number of activated T cells to
carry out various cell-mediated responses. Direct killing of host cells harboring
mutated proteins from malignant transformations in cancer cells is done by
cytotoxic T cells (killer T cells or CD8™ cells) (5b).
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The mechanisms designed to prevent autoimmunity protect tumors from their
rejection (5b). One mechanism involved with tolerance is central tolerance. Imma-
ture T cells that would react to the body’s own proteins are triggered by the thymus
to undergo apoptosis (5a). Thus, the population of autoreactive T cells that survived
negative selection has only low to intermediate activity to self-tumor antigens and is
incapable of responding to tumor antigens with high avidity (5a). Another mecha-
nism of tolerance is T-cell anergy or peripheral tolerance. The presence of two
specific simultaneous signals, costimulatory signals from its compatible antigen and
stimulatory cosignal molecule, B7, which is found only on the surface of an antigen-
presenting cell (APC), is required for T-cell activation. In the absence of cos-
timulatory molecules, T cells become anergic or inactivated if they bind to MHC:
self-antigen ligands. Glioma cells express MHC: self-peptide ligands but do not
express costimulatory molecules (6). Antigen plus cosignal are never present for self-
antigens because these antigens are not handled by cosignal-bearing APCs. Anergic
T cells do not proliferate or differentiate into armed effector cells upon recounter of
self-antigen even if they receive costimulatory signals leading to tumor-specific
T-cell ignorance (5a). Inhibition by Treg cells (CD4"/CD25™) is another mechanism
by which autoreactive lymphocyte clones are inhibited. They can inhibit DC mat-
uration and their antigen-presenting function (7) as well as T cell activation and
proliferation. The mechanism of suppression by T cells is contact dependent and is
often mediated by interleukin (IL)-10 and transforming growth factor-f§ (TGF-p) (8).
Gomez and Kruse report that recently identified human CD8"CD25" lymphocytes
were capable of suppressing allogeneic and autologous T-cell proliferation in a cell
contact-dependent manner (5a). Treg cells are elevated in the peripheral blood and
tumor microenvironment in cancer patients, suggesting Treg cells may prevent the
initiation of antitumor responses directed toward shared self-antigens (9).

The major histocompatibility complex (MHC) is the code for surface
membrane-enclosed self-antigens (5b). MHC is a group of genes that directs the
synthesis of MHC molecules, or self-antigens, which are plasma membrane-bound
glycoproteins. Engulfed foreign antigens are escorted to the cell surface by MHC
comolecules for presentation by APCs. T cells typically only bind with MHC self-
antigens only in association with a foreign antigen such as a mutated cellular protein of
a cancerous body cell. The immune system is alerted of the presence of an undesirable
agent within the cell upon the combined presence of the self- and non-self-antigens
displayed at the cell surface. Specific T-cell receptors fit a particular MHC—foreign
antigen complex in complementary fashion. The T-cell receptor must also match the
appropriate MHC protein. Cytotoxic T cells respond to foreign antigen only in asso-
ciation with MHC class I glycoproteins, which are found on the surface of virtually all
nucleated body cells. Helper T cells respond to MHC class II glycoproteins which are
found on the surface of B cells, cytotoxic T cells, and macrophages.

Immune surveillance is a process by which the T-cell system recognizes
and destroys newly arisen, potentially cancerous tumor cells before they have a
chance to multiply and spread. Immune surveillance against cancer depends on
interplay among cytotoxic T cells, natural killer (NK) cells, macrophages, and
interferon. These cells secrete interferon which functions to inhibit the division
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of cancer cells and amplify the immune cells’ killing ability. Cancer cells have
the ability to escape detection by immune mechanisms. It is believed that cancer
cells fail to display identifying antigens on their surface or be surrounded by
counterproductive blocking antibodies that interfere with T-cell function (5b).
The coating of the tumor cells by these blocking antibodies can protect the tumor
cell from attack by cytotoxic T cells. As the tumor proliferates, the tumor cells
may accumulate additional mutations which may confer additional immunoe-
vasive survival advantages on the growing neoplasm, and by the time the cancer
is clinically detectable, it has developed potent immunosuppressive qualities that
enable it to depress host antitumor immunity (4).

DENDRITIC CELLS

The most potent APCs are DCs. DCs have an important role in immune sur-
veillance, antigen capture, and antigen presentation (5b). Tumor cells are known
to be poor APCs. Cytotoxic T cells, as established by a strong body of evidence,
play a vital role in mounting an effective antitumor immune response (10-12). The
presence of a tumor antigen is necessary to generate effective tumoricidal T-cell
immunity. The introduction of a naive T cell to a tumor antigen results in T-cell
activation, clonal expansion, and exertion of cytolytic effector function. Patients
with malignant gliomas have shown a defective antitumor immune response.
Tumor cells release amplified immunosuppressive chemokines that depresses
the ability of native APCs to recognize, ingest, and process tumor-derived antigens
(12-14). Effective cytotoxic T-cell effector function is dependent on effective
antigen presentation. Thus, the establishment of a viable immunotherapeutic
approach to the treatment of malignant gliomas requires a strategy that success-
fully introduces tumor antigens to T cells in vivo.

A promising treatment strategy is DC-based vaccines that elicit tumor-
specific antigen presentation to the immune system. Many costimulatory
molecules are abundantly expressed on DCs. Effective activation of naive
T cells is dependent on these costimulatory molecules that have the capacity to
efficiently process and present antigenic peptides in combination with cell-
surface MHC. DCs are the most potent of the APCs and are capable of ini-
tiating cytolytic T-cell function in vitro and in vivo (15). Recent advances in
DC biology have allowed us to generate large number of DCs in vitro where
normally, in circulation, DCs are present in very small numbers (16). Neoplastic
tumors such as lymphoma, melanoma, prostate carcinoma, and renal cell carci-
noma have demonstrated the ability to elicit antitumor immunity after vaccination
in tumor-bearing hosts with DCs derived in vitro primed against tumor-specific
antigens in culture (17-20). Siesjo was the first to demonstrate the efficacy of a
peripherally administered tumor-derived peptide-pulsed DC vaccine in generating
antitumor cytotoxic immunity in a rodent glioma model (21). A DC-vaccine study
in melanoma demonstrated a correlation between the development of antigen-
specific T-cell responses and a favorable clinical outcome (22).
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IMPAIRED IMMUNE FUNCTION ASSOCIATED
WITH MALIGNANT GLIOMAS

It has been demonstrated that patients diagnosed with GBM present with signif-
icant impaired immune function (23,24). The induction of potent and sustained
antitumor immune responses in the immunocompetent host is extremely chal-
lenging due to intrinsic tumor tolerance mechanisms (5a). Studies have described
tumor cells’ ability to evade immune attack by using various strategies. Gomez
and Kruse describe the various mechanisms of malignant glioma immune resis-
tance and sources of immunosuppression (5a). We discuss their findings below.

Tumor cells produce immunosuppressive factors such as PGE2, TGF-§,
and IL-10. PGE2 is a COX-2-derived prostaglandin E2 which promotes tumor
cell invasion, motility, and angiogenesis upon binding to its receptor EPI-4 (5a).
PGE2 also induces immunosuppression by downregulating production of
T helper Tyl cytokines (IL-2, IFN-y, and TNF-o) and upregulating Ty2 cytokines
(IL-4, IL-10, and IL-6) (25). PGE2 also inhibits T-cell activation and suppresses
the antitumor activity of NK cells (26,27), and can enhance suppressive activity of
Treg cells.

TGF-B is involved with regulating inflammation, angiogenesis, and pro-
liferation (28), and is expressed by a variety of cancers including astrocytomas
and appears to be the major isoform expressed by glioblastomas. TGF-f inhibits
T-cell activation and proliferation (29,30), and maturation and function of pro-
fessional APCs (31-33). TGF- also inhibits synthesis of cytotoxic molecules
including perforin, granzymes A and B, IFN-7, and FasL in activated cytotoxic
T-lymphocyte (CTL) (32,33). TGF-P can facilitate conversion of naive T cells to
a Treg phenotype, thereby playing a role in tumor tolerance and may recruit
Tregs toward the primary tumor site as a means of immune evasion (5a). IL-10
inhibits IL-2-induced T-cell proliferation (34), DC, and macrophage activation
of T cells (35), and downmodulates class II MHC on APCs and is expressed by
Treg cells (8) and human gliomas (35).

In order to evade immune attack, tumor cells impair the adhesive effector
between tumor cell interactions and protective tumor cloaks (5a). Tumor cells
develop strategies to prevent their adhesion by immune effector cells. A mecha-
nism of evasion from tumor-specific T and NK cell lysis is disruption of leukocyte
function antigen-1 (LFA-1) and intercellular adhesion molecule-1 (ICAM-1)
interactions which inhibit target cell lysis (36,37).

MHC class I molecules, or HLA, are required for presentation of foreign
antigen peptides to cytotoxic T cells and for the engagement of receptors that
regulate NK-cell activity (38). The brain displays low or absent levels of MHC
class I. Tumor cells can evade T-cell detection and subsequent induced cyto-
toxicity if they display aberrant HLA class I expression (5a). Complete HLA class I
loss may be caused by mutations of both B,-m alleles with the absence of f,-m
expression; HLA class I heavy chain/B,-m/peptide complexes will not form nor
be transported to the cell surface (5a).
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NK cells can kill cancer cells without prior sensitization. They are
responsible for killing HLA class I-deficient tumor cells (38). In neoplastic
conditions, HLA class I expression is often altered, breaking NK cell tolerance
(5a). Ectopic HLA-G expression is a mechanism of tumor evasion of T and
NK cell lysis (39) and is believed to protect the fetus from allorejection by
maternal NK and T cells (5a). HLA-G is expressed on primary GBM and
by established glioma cell lines (39). HLA-G expression causes glioma cells to
be resistant to alloreactive CTL lysis and its inhibitory signals are strong enough
to counteract NK-activating signals.

NK and activated T cells regulate tumor growth via the Fas apoptosis
pathway; however, tumor cells may disrupt this pathway at many levels within
the signaling cascade (5a). Disruption of Fas-induced apoptosis or upregulation
of FasLL may provide tumor-cell protection to T lymphocyte—-induced cell injury
(5a). Decoy receptor 3 (DcR3) is expressed by brain tumors and inhibits Fas-
induced apoptosis (40,41). Decreased expression of Fas or secretion of FasL
decoy receptor, DcR3, by glioma cells inhibits death receptor—induced apoptosis.
Tumor cells can cause T-cell apoptosis when they counterattack T cells by
expressing FasL which engages Fas on the T-cell plasma membrane (5a).

DC-BASED IMMUNOTHERAPY: RESULTS OF
PHASE I AND II CLINICAL TRIALS

It is very difficult to therapeutically target every remaining individual tumor cell
due to the disseminated nature of GBM. It is extremely important to eliminate all
intracranial neoplastic foci left behind after surgical resection of the primary
tumor (4). The use of the immune system to target residual tumor cells is one
such strategy to enhance visibility of tumor cells to the immune system.

In a phase I study, Yu and colleagues describe the use of a DC vaccine in
patients with newly diagnosed high-grade glioma (42). After surgical resection
and external-beam radiotherapy, nine patients were given a series of three DC
vaccinations using DCs cultured from patients’ peripheral blood mononuclear
cells (PBMC) pulsed ex vivo with autologous tumor cell-surface peptide isolated
by means of acid elution. Each DC vaccination was given intradermally every
other week over a six-week period. Four of the nine patients who had radio-
logical evidence of disease progression underwent repeat surgery after receiving
the third vaccination. Two of the four patients who underwent re-resection had
robust infiltration of CD8" and CD45RO™ T cells which was not apparent in the
tumor specimen resected prior to DC trial entry (Fig. 1). Comparison of long-
term survival data between the study group and matched controls demonstrated
an increase in median survival of 455 days versus 257 days for the control group,
conferring some survival benefit after DC vaccination.

Given the promising results and absence of observed autoimmune toxicity
in the phase I study, Yu and colleagues expanded the study into a phase II
trial (43). Fourteen patients with recurrent (12 patients) and newly diagnosed
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Figure 1 (See color insert.) Immunohistochemical characterization of infiltrating
cells in intracranial tumor before and after DC vaccination: Intratumoral CD8™ cells,
pre- (A), and post-vaccination (B). Intratumoral CD4" cells, pre- (C), and post-vaccination
(D). Intratumoral CD45RO™ cells, pre- (E), and post-vaccination (F). Intratumoral
CD8" cells pre- (G) and post-recurrence (H) in a non-vaccinated patient.

(2 patients) malignant glioma, including anaplastic astrocytoma and GBM, were
given three vaccinations with autologous DC pulsed with autologous tumor
lysate every other week over a six-week period. In four out of nine patients, as
part of an HLA-restricted tetramer staining assay, it was found that there were
one or more tumor-associated antigen (TAA)-specific CTL clones against mel-
anoma antigen-encoding gene-1, gpl00, and human epidermal growth factor
receptor (HER)-2 (Fig. 2). DC vaccination offered a significant survival benefit
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Figure 2 Representative flow cytometry plots from a single glioma patient vacci-
nated with autologous tumor lysate pulsed DCs. PBMC isolated pre- (left column) and
post-vaccination (right column) were stained with HLA restricted tetramers for HER-2,
gpl100, and MAGE-1 (y-axis). Additionally, cells were stained for the CD8 antigen
(x-axis). Plots indicate a significant increase in the number of cells that registered as
double positive (i.e. bound to antigen specific tetramers and positive for CD8). This
demonstrates an expansion in the populations of CTL specific for these TAAs in this
patient following DC vaccination.
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as evidenced by an increase in median survival of 133 weeks for the study group
versus 30 weeks for the control group.

In a phase I study by Kikuchi and colleagues (44), eight patients were
treated with a series of three to seven intradermal vaccinations with DC-autologous
glioma fusion cells. Glioma fusion cells were used as a strategy to improve DC-
mediated TAA presentation by enhancing tumor cell-DC interaction. Although
the ability to induce a tumor-specific immune response was demonstrated, only
slight temporary responses to therapy were detected in two patients who had
tumor progression on follow-up neuroimaging studies.

Kikuchi and colleagues reported a clinical trial using DC-glioma fusion
cells and recombinant human IL-12 (45) after a mouse brain tumor model
demonstrated systemic administration of recombinant IL-12 enhanced antitumor
effect of this vaccine (46). The trial involved 15 patients who received vaccine
therapy after progression of disease despite standard chemotherapy and/or
radiation therapy. The vaccine of DC-autologous glioma fusion cells was given
intradermally close to a cervical lymph node followed by recombinant IL-12
(30 ng/kg) injected subcutaneously at the same site on days 3 and 7. Two six-
week courses of this regimen were completed with the second course starting
two to five weeks after the last dose of IL-12.

However, results of this trial demonstrated limited success of the DC-glioma
fusion cell vaccine. Only two patients demonstrated significant increase in
cytolytic activity after vaccination, as shown in a Cr-releasing cytolytic assay
(13) using peripheral blood lymphocytes and autologous glioma cells. Cytolytic
activity was almost nonexistent in the remainder of patients in the study group.
CD4 " T-cell subsets were not observed, although CDS8™" T-cell infiltration was
more robust in recurrent tumor specimens, with pathologic findings of larger
tumor cells containing multiple nuclei and wide cytoplasm, when compared to
primary tumors. Failure of tumor-specific T-helper 1 induction and/or the
existence of tolerogenic CD4" T-cell subsets may be a reason for the limited
success of the DC-glioma fusion cell vaccine. The potential for T-helper 1 and
resident APCs to stimulate each other lends to support TAA-specific CTL
responses. The development of a successful antiglioma vaccine may depend on
the helper activity of the antigen-specific T-helper subset which can interact with
APCs to activate them in the tumor microenvironment (47).

A direct injection of DCs into tumor is a novel immunotherapeutic
approach. DCs acquire and process tumor antigens in situ allowing migration to
regional lymphoid organs via lymphoid vessels thereby initiating significant
tumor-specific immune responses in the CNS (12,48). Yamanaka and colleagues
described results of a phase I/II clinical trial in which five glioma patients
received intradermal vaccination of autologous tumor lysate—pulsed DC vacci-
nation, whereas another five patients underwent intratumoral injection of
autologous immature DCs in addition to intradermal vaccination of tumor lysate—
pulsed DCs (49). This study used immature DCs since the ability to capture, pro-
cess, and traffic antigens have been demonstrated by DCs only in their immature
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state (50). Patients who received both the intratumoral and the intradermal vaccines
demonstrated reduction in the size of contrast-enhancing tumor on neuroimaging.
This indicates that immature DCs injected intratumorally can potentially induce an
antitumor immune response by their ability to capture and process TAAs in situ. For
patients with surgically unresectable tumors not allowing for sufficient tumor
specimen and/or recurrent gliomas, this may be a novel strategy.

In a subsequent phase I/Il clinical study, Yamanaka and colleagues,
describe the clinical evaluation of malignant glioma patients vaccinated with
DCs pulsed by an autologous tumor lysate (51). Twenty-four patients with
malignant glioma (6 grade III malignant gliomas and 18 grade IV GBM) status
postsurgical resection of tumor, external beam radiation therapy, and nitrosourea-
based chemotherapy were enrolled in this study. These patients were monitored for
recurrence via brain imaging (MRI or CT), and upon evidence of tumor recur-
rence, DC immunotherapy was initiated. Twelve patients received maintenance
glucocorticoid therapy with prednisone 30 mg/day during DC therapy.

DCs were injected intradermally close to a cervical lymph node, or
intradermally and intratumorally via an Ommaya reservoir. Patients received DC
pulsed with autologous tumor lysate every 3 weeks and continued with up to
10 vaccinations depending on the clinical response. The mean number of
administrations was 7.4 times intradermally and 4.6 times intratumorally. In the
phase I section of the protocol, 17 patients received administration of immatured
DCs pulsed by tumor lysate intradermally or both intradermally and intra-
tumorally. Of the 17 patients, 2 had minor response, 6 had no change, and 9 had
progressive disease. In the phase II section of the protocol, seven patients
received administration of DCs matured with OK-432 pulsed by tumor lysate
given intradermally and immatured DCs given intratumorally via an Ommaya
reservoir. One out of the seven patients had partial response, one had minor
response, four had no change, and one had progressive disease on MRIL
Yamanaka and colleagues found that those 7 patients with GBM who received
DCs matured with OK-432 had a significantly increased overall survival com-
pared to the 11 patients who received DCs without OK-432 maturation. They
also found that the GBM patients that received both intratumoral and intradermal
DC vaccinations had a longer overall survival time than the patients who received
intradermal administration alone. Survival of 18 DC-vaccinated patients was
compared to 27 nonselected age-, gender-, and disease-matched controls that
similarly underwent surgical resection, radiation, and nitrosourea-based chemo-
therapy. In the DC vaccinated group, results demonstrated a median overall sur-
vival time of 480 days with a percentage of overall survival 23.5% at 2 years
versus 400 days in the control group with a percentage of overall survival 3.7% at
2 years, conferring DC vaccination is associated with prolonged survival.

In a phase I, dose-escalation study, Liau and colleagues enrolled 12 patients
with GBM (7 newly diagnosed, 5 recurrent) and treated them with 1, 5, or
10 million autologous DCs pulsed with acid-eluted autologous tumor peptides
(52). The newly diagnosed patients underwent surgical resection followed by



Dendritic Cell Vaccines for Gliomas 93

standard external beam radiation therapy and then administration of DC vacci-
nations. The recurrent patients had undergone radiation therapy and/or chemo-
therapy previously before presenting with recurrent tumor and then underwent
surgical resection before administration of DC vaccines. After DC vaccination
for all 12 GBM patients, overall survival was 100% at six months, 75% at one
year, and 50% at 2 years with two long-term survivors (>4 years). Median time
to progression was 15.5 months and median overall survival was 23.4 months.
For those five patients with ongoing progressive disease and bulky tumor,
median overall survival was 11.7 months. For the seven patients with either gross
stable disease or no measurable residual disease at baseline, overall survival was
18 to over 58 months. This resulted in an overall median survival benefit of
35.8 months after DC vaccination when compared to control population who had
a median overall survival of 18.3 months.

Postvaccination using conventional CTL assays, six patients were found to
have peripheral tumor-specific CTL activity. These patients did not have
peripheral CTL activity prior to vaccination. Those who developed systemic
antitumor cytotoxicity had longer survival time compared to those patients who
did not. All of the patients who had stable/minimal residual disease at baseline
generated a positive CTL response (100%), whereas those with active progres-
sive disease at baseline did not produce statistically significant cell-mediated
CTL responses (0%), suggesting that those with active tumor progression/
recurrence may have an impaired ability to mount an effective cellular antitumor
immune response. Eight patients who developed tumor progression on follow-up
MRI postvaccine therapy underwent repeat surgical resection or biopsy. A robust
infiltration of CD3" tumor-infiltrating lymphocytes (TIL), not present in tissue
samples taken prior to DC vaccination, was found in four of the eight patients
who survived >30 months. However, those patients who died within one year
(3 patients) demonstrated no significant infiltration, demonstrating that accu-
mulation of tumor-specific T cells locally within tumors is associated with
positive clinical responses. CD8 "/CD45RO™ memory T cells with lesser number
of CD4™ helper T cells were the majority of TILs identified.

Liau and colleagues also found that patients who had minimal tumor
burden prevaccination (4 of 4) demonstrated evidence of increased TIL, whereas
those with progressive disease prevaccination (3 of 3) showed no detectable
increase in TIL. The authors suggest that clinical benefit from DC vaccination
may be limited by active tumor recurrence and/or bulky residual tumor, which
can negatively influence T lymphocytes’ ability to accumulate within the local
tumor microenvironment. This study also looked at expression of TGF-3, and
IL-10 using reverse transcription-PCR and immunohistochemistry in the tumor
tissue to demonstrate whether secretion of immunosuppressive cytokines by the
tumors affected local accumulation of T cells. They found that those patients
with detectable TIL had lower quantitative expression of TGF-B, and had a
longer survival (>30 months) than those with higher quantitative expression of
TGF-p,. The authors suggest that a high expression of TGF-f, may decrease the
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ability of TIL to accumulate within CNS gliomas to mount a clinical relevant
local antitumor immune response in brain cancer patients.

MALIGNANT GLIOMAS AND CHEMORESISTANCE

Despite recent advances in surgery, chemotherapy, and radiation therapy, the
increases in median survival in patients with GBM remain modest. With best-
known treatment, the median survival for GBM is currently increased to just two
to three months. A major reason for this modest response to therapy is chemo-
therapy resistance by malignant tumor cells. Resistance to chemotherapy can be
due to either an innate property of malignant tumor cells or their ability to
acquire resistance during drug treatment. Over the past decade, researchers have
begun to pave the road to understanding the molecular mechanisms by which
brain tumor cells develop a drug-resistant phenotype with much success (53).
Fas antigen (FasA) and Fas ligand has been shown to participate in cytotoxicity
mediated by T lymphocytes and NK cells. By using the combination of anti-Fas
Ab and various drugs, Wakahara and his colleagues in 1997 demonstrated the
ability to overcome drug resistance in ovarian cancer (54). In animal models,
efficient elimination of both intrinsically resistant myeloma cells and acquired
multiple drug-resistant (MDR) tumor cells was shown with granulocyte-
macrophage colony-stimulating factor (GM-CSF)- and IL-12-expressing tumor
cell vaccines (55). Drug-resistant tumors are probably more readily lysed by
MHC-restricted, tumor-associated CTLs as some drug-resistant tumor cells
expressed significant higher HLA class I-surface antigens and TAP mRNA than
drug-sensitive cells (56,57). Extensive investigations of intracellular vacci-
nations targeting molecules related to drug resistance have been performed (58).
Through collective evidence, immunotherapy is demonstrating to be an effective
approach in overcoming a major treatment barrier in cancer treatment—drug
resistance with chemotherapy. Many cancer immunotherapy trials are limited
in demonstrating an effective antitumor immune response. However, newer
DC-based therapy approaches have demonstrated some success. Liu and his
colleagues demonstrated for the first time that targeting of tumor-associated
antigen TRP-2 by DC vaccination significantly increased chemotherapeutic
sensitivity. Immunotherapy not only induces T-cell cytotoxicity as is well
established, but can also make tumors more sensitive to drug therapy (59).

SENSITIZATION TO CHEMOTHERAPY OF
GLIOMA CELLS AFTER DC THERAPY

It was demonstrated by Fisk in 1998 that by eliminating tumor cells expressing
higher levels of MHC class I and relevant tumor antigens by co-culturing tumor
cells with CTLs, CTL-resistant tumor cells exhibited increased drug sensitivity
(57). Liu and colleagues recently found that significant drug resistance to car-
boplatin and temozolomide compared to wild-type U-373 (W-U373) resulted
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Figure 3 TRP-2 expression in primary (P) and recurrent (R) tumor cells. Total
RNA was extracted from tumor cells derived from patient No. 81 and patient No. 11.
TRP-2 mRNA expression was measured by real-time qPCR. The expression was firstly
normalized by internal control B-actin. The relative TRP-2 mRNA level of recurrent
tumor was presented as the fold decrease compared to autologous primary tumor cells.
(Reproduced from Liu G. et al. Oncogene, 2005, 24: 5226-5234)

from the TRP-2 transfected cell line (TRP-2-U373). After immunoselection by
TRP-2-specific CTL clone, CTL-resistant tumor cells (IS-TRP-2-373) developed
significant increased sensitivity to carboplatin and temozolomide compared to
W-U373 (59). In a phase I DC vaccination clinical trial by Liu and colleagues,
TRP-2-specific cytotoxic T-cell activity was detected in patients” PBMC after
active immunotherapy against unselected glioma antigens using tumor lysate—
loaded DCs (60). Tumor-cell specimens were taken from postvaccination
resections from two patients who developed CTL to TRP-2. Compared to
autologous cell lines derived from prevaccination resections in two patients who
demonstrated CTL response to TRP-2, these specimens demonstrated sig-
nificantly lower TRP-2 expression (Fig. 3) and higher drug sensitivity to car-
boplatin and temozolomide (Fig. 4). Thus, targeting TRP-2 may provide a new
strategy in improving chemotherapy sensitivity. However, not all forms of drug
resistance in tumor cells develop with TRP-2. Other drug resistance-related
proteins, such as EGFR, MDR-1, MRPs, HER-2, and survivin, etc., may also
decrease after DC vaccination.

Another mechanism that may contribute to the sensitization of tumor cells
to chemotherapy after vaccination is loss of chromosomal arms 1p and 19q. A
unique constellation of molecular changes have been identified in prior studies
including allelic loss of chromosome 1p and coincidental loss of chromosomal
arms 1p and 19q (frequency: 50-70%), which in some gliomas, particularly in
anaplastic and nonanaplastic oligodendroglioma, strongly predicts a far greater
likelihood of chemotherapeutic response (61-63). For example, in a series of
55 grade II and III oligodendrogliomas, the principal independent predictor of
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Figure 4 Drug sensitivity of in primary (P) and recurrent (R) tumor cells. Tumor cells
derived from patient No. 81 and patient No. 11 were treated with various concentrations
of (A and B) carboplatin; (C and D) temozolomide for 48 hours. * in the figure indicates
p < 0.05 compared to autologous primary tumor cells. Data are from three independent
experiments. (Reproduced from Liu G. et al. Oncogene, 2005, 24: 5226-5234)

progression-free survival after chemotherapy with procarbazine, lomustine, and
vincristine plus radiotherapy was loss of heterozygosity (LOH) of chromosome
1p: median progression-free survival for 19 patients whose tumors retained both
copies of 1p was only 6 months compared to 36 patients whose tumors had lost
1p alleles was 55 months (61). In a subset of high-grade gliomas, particularly in
anaplastic oligodendrogliomas, specific molecular genomic changes may prove
useful as markers of relative chemosensitivity. Laser-dissected pre- and post-
vaccine pathological specimens were analyzed for LOH at the chromosomal loci
of tumor DNA (63). This analysis revealed that after DC vaccination of young
(responsive; <55 yr) patients, a prominent change in allelic loss frequency
was localized to chromosomal region 1p36: 100% of patients’ tumors exhibited
1p36 LOH after vaccination, whereas only 33% of patients’ tumor exhibited
1p36 LOH prior to vaccination (n = 6) (64). The current studies utilizing DC
active immunotherapy to elicit fundamental physiological changes have dem-
onstrated the potential of improving chemosensitivity of GBMs.
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MALIGNANT GLIOMA RESPONSIVENESS TO
CHEMOTHERAPY POST-DC VACCINATION

The processes that can explain a reason why tumor recurs despite CTL induction
by DC vaccination are immunoselection and immunoediting. These processes
allow tumor cells to escape from CTLs by antigen loss (65,66). The potential
synergies between immunotherapy and other therapies must therefore be
investigated due to the clinical inconsistency of cancer vaccines and the effects
of immunoselection on tumor evolution (67-69). Cedars-Sinai Medical Center
(68) and Brigham and Women’s Hospital have conducted clinical trials to
examine the synergy of vaccines with chemotherapy treatment (70). A retro-
spective analysis of clinical outcomes (survival and progression times) in
25 vaccinated (13 with and 12 without subsequent chemotherapy) and 13 non-
vaccinated de novo GBM patients receiving chemotherapy was performed.
Patients who received post-vaccine chemotherapy demonstrated longer survival
times and significantly longer times to tumor recurrence after chemotherapy
relative to their own previous recurrence times, as well as to patients receiving
vaccine or chemotherapy alone (Fig. 5). Two of these patients who underwent
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Figure 5 Overall survival in vaccine, chemotherapy, and vaccine + chemotherapy
groups. Overall survival was defined as the time from first diagnosis of brain tumor (de
novo GBM 1in all cases) to death due to tumor progression. Kaplan-Meier survival plots
with censored values in open circles are shown for each group. Survival of the vaccine
group was identical to that of chemotherapy group (P = 0.7, log-rank test). Survival of
vaccine + chemotherapy group was significantly greater relative to survival in the other
two groups together (P = 0.048, log-rank test), greater than survival in the chemotherapy
group alone (P = 0.028, log-rank test), and greater than survival in the vaccine group
alone (P = 0.048, log-rank test). Two of the three patients exhibiting objective tumor
regression survived for >2 years (730 days) after diagnosis. (Reproduced from Wheeler
CJ. et al. Clinical Cancer Research, 2004, 10(16): 5316-5326)
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Figure 6 Tumor regression following post-vaccine chemotherapy. Relative days after
diagnosis are represented by the numbers under individual MRI scans, with individual
patient scans in each row. Patient 11 recurred 82 days after vaccine initiation; patient 9
recurred 147 days after vaccine initiation, was treated surgically, and recurred 227
additional days (374 days total) after vaccine initiation. (Reproduced from Wheeler CJ.
et al. Clinical Cancer Research, 2004, 10(16): 5316-5326)

treatment with temozolomide after recurrence demonstrated a dramatic response
(Fig. 6). DC vaccination works in synergy with subsequent chemotherapy to
elicit tangible clinical benefits for GBM patients. This is based on the evidence
that DC vaccination induces specific CTL targeting of drug resistance-related
TAAs and clinical observations. The results of these recent clinical trials
strongly support the concept of utilization of DC immunotherapy to sensitize
tumor cells to chemotherapy.

FUTURE STRATEGIES FOR DC VACCINES

The success of vaccines depends on the identification of appropriate tumor
antigens, establishment of effective immunization strategies, and their ability to
circumvent inhibitory immune mechanisms. The challenge for scientists in the
future will be to further extend our fundamental knowledge of DC immunobi-
ology, tumor immunology, and cancer biology, and to implement these findings
in the rational design of DC immunotherapy for the treatment of cancer patients.
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The challenge with vaccination strategies is to break tolerance so that the
patient’s immune system recognizes cancer cells. Several aspects involving DC
vaccines need to be optimized to include the protocol of DC generation, DC
subtype, dose and timing interval of vaccination, route of administration,
approaches of antigen loading, and especially DC maturation (71). Recently, a
group of researchers has identified a small population of cancer stem cells in adult
and pediatric brain tumors (72). These cancer stem cells form neurospheres and
possess the capacity for self-renewal (72). They also express genes associated
with neural stem cells (NSCs) and differentiate into phenotypically diverse
populations including neuronal, astrocytic, and oligodendroglial cells (73-76).
Cancer stem cells are likely to share many of the properties of normal stem cells
that provide for a long life span, including relative quiescence, resistance to drugs
and toxins through the expression of several ABC transporters, an active DNA-
repair capacity, and resistance to apoptosis. Clinically, it is observed that tumors
respond to chemotherapies only to recur with renewed resilience and aggression.
Although chemotherapy kills most of the cells in a tumor, cancer stem cells may
be left behind which allow recurrence of tumor. Recent studies suggest that
CD133" cancer stem cells are resistant to current chemotherapy (77,78) and
radiation therapy (79). However, cancer stem-like cells (CSCs) could be a novel
target for DC immunotherapy. More recently, Pellegatta and his colleagues have
reported that that neurospheres enriched in CSCs are highly effective in eliciting a
DC-mediated immune response against malignant GL261 glioma cells. These
findings suggest that DC targeting of CSCs provides a higher level of protection
against GL261 gliomas (80). Future vaccination therapies may be directly driven
toward CSC lysates or specific tumor antigens of CSCs to improve and ameliorate
the DC-vaccine efficacy (mostly evaluated as overall survival) (81).

Moreover, the effects of immunotherapy depend on the development of
antigen-specific memory CD8" T cells that can express cytokines and kill
antigen-bearing cells when they encounter the tumor. The induction of specific
CD8"-mediated antitumor immunity by DC vaccine involves the following
six steps: (i) antigen threshold, (ii) antigen presentation, (iii) T-cell response,
(iv) T-cell traffic, (v) target destruction, and (vi) generation of memory. Each of
these steps could be significantly impacted by chemotherapy (82). Cytotoxic
chemotherapy can be integrated with tumor vaccines using unique doses and
schedules to break down the barriers to cancer immunotherapy, releasing the full
potential of the antitumor immune response to eradicate disease. The develop-
ment of new protocols by combining chemotherapy with immunotherapy to
achieve therapeutic synergy will be applicable to many cancer types (83). Fur-
thermore, synergistic effects of DC immunotherapy followed by chemotherapy
have also been observed. Sensitization of malignant glioma to chemotherapy
through DC vaccination provides a novel strategy to overcome the immune
escape of cancer cells by immunoediting (66,71).

Finally, tumor cells can actively downregulate antitumor immunity and
even create a state of immunologic unresponsiveness or self-tolerance to tumor

(text continues on page 104)
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antigens (84,85). Moreover, in tumor-associated lymph nodes, CD4"CD25"
regulatory phenotype [regulatory T cells (Tregs)] can be found which can
actively suppress DC function (86). Recently, a specific subgroup of T cells
(CD8" RTEs) was demonstrated to be responsive to tumor antigen and underlie
age-dependent glioma clinical outcome (60). Within all GBM patients receiving
post-vaccine chemotherapy, however, CD8" RTEs predicted significantly longer
chemotherapeutic responses, revealing a strong link between the predominant
T-cell effectors in GBM and tumor chemosensitivity. These important findings
have led us to a clear future direction in the pursuit of more effective DC-vaccine
glioma therapy. Any approaches including use of growth factors, hormones,
adjuvants, and chemotherapeutical agents to increase newly produced CD8"
RTEs and/or deplete or decrease the number of Tregs will enhance therapeutic
responses and patient survival after vaccination. These concepts have undergone
testing in animal models and clinical trials.
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INTRODUCTION

Cancer vaccines exemplify active specific immunotherapy—i.e., specific stim-
ulation of patient’s immune system against cancer. Improved understanding of
the molecular mechanisms of antigen processing and presentation and the
identification of tumor-associated antigens (TAA) in melanoma and other can-
cers have allowed the development of specific vaccines. T lymphocytes recog-
nize tumor antigenic epitopes—peptides bound to the MHC molecules.
Importantly, these peptide epitopes allow for precise direction of the antitumor
immune responses.

Class II MHC molecules present peptides of 12-25 amino acids, with a
groove-contacting region in the middle and side chains of several amino acids
(1). Class II-binding peptides are generally of extracellular origin and are pre-
dominantly recognized by CD4+ T lymphocytes (2). The cytotoxic T lympho-
cytes (CTL) expressing CD8 molecules recognize class I-restricted peptides,
mostly of 8-10 residues, which are the products of intracellularly processed

109



110 Schroter and Minev

proteins (2,3). Cytosolic peptides are transported across the endoplasmic retic-
ulum (ER) membrane with the help of the ATP-dependent transporters asso-
ciated with antigen processing (TAP) (4,5). Peptides complexed with class I
molecules in the ER are then transported to the cell surface for recognition by
CTL (3,6). The interaction between CTL and the target tumor cells begins with
the binding of the peptide antigen associated with the MHC class I molecule to
the T-cell antigen receptor. Lymphocyte-mediated cytolysis is further enhanced
by accessory molecules, such as lymphocyte function antigen-1 and -3, cos-
timulatory molecules (CD28, B7), and the intercellular adhesion molecule-1 (7),
among others.

The realization that MHC class I-restricted tumor antigens can act as
targets for CTL (8) promoted the search for tumor antigen genes (9,10). CTL
appear to be among the most direct and effective elements of the immune system
that are capable of generating antitumor immune responses (11). Tumor cells
expressing the appropriate TAA can be effectively recognized and destroyed by
these immune effector cells, which may result in dramatic clinical responses (12—
14). Both the adoptive transfer of tumor-reactive CTL and active immunization
designed to elicit CTL responses have been reported to lead to significant
therapeutic antitumor responses in some patients (12-14). However, currently
there are no human peptide-based vaccines on the market—resulting primarily
from difficulties associated with peptide stability and delivery, and the diver-
sity of human target antigens. Therefore, further research aimed at enhancing the
stability and immunogenicity of the peptides used for vaccination of patients
with cancer is essential.

TUMOR-ASSOCIATED ANTIGENS

Identification of highly expressed TAA is essential to the development of potent
and specific cancer vaccines. A variety of approaches have been used for the
identification of TAA recognized by CTL, including screening cDNA expression
libraries with tumor-reactive CTL (11), testing of known proteins for recognition
by CTL (15), direct isolation and sequencing of peptides eluted from the tumor
cells (16,17), and serological analysis of recombinant cDNA expression libraries
of human tumors with autologous serum (SEREX) (18). More recently, computer
programs have been used to identify peptide sequences of known proteins based
on their binding affinity for selected HLA molecules. We analyzed the sequence
of human telomerase reverse transcriptase (h'TRT) for peptide sequences binding
to the HLA-A2.1 molecule and demonstrated that the h'TRT peptide-specific
CTL of normal individuals and patients with cancer specifically lysed a variety
of HLA-A2+ cancer cell lines (19). Using different computer-based algorithms,
we identified six epitopes recognized by human CTL within the sequence of the
new tumor-associated antigen MGS50 (20).

Utilizing these approaches, many melanoma target antigens and antigen-
derived peptides have been identified, including tyrosinase, MART-1/Melan-A,
gpl100, TRP1/gp75, TRP2, MAGE, BAGE, GAGE, RAGE, NY-ESO-1, and
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others (11,21). In breast cancer and other adenocarcinomas, a polymorphic
epithelial mucin (22) and HER2/neu proto-oncogene (23) have been charac-
terized as tumor antigens.

Promising novel approaches for identification of TAA have been devel-
oped recently. Applying a combination of techniques, such as ‘“suppression
subtractive hybridization” and “transmembrane trapping,” Di Cristina et al.
identified a large panel of cDNA fragments encoding a variety of TAA, repre-
senting novel tumor-specific targets (24). Furukawa et al. studied the roles of
ganglioside GD3 in human malignant melanomas and those of GD2 in small cell
lung cancer as modulators of the malignant properties of cancer, suggesting their
function as novel targets for cancer therapy (25). Recently, it was found that
regulator of G-protein signaling 5 (RGSS5) is broadly unregulated in a wide
variety of malignant cells and that RGS5-specific CTL lines possess antigen-
specific and HLA-restricted cytolytic activity against tumor cells (26). Newly
identified TAA-derived peptides also demonstrated a strong potential to be
particularly useful in the treatment of hematologic malignancies (27,28).

In contrast to class I TAA, little attention has been paid to the identification
of class I TAA, mostly because of the difficulties in their identification. However,
a growing number of studies confirm the important role of CD4+ T cells in
controlling tumor growth (29). Several important studies on cancer patients
demonstrated the essential role of the CD44 T cells for optimal CTL induction
(30,31). Klyushnenkova et al. were able to successfully stimulate CD4+ T lym-
phocytes from HLA-DRBI1*1501-positive donors, with prostatic acid phospha-
tase—derived class II-restricted peptides showing their potential as a new target for
peptide-based immunotherapy (32). These findings confirm that tumor-specific
CD4+ T lymphocytes are required for optimal induction of CTL against the
autologous tumors. Therefore, both class I and class II peptides should be used to
optimize the therapeutic effect of the peptide-based cancer vaccines.

PRECLINICAL AND CLINICAL STUDIES

The identification of peptide sequences recognized by CTL has led to attempts to
directly induce CTL responses in vivo (33,34). Successful immunization of mice
has been accomplished with peptides formulated with immunostimulating
complex (35), entrapped in liposomes (36), encapsulated in microspheres (37),
and osmotically loaded into syngeneic splenocytes (38) or coated on their surface
(39). Effective immune responses were also elicited in mice with a mutant p53
peptide in adjuvant (40), or with either mutant or wild-type p53 peptides loaded
on dendritic cells (41). We showed in two murine antigenic systems that fusion
peptides with a synthetic ER signal sequence at the NH,-terminus of the minimal
peptide were more effective than the minimal peptide alone in generating spe-
cific CTL responses (42). Furthermore, we found that the CTL response was
MHC class II independent, could not be attributed to increased hydrophobicity
of the fusion peptides, and was very effective in prolonging the survival of
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tumor-challenged mice. More recently, we identified two HLA-A2.1-restricted
peptides from hTRT and demonstrated that in vivo immunization of HLA-A2.1
transgenic mice generated a specific CTL response against both hTRT peptides
(19). Based on the induction of CTL responses in vitro and in vivo, and the
susceptibility to lysis of tumor cells of various origins by hTRT-specific CTL,
we suggested that hTRT could serve as a universal cancer vaccine. Recently,
Adotevi et al. identified CTL epitopes in hTRT restricted by HLA-B*0702
molecule, a common MHC class I allele (43). These new epitopes were found
to induce primary human CTL against various hTRT-positive tumor cells. To
study the clinical application of hTRT, Brunsvig et al. conducted a phase I/I1
study in patients will non-small cell lung cancer (NSCLC) (44). The authors
investigated the safety, tolerability, and clinical response to vaccination with a
combination of telomerase-derived peptides. Twenty-six patients received
intradermal (i.d.) administrations of these peptides and granulocyte-macro-
phage colony-stimulating factor (GM-CSF). It was found that the treatment
was well tolerated with minor side effects and the selected peptides are
immunogenic and safe to use in patients with NSCLC.

Increasing number of studies report peptide vaccination of cancer patients
(Table 1). Spontaneous CTL reactivity against the melanoma antigens Melan A/
MART-1, tyrosinase, and gpl00 is frequently detected in melanoma patients and
healthy individuals (45-47). These findings suggest that CTL responses against
“self” antigens are induced spontaneously in patients and healthy individuals and
may be boosted by appropriate vaccination. Immunizations with a MAGE-3-
derived peptide without any adjuvant induced limited tumor regressions in five out
of 17 patients with melanoma (48). More recently, the same group used an HLA-
Al-restricted MAGE-3 peptide to immunize 39 patients with metastatic melanoma.
Of the 25 patients who received the complete treatment, seven displayed significant
tumor regressions: three regressions were complete and two led to a disease-free
state, which persisted for more than two years after the beginning of treatment (49).
Salgaller et al. reported generation of CTL specific for one of three gp100-derived
peptides in patients vaccinated with peptide in incomplete Freund’s adjuvant (IFA)
(50). Immunization of three patients with advanced melanoma with peptide-pulsed
autologous antigen-presenting cells led to induction of peptide-specific CTL (51).
The peptide used in this study was derived from MAGE-1 and was restricted to
HLA-AL.1. The lack of any therapeutic response observed in this trial might be
explained by the advanced stage of the disease in these patients. In another study,
nine melanoma patients were vaccinated weekly for four weeks with a combination
of peptides derived from MART-1, tyrosinase, and gp100 proteins (52). Successful
immunization against peptides could be detected in vitro in two of six patients
against the tyrosinase peptide, three of six patients against the MART-1 peptide,
and none of six patients receiving the gpl00 peptide. More recently, 18 patients
with melanoma were immunized with a peptide derived from MART-1, emulsified
with IFA (34). An enhancement of cytotoxic activity against MART-1 was
detected with minimal toxicity for patients with local irritation at the site of

(text continues on page 117)
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vaccination. Serial administrations of this peptide appeared to boost the level of
cytotoxicity in vitro, although clinical regression of the tumor was not observed.
Peptides derived from NY-ESO-1, one of the most immunogenic tumor antigens,
were used to immunize 12 patients with metastatic NY-ESO-1 expressing can-
cers, including melanoma (53). This trial demonstrated induction of primary NY-
ESO-1-specific CTL responses as well as stabilization of disease and regression
of individual metastases in three patients. In another trial, patients with advanced
pancreatic carcinoma were vaccinated with a synthetic ras peptide pulsed on
antigen-presenting cells isolated from peripheral blood (54). This procedure led
to generation of cancer cell-specific cellular response, without side effects.
However, in all patients, tumor progression was observed after the vaccination.
Based on promising preclinical results, Celis et al. conducted a clinical trial
using the MPS160 vaccine in patients with metastatic melanoma. MPS160 is a
gp 100—derived melanoma peptide that contains overlapping HLA-A2—, DR53-,
and DQwo6-restricted T-cell epitopes. It was found that none of the 28 patients
exhibited objective tumor responses or severe toxicities, and that four of the 28
patients remained progression free for over 100 days. Based on immunologic
analysis for 21 patients, it was determined that vaccination increased the fre-
quency of vaccine-specific, nonfunctional CTL in 10 patients, and there was
evidence of systemic cytokine/immune dysfunction (55). Noguchi et al. recently
performed two well-designed clinical trials with prostate cancer patients. In the
first trial the safety and immune responses to a personalized peptide vaccine
were evaluated in preoperative prostate cancer (56). Ten HLA-A244- patients
with localized prostate cancer received the peptide vaccine weekly, and soon
after vaccination, a retropubic radical prostatectomy was performed. It was
found that the peptide vaccination was safe and well tolerated with no major side
effects. In eight out of the 10 patients, increased CTL response and anti-peptide
IgG titer was observed. CD8+ T cell infiltration was also increased at the tumor
site. In the second study, the prognostic factors of patients with metastatic
hormone refractory prostate cancer (HRPC) were studied. Fifty-eight patients
with metastatic HRPC received a combination therapy of personalized peptide
vaccination and low-dose estramustine phosphate (57). Results showed that there
were no major side effects and that this vaccine was also well tolerated. In 27 of
37 patients, increased levels of CTL precursors were found, and in 36 of 41
patients, increased IgG responses were observed. Also, a prostate-specific anti-
gen decline of at least 50% occurred in 24% of patients.

OPTIMIZING PEPTIDE-BASED VACCINES

Several strategies for modifying peptides have been attempted to improve their
efficiency as cancer vaccines. The clinical use of peptides is limited by their
rapid proteolytic digestion. To overcome this limitation, Celis et al. designed a
peptide construct containing a pan-reactive DR epitope, a CTL epitope, and a
fatty-acid moiety (58). A lipopeptide-based therapeutic vaccine was able to
induce strong CTL responses both in humans and in animals (59). Several studies
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demonstrated a correlation between MHC binding affinity and peptide immu-
nogenicity (60). Peptides derived from gpl00, whose anchor residues were
modified to fit the optimal HLA-A2 binding motif, stimulated tumor-reactive
CTL more efficiently than the natural epitopes (61). An unmodified, gp100-
derived peptide failed to elicit peptide-specific CTL in melanoma patients after
subcutaneous administration with IFA. In contrast, vaccination with the modified
peptide induced CTL responses in 91% of cases (13). None of the 11 patients
immunized with the modified peptide in IFA alone experienced an objective
tumor response. Interestingly, administration of the modified peptide along with
high-dose interleukin-2 (IL-2) led to a clinical response rate of 42% in a group of
31 patients. More recently, Eguchi et al. identified the IL-13 receptor alpha2
(IL-13Ralpha2) peptide as an HLA-A2-restricted CTL epitope (62). IL-13Ralpha2
is restricted to, and expressed at, high levels in a majority of human malignant
gliomas, making this protein an attractive vaccine target. ThreelL-13Ralpha2
analogue peptides were created by substitutions of amino acids at the COOH-
terminal. Compared to the native IL-13Ralpha2 epitope, the analogue peptides
displayed higher levels of binding affinity and stability in HLA-A2 complexes.
They also yielded improved stimulation of patient-derived, specific CTL against
the native epitope expressed by HLA-A2+ glioma cells. In transgenic mice,
immunization with these two modified peptides induced enhanced levels of CTL
reactivity and protective immunity against IL13Ralpha2-expressing syngeneic
tumors when compared with vaccines containing the native IL-13Ralpha2
epitope (62). These findings illustrate the beneficial use of certain peptide
modifications when developing optimized vaccines for cancer. Recently, two
modified gpl100 peptides were combined with an antibody that abrogated cyto-
toxic T lymphocyte antigen-4 (CTLA-4) signaling to augment T-cell reactivity
(63). In that trial there were two complete responses and one partial response in
14 patients with stage IV melanoma that were maintained beyond 12 months.
Another group also utilized the same anti-CTLA-4 antibody in combination with
three melanoma peptides (64). Nineteen patients with stage III and IV melanoma
were immunized. Nine of 11 patients without autoimmune symptoms have
experienced disease relapse, and three of eight patients with autoimmune
symptoms experienced relapse. These findings suggest possible correlation
between development of autoimmunity and lack of relapse. Several groups
reported clinical trials with melanoma patients immunized with the immuno-
genic peptide MART-157_35 (AAGIGILTV) (65-67). Wang et al. immunized
patients with high-risk resected melanoma with MART-1,7_35 complexed with
IFAs, or with Freund’s adjuvants mixed with CRL1005, a blocked co-polymer
adjuvant. Ten of 22 patients demonstrated an immune response to peptide-pulsed
targets or tumor cells by ELISA assay after vaccination, as did 12 of 20 patients
by ELISPOT. Immune response by ELISA correlated with prolonged relapse-free
survival (65). These data suggest that a significant proportion of patients with
resected melanoma mount an antigen-specific immune response against MART-
1,7_35. Another study analyzed antigen-specific T-cell responses induced in the
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skin and in peripheral blood lymphocytes in a HLA-A2+ melanoma patient. The
patient showed major regression of metastatic melanoma under continued
immunization with peptides derived from the antigens MART-1, tyrosinase, and
gpl00 (66). The authors demonstrated that i.d. immunization with peptides
alone leads to oligoclonal expansion of MART-1-specific CTL. These findings
provide strong evidence for the effective induction of specific T-cell responses to
MART-1 by i.d. immunization with peptide alone, which accounts for specific
cytotoxicity against MART-1-expressing melanoma cells and clinical tumor
regression. Brinckerhoff et al. evaluated the stability of the same peptide—
MART-1,735—in fresh normal human plasma and possible peptide mod-
ifications that convey protection against enzymatic destruction without loss of
immunogenicity (67). When this peptide was incubated in plasma prior to pulsing
on target cells, CTL reactivity was lost within three hours. The stability of
MART-1,7_35 was markedly prolonged by C-terminal amidation and/or N-terminal
acetylation, or by polyethylene-glycol modification of the C-terminus. These
modified peptides were recognized by CTL. This study suggests that the immu-
nogenicity of the peptide vaccines might be enhanced by creating modifications
that increase their stability.

We investigated the effectiveness of several synthetic insertion signal
sequences in enhancing the presentation of the HLA-A2.1-restricted melanoma
epitope MART-1,7_35 (68). An important step in presentation of the class
I-restricted antigens is the translocation of processed proteins from the cytosol
across the ER membrane mediated by TAP proteins, or as an alternative, by ER-
insertion signal sequences located at the NH,-terminus of the precursor mole-
cules (69). Using a technique known as osmotic lysis of pinocytic vesicles (70),
we loaded several synthetic peptide constructs into the cytosol of antigen
processing deficient T2 cells, TAP-expressing human melanoma cells, and
dendritic cells. We examined whether the natural signal sequences ES (derived
from the adenovirus E3/19K glycoprotein) (71) and IS (derived from IFN-b) (72)
could enhance and prolong presentation of MART-1,7_35. We found that the
addition of signal sequence at the N-terminus, but not at the C-terminus, of
MART-1,7_35 greatly enhanced its presentation in both TAP-deficient and TAP-
expressing cells. A newly designed peptide construct, composed of the epitope
replacing the hydrophobic part of a natural signal sequence, was also effective.
Interestingly, an artificial signal sequence containing the epitope was the most
efficient construct for enhancing its presentation. These peptide constructs
facilitated epitope presentation in a TAP-independent manner when loaded into
the cytosol of TAP-deficient T2 cells. In addition, loading of these constructs
into TAP-expressing melanoma cells also led to a more efficient presentation
than loading of the minimal peptide. Most importantly, loading of human den-
dritic cells with the same constructs resulted in a prolonged presentation of this
melanoma epitope (68). The efficient presentation of MART-1,7_35, loaded into
TAP-expressing tumor cells and dendritic cells, may be explained by the
availability of intact TAP transporters in these cells. In this case, some of the
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loaded MART-1,7_35 may have been translocated by TAP from the cytosol even
eight days after loading. The size of MART-1,735 (nine amino acids) is
appropriate for optimal translocation by TAP (73). Still, fusion peptides were
more effective than MART-1,7_35, probably because of their translocation by
both TAP-dependent and TAP-independent pathways. The latter mechanism of
peptide translocation may be important for antigen presentation especially in
cancers that fail to utilize the classical MHC class I pathway (74). These findings
may be of practical significance for the development of synthetic anticancer
vaccines and in vitro immunization of CTL for adoptive immunotherapy.
Various methods have been exploited to improve the peptide vaccine
antigenicity. The most common are a combination of the peptide administered
with cytokines and/or with an adjuvant. Slingluff et al. implemented a phase II
trial to test whether low-dose IL-2 is capable of enhancing T-cell immune
responses to a multipeptide melanoma vaccine (75). Forty melanoma patients
were randomly vaccinated with four gp100- and tyrosinase-derived peptides that
were restricted by HLA-A1, -A2, and -A3. After either one week or 28 days, a
tetanus helper peptide as well as IL-2 was administered daily. A higher response
was found in the second group (tetanus helper peptide and IL-2 administered
after 28 days). This study also found that the tyrosinase peptides DAEKS-
DICTDEY and YMDGTMSQV were more immunogenic than the gp100 pep-
tides YLEPGPVTA and ALLAVGATK. The disease-free survival estimates
were 39% for the first group and 50% for the second group at two years. In
another trial, the effect of IL-12 on the immune response to a resected metastatic
melanoma multipeptide vaccine was studied in 48 patients with melanoma (76).
The patients were immunized with two peptides derived from gp100(209-217
(210M)) and tyrosinase(368-376 (370D)) emulsified with IFA. The peptide/
adjuvant was either administered with or without IL-12. Out of 40 patients, 34
developed a positive skin test response to only the gp100 peptide and not the
tyrosinase peptide. Out of 38 patients, 33 showed an immune response as
determined by ELISA, and 37 of 42 patients showed a response by a tetramer
assay. These findings indicate that IL-12 may augment the immune response to
certain peptides. These findings were confirmed by Peterson et al. who found in
a phase II study that recombinant IL-12 when administered with MART-1/
Melan-A is effective as an adjuvant in melanoma patients (77). Another recent
trial determined that the melanoma peptides MAGE-A1 (96-104), MAGE-A10
(254-262), and gpl100(614—622) are immunogenic when combined with GM-
CSF and montanide-ISA-51 adjuvant and administered as part of a multipeptide
vaccine (78). Hersey et al. undertook a phase I/II trial with 36 patients with
melanoma, half of whom were given peptides derived from gp100, MART-1,
tyrosinase, and MAGE-3 in the Montanide-ISA-720 adjuvant, and half the
patients were given GM-CSF subcutaneously for four days following each
injection (79). The authors concluded that the peptides were more effective when
given with the adjuvant Montanide-ISA-720. In another trial the peptides
MART-1(26-35 (27L)), gp100(209-217 (210M)), and tyrosinase(368-376 (370D))
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were emulsified with IFA and administered with SD-9427 (progenipoietin)—an
agonist of granulocyte colony-stimulating factor and the FLT-3 receptor (80).
This study found that the SD-9427 combined with a multipeptide vaccine was
generally well tolerated, and that the majority of patients with resected mela-
noma mounted an antigen-specific immune response against the multipeptide
vaccine. Butterfield et al. studied the induction of T-cell responses to HLA-
A*0201 immunodominant peptides derived from alpha-fetoprotein (AFP) in
patients with hepatocellular cancer (81). In this study the authors tested the
immunologic paradigm that high concentrations of soluble protein contribute to
the maintenance of peripheral tolerance/ignorance to self-protein. They con-
firmed that the patients’ T-cell repertoire was capable of recognizing AFP in the
context of MHC class I even in an environment of high circulating levels of this
oncofetal protein. Our group identified two HLA-A2-restricted peptides derived
from hTRT, and induced hTRT-specific CTL in vitro (19). More important, we
also demonstrated that the hTRT-specific CTL lysed a variety of HLA-A2-
positive cancer cell lines, but not HLA-A2-negative cancer cell lines. All of
these cancer cell lines were h'TRT positive as determined by the TRAPeze assay
(Intergen). A phase I clinical trial was performed by Vonderheide et al. to
evaluate the clinical and immunologic impact of vaccinating advanced cancer
patients with the HLA-A2-restricted hTRT 1540 peptide presented with key-
hole limpet hemocyanin by ex vivo generated autologous dendritic cells (82). It
was found that hTRT-specific T lymphocytes were induced in four of seven
patients with advanced breast or prostate carcinoma after vaccination with
dendritic cells pulsed with hTRT peptide. It is important to note that no sig-
nificant toxicity was observed despite concerns of telomerase activity in rare
normal cells. These results demonstrated the immunologic feasibility of vac-
cinating patients against telomerase and provided rationale for targeting self-
antigens with critical roles in oncogenesis. An interesting study utilized the fIt3
ligand as a systemic vaccine adjuvant with the E75 HLA-A2 epitope from
HER-2/neu (83). Twenty patients with advanced-stage prostate cancer were
enrolled in this study. Dendritic cells were markedly increased in the peripheral
blood of subjects receiving flt3 ligand with each repetitive cycle, but aug-
mentation of antigen-presenting cells within the dermis was not observed. No
significant peptide-specific T-cell responses were detected. The authors con-
cluded that the inability of fit3 ligand to augment the number of peripheral skin
antigen-presenting cells may have contributed to the absence of robust peptide-
specific immunity detectable in the peripheral blood of immunized subjects
treated with flt3 ligand. Recently, Hueman et al. performed clinical trials in
breast cancer patients to test the HER2/neu peptide vaccine (E75) (84,85).
Blood samples from 22 healthy individuals and 22 patients, including pre- and
post-vaccination samples from seven vaccinated HLA-A2+ patients, were
obtained. Vaccination with E75 resulted in CD4+ T cell recruitment and was
associated with a significant decrease in circulating regulatory T cells and
TGF-beta levels in the majority of the vaccinated patients. These results
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illustrate that successful cancer vaccination strategies may require the modi-
fication of complex immune interactions.

CONSIDERATIONS ON PEPTIDE VACCINE DESIGN AND APPLICATION

A difficulty with the use of peptide vaccines is the fact that the T-cell responses
usually do not last long enough to have a significant effect on the tumor. To
address this issue, Davila et al. examined the role of synthetic oligodeox-
ynucleotide (ODN) adjuvants containing unmethylated cytosine-guanine motifs
(CpG-ODN) and CTLA-4 blockade in enhancing the antitumor effectiveness of
peptide vaccines intended to elicit CTL responses (86). This study found that
combination immunotherapy consisting of vaccination with a synthetic peptide
corresponding to an immunodominant CTL epitope derived from tyrosinase-
related protein-2 administered with CpG-ODN adjuvant and followed by sys-
temic injection of anti-CTLA-4 antibodies increased the survival of mice against
the poorly immunogenic B16 melanoma. These findings suggest that peptide
vaccination applied in combination with a strong adjuvant and CTLA-4 blockade
is capable of eliciting durable antitumor T-cell responses that provide survival
benefit. These findings bear clinical significance for the design of peptide-based
therapeutic vaccines for cancer patients.

From a clinical perspective, immunization with peptides may be preferable
to immunization with recombinant vaccinia viruses because of its safety and
because it is not associated with diminished immune responses in patients
immunized against smallpox. Immunizing with minimal determinant constructs
may avoid the possible oncogenic effect of full-length proteins containing ras,
p53, or other potential oncogenes. In addition to their safety, peptide vaccines
can be designed to induce well-defined immune responses and synthesized in
large quantities with very high purity and reproducibility. Another potential
advantage of peptide vaccines over whole proteins or DNA vaccines is the ability
to identify the specific epitopes of the tumor antigens to which an individual is
able to mount an immune response, but not a state of immune tolerance (87). In
addition, in vivo or in vitro immunization with peptide antigens “packaged”
in dendritic cells or other antigen-presenting cells (discussed below) opens an
exciting opportunity for eliciting powerful CTL responses.

A disadvantage of peptide vaccines is their poor immunogenicity and
monospecificity of the induced immune response. Another limiting factor for the
use of peptide vaccines in outbred populations is that T cells from individuals
expressing different MHC molecules recognize different peptides from tumor or
viral antigens in the context of self-MHC. However, the use of synthetic peptides
from TAA that are presented by common MHC molecules may overcome this
problem. Poor immunogenicity caused by rapid degradation of the peptides by
serum peptidases may be corrected by modifications or incorporation of the
peptides into controlled release formulations. Overall, personalized peptide
vaccines may serve as an efficient therapeutic modality for cancer (88).
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PROSPECTS

The growing number of TAA identified in many tumor types becomes a solid
basis for peptide vaccine development. However, the antigenic profile of human
tumors is very complex and consists of many peptides originating from various
classes of protein. This fact should be considered carefully in designing anticancer
vaccines. An important question is which tumor antigens are the most important in
tumor regression in vivo. In any case, the ideal peptide vaccine most likely will
consist of a cocktail of tumor antigenic peptides. However, the number of epitopes
in the vaccine cocktail should be evaluated carefully since CTL responses in AIDS
patients directed to fewer epitopes are associated with better clinical outcome (89).
In this case it appears that the stimulation of multiple simultaneous CTL responses
is clinically inefficient. The dose of antigen and the speed of antigen release in the
vaccine formulations are also very important. High doses of antigen released faster
may induce T-cell tolerance (90). Immune tolerance may be due to fast expansion
and subsequent elimination of specific T-cell clones, or to apoptosis induced by
repeated stimulation of already stimulated T-cells in cell cycle (91,92). Therefore,
it is essential to select as immunogens those epitopes against which tolerance has
not been induced (93,94).

Currently, clinical responses to peptide vaccines, as determined by the cri-
teria set for chemotherapy and radiation, have been difficult to assess. However,
the lack of toxicity of peptide vaccines in patients with many different tumor
types, and the clearly observed efficacy in some studies, support the use of peptide
vaccination. Future peptide vaccine strategies will most likely focus on more
potent and combined approaches for immunization. Applied in conjunction with
surgery, radiotherapy, and/or chemotherapy, peptide vaccines can be effective in
eliminating micro-metastases, in decreasing the immunosuppressive effects of the
chemotherapy or radiotherapy, and in increasing the resistance to viral or bacterial
infections frequently occurring in cancer patients. Recent advances in the design of
polyvalent vaccines targeting several antigens are also very promising. In addition,
the possibility to treat patients with peptide vaccines earlier in the course of the
disease and to combine vaccines with other treatment modalities may also improve
the vaccine efficacy. As a result, immunotherapy with peptide vaccines may
become a major treatment modality of cancer in the near future.

REFERENCES

1. Rammensee HG, Friede T, Stevanoviic S. MHC ligands and peptide motifs: first
listing. Immunogenetics 1995; 41:178-228.

2. Rammensee HG. Antigen presentation—recent developments. Int Arch Allergy
Immunol 1996; 110:299-307.

3. Yewdell JW, Norbury CC, Bennink JR. Mechanisms of exogenous antigen presen-
tation by MHC class I molecules in vitro and in vivo: implications for generating
CD8+ T cell responses to infectious agents, tumors, transplants, and vaccines. Adv
Immunol 1999; 73:1-77.



124 Schroter and Minev

4. Heemels MT, Ploegh H. Generation, translocation, and presentation of MHC class
[-restricted peptides. Annu Rev Biochem 1995; 64:463-491.

5. Spies T, Cerundolo V, Colonna M, et al. Presentation of viral antigen by MHC class I
molecules is dependent on a putative peptide transporter heterodimer. Nature 1992;
355:644-646.

6. Lehner PJ, Cresswell P. Processing and delivery of peptides presented by MHC class
I molecules. Curr Opin Immunol 1996; 8:59-67.

7. Liu CC, Young LH, Young JD. Lymphocyte-mediated cytolysis and disease. N Engl
J Med 1996; 335:1651-1659.

8. Van Pel A, van der Bruggen P, Coulie PG, et al. Genes coding for tumor antigens
recognized by cytolytic T lymphocytes. Immunol Rev 1995; 145:229-250.

9. De Plaen E, Lurquin C, Lethe B, et al. Identification of genes coding for tumor
antigens recognized by cytolytic T lymphocytes. Methods 1997; 12:125-142.

10. Rosenberg SA. Cancer vaccines based on the identification of genes encoding cancer
regression antigens. Immunol Today 1997; 18:175-182.

11. Wang RF. Human tumor antigens: implications for cancer vaccine development.
J Mol Med 1999; 77(9):640-655.

12. Nestle FO, Alijagic S, Gilliet M, et al. Vaccination of melanoma patients with
peptide- or tumor lysate-pulsed dendritic cells. Nat Med 1998; 4(3):328-332.

13. Rosenberg SA, Yang JC, Schwartzentruber DJ, et al. Immunologic and therapeutic
evaluation of a synthetic peptide vaccine for the treatment of patients with metastatic
melanoma. Nat Med 1998; 4(3):321-327.

14. Thurner B, Haendle I, Reoder C, et al. Vaccination with mage-3A1 peptide-pulsed
mature, monocyte-derived dendritic cells expands specific cytotoxic T cells and
induces regression of some metastases in advanced stage IV melanoma. J Exp Med
1999; 190(11):1669-1678.

15. Kawakami Y, Nishimura MI, Restifo NP, et al. T-cell recognition of human mela-
noma antigens. J Immunother 1993; 14:88-93.

16. Storkus WIJ, Zeh HID, Maeurer MJ, et al. Identification of human melanoma pep-
tides recognized by class I restricted tumor infiltrating T lymphocytes. J Immunol
1993; 151:3719-3727.

17. Cox AL, Skipper J, Chen Y, et al. Identification of a peptide recognized by five
melanoma-specific human cytotoxic T cell lines. Science 1994; 264:716-719.

18. Sahin U, Teureci O, Pfreundschuh M. Serological identification of human tumor
antigens. Curr Opin Immunol 1997; 9(5):709-716.

19. Minev B, Hipp J, Firat H, et al. Cytotoxic T cell immunity against telomerase reverse
transcriptase in humans. Proc Natl Acad Sci U S A 2000; 97(9):4796-4801.

20. Mitchell MS, Kan-Mitchell J, Minev BR, et al. A novel melanoma gene (MG50)
encoding the interleukin 1 receptor antagonist and six epitopes recognized by human
cytolytic T lymphocytes. Cancer Res 2000; 60(22):6448-6456.

21. Romero P, Cerottini JC, Speiser DE. The human T cell response to melanoma
antigens. Adv Immunol 2006; 92:187-224.

22. Takahashi T, Makiguchi Y, Hinoda Y, et al. Expression of MUCI1 on myeloma cells
and induction of HLA-unrestricted CTL against MUC1 from a multiple myeloma
patient. J Immunol 1994; 153:2102-2109.

23. Coussens L, Yang-Feng TL, Liao YC, et al. Tyrosine kinase receptor with extensive
homology to EGF receptor shares chromosomal location with neu oncogene. Science
1985; 230:1132-1139.



Peptide-Based Active Immunotherapy in Cancer 125

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Di Cristina M, Minenkova O, Pavoni E, et al. A novel approach for identification of
tumor-associated antigens expressed on the surface of tumor cells. Int J Cancer 2006;
120:1293-1303.

Furukawa K, Hamamura K, Aixinjueluo W. Biosignals modulated by tumor-
associated carbohydrate antigens: novel targets for cancer therapy. Ann N Y Acad
Sci 2006; 1086:185-198.

Boss CN, Grunebach F, Brauer K, et al. Identification and characterization of T-cell
epitopes deduced from RGSS, a novel broadly expressed tumor antigen. Clin Cancer
Res 2007; 13(11):3347-3355.

Kawahara M, Hori T, Matsubara Y, et al. Identification of HLA class I-restricted
tumor-associated antigens in adult T cell leukemia cells by mass spectrometric
analysis. Exp Hematol 2006; 34(11):1496-1504.

Greiner J, Schmitt M, Li L, et al. Expression of tumor-associated antigens in acute
myeloid leukemia: implications for specific immunotherapeutic approaches. Blood
2006; 108(13):4109-4117.

Toes REM, Ossendorp F, Offringa R, et al. CD4 T cells and their role in antitumor
immune responses. J Exp Med 1999; 189(5):753-756.

Baxevanis CN, Voutsas IF, Tsitsilonis OE, et al. Tumor-specific CD4+ T lympho-
cytes from cancer patients are required for optimal induction of cytotoxic T cells
against the autologous tumor. J Immunol 2000; 164(7):3902-3912.

Zarour HM, Kirkwood JM, Kierstead LS, et al. Melan-A/MART-1(51-73) represents
an immunogenic HLA-DR4-restricted epitope recognized by melanoma-reactive
CD4(+) T cells. Proc Natl Acad Sci U S A 2000; 97(1):400-405.

Klyushnenkova EN, Kouiavskaia DV, Kodak JA, et al. Identification of HLA-
DRB1#1501-restricted T-cell epitopes from human prostatic acid phosphatase.
Prostate 2007; 67(10):1019-1028.

Schulz M, Zinkernagel RM, Hengartner H. Peptide-induced antiviral protection by
cytotoxic T cells. Proc Natl Acad Sci U S A 1991; 88:991-993.

Cormier JN, Salgaller ML, Prevette T, et al. Enhancement of cellular immunity in
melanoma patients immunized with a peptide from MART-1/Melan A [see com-
ments]. Cancer J Sci Am 1997; 3:37-44.

Lipford GB, Hoffman M, Wagner H, et al. Primary in vivo responses to ovalbumin.
Probing the predictive value of the Kb binding motif. J Immunol 1993; 150:
1212-1222.

Zhou FR, Rouse BT, Huang L. Prolonged survival of thymoma-bearing mice after
vaccination with a soluble protein antigen entrapped in liposomes: a model study.
Cancer Res 1992; 52:6287-6291.

Mossman SP, Evans LS, Fang H, et al. Development of a CTL vaccine for Her-2/neu
using peptide-microspheres and adjuvants. Vaccine 2005; 23(27):3545-3554.

Zhou F, Rouse BT, Huang L. Induction of cytotoxic T lymphocytes in vivo with
protein antigen entrapped in membranous vehicles. J Immunol 1992; 149:1599-1604.
Harty JT, Bevan MJ. CD8+ T cells specific for a single nonamer epitope of Listeria
monocytogenes are protective in vivo. J Exp Med 1992; 175:1531-1538.

Noguchi Y, Chen YT, Old LJ. A mouse mutant p53 product recognized by CD4+
and CD8+ T cells. Proc Natl Acad Sci U S A 1994; 91:3171-3175.

Mayordomo JI, Zorina T, Storkus WJ, et al. Bone marrow-derived dendritic cells
serve as potent adjuvants for peptide-based antitumor vaccines. Stem Cells 1997; 15:
94-103.



126 Schroter and Minev

42. Minev BR, McFarland BJ, Spiess PJ, et al. Insertion signal sequence fused to
minimal peptides elicits specific CD8+ T-cell responses and prolongs survival of
thymoma-bearing mice. Cancer Res 1994; 54:4155-4161.

43. Adotevi O, Mollier K, Neuveut C, et al. Immunogenic HLA-B*(0702-restricted
epitopes derived from human telomerase reverse transcriptase that elicit antitumor
cytotoxic T-cell responses. Clin Cancer Res 2006; 12(10):3158-3167.

44. Brunsvig PF, Aamdal S, Gjertsen MK, et al. Telomerase peptide vaccination: a phase
I/II study in patients with non-small cell lung cancer. Cancer Immunol Immunother
2006; 55(12):1553-1564.

45. Jager E, Ringhoffer M, Arand M, et al. Cytolytic T cell reactivity against melanoma-
associated differentiation antigens in peripheral blood of melanoma patients and
healthy individuals. Melanoma Res 1996; 6:419-425.

46. Rivoltini L, Kawakami Y, Sakaguchi K, et al. Induction of tumor-reactive CTL from
peripheral blood and tumor-infiltrating lymphocytes of melanoma patients by in vitro
stimulation with an immunodominant peptide of the human melanoma antigen
MART-1. J Immunol 1995; 154(5):2257-2265.

47. Visseren MJ, van Elsas A, van der Voort EI, et al. CTL specific for the tyrosinase
autoantigen can be induced from healthy donor blood to lyse melanoma cells.
J Immunol 1995; 154(8):3991-3998.

48. Marchand M, Weynants P, Rankin E, et al. Tumor regression responses in melanoma
patients treated with a peptide encoded by gene MAGE-3 [letter]. Int J Cancer 1995;
63:883-885.

49. Marchand M, van Baren N, Weynants P, et al. Tumor regressions observed in
patients with metastatic melanoma treated with an antigenic peptide encoded by gene
MAGE-3 and presented by HLA-A1. Int J Cancer 1999; 80(2):219-230.

50. Salgaller ML, Afshar A, Marincola FM, et al. Recognition of multiple epitopes in the
human melanoma antigen gp100 by peripheral blood lymphocytes stimulated in vitro
with synthetic peptides. Cancer Res 1995; 55:4972-4979.

51. Mukherji B, Chakraborty NG, Yamasaki S, et al. Induction of antigen-specific cytolytic
T cells in situ in human melanoma by immunization with synthetic peptide-pulsed
autologous antigen presenting cells. Proc Natl Acad Sci U S A 1995; 92:8078-8082.

52. Jaeger E, Bernhard H, Romero P, et al. Generation of cytotoxic T-cell responses with
synthetic melanoma-associated peptides in vivo: implications for tumor vaccines
with melanoma-associated antigens. Int J Cancer 1996; 66:162-169.

53. Jager E, Gnjatic S, Nagata Y, et al. Induction of primary NY-ESO-1 immunity:
CD8+ T lymphocyte and antibody responses in peptide-vaccinated patients with
NY-ESO-1+ cancers. PNAS 2000; 97(22):12198-12202.

54. Gijertsen MK, Bakka A, Breivik J, et al. Ex vivo ras peptide vaccination in patients
with advanced pancreatic cancer: results of a phase I/II study. Int J Cancer 1996;
65:450-453.

55. Celis E. Overlapping human leukocyte antigen class I/II binding peptide vaccine for
the treatment of patients with stage IV melanoma: evidence of systemic immune
dysfunction. Cancer 2007; 110(1):203-214.

56. Noguchi M, Yao A, Harada M, et al. Immunological evaluation of neoadjuvant
peptide vaccination before radical prostatectomy for patients with localized prostate
cancer. Prostate 2007; 67(9):933-942.

57. Noguchi M, Mine T, Yamada A, et al. Combination therapy of personalized peptide
vaccination and low-dose estramustine phosphate for metastatic hormone refractory



Peptide-Based Active Immunotherapy in Cancer 127

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

prostate cancer patients: an analysis of prognostic factors in the treatment. Oncol Res
2007; 16(7):341-349.

Celis E, Tsai V, Crimi C, et al. Induction of anti-tumor cytotoxic T lymphocytes in
normal humans using primary cultures and synthetic peptide epitopes. Proc Natl
Acad Sci U S A 1994; 91:2105-2109.

Vitiello A, Ishioka G, Grey HM, et al. Development of a lipopeptide-based thera-
peutic vaccine to treat chronic HBV infection. I. Induction of a primary cytotoxic
T lymphocyte response in humans. J Clin Invest 1995; 95:341-349.

Sette A, Alexander J, Ruppert J, et al. Antigen analogs/MHC complexes as specific
T cell receptor antagonists. Annu Rev Immunol 1994; 12:413-431.

Parkhurst MR, Salgaller ML, Southwood S, et al. Improved induction of melanoma-
reactive CTL with peptides from the melanoma antigen gpl00 modified at HLA-
A*0201-binding residues. J Immunol 1996; 157:2539-2548.

Eguchi J, Hatano M, Nishimura F, et al. Identification of interleukin-13 receptor
alpha? peptide analogues capable of inducing improved antiglioma CTL responses.
Cancer Res 2006; 66(11):5883-5891.

Phan GQ, Yang JC, Sherry RM, et al. Cancer regression and autoimmunity induced
by cytotoxic T lymphocyte-associated antigen 4 blockade in patients with metastatic
melanoma. Proc Natl Acad Sci U S A 2003; 100(14):8372-8377.

Sanderson K, Scotland R, Lee P, et al. Autoimmunity in a phase I trial of a fully
human anti-cytotoxic T-lymphocyte antigen-4 monoclonal antibody with multiple
melanoma peptides and Montanide ISA 51 for patients with resected stages III and
IV melanoma. J Clin Oncol 2005; 23(4):741-750.

Wang F, Bade E, Kuniyoshi C, et al. Phase I trial of a MART-1 peptide vaccine with
incomplete Freund’s adjuvant for resected high-risk melanoma. Clin Cancer Res
1999; 5(10):2756-2765.

Jeager E, Maeurer M, Heohn H, et al. Clonal expansion of Melan A-specific cyto-
toxic T lymphocytes in a melanoma patient responding to continued immunization
with melanoma-associated peptides. Int J Cancer 2000; 86(4):538-547.
Brinckerhoft LH, Kalashnikov VV, Thompson LW, et al. Terminal modifications
inhibit proteolytic degradation of an immunogenic MART-1(27-35) peptide: impli-
cations for peptide vaccines. Int J Cancer 1999; 83(3):326-334.

Minev BR, Chavez FL, Dudouet BM, et al. Synthetic insertion signal sequences
enhance MHC class I presentation of a peptide from the melanoma antigen MART-1.
Eur J Immunol 2000; 30:2115-2124.

Anderson K, Cresswell P, Gammon M, et al. Endogenously synthesized peptide with
an endoplasmic reticulum signal sequence sensitizes antigen processing mutant cells
to class I-restricted cell-mediated lysis. J Exp Med 1991; 174:489-492.

Okada CY, Rechsteiner M. Introduction of macromolecules into cultured mamma-
lian cells by osmotic lysis of pinocytic vesicles. Cell 1982; 29:33-41.

Persson H, Jornvall H, Zabielski J. Multiple mRNA species for the precursor to an
adenovirus-encoded glycoprotein: identification and structure of the signal sequence.
Proc Natl Acad Sci U S A 1980; 77:6349-6353.

Houghton M, Stewart AG, Doel SM, et al. The amino-terminal sequence of human
fibroblast interferon as deduced from reverse transcripts obtained using synthetic
oligonucleotide primers. Nucleic Acids Res 1980; 8:1913-1931.

Heemels MT, Ploegh H. Generation, translocation, and presentation of MHC class
I-restricted peptides. Annu Rev Biochem 1995; 64:463-491.



128 Schroter and Minev

74. Restifo NP, Esquivel F, Kawakami Y, et al. Identification of human cancers deficient
in antigen processing. J Exp Med 1993; 177:265-272.

75. Slingluff CL Jr., Petroni GR, Yamshchikov GV, et al. Immunologic and clinical
outcomes of vaccination with a multiepitope melanoma peptide vaccine plus low-
dose interleukin-2 administered either concurrently or on a delayed schedule. J Clin
Oncol 2004; 22(22):4474-4485.

76. Lee P, Wang F, Kuniyoshi J, et al. Effects of interleukin-12 on the immune response
to a multipeptide vaccine for resected metastatic melanoma. J Clin Oncol 2001;
19(18):3836-3847.

77. Peterson AC, Harlin H, Gajewski TF. Immunization with Melan-A peptide-pulsed
peripheral blood mononuclear cells plus recombinant human interleukin-12 induces
clinical activity and T-cell responses in advanced melanoma. J Clin Oncol 2003;
21(12):2342-2348.

78. Chianese-Bullock KA, Pressley J, Garbee C, et al. MAGE-A1l-, MAGE-A10-, and
gpl00-derived peptides are immunogenic when combined with granulocyte-macro-
phage colony-stimulating factor and montanide ISA-51 adjuvant and administered as
part of a multipeptide vaccine for melanoma. J Immunol 2005; 174(5):3080-3086.

79. Hersey P, Menzies SW, Coventry B, et al. Phase I/II study of immunotherapy with
T-cell peptide epitopes in patients with stage IV melanoma. Cancer Immunol
Immunother 2005; 54(3):208-218.

80. Pullarkat V, Lee PP, Scotland R, et al. A phase I trial of SD-9427 (progenipoietin)
with a multipeptide vaccine for resected metastatic melanoma. Clin Cancer Res
2003; 9(4):1301-1312.

81. Butterfield LH, Ribas A, Meng WS, et al. T-cell responses to HLA-A*0201
immunodominant peptides derived from alpha-fetoprotein in patients with hep-
atocellular cancer. Clin Cancer Res 2003; 9(16 pt 1):5902-5908.

82. Vonderheide RH, Domchek SM, Schultze JL, et al. Vaccination of cancer patients
against telomerase induces functional antitumor CD8+ T lymphocytes. Clin Cancer
Res 2004; 10(3):828-839.

83. McNeel DG, Knutson KL, Schiffman K, et al. Pilot study of an HLA-A2 peptide
vaccine using flt3 ligand as a systemic vaccine adjuvant. J Clin Immunol 2003;
23(1):62-72.

84. Hueman MT, Stojadinovic A, Storrer CE, et al. Levels of circulating regulatory
CD4+CD25+ T cells are decreased in breast cancer patients after vaccination with a
HER2/neu peptide (E75) and GM-CSF vaccine. Breast Cancer Res Treat 2006; 98(1):
17-29.

85. Hueman MT, Stojadinovic A, Storrer CE, et al. Analysis of naive and memory CD4
and CD8 T cell populations in breast cancer patients receiving a HER2/neu peptide
(E75) and GM-CSF vaccine. Cancer Immunol Immunother 2007; 56(2):135-146.

86. Davila E, Kennedy R, Celis E. Generation of antitumor immunity by cytotoxic
T lymphocyte epitope peptide vaccination, CpG-oligodeoxynucleotide adjuvant, and
CTLA-4 blockade. Cancer Res 2003; 63(12):3281-3288.

87. Celis E, Sette A, Grey HM. Epitope selection and development of peptide based
vaccines to treat cancer. Semin Cancer Biol 1995; 6:329-336.

88. Itoh K, Yamada A. Personalized peptide vaccines: a new therapeutic modality for
cancer. Cancer Sci 2006; 97(10):970-976.

89. Nowak MA, May RM, Phillips RE, et al. Antigenic oscillations and shifting
immunodominance in HIV-1 infections [see comments]. Nature 1995; 375:606-611.



Peptide-Based Active Immunotherapy in Cancer 129

90.

91.

92.

93.

94.

Toes RE, Offringa R, Blom RJ, et al. Peptide vaccination can lead to enhanced tumor
growth through specific T-cell tolerance induction. Proc Natl Acad Sci U S A 1996;
93:7855-7860.

Webb S, Morris C, Sprent J. Extrathymic tolerance of mature T cells: clonal elim-
ination as a consequence of immunity. Cell 1990; 63:1249-1256.

Aichele P, Brduscha-Riem K, Zinkernagel RM, et al. T cell priming versus T cell
tolerance induced by synthetic peptides. J Exp Med 1995; 182:261-266.

Benichou G, Fedoseyeva E, Olson CA, et al. Disruption of the determinant hierarchy
on a self-MHC peptide: concomitant tolerance induction to the dominant determinant
and priming to the cryptic self-determinant. Int Immunol 1994; 6:131-138.

Sercarz EE, Lehmann PV, Ametani A, et al. Dominance and crypticity of T cell
antigenic determinants. Annu Rev Immunol 1993; 11:729-766.






7

Multimodality Immunization Approaches
to Improve on DNA Vaccines for Cancer

Zhiyong Qiu and Kent A. Smith

Division of Translational Medicine, MannKind Corporation,
Valencia, California, U.S.A.

INTRODUCTION

The discovery, more than a decade ago, that naked plasmid vectors expressing
exogenous genes can be utilized to elicit immune responses promoted an
unprecedented excitement and pursue of this strategy in preclinical and clinical
development of innovative biotherapeutics in infectious diseases (1-3), cancer
(4-7), and autoimmunity (8—10). An initial momentum resulting from promising
preclinical results has been somewhat diminished subsequently due to modest
efficacy data obtained in various clinical trials, particularly in prophylactic settings
(11,12). Nevertheless, features such as the apparent simplicity of mechanism of
action, intrinsic adjuvant properties, favorable safety profile, and ease in man-
ufacturing, all warrant a careful analysis of the limiting factors associated with
DNA vaccination with the purpose of designing novel strategies that leverage
these beneficial features.

One of the hallmarks of plasmid immunization is that the antigen-
presenting cells (APCs) have relatively prolonged exposure to low levels of antigen.
While this may lead to the generation of high-quality responses, it has been
difficult to obtain high-magnitude responses using such vaccines, even with
repeated booster doses, a phenomenon likely due to the relatively low levels of
epitope loading onto major histocompatibility complex (MHC) achieved with
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these vectors. Various prime-boost strategies have been developed, aiming at
amplifying the high-quality response generated during the DNA priming interval,
including the use of proteins (13,14) or live virus vectors (15,16). Such approaches
are generally successful in inducing protective immunity against microbial or
tumorigenic viruses; however, it is much more difficult to generate responses at
the magnitude of therapeutic usefulness to tumor antigens.

Unlike prophylactic vaccination aimed at priming the immune system with
an antigen that has never been encountered, tumor antigens are self-antigens that
are expressed during early development or disease stage, resulting in immune
tolerance to these antigens. Removal or silencing of high-avidity, self-reactive
T cells to ubiquitously expressed or blood-borne antigens from the repertoire in
thymus is necessary to prevent autoimmunity, a mechanism known as central
tolerance (reviewed in Ref. 17). In addition, peripheral tolerance involving a
multitude of factors contributes to the suppression of T-cell functions toward
tissue-restricted antigens. Therefore, therapeutic cancer vaccines need to over-
come the hurdle of immune tolerance to induce immune responses of high
quantity as well as high quality in order to achieve positive clinical outcomes.
While more stringent requirements for activation and effector function are necessary
for lower avidity T-cell precursors, a successful cancer vaccine should also be
capable of directing T cells to traffic out of the lymphoid organs and migrating to
the tumor sites where tumor-specific recognition and immune attack take place.
Various experimental models have been established in the last decade, and in
this chapter, we outline the pros and cons of those models emphasizing the
prime-boost immunization approaches using plasmid vectors based on under-
standing of the mechanism of action and options to build superior immunization
strategies.

DNA IMMUNIZATION: MECHANISMS OF ACTION

Many studies were carried out in preclinical models, to address the mechanism
of action of DNA immunization, employing quite diverse and creative designs.
Most notably, use of bone marrow chimeric (BMC) mice, adoptive cell transfer,
strategies of identification and tracking of in situ transfected somatic cells or
APCs, manipulation of immune costimulation, and evaluation of the role of
innate immune cells, all contributed to the emergence of multiple models
explaining the induction of immunity subsequent to DNA vector administration
(Fig. D).

The majority of earlier studies were carried out by intramuscular injec-
tion of plasmid, which conclusively showed the in situ expression of transgene
within myocytes (18). It is estimated that hundreds, or at the maximum thou-
sands, of myocytes acquired transgene expression that usually lasted for days/
weeks—parameters sufficing the induction of a class I-restricted immune
response (19-22). Transplantation of ex vivo transfected myocytes and mea-
surement of immunity in BMC mice demonstrated the necessity of matched MHC
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Figure 1 Factors impacting the efficacy of plasmids as vaccines or immunotherapeutics
(1). In vivo transfection of somatic and bone marrow—derived APCs occurs in a fashion
depending on route of administration. While intramuscular injection results in prepon-
derent transfection of myocytes, intradermal injection results in transfection of significant
numbers of Langerhans cells with LN-migrating capabilities (2). In situ transfected
somatic or APCs express differentially the plasmid-borne transgene, both quantitatively as
well as from a temporal aspect. Overall however, the number of cells expressing the
plasmid transgene in situ ranges from tens to thousands, with expression lasting a few
days only, if administration is not repeated (3). Antigen or plasmid transfer from
somatically transfected cells to APCs is a key limiting event in case of intramuscular
administration of plasmid and may occur in the form of HSP-peptide complexes or other
yet undefined mechanisms (4). APC trafficking to the draining LNs is another key
event, facilitated by the migrating capabilities of in situ transfected APCs and followed
by (5) priming of naive T cells within germinal centers of secondary lymphoid organs
(6). The process of primary expansion of T cells and subsequent differentiation is
guided by the molecular microenvironment within the lymphoid node, shaping up the
nature of the resulting central and peripheral memory cells (7). The peripheral memory
cells have the capability to surveil nonlymphoid organs and display residual effector
functions, and (8) can acquire additional ones upon interaction with immune-stimulating
factors within the target organ (9). Finally, target cells (tumoral or viral infected) are acted
upon by effector T cells in a fashion depending on a variety of factors. Abbreviations: LN,
lymph nodes; HSP, heat shock protein; APC, antigen-presenting cell.
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restriction, between bone marrow-derived APCs and T cells (20-23). However,
such identical MHC allele is not required between antigen-expressing myocytes
and T cells together (23); the ample evidence accumulated in this regard challenged
the somewhat simplistic view that in situ transfected cells are directly priming
specific T cells. Instead, there must be antigen transfer between in situ transfected
myocytes and APCs, with subsequent priming of T cells within secondary lym-
phoid organs (cross-priming). Only more recently, accumulated evidence suggests
that the antigen transfer between in situ transfected somatic cells and APCs may
occur in the form of heat shock protein (HSP)-polypeptide complexes and is
facilitated by the apoptosis of transgene-expressing cells (24,25). However, it is
highly likely that there is a multiplicity of mechanisms accounting for the antigen
transfer between myocytes and APCs, and they may have different bearings on
induction of cytotoxic T lymphocytes (CTL) versus other types of immunity. For
example, engineering export sequences within the open reading frame of the
plasmid vector resulted in increased Th and B cell responses, without a similar
effect on the CTL response suggesting that antigen transfer as secreted protein,
between myocytes and APCs, results in effective handling via the exogenous, but
not the MHC class I processing and presentation, pathway (26). Overall, such
elegant studies—coupled with the scarcity or lack of transgene-expressing
APCs—contributed to a momentum behind the cross-priming/cross-processing
model.

Nevertheless, interestingly, a series of reports obtained in slightly different
experimental setups challenged the cross-priming model. For example, it was
demonstrated that intradermal plasmid injection results in coexpression of the
transgene by somatic cells and APCs and that upon adoptive transfer of
migrating APCs, an increased MHC class I-restricted immune response is eli-
cited (27). Mere antigen transfer between somatic cells and APCs was ruled out
by using plasmids expressing antigens encompassing nuclear import sequences
(28), in conjunction with multicolor, high-resolution cell-imaging techniques.
Innovative approaches to administer plasmid vectors to the dermis by gene gun
or other strategies showed that much lower doses were needed to elicit an immune
response, compared to more traditional intramuscular administration (29). An
emerging model shaped up, by which in situ transfected Langerhans cells, upon
migration to the draining lymph node (LN), actually prime specific T cells
utilizing the conventional processing pathway (reviewed in Ref. 30).

The apparent conundrum relative to the importance of cross-priming versus
conventional pathway of induction of MHC class I-restricted immunity by plas-
mid immunization can be addressed by judging the experimental evidence in light
of the route and strategy of administration. The key parameter in this regard is the
presence and the density of competent APCs within the injected tissue, capable of
expressing the transgene, migrating to draining LN and priming specific T cells
(30,31). While both the conventional and cross-priming mechanisms take place
simultaneously, their relative importance is fundamentally different as follows:
In case of intramuscular injection, the scarcity of resident APCs determines a
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near-exclusive reliance on cross-priming—except when strategies to increase the
influx of APCs are deployed (32). In contrast, injection of plasmid into dendritic
cell (DC)-rich areas such as dermis results in the induction of MHC class I-
restricted immunity via conventional processing and priming pathways (29,30).
The relative potential of these pathways is suggested by dose-effect, adoptive cell-
transfer experiments, in which in situ transfected professional APCs and somatic
cells, respectively, were separately infused in naive mice. While non-APCs
yielded a limited immune response, the transgene-expressing, professional APCs
induced a significantly increased response (29) illustrating the concept that in the
course of DNA immunization, the conventional processing/priming pathway has a
higher potential from this standpoint, as compared to cross-processing/cross-
priming. This has been strongly supported by reports showing that direct intra-
splenic or LN administration of naked plasmid resulted in increased immunity, as
assessed in a dose-effect fashion (33). It is likely that targeted administration of
naked plasmid to APC-rich tissues results in increased numbers of competent
APCs presenting the antigen directly to specific T cells, even if the overall number
of host cells effectively transfected is not superior over those achieved by intra-
muscular or subcutaneous administration. In fact, a recent study provided further
support to this concept by demonstrating that the use of a device to increase the
exposure of dermal APCs to plasmid vaccine, as opposed to conventional bolus
injection, resulted in increased immunity (34). Strikingly, despite the fact that
intramuscular injection resulted in higher antigen expression for a prolonged
interval (weeks), intradermal administration using a tattoo device resulted in a
relatively reduced antigen expression over only a few days; however, it was far
more effective in inducing T-cell immunity (35).

The multiplicity of mechanisms by which plasmids elicit immune
responses, depending on the route of administration and other factors, results in a
number of limiting steps relative to the magnitude of the resulting immune
response (Fig. 1). These can be thus addressed by various means, as listed in
Table 1. More important, addressing limiting factors on individual basis may not
be enough to effectively improve the potency of DNA vaccines; instead, sig-
nificantly superior strategies must troubleshoot as many as possible, if not all,
rate-limiting factors.

ADVANTAGES OF PLASMID VECTORS AS THERAPEUTIC
VACCINES FOR CANCER

Among different vaccine forms for treating cancer, DNA vaccine has several
advantages such as immunogenicity, intrinsic adjuvant effect, capacity for har-
boring larger or multiple antigens and ease to manipulate, preferred safety
profile, excellent stability, and inexpensive manufacturing cost.

The cellular arm of the immune response, the focus of active immuno-
therapy employing DNA vaccination, results from uptake of plasmids into cells
(DCs, Langerhans cells, and muscle cells) (30,31), where the encoding target
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Table 1 Multimodality Heterologous Prime-Boost Immunization in Clinic

Disease = Targeted Priming Boosting Immune Clinical
category antigen agent agent responses responses References
Infectious HIV gag DNA MVA T cell Not 46
diseases response available
(8/9)
HIV Canarypox  Gpl20 Neutralizing Not 47
gpl120 virus protein Ab-induced available
poor T-cell
response
HIV gag DNA Adenovirus  Not available Not
pol and available
env
Malaria  DNA MVA CD4 and Partial 48
TRAP CD8 protection
persistence
of immune
response for
months
Cancer  NY-ESO-1 Recombinant Recombinant Ab, CD4, Favorable 49
vaccinia or  vaccinia or  and CD8 clinical
poxvirus poxvirus outcome
Multiple DNA MVA Biased T-cell Not 50
epitopes response available
for (against 1/7
melanoma epitope)

PSA Recombinant Recombinant 46% of Not 51
vaccinia or  vaccinia or  subjects significant
poxvirus poxvirus have

increase in
PSA-reactive
T cells

CEA Recombinant Recombinant 6/6 subjects No 52

vaccinia poxvirus have objective
increase in  antitumor
frequency  response
of T cells

Abbreviation: MV, vaccinia virus Ankara.

antigen is expressed. The resulting proteins undergo proteolytic processing in the
proteasomes, producing peptides that bind to class I MHC molecules. The pre-
sentation of these MHC-bound peptides on the cell surface of APCs stimulates
CD8" CTL response. Results from preclinical studies and clinical trials have
also indicated that the route of administration and the dosage used are critical in
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the induction of immune responses, involving different mechanism of actions
(Fig. 1). Immune responses from intramuscular administration of plasmid DNA
are largely dependent on cross-priming, the mechanism of which is yet to be
understood. Novel approaches have been explored in directly targeting APCs,
especially DCs (36-38). As will be discussed below, naked plasmid DNA
combined with the prime-boost immunization regimen may be a very attractive
way to prime high-affinity and high-avidity CTL responses.

For therapeutic vaccine against cancer, targeting multiple CD8-specific
epitopes derived from different tumor antigens (as opposed to monovalent
approaches) is believed to be more effective, considering the heterogeneity and
genetic instability of tumor cells (39). Plasmid can naturally harbor larger DNA
fragments of coding sequences, thus making it possible to express in vivo
engineered synthetic tumor antigen. Prophylactic and therapeutic vaccines
expressing polyepitope strings have been tested in clinical settings, and
responses were observed for multiple epitopes in the string (40-42), indicating
that these epitopes are successfully processed and presented in humans. How-
ever, in order to achieve optimal and balanced immune responses for each
epitope with intrinsic immunological properties, it is necessary to modify coding
sequences in the plasmid. This can be achieved by simple manipulations in the
expression insert followed by direct assessment of immunogenicity of vaccines
after direct injection of the plasmid DNA. Such methodology will greatly
enhance our ability for rational vaccine design as well as further our under-
standing of molecular basis of the immune response.

PRIME-BOOST STRATEGIES IN CANCER IMMUNOTHERAPY

Immunization has traditionally relied on repeated administration of antigen to
augment the magnitude of the immune response. With the advancement in
recombinant DNA technology, genetically engineered vaccines such as expres-
sion plasmids, recombinant proteins, viruses, and bacteria have become the latest
modalities for vaccine development. The first such vaccine in its class, a hepatitis
B virus vaccine in the form of recombinant protein produced in yeast, has been
shown to be potent in providing protective efficacy in humans (43,44). While
this homologous protein-based immunization is very effective for generating
humoral immune responses, it is generally inefficient in inducing cell-mediated
immunity important for protection against infections caused by intracellular
pathogens and for cancer immunotherapy. DNA vaccines, on the other hand,
have been tested in small and large animal models, and have demonstrated
efficacy in inducing both humoral and cellular immunity for infectious diseases
and cancer, while clinical trials of such DNA vaccines have provided mixed
results (45). In parallel with the development of DNA vaccines, recombinant
viral vectors, such as poxviruses and adenoviruses, have emerged as vaccine
delivery systems. In mice as well as nonhuman primates, recombinant viral
vectors are very efficient for the induction of cellular and humoral immunity,
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characterized by increased CD4" and CD8" T cells as well as antibodies.
However, DNA vaccines or recombinant viral vectors failed to induce the high
levels of antigen-specific T cells necessary for protection against intracellular
pathogens when used singly or with repeated administration (homologous
boosting). This has led to the investigation of whether heterologous prime-boost
immunizations with different modalities can elicit immune responses of greater
magnitude and quality than can be achieved by priming and boosting with the
same vector.

It has been well established that cellular immunity is the key in controlling
tumorigenesis and microbial infections of intracellular pathogen that involves
induction and expansion of antigen-specific T cells endowed with multiple
capabilities such as migration, effector functions, and differentiation into
memory cells. Earlier studies attempted to elucidate the sequence and combi-
nation of modalities during a heterologous prime-boost immunization regimen
that results in the generation of antigen-specific memory T cells by priming
followed by amplification of these cells by boosting. A variety of such vaccine
components have been evaluated in preclinical models or human trials including
DNA plasmid, recombinant poxviruses and adenoviruses, alphavirus replicon
particles, modified vaccinia virus Ankara, and protein or peptide in adjuvants.
Results from these studies revealed that multiple mechanisms account for the
efficiency of prime-boost vaccination protocols; however, synergy in epitope
presentation during priming and boosting by different expression vectors is the key
requirement to evoke high-avidity CDS8 cells in the host, while additive effect
may result from other features within the boosting vector. Table 1 summarizes
some major findings from such studies in humans.

DNA vaccines have been widely accepted as good priming agents since
they can trigger antigen presentation via both MHC class I and class II, thereby
inducing both CTL and Th1 lymphocytes via a mechanism of action depicted in
Figure 1. To leverage the high quality of the immune response primed by
plasmid DNA and likely facilitated by its excellent toll-like receptors 9 (TLR9)-
dependent and -independent adjuvant activities, various groups have explored
boosting strategies by delivery of targeted antigen incorporated in different
forms. Such boosting components encompass proteins, live viral vectors, or
plasmid vectors. There is an extensive database obtained in preclinical models
and in clinics supporting this concept, mostly in the area of prophylactic
immunization for infectious diseases targeting pathogens such as HIV (13),
malaria (53), and tuberculosis (54). Priming with plasmid DNA and boosting
with live vector has shown, by far, to be the most effective regimen to induce
immune response at the level of therapeutic usefulness both in preclinical and in
clinical trials (46,48,55,56). For cancer immunotherapy, a pioneer work a decade
ago by Irvine et al. showed that heterologous prime-boost strategy can augment
antitumor immunity by generating a strong antigen-specific CTL response in
mice (57). Their data suggested that immunizing with DNA and boosting with a
live viral vector expressing the same tumor-associated antigen prolonged the
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survival of tumor-bearing mice more efficiently than multiple immunizations
with the same vector, correlating with stronger specific CTL responses (57).
Meng et al. performed a similar study on mice by administration of plasmid
DNA encoding murine o-fetoprotein followed by boosting with a nonreplicating
adenoviral vector expressing the same antigen (58). This immunization strategy
resulted in elicitation of high frequency of Thl-type a-fetoprotein-specific
cells leading to tumor protective immunity in mice at levels comparable with
a-fetoprotein-engineered DCs (58). However, in clinic, data from a phase I trial
of sequential administration of plasmid DNA and adenovirus expressing L523S
protein in patients with early-stage non-small-cell lung cancer showed a high
level of safety but limited evidence of L523S-directed immune activation (59),
suggesting that a further optimized immunization approach is needed to break
immune tolerance or ignorance to self-antigens.

Despite the mounting data demonstrating the tolerability of live vectors in
preventive vaccination, there is significant safety concern for the use of such
vectors in cancer patients who may be at the stage of immune suppression after
prolonged chemotherapy. Additional drawbacks of the use of live viral vectors
include antibody responses to vectors that diminish effectiveness of later boosts,
and higher development and production costs. Therefore, considerable efforts
have been devoted to explore nonviral options for boosting immunity generated
during the DNA-priming interval. DNA vector itself has been shown to induce
suboptimal immunity even after repeated immunization. However, the use of
DNA vectors with a modified sequence, or delivered in a different mechanism,
as a boosting agent, lead to a significantly improved immune response. Pre-
clinical animal models have demonstrated that the use of an “altered self” form
of antigen may provide CD4" T cell help to break the tolerance and to induce
tumor protection (60). Such hypothesis is further tested in mice with a prime-
boost immunization regimen with plasmids expressing human or mouse tyrosi-
nase-related protein 1 (TRP-1) (60). That priming with human TRP-1 DNA
broke tolerance to mouse TRP-1 was evidenced by the manifestations of auto-
immunity, characterized by coat depigmentation, and such immune responses to
TRP-1 provided significant protection against colonization of the lung by
metastatic melanoma cells (60). The presence of slight differences in epitopes
between host “self” protein and that encoded by xenogeneic DNA plasmid
vaccine, along with inherent bacterial unmethylated CpG motifs, may be sufficient to
boost the immune response to break tolerance and ignorance to tumors. Currently,
such approaches are in clinical proof of principle testing with two well-defined tumor
antigens-prostate-specific membrane antigen and tyrosinase (61,62). Another
approach is priming with naked DNA and boosting with the same vector in
combination with the use of an electroporation device to improve the immune
responses. In both animal and clinical trials with prophylactic DNA vaccines,
electroporation enhances immune responses to DNA vaccines by increasing gene
expression as well as inducing inflammatory cell infiltration (63). Such strategy
has also been explored in cancer with two tumor models, the CT26 carcinoma
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Table 2 Advantages of Plasmid Vectors as Vaccines

Features Mechanism of action/rationale
Induction of broad immune responses Direct transfection of APCs and/or cross-
encompassing MHC class I-restricted presentation
T cells
Predominant induction of T1 immune Binding to TLRs and activation of
responses dependent innate immune pathways
Beneficial safety profile Lack of replication, transient, episomal
persistence, infrequent genomic
integration
Simplicity of manufacturing Straightforward E. Coli fermentation

process and plasmid purification

Abbreviations: APCs, antigen-presenting cells; MHC, major histocompatibility complex; TLR,
toll-like receptors.

and the BCL1 lymphoma (64,65). It is interesting to note that for such homol-
ogous prime-boost approach, the most effective way to generate a potent
immune response is priming with naked plasmid DNA and boosting with the
same vector using an electroporation device. The mechanism of improved
immune response by electroporation of vaccine plasmids during boosting is still
not completely understood; however, it involves at least two features, namely,
increased antigen expression and necrosis at the injection site, which induce
inflammation. It is also possible that in electroporated APCs, an elevated antigen
expression may also introduce a subtle shift of antigen presentation, a slight
different processing compared to that of cells in vivo transfected with naked
DNA, providing additional CD4" T cell help (Table 2).

Other nonviral vectors such as the simplest ones, namely, the peptides,
generally have a poor pharmacokinetics profile. Recently, it was shown that
intra-LN injection of T-cell epitope peptides may actually circumvent their poor
pharmacokinetics and leverage their intrinsic immune properties (66). More
significantly, plasmid priming and peptide boosting achieved extremely robust
immune responses (nearly 1/5 CD8" T cells specific for a given epitope; Fig. 2)
in a preclinical model consisting of immunization of HLA-A2 transgenic mice
(67) immunized against Melan A antigen. Not unexpectedly, this outcome could
be achieved only by intra-LN administration of both plasmid and peptide rather
than subcutaneous injection, reinforcing the importance of targeted delivery for
the purpose of accessing APCs. In addition, with such a high number of epitope-
specific CD8 cells, it becomes feasible to delineate the functional role of vectors
by defining the phenotype of specific T-cell population during priming and
boosting. By using cell separation techniques, multicolor FACS analysis, and ex
vivo functional evaluation, it has been demonstrated that while plasmid priming
generated both central and peripheral memory T cells, peptide boosting had a
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Figure 2 Comparison between the immune responses achieved by intra-LN and sub-
cutaneous injection of plasmid and peptide in a plasmid prime—peptide boost fashion.
Equivalent dosage, 25 pg of plasmid (pSEM) or peptide (Melan A 26-35 analogue) in
25 pL of sterile PBS, was administered to HHD transgenic mice via the intranodal
injected and/or administrated in subcutaneous route. The number of injections remained
the same. The results were expressed as percent tetramer” CD8" T cells within the CD8*
T cell population, measured in blood, at 15 days after the completion of the immunization
protocol (mean + SEM; n = five mice per group). Abbreviations: LN, lymph nodes; PBS,
phosphate-buffered saline.

profound impact in differentiation and relative expansion of CD62L" peripheral
memory CD8" T cells. The latter was paralleled by migration of CD8" T cells
out of LNs to nonlymphoid organs, along with a gain of function for interferon
(IFN)-y and chemokine expression, a key feature of peripheral memory/effector
T cells. Figure 3 depicts a model of the prime-boost approach and the impact of
plasmid and peptide on various T-cell subsets, respectively.

STRATEGIES TO IMRPOVE EFFICACY OF DNA VACCINE

Clinical trials with DNA vaccines expressing microbial antigens showed a
favorable safety profile, but a relatively modest immune response, and thus
moderated the initial enthusiasm in regard to this new approach for immuniza-
tion (45). Various factors may have contributed in concert, to the apparent
discrepancy between the generally exciting preclinical results and the modest
clinical data: (1) predominant use of the intramuscular administration route,
relying on cross-processing as a main mechanism of action (MOA); (2) relatively
diminished inoculation volumes and amounts relative to the body mass;
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Figure 3 (See color insert.) Hypothetic events during DNA priming, peptide-boosting
immunization regimen in the LN. Plasmid-driven antigen expression within secondary
lymphoid organs promotes a central (CD62L") memory T-cell population capable of
rapid and substantial expansion. Exposure to peptide triggers a preferential proliferation
of CD62L" cells as well as the loss of CD62L expression resulting in the significant shift
from a more balanced CD62L" and CD62L" to a more pronounced CD62L" phenotype of
specific T-cell population after peptide boost. In parallel, a redistribution of CD8™ T cells
between lymphoid and nonlymphoid organs is evident, together with the acquisition of IFN-y
and chemokine expression capability by CD62L. CD8" T cells. Both central and peripheral
CD8" T cells show de-granulation (CD107alpha upregulation) upon peptide stimulation.
Abbreviations: LN, lymph node; IFN, interferon.

(3) possible species-specific recognition of unmethylated CpG motifs; and (4) use
of different methods to measure the immune response, leading to overestimation of
preclinical results (for example, utilization of ultra-sensitive assays, encompassing
ex vivo expansion of T cells, in case of preclinical studies; in contrast, reliance on
less refined but probably more realistic readouts in case of clinical studies).
Based on these observations, many strategies have been and are currently
being tested at various stages of research and development, aimed at trouble-
shooting the limitations of naked plasmids as vaccines: The simplest ones were
the complementation of DNA vaccines via prime-boost approaches or the use of
synthetic CpG motifs as adjuvants, the utilization of electroporation or trans-
fection-enhancing techniques, the use of targeted approaches such as intradermal
via gene gun devices, development of new vectors expressing larger amounts of
antigen, or coadministration of vectors expressing antigen and cytokines.
Consistent with the fact that the number of antigen-expressing cells was a
limiting factor relative to the magnitude of immune response as shown by
adoptive transfer experiments employing various numbers of in situ transfected
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Langerhans cells (29), direct plasmid administration into LNs resulted in sig-
nificantly superior CTL responses in a preclinical model (38). Thus, lower doses
of plasmid were sufficient to induce a measurable response, as compared to
intramuscular immunization—a situation somewhat reminiscent of gene gun
vaccination. However, interestingly, there was little evidence that the overall

magnitude of response (at plateau or saturation) was different (Table 3).

Table 3 Limiting Factors Associated with DNA Immunization and Strategies to

Address Those

Limiting factors

Strategies to improve on efficacy

Limited number of in situ transfected host
cells

Limited timeframe of plasmid expression

Antigen transfer to APCs, particularly if
injection occurs into tissues lacking
APCs

APC migration to LNs

T-cell priming, limited by the reduced
number of APCs within germinal
centers

Expansion and differentiation of T cells,
influenced by activation of innate
immunity and antigen exposure
within LN

T-cell trafficking and immune
surveillance, enabled by T-cell
differentiation and loss of LN homing
receptors

Acquisition and maintenance of effector
functions by T cells, influenced by the
LN and target organ microenvironment

Target cell destruction, dependent on the
avidity of TCR for the MHC-peptide
complex, along with other factors

Electroporation, use of transfection-
enhancing reagents, intralymphatic
injection of plasmid

Repeated administration, infusion,
interference with gene-silencing
mechanisms

Increase apoptosis of in situ transfected
somatic cells, use of export sequences,
engineered HSP-antigen constructs

Use of plasmids loaded with immune-
stimulating sequences; circumvent this
process by direct intra-LN injection

Provision of balanced antigen and
costimulating signals, over a key time
interval

Complement plasmid priming with boost
strategies using alternate vectors; provide
effective innate immune stimulation

Provide effective costimulation, use of
appropriate dosages, immunization
protocols, thereby avoiding induction of
anergy or tolerance; targeted delivery of
chemoattractants

Interfere with induction of T regulatory
cells, control of target organ
microenvironment by administration of
proinflammatory agents

Use of epitope analogues to elicit improved
T-cell immunity against self-epitopes;
improve on the antigenicity of target
cells (MHC, coreceptors) using small
molecules or biologic response modifiers

Abbreviations: APC, antigen-presenting cells HSP, heat shock protein; LNs, lymph nodes; TCR,
T-cell receptor; MHC, major histocompatibility complex.
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In this line, intra-LN immunization of patients with stage IV melanoma,
with escalating doses of a plasmid expressing a tissue-specific antigen (tyrosi-
nase), induced a heterogenous immune response—with only a few patients
showing a robust immunity as assessed by tetramer staining (42). However, two
interesting conclusions were drawn from this phase I clinical trial: First, despite
some previous preclinical reports anticipating potential NF-kB-mediated toxic
effects of plasmid, tolerability was excellent even at doses in excess of 1 mg.
Secondly, there was a clear correlation between the clinical outlook (time to
progression, time to death) and the immune response to tyrosinase (42). The
latter implies either one of the following possibilities: (1) induction or amplifi-
cation of immunity against this antigen results in an immune response that curbs
the tumor progression or (2) an indirect correlation between immune respon-
siveness and the clinical outlook, possibly via immune mechanisms targeting
other antigens that are not necessarily deployed by the plasmid.

One of the hallmarks of DNA immunization is the apparently excellent
immune profile, encompassing T1 cells able to produce IFN-y and other
proinflammatory or effector cytokines, spanning both MHC class II- and class
I-restricted subpopulations. The discovery, during the last decade, of a new
class of immune-stimulating motifs in the form of unmethylated CpG palin-
dromes (68) revolutionized the field of, and promoted interest in developing,
synthetic CpG-based adjuvants as a counterpart of more conventional vaccines
(69). The elucidation of a pattern recognition receptor (PRR) (TLR9) for
unmethylated CpG motifs offered insight into the biologic role of this innate
immune pathway, as a central mechanism of protection against important
intracellular pathogens (70). Upon engagement of TLR9 and depending on the
exact sequence of the palindrome, innate immune cells such as plasmacytoid
DCs and other cell subsets rapidly produce IFN-o, IL-12, and additional
T1-inducing mediators, via a MyD88/NF-kB signal transduction pathway (71).
Hence, in the commonly referred model, it is believed that the T1-biasing
adjuvant activity of plasmid vaccines encompassing unmethylated CpG motifs is
due to the effect on innate immune cells via TLR9. However, unexpectedly, it
was more recently shown that TLR9 knockout mice were still capable of gen-
erating T1 responses and IgG2a antibodies subsequent to DNA vaccination
encompassing microbial antigens, challenging the previously proposed key role
of TLRY and leaving the door open for additional pathways of innate immune
stimulation and/or mechanisms of induction of T1 response that are TLR
independent (72).

In line with the numerous potential limiting factors downstream of APC
transfection (Fig. 1), from antigen expression to a status of relative immune
tolerance to self-antigens, it is imperative that those hurdles can be overcome
without inserting additional, optimized CpG motifs. For example, while mRNA-
based vaccination may circumvent the poor expression of plasmid in context of
DNA vaccination (73), the adjuvant qualities of mRNA may be relatively
reduced or at least modified relative to those of bacterial plasmids, unless ex vivo
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manipulation and activation of APCs is employed (74). On the other hand,
however, it is not clear whether plasmid-borne CpG motifs indirectly interfere
with transgene expression via innate immune stimulation (75).

CONCLUSIONS

In conclusion, numerous preclinical and subsequent clinical studies showed
that plasmid vectors are able to induce immune responses; however, in many
circumstances, such responses fall short of the magnitude required for pro-
tection against disease (in case of prophylactic vaccines), or disease suppres-
sion (in case of active immunotherapeutics). To summarize, the efficacy of
current DNA vaccine vectors is still significantly reduced compared to that of
viral vectors, in inducing a primary immune response. In contrast, the profile
of the immune response elicited by DNA vaccines encompasses T1 cells (MHC
class I- and/or class II-restricted, depending on the antigen expressed), and the
subsequent immune memory seems to be long lived. Current clinical trials
encompassing plasmid priming followed by boosting with heterologous vectors
are aimed at addressing the important question, whether memory T cells eli-
cited by DNA immunization can be effectively amplified in primates and
turned into effector cells in prophylactic and therapeutic setting. More novel
approaches targeting tissues rich in APCs may allow optimal utilization of
nonviral-based vectors (such as peptides or recombinant proteins) as boosters.
Nevertheless, especially in a therapeutic setting, troubleshooting the magnitude
of immune response alone may not offer a complete solution, because of the
multiplicity of the rate-limiting steps that are intrinsically linked to, or inde-
pendent of, DNA immunization process. Only a systematic analysis and inte-
grated approach relative to these limiting factors presented in this review—and
others yet to be identified—would allow optimal utilization of DNA immu-
nization concept in the clinic.
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Figure 5.1 Immunohistochemical characterization of infiltrating cells in intracranial
tumor before and after DC vaccination: Intratumoral CD8* cells, pre- (A), and post-
vaccination (B). Intratumoral CD4™ cells, pre- (C), and post-vaccination (D). Intratumoral
CD45RO™ cells, pre- (E), and post-vaccination (F). Intratumoral CD8™ cells pre- (G) and
post-recurrence (H) in a non-vaccinated patient.
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Figure 7.3 Hypothetic events during DNA priming, peptide-boosting immunization regimen
in the LN. Plasmid-driven antigen expression within secondary lymphoid organs promotes a
central (CD62L") memory T-cell population capable of rapid and substantial expansion.
Exposure to peptide triggers a preferential proliferation of CD62L™" cells as well as the loss of
CD62L expression resulting in the significant shift from a more balanced CD62L " and CD62L.~
to a more pronounced CD62L" phenotype of specific T-cell population after peptide boost. In
parallel, a redistribution of CD8% T cells between lymphoid and nonlymphoid organs is
evident, together with the acquisition of IFN-y and chemokine expression capability by CD62L
CD8" T cells. Both central and peripheral CD8" T cells show de-granulation (CD107alpha
upregulation) upon peptide stimulation. Abbreviations: LN, lymph node; IFN, interferon.
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INTRODUCTION

In this chapter, we propose the revision of several paradigms defining research
and development (R&D) processes in support of investigational drugs. The
emergence of many investigational molecular targeted therapies stimulated by an
unprecedented progress in the genomics arena raised new challenges in drug
development. In the era of molecular medicine, a major objective of modern
translational research is to identify the target with the most optimal clinical
opportunity. This is noticeably illustrated in the case of “first in class” inves-
tigational drugs without existing benchmark in terms of approved products.
Using innovative cancer vaccines as a study case, we illustrate several key
revisions of the drug development process aimed to expedite and optimize the
drug development decisional stages. These proposed key modifications are
(1) revising the role of preclinical models, (2) implementing biomarker-guided
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processes during early exploration, and (3) considering novel, adaptive trial
designs to direct clinical development in a more optimal fashion.

“CANCER VACCINES”: KEY ELEMENTS AND CHALLENGES

“Cancer vaccines” or active immunotherapeutics encompass defined antigens,
analogues, or fragments, which are in fact molecular targeted agents. Immune cells
such as Th or Tc cells or antibodies elicited by the vaccine are aimed to recognize
specific molecules expressed by cancer cells or within the tumor environment. The
indirect mechanism of action (MOA) is a distinctive property of cancer vaccines
compared to other molecular targeted therapies. Particularly, while monoclonal
antibodies or tyrosine kinase inhibitors act directly on receptors and affect cell
viability or signal transduction pathways, vaccines relay on their capability to
induce immune mediators that in turn act on the target (Fig. 1). This has far-
reaching implications in the R&D of such investigational agents and presents a set
of unique challenges that distinguish this class of drug candidates from all others.
In addition, there is no current benchmark in terms of approved cancer vaccine in
the United States, increasing the complexity, risk, and heterogeneity of the current
development strategies. The difficulty associated with establishing appropriate
preclinical models along with a relative complex MOA hinders their predictability.
By using preclinical models more often, it has been easier to predict whether a
vaccine induced immunity in humans, as opposed to whether an immune response
translated into clinical outcome. Unfortunately, this limitation along with the sub-
optimal clinical efficacy of investigational cancer vaccines evaluated in the past
precluded the definition of reliable pharmacodynamic (PD) markers and surrogate
endpoints that are key to guide and accelerate the development process. Moreover,
the different safety profiles from that of more conventional classes of drugs and the
considerable heterogeneity in terms of technology platforms—ifrom highly person-
alized, cell based, to microbial vectors and synthetic, nonreplicating molecules—are
distinct features of investigational cancer vaccines posing significant challenges in

(A) Direct Mechanism of Action

Conventional development
pathway (available benchmark)

Investigational Drug Tumor

(B) Indirect Mechanism of Action

Immunity Novel development
paradigm (no benchmark)

Investigational Drug Tumor

Figure 1 Challenges posed by development of cancer vaccines as largely related to the
indirect nature of their mechanism of action.
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both preclinical toxicology strategy and the design and identification of end points
in clinical trials. Altogether, these characteristics define critical gaps in the
development of cancer vaccines: (1) between preclinical development and clinical
exploration due to the complexity of MOA and limited predictability of most
preclinical models and (2) between early- and late-stage clinical development due
to the scarcity of PD and surrogate end points to guide to development process.

REDESIGNED R&D STRATEGY IN SUPPORT OF “CANCER VACCINES”

To meet these challenges and aim for an appropriate testing of proof of concept,
as well as identification of optimal candidates for randomized proof of concept
trials, one needs to consider different approaches of development for active
immunotherapies in cancer versus drugs with a more direct MOA.

First and foremost, to bridge the gap between preclinical exploration and
clinical evaluation, we need to abandon the classical linear development process
and instead factor in the complementary value of data gathered in preclinical and
clinical models in support of selecting the right lead candidate. This selection
will have a profound outcome on the development process, for example, from
design, optimization, and preclinical exploration to Investigational new drug
application (IND)-enabling studies followed by proof of concept trials and
finally, confirmatory phase 3 trials. Essentially, this will translate into a two-way
approach—bench to bed and reverse—aiming to ensure optimization of the
therapeutic candidate (composition, regimen, tumor type, and indication) prior to
initiating larger randomized trials (Fig. 2).

(A) Linear development process

Design —*Optimization — Candidate — IND enabling
selection studies

4 }

Phase 1—* Phase 2 —Phase 3
safety POC

(B) Bench to bedside and reverse
Design —* Optimization — Preclinical — IND enabling

exploration studies

Clinical
exploration

Candidate Phase 2 Phase 3
selection poc T

Figure 2 A comparison between linear and cyclical development paths of second gen-
eration (A) or first in class (B) investigational compounds.
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Another key aspect of the new paradigm is the implementation of a bio-
marker-guided approach as early as possible during the development process in
order to optimize and expedite proof of concept evaluation in a manner that
increases the likelihood of success and reduces the size of clinical trials. The
concept of “stratified medicine” or “theranostic approach” implies, in essence,
definition and use of biomarkers as inclusion/exclusion criteria to direct the
evaluation of the investigational drug in patients that have highest likelihood of
clinical response.

Another aspect, resulting from the complexity of the MOA and insuffi-
ciency of preclinical models, is the re-evaluation of the clinical response. While
in more conventional situations—such as those corresponding to investigational
drugs that influence tumoral cells directly—the predictable nature of in vitro and
preclinical modeling is established and accepted to a higher extent. In the case of
active immunotherapies, the value of preclinical evaluation may consist rather in
exploring the limits of the technology that will impact the design of clinical
studies, thus having a higher likelihood of being informative or meeting preset
success criteria.

Finally, in light of the early development stage of most cancer active
immunotherapeutics currently, it is key to leverage emerging proof of concept
data in clinic generated with more mature technology platforms into novel
approaches. More specifically, significant steps were undertaken in demon-
strating proof of concept in clinic with cell-based vaccines (e.g., autologous
dendritic cells (DCs) expressing target antigens or GM-CSF producing alloge-
neic tumor cells), leading the way to late-stage development. While these
technology platforms have certain drawbacks, such as reliance on patient’s cells
or collection of poorly defined cellular antigens, information from clinic on their
performance is important for the development of newer “off-the-shelf” and
synthetic molecules, allowing a more expedite development process with
increased chances of success.

In the next paragraph, we focus on several factors outlined above (such as
the significance of preclinical and clinical exploration), the fundamental role of
biomarkers, and finally, exemplification with an investigational approach in
early clinical development.

REVISING THE ROLE OF PRECLINICAL STUDIES

Cancer immunotherapeutic approaches require quite cumbersome preclinical
modeling due to the inherent complexity of the MOA of therapeutic platforms
under development. Useful models—with capability to predict the PD profile of
an investigational drug—need to meet key criteria; nevertheless, due to intrinsic
differences of immune responsiveness and antigenic makeup between species
(Fig. 3), it has been very difficult if not impossible to envision a model equiv-
alent to, for example, the xenograft models used in preclinical pharmacology in
support of development of small molecules. One of the most illustrious examples
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Similarities and differences between preclinical models
and clinical setting

Similarities Generally similar immune regulation mechanisms
Immunogenicity is generally translatable (yes/no)

Differences Antigen identity and sequence differs
Magnitude and profile of immune response may differ
Translation of immune response into tumor response
Overall status of immune responsiveness (pretreatment)
Responsiveness to biological response modifiers

Figure 3 The gap between preclinical models and clinical setting for cancer vaccine
development.

of technology facing significant hurdles in translation from preclinical to clinical
stage results from the fact that cancer vaccines are based on defined antigens.
Such vaccine candidates encompass a variety of vectors (polypeptides, cells,
microbes, recombinant DNA), immunological information (epitopes) corre-
sponding to the antigenic makeup of tumor cells, with the aim to instruct one’s
cells to recognize and react against the malignant process. Despite the fact that it
has been recognized that the immune systems in rodent and humans, for
example, operate in quite similar fashion, the sequence of the overwhelming
majority of defined epitopes within tumor antigens of interest is not identical
between mouse and man. Even if new tools became available, such as HLA
transgenic mice, overcoming significant differences in the T-cell repertoire in
mouse and man, due to differential MHC restriction, the distinct antigen
sequence poses formidable hurdles in face of deploying animal models for
predicting the magnitude and quality of immune response to human epitopes.
Most significantly, a human epitope translated into an investigational drug that
encompasses even one amino acid difference at the TCR-engaging site relative
to the rodent version is recognized as “nonself” by the immune system. This
results into a more potent response that one would otherwise occur in the desired,
ultimate setting. An overestimation of pharmacological potency of antigen-based
vaccines by using preclinical modeling may occur, in addition, when differences
between mouse and human sequences affect primary MHC anchor residues,
rendering, for example, the mouse version irrelevant and the human one “nonself.”
Thus, while there is some agreement that animal models can be employed to
compare various methods of immunization and generally predict immunogenicity
of an investigational compound in clinic, considerations outlined above and others
(such as dosing) preclude accurate translation of magnitude and profile of immune
response from preclinical models to clinical setting.

Another aspect that has been even more difficult to model and translate to
clinic was the impact of immune response on tumor regression or clinical
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outcome in general due to the fact that transplantable tumors are highly artificial.
Models involving spontaneously arising tumors were developed—yet the nature
of therapeutic targets in preclinical setting, with some exceptions, limited their
value in relation to exploration of humanized investigational drugs. Overall, it
was not yet possible to reproduce in a preclinical model the target expression
environment within a human tumor—one reason was the complexity and scarcity
of reliable information regarding the latter.

A distinct feature that has been notoriously difficult to reproduce in pre-
clinical setting has been the strict status of the immune system and immune
repertoire from patients treated with multiple standard therapies (such as radio
and/or chemotherapy). Since the MOA of active immunotherapies requires
immune competence, this represents a major parameter. In fact, attempts to
explore this question resulted in tantalizing observations consisting in additive or
even synergistic effects between select chemotherapies (cyclophosphamide,
paclitaxel, doxorubicin, cisplatin) and vaccination. Beyond the interesting sci-
entific explanation having to do with a T-cell repertoire conditioning or inter-
ference with immune “breaks,” or the practical implications on designing
innovative combination approaches in clinic, a major criticism remains: The
effect of chemotherapies on immune system seems to be species specific so
thorough clinical exploration is needed to elucidate whether these observations
truly translate to man.

Finally, a major difference between preclinical and clinical setting—that
limits the translation of findings from the former to the latter—is the species-
specific recognition and response to “biological response modifiers” or adjuvants
in general. To be active, cancer vaccines rely on delivery of not only immu-
nological information such as epitopes but, at the same time, of motifs or
molecules that instruct the immune system to mount a response of a certain
magnitude and profile, most often by influencing the innate immunity. Most
recently, such molecules have been described as TLR ligands (CpG motifs
binding to TLRY; ds or ssSRNA binding to TLR3, 7, and/or 8; LPS analogues
binding to TLR4; and even small molecules binding to TLR7 such as Imiqui-
mode™) that exert their function by activating receptor-positive DCs, NK cells,
or other cells of the immune system. Since receptor distribution on cell subsets,
the relative function of different subsets, and the fine specificity of receptors
vary from species to species, it is not unexpected that, for example, the TLR9
ligands CpG motifs have a different optimal structure in relation to an effective
innate immune stimulation in mouse and human. Therefore, preclinical modeling
may not be entirely predictive relative to immune-stimulating properties of
vaccine excipients.

Altogether, these issues suffice to raise a fundamental question that is
highly applicable to the preclinical modeling of active immunotherapies in
cancer, but to a lesser extent to other therapeutic strategies relying on more direct
mechanisms of action. Namely, one needs to acknowledge that preclinical
evaluation of an investigational drug, like a cancer vaccine aimed to treat a
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human disease, is intrinsically limited in its predictable value. Paradoxically,
preclinical modeling using humanized investigational drugs may be even more
artificial in certain cases, as opposed to using model reagents. For example,
asking key questions on whether an immunization approach can “break toler-
ance” against a self-tumor antigen. Thus, it seems that the value of preclinical
modeling in support of active immunotherapies needs to be revised. We propose
that instead of being used as a framework to test the pharmacology of humanized
investigational drugs and bridge mechanically the discovery/optimization with
the clinical stage, preclinical exploration’s mission in the case of cancer vaccines
is to clarify key questions on their applicability and optimization strategy prior to
initiating and in conjunction with clinical evaluation. If we recognize that every
preclinical model or setting is defined by a set of parameters (e.g., the nature and
potency of immunization approach, the match between the vaccine composition
and target antigen on the tumor, and the level of expression of the target antigen
and host’s immune competency), then preclinical exploration using highly
experimental reagents would be capable of defining the limits and opportunities
associated with a therapeutic approach. The impact on clinical strategy is vast
since that way we direct the subsequent clinical exploration in a manner that
would maximize the likelihood of success and minimize the risk.

To exemplify, if we idealize the parameters enumerated above (use of an
extremely potent immunization approach that leverages response against a
“nonself” antigen, use of a transplantable tumor that is highly immunogenic in
animals that are immune competent), the resulting experimental setting would
allow us to answer a key question: Is cancer vaccination in its most potent
version effective enough to trigger objective tumor regression in bulky disease
setting? This is not a trivial question since it has been recently showed that while
adoptive T-cell therapy with large number of activated effector cells resulted in
tumor regression in man, previous vaccines failed to show that—on the other
hand their modest immunogenicity has been a great confounding factor. As
shown in Figure 4, summarizing the conclusion from literature, it seems that

Impact on: Experimental approach Success Clinical relevance
Prevention of tumor formation Immunization first + N/A

Circulating tumor cells In vivo cytotoxicity + Adjuvant
Micrometastases Immunize in MRD setting +/- Adjuvant

Limited lesions Immunize in min tumor setting  +/- Consolidation
Bulky tumors Immunize in bulky tumor setting +/-- Refractory

Figure 4 Relevance of preclinical modeling to define optimal clinical indications for
cancer vaccines.
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preclinical modeling is actually capable to provide key answers to this question
and firmly define the limitations of applicability to cancer vaccines. Most
attempts to immunize in a prophylactic setting against tumor challenge or
spontaneous tumor formation were met by success, irrespective of the platform
technology used—a strong argument in support of the fact that the needed
threshold in terms of magnitude of immune response or stringency related to the
profile of immunity were low. That is actually the strongest criticism against
overinterpreting data sets from clinical studies generated across different vaccine
platforms—many of them proved subsequently to be quite suboptimal—in an
established tumor setting. Whether cancer vaccines “work” or “do not work™ is a
question that is highly dependent on both the vaccine platform as well as the
clinical setting in which they are tested. For example, data sets generated in
preclinical models comprising limited solid tumor burden, with potent vacci-
nation approaches, strongly suggest that immunization alone can be a quite
effective means to objectively impact tumor progression. Unfortunately,
immunization alone rarely achieves objective regression in a bulky tumor setting
despite an optimal antigenic match between tumor and vaccine and a competent
immune system. In contrast, achieving a strong systemic response may result in
elimination of circulating tumor cells and obliteration of metastatic lesions. This
is a key feature that may in fact impact survival by blocking disease spread or
relapse, mainly responsible for serious morbidity and mortality in cancer.
Altogether, this exemplifies how preclinical exploration sheds light on the limits
of active immunotherapy or cancer vaccines: They are more likely to succeed in
limited disease setting or minimal residual disease in indications such as adju-
vant or consolidation therapy. Conversely, this along with mechanistic studies
strongly suggested that in order for vaccination “to work™ in a bulky or advance
disease setting, one needs to contemplate more complex approaches that
encompass the immunogen as well as compounds that interfere with various
immune breaks limiting the activity of immune effector cells within tumors.

More recently, the conventional wisdom that chemotherapy unavoidably
hampers active immunotherapy has been seriously challenged by numerous
findings in idealized preclinical settings encompassing both autoimmunity and
vaccination against tumor antigens. From a mechanistic standpoint, it became
clear that the time window associated with recovery of the T-cell repertoire
offers an opportunity to induce tolerance or conversely, repopulate the immune
system with antigen-specific T cells by vaccination. Chemotherapies, novel
small molecules, or biomolecules may positively affect the outcome of active
immunotherapy at multiple levels (Fig. 5). All of that can be explored by
employing preclinical models such as:

1. Amplifying the frequency of antigen-specific T cells by vaccination post-
lymphodepletion carried out by chemotherapy (with or without myeloa-
blation);
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2. Inducting disease reduction or complete remission by chemotherapy prior
to initiation of active immunotherapy, aimed to reduce the tumor burden
and thus enable the overall activity of immunity; and

3. Interfering with checkpoints or immune breaks within tumor tissue, thus
enabling the activity of effector T cells—for example, by interfering with
T regulatory cells.

This concept is being currently evaluated in clinic as such or in various
formats: nonmyeloablative transient lymphodepletion by cyclophosphamide and/
or fludarabine followed by vaccination (1), myeloablative chemoradiotherapy
followed by autologous T-lymphocyte transfer, and vaccination plus IL-2 (2) or
combination approaches of vaccines plus biological response modifiers such as
anti-CTLA-4 monoclonal antibodies (3).

The differential activity of tumor antigen—specific T cells within lymphoid
organs, peripheral organs bearing micrometastases versus larger tumors, can be
readily analyzed in preclinical models with key impact on understanding the
translation to clinic. For example, immunocompetent mice bearing large primary
tumors and micrometastases mount immune responses upon vaccination against
tumor-specific antigens to explore the impact of specific T cells on the viability
of antigen-bearing target cells within large tumors, or systemically, an in vivo
CFSE cytotoxic assay can be employed (Fig. 6). Control cells (“mock’) and
antigen-expressing cells (“targets”) tagged with CFSE at a different intensity can

In vivo cytotoxicity

CFSE
tagged
cells

— =

Lymphoid organs, Primary bulky
Blood tumor

f, 1 f, 1

F & & 9
& ¥ S ¥

Figure 6 Schematic representation of a prototype study to assess the systemic versus
local functionality of tumor-specific T cells.
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be infused systemically and directly into the primary tumor. The relative removal
of target cells can be assessed at various time points both within tumor and
peripheral lymphoid or nonlymphoid organs containing metastatic tumor cells.
An accumulating body of evidence supports the view that despite trafficking of
tumor-specific T cells into the primary tumor, the specific activity within the
tumor is limited in contrast to the optimal removal of antigenic target cells within
peripheral lymphoid organs and blood (Fig. 6). Altogether, it appears that in a
setting of immune competence, successful induction of tumor-specific immunity
results in optimal systemic immune surveillance compatible with removal of M0/
MI-circulating cells and micrometastatic foci without effectively interfering
with tumor-cell viability within bulky tumor lesions.

Another key question related to optimal translation of investigational
active immunotherapies is the duration and intensity of the immunization pro-
tocol; this question is relevant since only a minor fraction (1% or less) of the
elicited tumor-specific T cells have the capability to produce proinflammatory or
cytotoxic mediators upon contact with tumor cells. This supports the model in
which most of the tumor-antigen-specific T cells elicited by active immuno-
therapy do not have an optimal functional avidity and indicate the need to
improve on this parameter by deploying more advanced vaccination methods.
Therefore, a key parameter to be followed—in addition to the magnitude of the
immune response and its effector profile—is the functional avidity as expressed
by the slope of the curve in Figure 7 (angle Q, corresponding to the ratio between
the variation of frequency of tumor-reactive cells and the variation of frequency
of antigen-specific cells measured in condition of optimal restimulation of
T cells with synthetic peptide).

The relationship between the immune response to vaccine and the immune
modulating activity of the tumor process can be modeled as well to a certain extent;
there are at least two scenarios from the standpoint of whether vaccine-elicited

~0.1%
. , Optimal
immunization

/

Suboptimal
immunization

Frequency of tumor reactive T cells

> ~10%
Frequency of tetramer* T cells

Figure 7 Definition functional avidity of tumor antigen-specific T cells.
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immunity initiates or does not initiate a self-perpetuating response against the
tumor. In the first scenario, tumor antigen—specific T cells induced or activated
by the active immunotherapeutic regimen, traffic to the tumor site where they
affect the viability of target tumor cells. Subsequently, antigens liberated by the
tumor cells are internalized and processed by resident antigen-presenting cells
(APCs) that migrate to regional lymph nodes where they successfully restim-
ulate, amplify, or maintain the immune response to the immunizing antigen and
even additional tumor-specific antigens. In this model, subsequent immunization
to maintain a level of effector cells within tumor or lymphoid organs would not
be necessary since the direct stimulating effect of the tumor is under the attack of
vaccine-induced T cells. In the second model, while the vaccine is able to elicit a
population of tumor antigen—specific T cells encompassing high-avidity T cells,
tumor-derived antigen is not sufficient to maintain or amplify the immune
response. This results in the model depicted in Figure 8, quite supported by
experimental evidence. More specifically, repeat administration of antigen
would be instrumental not only for eliciting a response with a maximum
potential, but to maintain a subpopulation of high-avidity functional T cells with
activity against tumor cells. In absence of continuing the immunization process,
the tumor cells alone would be incapable to drive expansion and differentiation
of memory T cells to effector cells, with serious consequences in terms of the

. Induction Long-lived memory cells
— CM: CDB2L* CD45RB M CD107ak

PM: CD62L CD45RB* CD107a IFNy'
CD62L* CD45RB" CD44'°

CD62L- CD45RB/ow CD44hi
+/-Lysis,» CD107ae IFNy®
.;;?:-’:w

57

Maintenance

+++Lysis

CD62L" CD45RB'*% CD44M
CD107an IFNy"

Figure 8 A schematic depiction of the functional, immunologic relationship between
tumor antigens—specific T cells and tumor cells, with impact on design-improved
immunotherapeutic approaches.
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efficacy and vaccine-induced immune response. Thus, in essence, the induc-
tion of immune response would be aimed at eliciting central-memory (CM)
T cells with a capability to further expand to peripheral memory (PM) and
differentiate to peripheral effector (PE) cells, trafficking to the tumor site, and
exerting antitumor cell activity inasmuch as there are T cells endowed with
high functional avidity present. It is expected that host’s immune homeostatic
mechanisms together with tumor’s environment result in exhaustion, apop-
tosis, and shrinkage of the self-tumor antigen—specific PE T-cell population.
The subsequent immunization steps would be aimed to reelicit expansion and
differentiation of PE cells from CM cells. Overall, repeat immunization would
ensure reinduction of CM cells and differentiation of PE cells present in the
system in an intermittent rather than continuous fashion. In addition, should
there be induction of anticognate tumor antigen—specific T cells that promote
a proinflammatory process, there is a possibility of “epitope spreading” that
is mirrored by activation, expansion, and differentiation of T cells specific
for other tumor antigens. Nevertheless, while the evidence in support of
this phenomenon is quite limited (4), epitope spreading would be able to
preempt—to a certain extent—immune escape mechanisms consisting in
antigen loss.

Despite the difficulties associated with the translation of observations from
preclinical models to clinic, preclinical exploration is still important to optimize
and advance complex active immunotherapeutic approaches to clinic. Explora-
tion of “idealized” models encompassing dominant antigens and powerful
methods of immunization in immune-competent organisms shed light on the
limits of active immunotherapy and pinpoint the nature of indications associated
with least chance of success in the clinic. Conversely, preclinical exploration
provides hints regarding the type of indications to be explored in clinic and the
end points to be evaluated (Fig. 9):

1. Minimal residual disease, postdebulking using surgery or other means that
do not induce a persisting immune suppression (“adjuvant” approach);
clinical end points may be overall survival, progression-free survival, and
time to relapse.

2. Limited but measurable disease (metastatic or isolated lesions), in a setting
that may or may not follow standard therapy that partially reduced the
tumor burden without inducing persisting immune suppression; clinical
end points may be progression-free survival, overall survival, tumor
regression, and/or time to progression (TTP).

3. Bulky disease (metastatic or isolated lesions), refractory to standard
therapy alone or rapidly relapsing, in a setting where immune competence
is preserved. In that case, while active immunotherapy alone is not
expected to impact disease progression, there is a potential that carefully
selected combination approaches result in clinical benefit (increased
response rate manifested through partial tumor regression, disease
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Figure 9 Defining the unmet clinical need vis-a-vis the potential of innovative immu-
notherapeutic approaches or cancer vaccines.

stabilization, increased TTP, overall survival, and/or quality of life). There
is still a significant amount of work that needs to be carried out both in
preclinical models and in clinic to define combination approaches with
impact on tumor progression; several candidates tested are: cyclo-
phosphamide, fludarabine, doxorubicine, paclitaxel, or biological response
modifiers such as anti-CTLA4, anti-CD25, or anti-CD4 monoclonal anti-
bodies.

BIOMARKER-GUIDED R&D

In support of several components of the development process, the hallmarks of
the new molecular targeted therapies are biomarkers. Unfortunately, there is a
significant heterogeneity of biomarkers, somewhat hampering the communication
in this area. We depicted three general categories of biomarkers in Figure 10,
based on the scientific significance, utility, and implication to the drug devel-
opment process.

First, markers of disease, disease relapse, or progression are correlates of
the pathologic process. Higher the disease burden, higher the level of such
biomarkers or analytes. While there are very few sensitive and specific bio-
markers in cancer, clusters of biomarkers as opposed to individual markers may
be more reliable if they correlate with disease relapse or progression. In the
context of cancer vaccines, such biomarkers may be key to identify individuals
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Figure 10 The diversity of biomarkers and their usefulness.

that started to relapse or progress after standard therapy, while the process is not
clinically evident yet (e.g., PSA- or CA-125-positive patients with no overt
clinical disease). The reason is that cancer vaccines are more applicable to
indications associated with limited disease burden or minimal residual disease;
therefore, identifying patients in that earlier stage is of paramount importance. In
addition, since the length of clinical trials is a limiting factor in the development
of therapies for oncologic disorders, in a setting of limited disease, biomarkers
that correlate and anticipate clinical progression are critical in providing timely
data set that would support a rationale for a decisional process. Finally, patient
stratification approaches based on biomarkers and applied to minimum residual
disease post-standard therapy may result in identification and expedited evalu-
ation of efficacy of investigational agents. There are quite several markers in this
expanding category such as VEGF, CA-125, and PSA. If validated through
clinical experimentation, such biomarkers—alone or as clusters—may become
important diagnostics complementary to more conventional approaches. With
the emerging maturation of various databases on biomarker expression in human
normal tissues as well as diseased tissues or tumor archives resulting from
worldwide omics efforts, there is an exciting possibility for target discovery
based on biomarker database mining. Careful computer-based analysis of pro-
teomics, transcriptomics, and genomics data may reveal entire signal trans-
duction pathways with associated membrane receptors amenable to biomolecule
targeting and downstream enzymes that can be targeted via conventional small
molecule technologies.

A category of biomarkers of paramount importance for the development of
new molecular targeted therapies is that of markers that predict responsiveness to
an investigational drug. Since molecular pathogenesis and thus tumor suscepti-
bility to drugs is quite heterogeneous, these biomarkers have a severalfold
impact: First, they would outline a subpopulation of patients that would benefit
the most from drug exposure; second, that would minimize unnecessary expo-
sure of patients that are less likely to benefit from the drug. Overall, this would
lead to more rapid, focused development of the drug by increasing therapeutic



166 Bot and Obrocea

index, efficacy-to-noise ratio, diminishing the size of the clinical trials, and
improving the odds that a specific investigational agent studied will gain market
approval by the regulatory authorities. An obvious subcategory of biomarkers
considered is that of target molecules themselves. If the target molecule is not
expressed within the tumor tissue, irrespective of the MOA, the likelihood of
clinical response is diminished should there be no significant “off target” effects.
Well-known examples for such biomarkers in support of antibody-based treat-
ment are Her-2/Neu expression or CD20 expression by tumor cells defining
patients eligible for transtuzumab or rituximab treatment, respectively; but the
paradigm spans other categories of molecular targeted therapies such as small
molecules (bcr/abl in the case of imatinib, and EGFR polymorphism for
gefitinib). It is not difficult to imagine that by not having a biomarker-based
approach to stratify patients what would have been the fate of trastuzumab
(Herceptin™) since the treatment is relevant to only ~ 35% of breast carcinoma
patients that display upregulation of Her-2/Neu. Due to the indirect and
complex MOA, the challenges faced by active immunotherapy in light of this are
considerably more significant. It would be ideal to have appropriate reagents and
methodologies to determine and quantify the targets in clinical setting since the
target molecules in many cases are MHC-peptide complexes expressed by the
tumor cells. Unfortunately, this field is not mature yet; nevertheless, there is
exciting new research on a new generation of antibody-like molecules that directly
recognize MHC-peptide complexes (5). In the absence of measuring the target
molecules, the next best approach—used by several groups developing antigen-
based cancer vaccines—is to measure by immunohistochemistry the target antigen
and MHC class I expression. Due to the fact that antigen processing and pre-
sentation is heterogeneous and subject to a variety of immune escape phenomena,
this is obviously only a surrogate for target (MHC-peptide) molecule expression.
A (difficult aspect related to using such biomarkers is the correlation of the
pharmacological activity with their biomarkers’ level of expression; in addition,
the magnitude of the activity may depend to a high extent on the nature and
potency of the investigational drug. Other approaches, for example, based on
whole tumor lysates, allogeneic tumor cells or in general, not directed to a specific
but a collection of antigens may not benefit from a target-related biomarker
strategy. This increases considerably the risk throughout development. If we just
consider the fact that a significant percentage of tumors show clear immune escape
phenomena via MHC class I and/or TAP defects (between 20 and 50%), a lack of
patient stratification based on target molecule expression may have drastic con-
sequences in terms of reduction in response rate (even assuming an excellent
pharmacological effect of the investigational drug). Conversely, use of such bio-
marker-based approaches to direct the testing of investigational agents in select
populations—when afforded by the immunotherapeutic strategy—may have a
negative impact on the number of patients treated in a specific disease setting.
However this may ultimately result in an enhanced opportunity from medical and
commercial standpoint due to a likely increased efficacy in clinic.
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Figure 11 Modeling the impact of biomarkers related to the mechanism of action, on the
development of investigational drugs with complex (indirect) mechanism of action, such
as cancer vaccines.

In face of the shear complexity of the MOA of all active immunotherapies
in development, we propose a different strategy to define target patient pop-
ulations; namely, by delineating ineligibility criteria based on thorough under-
standing of the MOA (Fig. 11). For example, in order for a cancer vaccine to
have an impact on the tumor process, an immune response must be mounted—
for example, specific cytotoxic T cells (CTLs) that must migrate to the tumor site
overcome immune checkpoints within the tumor environment, recognize MHC
class I complexes, and trigger optimal effector mechanisms that result in altering
the viability of tumor cells. Even if we stay at this simplistic level, one realizes
that if any of the following criteria are not met, then the likelihood of a clinical
effect elicited by the vaccine therapy would be near zero due to the following
issues: (1) the patient’s immune system may be suppressed; (2) the patient does
not carry the right MHC allele in the case of epitope-based immunization; (3) the
patient’s tumor cells do not express MHC class I; (4) the patient’s tumor cells do
not express the target antigens; and/or (5) the patient’s tumor is a strongly
immune suppressive environment (no lymphocytes). Thus, parameters that
define the situations above become biomarkers that can be used to screen
patients eligible for the treatment; this approach to identify failure-linked bio-
markers is considerably easier than defining biomarkers that positively predict
clinical response during early development stages. Mathematically, use of
multiple failure-prediction biomarkers in support of this approach (patient
screening) would be as beneficial yet more easier compared to defining
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response-prediction biomarkers. For example, in the case of a hypothetical
epitope targeted approach as an investigational cancer vaccine, lack of target
antigen expression within tumor (let us assume that it represents 40% of the
patient population), and of the right HLA type (in the case of A2 corresponding
at least to about 50% of patient population), the new rate of response—according
to the formula shown in Fig. 11 inset—would be fivefold higher upon biomarker-
based patient stratification in an intent to treat setting and assuming efficacy of
the investigational compound. This approach could make the difference between
a successful and an unsuccessful investigational drug in early development phase
when trial sizes are small and companies are seeking to make swift go/no-go
decisions and conserve resources. In aggregate, this category of biomarkers may
likely translate into eligibility criteria that are part of the design of exploratory
proof of mechanism and proof of concept trials having a critical role in defining
the development strategy.

The third category of biomarkers of value in assisting investigational drug
development relevant to molecular targeted approaches such as cancer vaccines
are markers of pharmacological and toxicological effects. The MOA of cancer
vaccines is indirect and in the absence of clear indications to pursue in large
pivotal trials, there needs to be a strategy to advance investigational drugs more
rapidly through early clinical development and reach go/no-go decisions based
on rationale, sound data set, and best possible indications to pursue. Therefore,
collecting comprehensive information on the activity of the drug candidate
during exploratory preclinical studies and trials is of paramount importance. The
Figure 12 depicts this principle that is equally applicable—for investigational

Indication-seeking Confirmatory
studies studies
________ > " >
—_—
—_—
_—
—_—
Pilot Exploration Proof of concept
(preclinical confirmed

or clinical) ’

Decisional process
Optimization based on comprehensive
Development
*—— data gathering and . DoV
extensive retrospective analysis
(PD, tox biomarkers)

Figure 12 Iterative application of the exploratory paradigm to the preclinical as well as
the clinical stage in development of cancer vaccines and, in general, of molecular targeted
approaches.
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targeted therapies such as active immunotherapies—to both the preclinical and
clinical phases of drug development. The aim of exploration is twofold: first,
demonstrating proof of concept and outlining appropriate end points and second,
defining the most optimal settings or indications to take an investigational drug
in confirmatory studies. One should also not forget that “off target” and even “on
target” toxicity may translate into new therapeutic opportunities; thus, toxicol-
ogy biomarkers should be viewed as potential efficacy biomarkers in select
cases, creating an opportunity to build considerable value in molecular targeted
approaches.

Overall, while biomarker-guided development is quickly becoming a
powerful and necessary tool in support of development of innovative molecular
targeted therapies, validation of select biomarkers as diagnostics—although still
a lengthy and expensive process—may help expand the clinical and commercial
opportunity of a novel drug by directing treatment to patient populations that
would benefit the most.

CASE STUDY: TRANSLATIONAL APPROACH APPLIED TO AN
INVESTIGATIONAL CANCER VACCINE

Herein, we illustrate the translational concept applied to a new cancer vacci-
nation approach encompassing recombinant DNA vectors (Table 1). The over-
arching aim, resulting from the prior evidence in animal and man, was to develop
a cell-free immunization approach that does not encompass replicating or inte-
grating microbial vectors, yet has a chance to elicit potent antitumor responses.
Recombinant DNA vectors in the form of plasmids expressing antigen fragments
were an appealing strategy since the potential to elicit a broader range of immune
responses encompassing MHC class [-restricted T-cell immunity (6) does not
replicate in mammalian cells and does not significantly integrate into the host’s
genome (7). There are, however, several pitfalls associated with plasmid vectors
when used as vaccines: first and foremost, the low magnitude of immune
response achieved particularly in humans but also in the preclinical models (the
data in preclinical models were overestimated primarily because of availability
of highly sensitive assays and inbred species—not applicable to primate situa-
tion). Upon considerable effort in outlining the causes, we know now that the
major factors responsible for the limited immunogenicity of plasmid vaccines are
(1) the low rate of in vivo transfection of resident cells capable to support cross-
priming mechanisms or directly prime the T cells and (2) the rapid silencing of
the expressed insert, promoter, and/or regulatory elements by host cells’ meth-
ylation apparatus. Overall, within several tens or hundreds of cells at the
injection site this resulted in very low antigen expression that lasted only for
several days—despite persistence of inert plasmid for weeks if not months (8).
Several key studies demonstrated how important was the limited number of
antigen-expressing APCs achieved by plasmid injection in determining the
modest immune response (9). For example, adoptive transfer of escalating
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Table 1 A Translational Approach in Support of a Novel, Plasmid-Based Active
Immunotherapeutic Strategy (Cancer Vaccine)

Steps (in chronological order) Rationale References
Naked plasmid for immunization Plasmid induces broad immune 22
(intramuscular injection) responses in preclinical models
Naked plasmid for intralymphatic Limited magnitude of immunity by 10
immunization intramuscular immunization
Plasmid priming, peptide boost, by = Limited magnitude of immune 12, 13
intralymphatic administration response by plasmid
immunization in man
High-quality immune response 23
afforded by plasmid priming
High magnitude of immune 17
response afforded by peptide
boost
Multitargeted, plasmid priming, Coexpression of several defined 18, 19, 24
peptide boost approach, using tumor-associated antigens within
intralymphatic immunization cancer tissue
Biomarker-guided clinical Coexpression of target antigens 18, 19, 24
exploration of a prime boost, across several tumor types

intranodal immunization approach
Expanded array of assays in support Evidence that preexisting immunity 13

of clinical exploration of a prime was associated with improved
boost, intranodal immunization clinical outcome
approach

number of antigen-expressing cells pooled from many animals immunized with
plasmid, resulted in greatly magnified immune responses as compared to those
achieved in animals immunized with the same plasmid (9).

On the basis of such observations and the hypothesis that directly trans-
fected APCs are more potent in inducing immune responses, several preclinical
studies showed that direct intrasplenic or lymphatic injection of plasmid has a
potential to generate superior responses (10). There was significant excitement
generated by the finding that minute amounts of plasmid delivered to the APC-
rich skin by gene gun immunization, or secondary lymphoid tissue, were able to
elicit robust immunity in preclinical models (10,11). A closer look at the data
showed that while less plasmid was required to elicit an immune response, the
overall dose-effect plateau in terms of achievable immune response was not
dramatically changed. Nevertheless, early-phase clinical trials encompassing
plasmid infusion into the groin lymph nodes of patients with advanced mela-
noma were carried out to test the safety and immunogenicity of this approach
(12,13). For example, a more recent trial encompassed a plasmid-expressing
Melan-A/MART-1 epitopes including the previously characterized HLA-
A2-restricted Melan-A,¢_35 epitope (13). The plasmid was slowly infused into
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the groin lymph nodes of 19 melanoma patients with stage IV disease, using a
programmable infusion pump. The plasmid was given in repeated cycles, gen-
erally up to four times; each cycle lasting 96 hours and being two weeks apart.
The trial was a dose-ranging, with maximal dose of 1.5 mg of plasmid per
infusion cycle. Plasmid infusion into lymph nodes was well tolerated, with few
adverse events mostly local (transient lymphadenopathy) and rare systemic
adverse events (mainly fatigue and pyrexia). Only 4 out of 19 patients showed
measurable elevation of the immune response as assessed by tetramer assay—
based measurement of peptide-specific T cells. Interestingly, other five patients
had preexisting immunity against Melan-A and showed no further increase in the
frequency of specific T cells. Despite the fact that there was no objective tumor
regression in any of the patients treated, there was a significant correlation
between clinical outcome in terms of TTP and Melan-A immunity at baseline or
after immunization. Patients that developed an immune response in both cir-
cumstances had a double TTP than the nonimmune patients. A lack of corre-
lation with the basic immune competency measurements (percentage of CD4 ™,
CD8™" T cells and ex vivo mitogenic test) argued against the possibility of a bias
or that Melan-A/MART-1-specific immunity is simply an epiphenomenon
(linked to the overall immune competence and thus clinical status). Nevertheless,
the statistical significance of this retrospective analysis disappears if patients
with preexisting immunity against Melan-A are excluded from the analysis. In
the absence of a detailed analysis of the immunological response (for example,
the profile of T cells before and after immunization), we cannot rule out that, in
fact, despite the lack of further expansion of the antigen-specific population
in these patients, the vaccine may have acted by converting the T cells to
an effector phenotype. Conversely, only four patients apparently displayed de
novo induction of specific immunity against the dominant Melan-A,¢_35 epitope
evaluated in this trial.
Overall, the conclusions were the following:

e Melan-A/MART-1 and tyrosinase are most likely key melanoma antigens
that offer a viable platform for developing immunotherapies—concordant
with independent findings (14).

¢ The immunization methodology needs significant improvement in order to
allow induction of robust, reproducible, persisting, and multivalent
immune responses.

® The range and quality of assays in support of the exploratory trials need to
be enhanced.

¢ Evaluation of multiple PD biomarkers in exploratory phase is of para-
mount importance to development of first-in-class products. Example in
case, the need to have a comprehensive evaluation of magnitude and
profile of immune response. This is key to establish a causal link between
the investigational drug and the clinical effect during early development, a
prerequisite for successful identification of the right opportunity in clinic
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Figure 13 Cancer vaccine design as guided by the immune nature of target antigens.

and the overall success of the program during drug development, and
further, in the marketplace. It is particularly important, for cancer vaccines
in development, to consider this point and take into account the diversity of
prospective mechanisms of action, since there is still much debate on the
significance of preexisting immunity or tolerance relative to the potential
efficiency of vaccination (Fig. 13).

® Implement a biomarker-guided eligibility-criteria approach to maximize
the opportunity of the investigational drug during the exploratory phase. In
this case, exclude patients that do not express within the tumor tissue the
target antigens or do not display a given HLA type and therefore will not
have any reasonable chance for clinically benefiting, should the pharma-
cological response be present.

The overarching message is to optimize the approach through exploration before
advancing to randomized efficacy trials (phase 2b) and certainly, confirmatory
pivotal trials used for registration. These conclusions were further used in con-
cordance with a translational approach (bedside to bench) in order to optimize
the investigational drug prior to further development (Fig. 2).

From a mechanistic point of view, the emerging view based on preclinical
and clinical studies is that irrespective of how many APCs are exposed to the
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plasmid by various vaccination strategies, there seems to be an intrinsic limi-
tation to overall magnitude of immune response. More recent evidence suggested
that the reduced transcriptional competency of transfected APC might be the key
limiting factor in this regard. This is also supported by the finding that mRNA-
based vectors may be able to circumvent this bottleneck (15). Consequently,
simply increasing the transfection of resident cells will not necessarily result in a
substantial magnification of the immune response.

One of the methodologies to address the overall poor immunogenicity of
plasmids was based on the prime-boost approaches. This methodology was aimed
to build on the quality of the response elicited by plasmids but complement them
with other vectors that are capable to provide a more optimal antigen exposure.
Aside microbial vectors (recombinant viruses or microbes), there are very limited
options on what agents can be used as boosters: recombinant proteins, poly-
peptides, cells, and tumor cell lysates. Peptides represent a unique opportunity in
light of targeted intra-lymph node delivery since their known suboptimal phar-
macokinetic profile when delivered via more conventional routes. Direct peptide
injection into lymph nodes, as shown by preclinical studies, achieves a substantial
loading of resident APC and, as a result, robust immunity (16). Consequently,
plasmid priming followed by peptide boost resulted in even greater amplification
of immunity, retaining the profile of immune response imprinted by plasmid
priming and dominated by CD62L~ CD44™ CD27™ T cells capable to produce
IFN-y, TNF-a, MIP1a, and RANTES, externalize CD107a, and produce gran-
zyme B upon antigenic challenge (17). This approach, however, achieves
expansion of immune responses only against defined epitopes (one epitope per
boosting peptide), but not all epitopes that are encompassed by plasmid inserts. To
be effective, this approach needs to target epitopes expressed on a majority of
tumor cells, and the methodology elicits “epitope-spreading” associated with
progressive broadening of immunity against multiple tumor epitopes and antigens.
Currently, there are no reliable experimental means to validate such epitopes in
humans; to diminish the risk associated with monoepitope or monovalent
approaches, we pursued multicomponent, multivalent approaches—flexible
enough to allow mixing and matching of the components fitting the patient’s
tumor antigen expression profile. On the basis of in depth understanding of the
MOA, this is consistent with the principle of personalized or stratified medicine
allowing to treat the patients who have the higher likelihood of response. Finally,
an expanded array of assays is needed to explore in a comprehensive fashion the
pharmacological response and improve on the likelihood of correlating aspects of
the biological response with clinical outcome, as well as establish a cause-effect
relationship between the investigational drug and clinical effect. This latter aspect
is key to directing subsequent development of cancer vaccines in addition to
providing decisional flexibility based on solid data sets.

Overall, this translated into two optimized, multicomponent, investiga-
tional drugs that are either in clinical trials (18,19) or in the last preclinical
development stages (Fig. 14). The peptide analogues used as boosting agents
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Figure 15 Diagram summarizing a clinical trial designed to evaluate safety and phar-
macological response to a biomarker-guided investigational cancer vaccine.

encompass substituted amino acids at primary MHC anchor residues, achieving
an increased MHC-peptide half-life and consequently immunogenicity (18-20).
Finally, the clinical trial design encompasses the biomarker-guided approach
principle with a screening interval for evaluation of HLA and tumor antigen
expression, followed by repeat prime-boost cycles as long as the patients do not
progress under treatment and regular sample harvesting for comprehensive
evaluation of biological response (Fig. 15).

ADAPTIVE TRIAL DESIGNS IN EXPLORATORY PHASE

One of the most interesting aspects characterizing the drug development process
once it enters clinic is the antagonism between the speed of executing the clinical
trials and budget constrains—a hallmark of the biopharmaceutical business prior
to reaching proof of concept in man. This is particularly acute for investigational
drugs that are first in class or truly innovative technologies. There are two
categories of mistakes that plague early drug development in such circum-
stances. The first one is underestimating the need to thoroughly explore a new
technology in clinic prior to randomized trials. This may result in an inadvertent
design of key trials prior to optimizing the approach or defining the best
opportunity in clinic. An extreme case of this scenario is stopping the devel-
opment of a potentially viable drug without the appropriate data set to support it
(e.g., failing to demonstrate achievement of a secondary clinical end point in a
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given indication without rigorous evaluation of “on-target” pharmacological
effect that may have opened avenues toward alternate indications).

Conversely, a second mistake consists in protracted clinical exploration of
a technology that failed to meet key requirements in terms of expected phar-
macological effects; again, in an extreme case, this may be due to simply not
setting up certain minimal expectations in terms of on-target pharmacological
effects or similar end points. In the case of investigational drugs that are first in
class, the only benchmark may be represented by nonclinical exploratory data.
Therefore, a key prerequisite for successful translation of a new technology
or investigational drug is an appropriate design of the clinical exploratory
program—a responsibility shared by a variety of departments such as research,
development, clinical, operations, and regulatory.

In addition to unavoidable hurdles associated with translating innovative
technologies, an additional factor that needs to be taken into account is the
molecular targeting nature of new investigational drugs. Therefore, the R&D
process starts with the molecular target and there is very limited evidence on its
applicability in terms of therapeutic approach and indication. Throughout
development and once the project matures, both the therapeutic approaches
(small molecule versus biomolecule, high throughput screening versus design) as
well as indications start to clarify. From a mathematical standpoint, the number
of variables and range of options should be kept at a higher end at the beginning,
and will only narrow based on data sets achieved during nonclinical trials and
later on based on clinical exploration of both target and investigational drugs.
That is quite a different paradigm compared to conventional R&D processes
in support of second- and third-generation drugs, where clinical indication at
the beginning is a fixed parameter (e.g., new insulins for pulmonary inhalation)
(Fig. 15).

To enable a more optimal translational and clinical development of
investigational cancer vaccines in an environment devoid of licensed compounds
to date, we propose a different clinical exploration paradigm consistent with the
basic tenets of translational medicine outlined above. The primary aim of this
approach is to generate a relevant data set as early as possible during the clinical
exploratory process to appropriately guide the subsequent development. There
are several versions of the process that can be imagined to achieve that goal;
one of them (Fig. 16) encompasses phase 1/2a trials aimed to test the pharma-
cological effect at various doses and/or in a variety of tumor types, in addition to
confirming the safety profile—the latter with a somewhat diminished yet not
abrogated importance. The key feature of this approach is an interim analysis
time point when pharmacological response data are analyzed, and on the basis of
the information generated, patient accrual continues in select dose/tumor type
cohorts in a phase 2a program aimed to expand the pharmacological response
data set and complement it with clinical outcome data. The decision to proceed
with a narrow range of parameters can be made on lack of meeting preset success
criteria at certain doses and/or in various tumor types; therefore, negative
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Figure 16 Optimizing the development strategy of cancer vaccines coherent with
challenges posed by this class of investigational drugs.

information can be used to narrow down the development process to doses,
regimens, and tumor types that are associated with higher likelihood of success.
That is provided that preset success criteria were met for one or few of the
regimens and/or tumor types. This approach is in line with what has been pro-
posed by a cancer vaccine consortium panel recently (21) and would achieve a
considerable amount of information in a shorter interval of time (in addition to
safety/toxicity data)—the latter being the major aim of conventional phase 1
trials. The approaches are as follows:

¢ Definition of dosage/regimens resulting in measurable immune responses;

¢ Tumor types that have a lower likelihood of supporting immune responses
against specific antigens due to various reasons;

e Correlation between immunological response, biomarkers, and clinical
outcome; more valuable in phase 2a when the homogeneity of the patient
population is higher, after exclusion of less promising tumor types and
dosing regimens.

Beyond the phase 1/2a, a phase 2b program would focus on exploring the most
promising dosing regimen in several indications associated with one or two tumor
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types at maximum, via a set of randomized trials carried out in parallel. This
approach would achieve a faster evaluation, in an objective fashion, of the efficacy
of the cancer vaccine as opposed to using historical controls (a usual source for
bias in the case of first-in-class investigational drugs). If used properly, this
approach may prevent transition to phase 3 if the drug is not likely to be effective;
conversely, this strategy may offer significant information and even anticipate the
optimal design of the phase 3 program. In addition, due to the fact that cancer
vaccines can be applied as adjuvants in minimal residual disease post-standard
therapy, they can be used as a companion to standard therapy (combination
approach) or in late stages, in refractory setting as monotherapy. Ideally, all these
indications should be explored in parallel in a randomized phase 2b program to
provide a data set to make appropriate recommendations for one or multiple
pivotal phase 3 trials necessary for defining the product profile and registration.

CONCLUSIONS

In conclusion, due to cancer vaccines’ intrinsic nature (targeted therapies with
indirect MOA) and scarcity of benchmarks in terms of late-stage or approved
products, a re-designed translational approach would be fully beneficial for the
development of such therapies. The critical element of this approach is the
stratified medicine concept—essentially encompassing biomarker-guided R&D.
This approach can be done through an iterative translational strategy aimed to
optimize the investigational drug and define the target population prior to
randomized trials. In addition, innovative, flexible, and adaptive clinical trial
designs will support early generation of relevant data in humans. While there are
differences in between technology platforms explored as cancer vaccines, these
principles apply irrespectively and should result in an increased likelihood of
success. To extract the essence of R&D in the post-human genome project era of
molecular targeted approaches, we no longer develop drugs alone but also
therapeutic approaches, encompassing both the means to identify the patient and
the appropriate medicament.
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NEED FOR DIAGNOSTIC INFORMATION TO GUIDE
TARGETED THERAPY (THERANOSTICS)

One of the promising concepts for improving health care utilizing the consid-
erable knowledge gained in the past century is personalized medicine or indi-
vidualized medicine. Basically, the promise is that therapeutic efficacy can be
maximized while minimizing side effects if treatments are designed according to
the relevant genotype and phenotype information of the individual (1). Another
aspect of personalized medicine is monitoring the evolution of the disease
(including the effects of treatment and changes of the disease target itself) and
adjusting further therapy accordingly. In order to obtain the relevant information
of the individual and monitor the disease evolution, appropriate diagnostic
methods need to be applied. Therefore, the approach of utilizing relevant diag-
nostic information to guide therapy (known as theranostics) has become an
essential component of personalized medicine.
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Cancer is a very complex collection of diseases. Not only are there mul-
tiple organ types and histotypes, but also the underlying molecular variations in
each type of cancer are numerous (2,3). Genomic instability has been observed in
most types of tumors, and mutations accumulate at accelerated rates in cancer
cells. Therefore, cancer of the same type will be different from one patient to the
next (4). Moreover, there is considerable heterogeneity within the same type of
cancer in a single patient. That is, within the same patient, some cancer cells
would have different characteristics from other cancer cells (4).

The limited efficacy and lack of standardization of conventional chemo-
therapy have lead to the development and implementation of alternative strat-
egies for the treatment of malignant diseases. The role of immune surveillance in
the control of tumor growth has sparked a large amount of attention on immu-
notherapy (5). Another factor that has placed immunotherapy on the forefront of
new cancer therapies is the significant progress in the identification of human
tumor—associated antigens (6) and in the characterization of the molecular steps
leading to an immune response (7).

Immunotherapy of cancer generally targets tumor-associated antigens
(TAA) frequently expressed in cancers but seldom in normal tissues. In passive
immunotherapy, an immunologically active molecule such as monoclonal anti-
body is provided by the treatment. Thus, loss or downregulation of target antigen
expression by a tumor cell would allow it to escape the immunity generated or
provided by immunotherapy.

In active immunotherapy, a substance capable of inducing the patients’
own immunity to the targeted antigens is provided by the treatment. The
emphasis has been on T cell-based immunotherapy, because T cells, especially
cytolytic T cells (CTL), are generally believed to play a major role in the control
of tumor growth (8). Antigen-specific CTL recognize specific human leukocyte
antigen class I (HLA1)-TAA-derived peptide complexes on the cell surface.
These complexes are generated, transported to the cell membrane, and presented
to CTL through a series of sequential steps including proteasomal cleavage of
proteins in the cytoplasm (9), transport of peptides by the transporter associated
with antigen-processing complex (TAP1-TAP2) to the endoplasmic reticulum
(10), and loading of peptides on the B,-microglobulin (f,M)-HLA1 heavy chain
complex (11,12). The peptide-B,M-HLAT1 heavy chain complex then travels to
the cell membrane and is presented to CTL.

In the last decade, there has been renewed interest in the class I major
histocompatibility complex (MHC1) antigens in tumors with the realization of
the crucial role played by MHC1 antigens in the recognition of tumor cells by
CTL (13) and with the emphasis on T cell-based immunotherapy for the treat-
ment of human cancer (14,15). Most MHC1-presented peptides are derived from
endogenous proteins such as tumor antigens and viral antigens. Approximately
40-90% of human tumors derived from various MHC]1-positive tissues were
reported to be MHCI1 deficient. Furthermore, tumor cells with downregulated
MHCI antigen expression show enhanced growth and are frequently associated
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Table 1 Benefits of Patient Stratification for Immunotherapy

Improve response rate

Obviate tumor variability

Maximize treatment efficacy

Minimize adverse side effects

Avoid unnecessary exposure to therapeutic agents
Save valuable time and health-care money

with disease progression toward the invasive and metastatic tumor phenotype
(16). Abnormalities in the expression and/or function of antigen-processing
machinery components and/or HLA1 may lead to defects in the expression of
HLA1-peptide complexes and defects in the recognition of targets by CTL. This
seems to be used as an escape mechanism by tumor cells to escape from immune
recognition and destruction (17). Additionally, production of factors that block
effector cell functions locally would also enable the cancer cell to become
resistant to the immune response induced by the therapy (18) and may account
for the unexpected poor prognosis of the disease in patients with high expression
of HLA1 in primary and/or metastatic lesions (19) and with recurrence of the
disease in patients treated with T cell-based immunotherapy (20,21). Therefore,
patient stratification or selection before prescribing immunotherapy is necessary
for achieving the best efficacy and for minimizing undesirable side effects. From
an economic point of view, it is also important to select the patient population
most likely to benefit from the therapy so that health-care money is spent
effectively (Table 1).

APPROACHES TO IMPROVE EFFICACY FOR IMMUNOTHERAPY
AND MINIMIZE PROBLEMS OF TUMOR VARIABILITY

Patient Stratification

Clinical evaluation of targeted cancer therapy is currently limited by the dif-
ficulty in matching a new molecularly targeted agent to the appropriate
molecular-defined patient. In order to circumvent this difficulty it is important
to have patient-positive selection criteria by performing target-based expres-
sion screening. It is also important to have assays in place for patient mon-
itoring in order to optimize drug dosage and assess response to treatment.
Recent clinical developments, such as the demonstrated antitumor activity of
specific monoclonal antibodies (anti-CD20 and anti-Her2/neu), have con-
tributed to renewed enthusiasm in immunotherapy and the acceptance of the
need to allow selection of patients eligible for the treatment depending on the
expression of the tumor antigens. This has helped oncologists to select patient
populations most likely to respond to the treatment. Emerging improvements in
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technologies are enabling the stratification of cancers, the ability to follow
cancer progression, the ability to stratify patients as responders or non-responders
to therapy, and the ability to monitor in vivo cancer biology and therapeutic
responses.

Demonstrating the presence of targeted antigens in cancer cells is an
important first step for selecting patients most likely to respond. A number of
methods have been used to demonstrate that the targeted antigens are present in
the cancer cells. The methods include traditional methods such as immuno-
histochemistry (IHC) and cytogenetics as well as newer molecular methods
such as RTPCR, PCR, and in situ hybridization. PCR and RTPCR are highly
sensitive methods; under favorable conditions, the presence of a few molecules
of nucleic acids in the sample can be detected. However, these methods lack
the ability to indicate the spatial distribution of the target molecules in refer-
ence to morphological features. For example, the detection of PSMA mRNA in
a tumor sample cannot indicate whether PSMA is expressed by the tumor cells
or neovasculature surrounding the tumor cells. Furthermore, the detection or
quantitation of mRNA would not provide direct information on the amount of
the protein antigen in tumor cells or its subcellular location. In addition, the
detection of mRNA in formalin-fixed paraffin-embedded (FFPE) tumor sam-
ples (the most common type of archived samples) is difficult because of RNA
degradation during the processing steps and storage of the FFPE samples
(Table 2).

IHC (and other in situ techniques), though potentially more labor intensive,
allow spatial variation of expression within a sample to be observed. Distinctions
can be made such as coexpression of antigens within the same cells providing for
greater redundancy of targeting and reduced likelihood of escape mutants arising
by antigen loss, and coexpression within different cells within the same sample,
revealing how a greater proportion of the total tumor tissue can be directly
targeted. Such information is also relevant to the use of antigens with more
complex expression patterns. For example, PSMA, which can be expressed by

Table 2 Assays for Patient Stratification in Targeted Immunotherapies

Name Use

IHC Ascertain tumor tissue expresses targeted antigen
RTPCR Ascertain tumor tissue expresses targeted antigen
Immune competence® Ascertain patients’ immune function

HLA genotypingb Make sure patient has targeted HLA type

Flow cytometry® Ascertain tumor cells expresses targeted antigen

for active immunotherapies only.

“for T-cell-based active immunotherapies and passive immunotherapies relying on
presence of HLA-peptide epitope complexes.

“for leukemia.
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prostate cells and tumor neovasculature, can be used as a prostate lineage marker
if its expression can be associated specifically with the neoplastic cells through
use of an in situ detection methodology.

For active immunotherapies, an assessment of the patient’s immune
competence would also be appropriate. Commonly used tests include delayed
hypersensitivity, in vitro lymphocyte proliferation, among others. Additionally,
the presence of HLA and accessory molecules in cancer cells would be needed
for active immunotherapies that rely on cytolytic T cell responses. T cell
receptor-like antibodies (TCRL Ab) are antibodies that bind specifically to a
particular peptide-HLA1 complex, but not the peptide by itself or the HLAI
molecule complexed with other peptides. This binding is in a manner similar to
T-cell receptors (TCRs). TCRL Ab can be used for detecting the presence of
peptide-HLA1 complexes on the tumor cell surface.

Response Monitoring

After the therapy is given, monitoring the response of the patient is important.
In addition to clinical parameters, monitoring changes of the targeted antigen
in the cancer cells would be important. If a patient’s tumor initially regressed
but relapses after some period of time, analyzing the cancer cells at time of
relapse would be useful, if appropriate specimens can be obtained. The
information obtained at time of relapse would provide the basis for considering
another form of therapy or similar therapy targeting another antigen. For
example, if mutations in the targeted antigen were detected, then similar
therapy targeting a different antigen may be considered. However, if HLA
expression of the cancer cells was lost, then therapies that depend on CTL
would not be appropriate (Table 3).

For active immunotherapies, monitoring of the patient’s immune response
to the targeted antigen will provide a fast glimpse of the effect of therapy. For
patients who do not mount a significant immune response to therapy, it may be
appropriate to consider changing the treatment. This would save precious time
for potentially more efficacious treatment without waiting until clinical response
is manifest (Table 4).

Thus, monitoring patients’ response after initiation of therapy will provide
useful information needed for considering and guiding further therapy.

Table 3 Benefits of Monitoring Response to Treatment

Objective information as basis for modifying therapy or selecting new therapies

Timely stop of ineffective treatment minimizes exposure to ineffective
treatment and its undesirable side effects

Early commencement of alternative therapies saves valuable time and money
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Table 4 Assays for Monitoring Patients’ Immune Response

Name Use

Antibody titer Detect patients’ humoral immune response to targeted antigen

Tetramer Measure magnitude of patients’ specific T-cell response to targeted
antigen

ELISPOT Measure magnitude and function of patients’ specific T-cell

response to targeted antigen
Flow cytometry of  Assess T-cell response to targeted antigen as measured by
T-cell markers expression of relevant cytokines or other markers

EXAMPLES

Using Diagnostic Assays in Pretreatment Screening and Eligibility Criteria

IHC of TAA and HLA Marker (B,M)

The fact that human cancer cells express antigens has been directly addressed by
the identification and cloning of a number of tumor-associated and tumor-specific
antigens. MKC has focused on TAA-specific antigens that are highly expressed
in many different cancers including prostate, breast, ovarian, pancreatic, renal
cell, colorectal carcinomas, and melanoma. MKC has assays in place for
determining the patient’s MHC1 type for HLA-A2 specificity, assaying the
patient’s tumor tissue for two or more expressed target TAAs, assaying the
patient’s tumor tissue for the expression of f,M, and selection of the correct
immunotherapeutic targets for administration to the patient based on the assays.
Our preselected panel of TAAs includes cancer testis antigens, tissue-specific
antigens, differentiation antigens, and lineage-specific markers. The targets
comprise two or more antigens: PSMA, PRAME, Tyrosinase, Melan-A/MART-1,
and NY-ESO-1, SSX-2. Our TAA targets are expressed by the tumor cell as well
as in the tumor-associated neovasculature or stroma in primary tumor tissue or
metastatic tumors. With our assays, antigen expression can be detected, directly
or indirectly by detection of the absence, presence, and/or abundance of mRNA,
polypeptide, mature protein, peptide, or MHC-peptide complex. All the assays
we have in place detect the condition of the TAAs as well, such as processing
state, differential splicing, mutation from germline, variation from consensus
sequence in human population, cellular localization, subcellular localization,
coexpression with other markers, and the like. Examples include reverse tran-
scription polymerase chain reaction (RT-PCR), real-time PCR, quantitative PCR,
northern hybridization, autoradiography, chemiluminescent detection, auto-
fluorography, flow cytometry, gene chip expression profiling, IHC, western
blot, radioimmunoassay (RIA), or in situ hybridization, individually or in any
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combination thereof. At least two assaying steps are carried out at different time
points during the course of disease, and comparative information is obtained
from the assaying steps. The obtained information can be used to help decide
how and when to implement, modify, or withdraw a therapy. PCR techniques
are sensitive and generally easy to implement; however, they cannot detect the
mosaicism of antigen expression within a sample. IHC (and other in situ
techniques) provides the means to observe the spatial variation of expression.

Antibody-based techniques can offer the advantage of directly detecting
protein expression at the cell surface, which is of clinical relevance, in contrast to
RT-PCR and the like, from which surface expression can only be inferred. In
general, immunohistochemical staining allows the visualization of antigens via
the sequential application of a specific antibody (primary antibody) that binds to
the antigen, a secondary antibody that binds to the primary antibody, an enzyme
complex, and a chromogenic substrate with washing steps in between. The
enzymatic activation of the chromogen results in a visible reaction product at
the antigen site. The specimen may then be counterstained and cover slipped.
Results are interpreted using a light microscope and aid in the differential
diagnosis of pathophysiological processes, which may or may not be associated
with a particular antigen. Over the past two decades, the availability of HLA-
specific monoclonal antibodies (mAb) suitable for immunohistochemical stain-
ing and technical advancements in immunohistochemical staining techniques
have allowed extensive analysis of HLA1 expression, HLA-specific markers,
such as B,M, and TAA. However, suitable antibodies for the THC detection of
type-specific HLA1 molecules in FFPE samples remained difficult to obtain.
We have generated highly specific monoclonal antibodies that are peptide
specific by Hybridoma technology, in house for two of our target TAA,
Prame and SSX2. Antibodies for PSMA, Melan-A, Tyrosinase, and NY-ESO-1
are available commercially.

The expression of polymorphic determinants of HLA1 requires the asso-
ciation of HLA1 heavy chains with B,M. Therefore, class I expression can be
assessed by detection of B,M. To this end, sections of formalin-fixed lesions are
stained with mAb recognizing B,M in immunoperoxidase reactions. The p,M
protein is a component of the MHCI1. Humans synthesize three different types of
class I molecules designated HLA-A, HLA-B, and HLA-C. These differ only in
their heavy chain, all sharing the same type of B,M, which is highly conserved.
MHCI is formed by the association of $,M and an alpha protein, heavy chain,
which comprises three domains: a1, o2, and a3. ,M associates with the a3
subdomain of the o heavy chain and forms an immunoglobulin domain-like
structure that mediates proper folding and expression of MHC1 molecules. MHC1
is found on the surface of most types of nucleated cells, where it presents antigens
derived from proteins synthesized in the cytosol to CD8" T cells. Two signals are
required for activation of naive CD8" T cells, the first provided by the inter-
action of the TCR with the MHC1-antigen complex on the antigen-presenting
cell (APC) surface, and the second, costimulation, generated by the interaction of
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a ligand on the costimulatory APC with a second receptor present on the T-cell
surface. The best characterized costimulatory molecules on APCs are the
structurally related glycoproteins B7.1 (CD80) and B7.2 (CD86), which interact
with the CD28 receptor on the T-cell surface. Activation of CD8" T cells by
these two signals leads to the proliferation of antigen-specific cytotoxic T cells
(CTLs), which recognize and destroy cells presenting the signaling antigen. The
immunotherapeutic agent induces a T-cell response, especially including a
MHCl -restricted T-cell response. Thus, it can be advantageous to confirm MHC
expression by the tumor tissue. Reagents for detection of MHC, including for
PCR and antibody-based methods, are widely available. Class-, locus-, and type-
specific reagents are in common usage. The advantage of having class- and
locus-specific reagents allows for a broadly applicable uniform procedure.
Type-specific reagents allow for simultaneous confirmation of expression and
MHC type.

Multi-analyte IHC

Because the biology of cancer is complicated, many predictive biomarkers must
be combined in panels to improve accuracy. Immunohistochemical assays are
well reimbursed by Medicare and insurance and accepted by pathologists and
oncologists, but only detect one protein at a time. It is often useful to be able to
stain for two or more antigens in one common tissue section. This can be
achieved by immunofluorescence method using different fluorescent dyes.
Multiple staining can also be done with peroxidase-conjugated antibodies
developed with different chromogen substrates to produce the end products of
different colors. Multi-analyte IHC has the benefit of providing more informa-
tion on the same specimen, preserving precious clinical material, and allowing
for cell subtyping prior to analysis. All multiplex fluorescence techniques rely on
the ability of the detection apparatus to separate the light emitted by different
fluorescent dyes that label the specimen. Unfortunately, the emission spectra of
most fluorophores are broad so that when multiple fluorophores are used together,
their emission spectra are difficult to deconvolute. Innovations in microscopy
hardware and software partly address the problem of spectral overlap. Linear
unmixing has been implemented in the latest generation of confocal microscopes
from Zeiss (LSM510-META), allowing the separation of multiple fluorophores.
However, when dealing with certain tissue, endogenous autofluorescence con-
tributes to a shift of the spectrum peak from different fluorophores and affects the
reliability of linear unmixing when using organic fluorophores. Multi-analyte IHC
now makes use of Quantum Dot (Qdots) technology. The unique stability and
spectral properties of Qdots have led to their rapid adoption for a variety of
molecular-imaging applications. Qdots provide a tool that facilitates the high-
throughput multiplex study of gene expression at cellular and subcellular resolu-
tion in histological sections. Quantum dots are very small (<10 nm) inorganic
fluorophores, made of a semiconductor core that is composed of cadmium
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sulfide (CdS), cadmium selenide (CdSe), or cadmium telluride (CdTe) and is
insulated by a nonreactive ZnS shell and eliminates photon traps. The mixed
shell of hydrophobic/philic polymer with carboxylic acid derivatization has a
flexible carboxylate surface to which many biological and nonbiological moi-
eties have been attached. The resulting surface can be attached to antibodies,
streptavidin, lectins, nucleic acids, and related molecules of biological interest to
make them useful for IHC. These novel fluorescent tags have several unique
optical properties that make them very suitable for biological applications that
require multiplexing and highly sensitive molecular detection. The benefits of
quantum immunohistology are that its narrow and symmetric emission reduces
cross talk and facilitates multilabeling. Its high photon output and broad
absorption spectra make possible the use of a single excitation wavelength that
allows for quantitative multiplexing, its high level of brightness and large Stokes
shifts help deal with tissue autofluorescence and finally are 100x more resistant
to photobleaching than organic dyes and makes them ideal probes for fluores-
cence quantitation. The slides are stable for long-term archiving. IVD Kkits are
commercially available. By combining this diagnostic product with appropriate
analytical software, multi-analyte IHC is a reality. Detection and quantitation of
overlapping chromogens accomplished by multispectral imaging is proposed as a
tool that can simplify and enrich the extraction of morphological and molecular
information. Simple-to-use instrumentation is available that mounts on standard
microscopes and can generate spectral image datasets with excellent spatial and
spectral resolution; these can be exploited by sophisticated analysis tools. There
are commercially available, liquid-crystal tunable-filter-based multispectral
imaging platforms. The resulting datasets can be analyzed using spectral
unmixing algorithms to separate out the individual dyes and/or learn-by-example
classification tools. Multiplexed molecular imaging allows the association of
molecular phenotypes with relevant cellular and tissue compartments and con-
veys new utility to brightfield-based microscopy approaches.

Genotyping HLA

HLA1 molecules are of major importance for antitumor immune responses.
Expression of HLA1/B,M complexes carrying tumor-specific peptides is a pre-
requisite for adaptively matured CTLs to be able to recognize tumor cells (22).
HLA1 are encoded by a family of highly polymorphic genes, with each allele
responsible for a different repertoire of antigen presentation. Thus, even the loss
of a single allele could potentially allow the escape from an antigen-specific
antitumor response. Loss of expression of HLA1 molecules has been frequently
reported in a number of malignant lesions (23). Whether these differences reflect
technical reasons, patient populations’ heterogeneity, and/or the different role
played by HLAI1 in various types of malignancies is not known. This would
therefore represent a serious limitation for vaccine-based antitumor therapies. In
the past, the large majority of studies have been performed by immunoperoxidase
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staining of frozen tissue sections with monoclonal antibodies (mAb) to mono-
morphic determinants of HLA1 (24). However, the ease of formalin fixation
after surgery required the use of antigen retrieval methods for IHC. Therefore,
despite the fact that the use of fresh frozen tissue allows the employment of a
higher number of antibodies, complete panels of fresh frozen tissue are not yet
readily available. The use of FFPE tissues in immunohistochemical assays was
hampered by the very limited availability of anti-HLA1 mAb staining formalin-
fixed tissues. To overcome these limitations, mAb recognizing mono-
morphic determinants of HLA-A, -B, and -C alleles have been necessary. Still,
HLA staining by immunohistochemical analyses (IHC) has a number of
intrinsic limitations (25). HLA staining by IHC is often strongly cytoplasmic,
which could potentially obscure functionally relevant membranous coex-
pression and result in a false negative interpretation. Additionally, an effective
tumor immune escape mechanism could occur through a subtle alteration of the
tumor cell HLA phenotype. Since the different patterns of HLA1 expression
might underlie different tumor behavior and influence the success rate of
immunotherapy, it is important to allow for the discrimination of complex
phenotypes related to the expression of HLA1. The increased need for accurate
HLA typing has led to the use of DNA technology. Molecular typing of the
HLA genes has been performed using various techniques that result in different
degrees of resolution. This development is reflected by the increase in the
number of commercially available kits for HLA1 and HLA2 typing. In addi-
tion, new technologies have been created that allow a simple, highly accurate,
and rapid approach toward multiplex genotyping of HLA alleles. The PCR-
SSOP-Luminex method includes high-throughput, high-resolution genotyping
method for the detection of alleles at the HLA-A, -B, -C, and -DRBI loci by
combining PCR and sequence-specific oligonucleotide probes (SSOPs) pro-
tocols with the Luminex 100 xMAP flow cytometry dual-laser system to
quantitate fluorescently labeled oligonucleotides attached to color-coded
microbeads (26). Correct evaluation of genotyping results relies on an up-to-
date database. Newly described alleles steadily increase the IMGT/HLA
database. The number of alleles has grown steadily since 1968, when fewer
than 10 class I alleles were identified and named. By 2007, over 1500 alleles
have been identified and named. We have selected the HLA-A*0201 allele as a
model for our studies, since this allele has a high frequency in the population,
therefore facilitating the recruitment of patients to the study. Furthermore, the
HLA-A*0201 allele has been shown to present TAA-derived peptides to CTL
(27-29). Lastly, the vast new technology of new DNA-based typing methods
that have been developed and are available for the study can provide further
means for highly specific and tailored medicine. Besides contributing to and
facilitating the screening to determine the antigen expression and HLA typing
profiles for patient selection, the outlined studies will generate reagents and
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methodology that will facilitate the monitoring of patients with malignant dis-
eases to be treated with T cell-based immunotherapy in order to determine the
clinical significance and future directions.

It is becoming increasingly advantageous to screen patients for expression
of TAA for development of an antigen profile for the tumor in order to select the
immunotherapeutic product and/or regimen based on the profile. Besides being
advantageous for patient-positive selection for clinical use, these diagnostic
methods are also advantageous to determine, diagnose, or confirm diagnosis of
cancer and monitoring or predicting disease progression in a cancer patient. The
goal is to have an assay in place that is relatively inexpensive to practice and that
provides the ability to assay large numbers of samples in a limited amount of
time. Tumor tissue to assay can be obtained as bulk tissue through surgery or in
cellular form from blood, bone marrow, cellular aspirates, and peritoneal,
bronchial, or plural aspirates, among others.

Staining of formalin-fixed tissue sections provides reliable information
about the expression of HLAL1 in lesions from various types of cancer. The
reactivity of anti-HLA1 with various molecular-based technologies and ,M
and TAA mAbD with formalin-fixed tissues provides the opportunity to perform
retrospective studies, utilizing collections of pathological lesions from patients
with detailed information about the clinical course of the disease (30-32).
Immunohistochemical analysis of different types of cancer with an apparent
different involvement of immunological events in their pathogenesis and in their
clinical course generates clinically useful information (32). IHC is broadly
applicable, but western hybridization, RIA, and flow cytometry can also be used.
Reagents such as T cell lines and hybridomas, and more preferably, antibodies
specific for the peptide-MHC complex and TCR tetramers that detect presen-
tation of particular T-cell epitopes from target antigens can also be used (33).
TCR tetramer-based assays allow simultaneous confirmation of both MHC and
target antigen or target epitope expression and are inherently type specific.

TCR-Like Immunoglobulin (TCRL) as a Potential Diagnostic Tool in
Pretreatment Screening

MKC’s cancer vaccine is aimed at eliciting an effective CTL response that is
the ultimate effector to eradicate tumors. CD8* T cells recognize tumor cells in
an antigen-specific, MHC-restricted manner through the interaction between
TCR and a peptide fragment derived from tumor antigens bound to MHCI1
molecule. Thus, antigen expression is the prerequisite for patients eligible to
receive the vaccine. Despite IHC, RT-PCR, PCR, and in-situ hybridization
being the common techniques to address antigen expression, none of them can
verify that tumor antigens are processed and presented on MHC1 molecules by
tumor cells.
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An ideal assay to screen eligible patients for MKC and other vaccine-
based strategies for inducing CTL immune responses should be able to directly
detect MHC1/peptide complex on the tumor cell surface. Antibodies with
TCR-like specificity is essentially a tool for measuring and visualizing such
specific MHC complexes on the cell surface. The TCR-like antibodies directed
toward epitopes derived from human T cell lymphotropic virus type I (HTLV-1)
(34) and tumor antigens have been generated by phage display technique using
large human antibody phage library. We have successfully used antibodies with
TCR-like specificity to HLA-A2/Tyrosinasezg9_377 in detecting the MHC1/pep-
tide complex on both peptide-loaded JY cells and Tyrosinase-expressing mela-
noma cell line, Mel 624.38, by flow cytometry as demonstrated in Figure 1.
The applicability of TCR-like antibody in IHC is being investigated. The TCR-
like antibody is a promising tool to identify patients who might benefit from
vaccine treatment.
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Figure 1 (See color insert.) TCR-like antibody against Tyrosinase peptide specifically

recognizes Tyrosinase 369-377/HLA-A2 complex on (A) peptide-loaded JY cells and
(B) Tyrosinase expressing, HLA-A2 tumor cell line Mel 624.38.
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Immune Response Monitoring as Potential Tool for Therapy Guidance

MKC'’s cancer vaccine is an active immunotherapy aimed at inducing or aug-
menting tumor-specific T cells in vivo that leads to tumor regression and sur-
vival benefit. With the initiation of various vaccination trials, accurate and
reliable assays for testing T-cell function is crucial for the evaluation, compar-
ison, and further development of these approaches. The cellular immune
responses have been evaluated using methods measuring cytotoxicity, prolifer-
ation, or release of cytokines in a bulk culture. However, these assays often
require in vitro stimulation prior to performing them. A selection bias is auto-
matically introduced with culturing of the effector cells, and the results sub-
sequently obtained from these assays may not reflect in vivo T-cell function.

The emergence of ex vivo assays represented by tetramer analysis, ELI-
SPOT assay, and intracellular cytokine staining has significantly improved our
ability to measure T-cell response to vaccine attributing to their capability of
detecting antigen-specific cell at the single cell level and therefore providing
quantitative information. The evolved multiparameter flow cytometry allows us
to characterize T-cell subpopulations and provide a better understanding of
antitumor immunity.

The immune function varies among individuals, and the variation is
amplified among cancer patients. It is common that patients respond to cancer
immunotherapy heterogeneously. Therefore, it is important to monitor each
individual’s immune response to vaccine treatment and adjust the treatment
strategy accordingly to achieve clinical benefit. It is logical to measure the
increase of tumor-reactive T cells, in vivo if any, by tetramer and ELISPOT
assays, after vaccine administration. However, recent findings indicate that
generation of a large in vivo population of tumor-reactive CD8 T cells alone is
insufficient to achieve clinically significant tumor regression. Studies applying
multiparameter analysis of T-cell phenotypes and functions demonstrate that it is
the effective memory response that has a superior antitumor activity (35-37). No
doubt, the multiparameter flow cytometry is a valuable addition to tetramer and
ELISPOT assay for monitoring immune responses to vaccines.

Tetramer Analysis

The use of MHCl/peptide tetrameric technology to directly visualize and
quantify antigen-specific CTLs was first described by Altman et al. in 1996 (38)
in which soluble, fluorescently labeled, multimeric MHC/peptide complex bind
stably, specifically, and avidly to antigen-specific T cells. This assay is easy to
perform; generally 30 minutes staining of tetramer at room temperature is suf-
ficient. Both fresh and cryopreserved PBMC samples have been successfully
analyzed and have achieved comparable results (39). The tetramer is able to
identify all the T cells specifically recognizing the MHCI1/peptide complex
composing the tetramer regardless of their functional status. Since the tetramer
analysis is a flow cytometry-based assay, it can be used together with other cell
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surface staining to obtain further characterization of tetramer-positive cells.
Alternatively, the tetramer-labeled population can be sorted for additional assays
to study its functionality. However, compared with functional assays ELISPOT
and intracellular cytokine staining, the sensitivity of the assay is relatively low,
and sequences of the antigen epitope peptides have to be available for forming
respective tetramers. Some low-affinity clinically important peptide epitopes
may not be able to form tetramer efficiently (40). In most cases of immune
monitoring, tetramer analysis is accompanied with other functional assays to
address functional status of the cells. The immune monitoring workshop in 2002
sponsored by the Society for Biological Therapy recommended that tetramer
assay be used in conjunction with ELISPOT or cytokine flow cytometry for
evaluating immune responses induced by cancer vaccine (41).

ELISPOT Assay

The ELISPOT assay was originally established to enumerate antibody secreting
B cells at the single cell level (42) and later adapted to quantitatively measure the
frequency of IFN-y—producing cells (43). The ELISPOT assay is based on the
principle of the ELISA. A 96-well microtiter plate with nitrocellulose or PVDF
membrane is coated with a monoclonal antibody against the cytokine of interest.
Unseparated PBMCs or isolated CD8" or CD4" T cells are incubated with an
appropriate antigen for 6-48 hours. In response to recognition of the antigen,
cytokine is released by T cells and captured by membrane-bound antibody in the
local environment of the cytokine-secreting cells. The cells are washed off and a
biotinylated secondary antibody specific to a second epitope of the cytokine is
added. To make the antibody-cytokine-antibody sandwich visible, an avidin—
enzyme complex and an insoluble enzyme-specific substrate are added. The end
result is an area with colored spots, each spot representing a single cell that
secretes cytokine.

Similar to ELISA, ELISPOT assay is simple, easy to perform, and ame-
nable to high throughput. This assay is highly sensitive with the reported limit of
detection of 1/100,000 (0.001%) compared to 1/10,000 (0.01%) for tetramer
analysis (44,45). ELISPOT assay can be performed with either fresh or cry-
opreserved PBMC samples with similar results (39). However ELISPOT assay is
unable to distinguish reactive cell types in polyclonal populations such as
PBMCs. Another pitfall of this assay is that each sample can only provide
limited information due to the difficulty of multiplexing this assay. How to
minimize the operator-dependent variability is another challenge of the assay.

Multiparameter Flow Cytometry

The immune response against the tumor is far more complicated than it was
thought before. Not only the magnitude but also the quality of the immune
response elicited by the cancer vaccine determines the clinical outcome. The
capability of current flow cytometry to measure multiple components of the
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same samples simultaneously (multiparameter flow cytometry) enables a new
biomarker-based approach for monitoring multiple markers of immune
responses, which hopefully will be capable of predicting or correlating to clinical
effect.

In multiparameter flow cytometry, the antigen-specific T cells are first
identified by tetramer or intracellular staining and characterized further by
functional and phenotypic markers. The markers of interest include those asso-
ciated with differentiation and activation status. It has been reported that central
memory T cells with the phenotype of CD45RACCR7"CD62LME"CD27+
CD28" confer superior protective and therapeutic immunity (46-48). CD1074,
perforin, and granzyme B expression correlates directly with cytotolytic activity
of T cells (49). The proliferation capacity can be assessed by CFSE dilutions by
flow cytometry (50). In addition to intracellular staining of IFN-y, accumulation
of other cytokines including TNF-o, IL-2, and IL-5, among others can be
detected using the same principle (51). Regulatory T cells hallmarked by CD25
and Fox-P3 expression can be identified from a polyclonal population (52).
Antigen-specific T cells have to infiltrate the tumor site to exert their antitumor
function. Chemokine receptor and adhesion molecule expression on the T-cell
surface will predict the possibility of T-cell migration to tumor sites. In a study
analyzing chemokine receptor profile of melanoma-specific T cells in patients,
the presence of CXCR3 expressing tumor antigen—specific T cells was associated
with increased survival (53). The detailed phenotypic and functional analysis of
tumor-specific cells and the correlation with clinical response certainly will
improve our current understanding of antitumor response and guide development
of future immunotherapy strategies.

The multiparameter flow cytometry has been successfully applied in our
cancer vaccine preclinical development (54). In the current MKC1106-PP
clinical trial, pre- and post-vaccination samples from patients will be analyzed
and their phenotype and functionality will be compared.

Use Tetramer and ELISPOT Assay to Monitor Immune
Response in Clinical Trial of MKC1106-PP

MKC1106-PP utilizes plasmid prime, peptide boost strategy. Each treatment
cycle includes four administrations of plasmid followed by two administrations
of peptides. Patients will receive two cycles of vaccination initially. If there is
no progression of disease, the patient may receive up to an additional four
cycles for a total of six cycles of treatment. To evaluate the efficacy of
MKC1106-PP, the immune responses induced by MKCI1106-PP will be
monitored by both tetramer and ELISPOT assay. The assays will be performed
on samples before the treatment, after plasmid priming but before peptide
administration, and after peptide boost in each cycle. A substantial increase in
the result of tetramer and ELISPOT assays after dosing would indicate that
an immune response has been induced in a patient. These two assays have been
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developed and validated using antigen-specific T cells generated by in vitro
immunizations.

REGULATORY ISSUES

Regulatory agencies such as FDA (United States Food and Drug Administration)
may require that companion diagnostics for selecting patients be available at the
time of approval of the immunotherapy. There are several examples such as
Herceptin, a monoclonal antibody to Her2/neu, and Her2 diagnostic assays from
Dako and Vysis.

FDA issued a Drug-Diagnostic Co-development concept paper in 2005
(Food and Drug Administration 2005, Drug-diagnostic co-development concept
paper, draft not for implementation). In the concept paper, the concepts, reasons,
and time lines for diagnostic-therapeutic codevelopment were outlined. Since
the FDA regulates the diagnostic assay Kits, its focus in this paper is on code-
velopment of FDA approvable diagnostic kits. A well-known example of
codevelopment is the pair of drug-diagnostics Herceptin and HercepTest. Her-
ceptin, a monoclonal antibody against Her2/neu protein, was approved by FDA
in 1998 for treating breast tumors overexpressing Her2/neu. At the same time,
FDA approved a diagnostic kit, HercepTest, for predicting responsiveness to
Herceptin. HercepTest is a kit using immunohistochemical methods for detecting
the Her2/neu protein in the tumor cells.

Although specific examples of codevelopment exist (e.g., Herceptin and
HercepTest), there is a dearth of clear business models for the industry to follow.
The development and validation of a diagnostic test kits require a fair amount of
time and money. Getting an FDA approved test kit on the market takes more
resources. Therefore, even with the promise of a captive market, it is difficult for
a device manufacturer to assume the financial risk to develop a diagnostic test kit
and get FDA approval before the market of the therapeutic product is estab-
lished. Thus, some have turned to developing Clinical Lab Improvement Act
(CLIA)-compliant tests and offer the companion diagnostic tests through clinical
laboratories.

Clinical laboratories in the United States are regulated by a set of laws and
regulations known as CLIA enforced by CMS (Center for Medicare and Med-
icaid Services), not FDA. Although the cost of developing CLIA-compliant tests
would be considerably lower than that of FDA-approved test kits, significant
financial liabilities would be incurred. Furthermore, it is unclear how FDA
would view the availability of tests in clinical labs as sufficient substitute for
FDA-approved kits or reagents and thus adequate for the requirement of com-
panion diagnostics at the time of approval of the therapeutic agent.

For organizations developing targeted immunotherapies, it would be pru-
dent to prepare for companion diagnostics before entering into late-stage clinical
trials. Although the proposed guidelines are not finalized yet, we can expect
more regulations in this area to come from FDA. According to FDA’s concept
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paper, markers useful for patient stratification should be identified and assays
developed during preclinical development phase of the therapeutic product.
Tests for stratifying patients suitable for use in a clinical lab should be available
before the start of phase 1 trials. If an analytical platform change for testing (e.g.,
from RIA to EIA) is needed to make the diagnostics more easily adopted by
the intended market, the change should be finalized before the start of phase 3
trials so that clinical validation of the test using the new platform can be com-
pleted in time.

Different opinions exist for the optimal timing of various activities men-
tioned in FDA’s concept paper, but in general, strategies for satisfying FDA’s
requirement of companion diagnostics should be formulated in the preclinical
development phase and finalized during phase 2 trials, if not earlier. Negotiations
with potential diagnostics partners should also begin as soon as the strategy is
developed. The earlier an organization developing a promising immunotherapy
starts the preparation for getting companion diagnostics ready, the more likely it
would be able to navigate the approval process for the immunotherapy product
without surprises and costly delays.

CONCLUSIONS

It is clear that we are evidencing a rapidly changing situation where more and
more diagnostic information will be used before and throughout the treatment
period to guide the therapy for cancer. Even for conventional chemotherapeutic
agents, relevant biochemical characteristics of cancer cells can be used to select
patients before therapy to improve response rates and outcome (55). This trend is
also evident in other fields such as infectious diseases. For example, genotyping
and phenotyping of HIV have been widely used to guide drug therapy for HIV
infection since the 1990s (56). Relevant information of the virus makes rational
and efficacious drug combinations possible for the control of HIV infection.
Similar pictures are emerging for the treatment of HCV in terms of using gen-
otype information to select the most appropriate drugs for each patient (57).

As we learn more about the mechanisms of pathogenic processes of var-
ious diseases and develop more targeted therapies, relevant diagnostic infor-
mation will be used more frequently to help stratify patients and guide therapy.
For example, with the recent demonstration of potentially efficacious agents for
ameliorating effects of nonsense mutations (58), use of genotype information
(nature of mutation) of the affected gene in diseases such as cystic fibrosis may
become essential in the treatment of certain genetic diseases. Therefore, in the
next decade, we will probably see more extensive use of diagnostic information
to help guide therapies in many diseases in addition to cancer.

Targeted immunotherapies are specific for certain antigens expressed by
tumors and hold great promises to improve treatment for many types of cancers
where current modalities fall short. However, the exquisite specificity of
immunotherapy requires that the targeted antigens be present in the tumor tissue.
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Because cancers are very variable, biochemical characteristics of a given type of
cancer can differ significantly from patient to patient. Information on the char-
acteristics of the tumor as well as the host will be important for the selection of
patients most likely to benefit from immunotherapy. After initiation of immu-
notherapy, monitoring the host response would allow continuous adjustment of
therapy to maximize desired outcome. The combined use of relevant diagnostic
information obtained on the cancer tissue as well as that during the course of
treatment from individual patients as guidance for therapy would be necessary
for maximizing the therapeutic efficacy of immunotherapy (Figure 2).

From a financial vantage point, the same reasoning applies that utilization
of relevant diagnostic information will be critical for the most effective use of
health-care dollars. Indiscriminate use of specific immunotherapy will increase
the cost of health care and may generate undesirable side effects in some
patients. From a regulatory point of view, the sooner an organization makes the
needed diagnostic tests available, the more likely it would be successful at
satisfying FDA requirements for timely approval of its immunotherapy product.
Therefore, one should start formulating the strategies for utilizing and devel-
oping diagnostic and monitoring assays as early as possible in the development
process of an immunotherapeutic agent.

We can obviate tumor variability, maximize the treatment efficacy, min-
imize adverse side effects, and speed up the approval process of immunother-
apeutic drugs if we develop needed tests early and utilize information obtained
through testing intelligently.

There is currently an increasingly growing emphasis on genetic testing and
individualized therapy to improve drug efficacy and safety with large invest-
ments by major pharmaceutical firms in order to provide a competitive advan-
tage. The future holds promise, with the growing availability of analytical
capabilities, to perform genome wide association studies during clinical trials
enabling the selection of disease susceptibility genes for prognosis, drug dis-
covery, dosing, and selection of therapy and preventative medicine.

There is a significant source of variability observed in the response to drugs,
caused by genetic heterogeneity. We could continue to utilize the variability in
interethnic and interindividual genetics to facilitate rational drug design and to
avoid adverse effects in clinical trials. Thus, one could generate criteria for
selecting patients most likely to benefit from a drug without incurring unnecessary
risk. The future of theranostics approaches also holds promise for early or pre-
ventive therapy that could significantly enhance clinical outcome. Looking farther
ahead, the efficacy of administered drugs may be improved, rather than avoiding
toxicity as the main objective, by distinguishing good responders from poor res-
ponders prior to therapy, changing clinical trial design as we know it. Often,
effective drug response is limited to a portion of treated patients, whereas the
majority benefits little or not at all. Predicting which patients are most likely to
respond best to a particular drug, or which drug will yield optimal effects for a
given patient, would represent a significant advance in therapy even with current
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drugs, let alone novel drugs developed with these criteria in mind. Ultimately this
may lead to individualized genetic profiles to select the safest and most effective
drug for each individual. The same insight will allow us to achieve the most
desirable goal, to prevent disease to begin with.

We are uncertain as to the overall direction of theranostics over the next
10 years. Although new analytical systems introduced during the last decade
have offered incremental improvements over previously available technology,
there are still many daunting scientific challenges, besides the ethical issues that
need to be resolved. Genetic information and individual or ethnic group strati-
fication raises privacy questions and ethical dilemmas about disease suscepti-
bility, prognosis, and treatment options. Obviously, information of this type must
be carefully safeguarded to ensure privacy. Many legal and economic issues will
need to be resolved. The vision of theranostics is leading us to a more indi-
vidualized approach to drug therapy, while revealing limits inherent to the
treatment of disease in broad patient populations. Whether or not these new
technologies and approaches find their way into everyday clinical use during the
next 10 years, they will no doubt prove valuable tools in clinical research
directed at optimizing drug therapy.
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VLP vaccine against, 60-62
Patient stratification, for immunotherapy,
183-185
PBMC. See Peripheral blood mononuclear
cells (PBMC)
PCR. See Polymerase chain reaction
(RT-PCR)
PCR-SSOP-Luminex method, for HLA
genotyping, 190
PE. See Peripheral effector (PE)
Peptidases, 2
Peptide ligands, altered, 16-18
Peptide-pulsed targets, 118. See also
ELISA assay
Peptides. See also Antigenic peptides
analogues, 173
as cancer vaccines (See Peptide vaccines)
immunogenic properties of, 2
MHC associated, 2
as nonviral vectors, 140
transport of peptides, 1
tumor associated, 2, 16-18
Peptides analogues, 173
Peptide sequences and proteins, extended,
15-16
Peptide vaccines. See also Peptides
antigens in, 110-111
disadvantage of, 122
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[Peptide vaccines]
investigational, 113-116
optimization of, 117-122
Peripheral blood mononuclear cells
(PBMC)
used in ELISPOT assay, 194
used in tetramer analysis, 193
Peripheral effector (PE), cells, 163
Peripheral memory (PM), cells, 123
Personalized cancer vaccines, 31, 32
characteristics of, 72
clinical data in, 71-74
examples of clinical activity in patients,
38-39
examples of preclinical activity in
rodents treated with, 34-36
host immune system, 71
methods of, 33-38
preclinical application of, 4045
tumor cells in, 70-71
PGE2, 87
Pharmacodynamic (PD) biomarkers,
152, 171
Phenotypic markers, 195
Plasmid vectors, 132-135, 169, 170.
See also DNA vaccines
infusion into LNs, 170-171
PM. See Peripheral memory (PM)
Polyepitope strings, 137
Polymerase chain reaction (PCR), 187.
See also Reverse transcription
polymerase chain reaction
(RT-PCR)
Polyvalent vaccines, tumor cells as, 57
Poxviruses. See Recombinant viral vectors
Preclinical models
of cancer immunotherapy, 76-77
limitations of, 32
outcomes in human trials, 39-40
predictive value of, 32-38
recent trends in, 4045
spontaneous tumors, 31, 33
of drugs development, 152, 154
use of humanized investigational
drugs in, 156
vs. clinical models, 155
Prime-boost strategies, 137-141
Pro2-containing peptides, 6
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Progression- free survival (PFS), 74
Prostatic acid phosphatase (PAP), 74
Proteases, 2
Proteasomes, 136
conversion of, 3
DC, 19
differential expression of, 18
inhibitors of, 13
intermediate subunits of, 23
in protein degradation, 2—4
size of peptides emerging from, 5
standard
catalytic subunits of, 2
enzymatic activity of, 4
expression, 3
Protein degradation, proteasomes in, 2—4
Provenge, 74
PSMA, detection of, 183, 184

Qdots. See Quantum dots (Qdots)
Quantum dots (Qdots), 188-189. See also
Fluorophores

Rabbit papillomavirus, cottontail, 61
Radiotherapy, 55
Reagents, for detection of MHC,
188, 190
Receptor distribution, on cell
subsets, 156
Recombinant DNA vectors, 169
Recombinant protein immunization, 137
Recombinant viral vectors, 137-138
Recurrence-free survival (RFS)
in cancer patients, 58
vaccine for, 73
Regulator of G-protein signaling 5
(RGSS), 111
Regulatory T cells, 121, 160. See also
T cells
Renal cancers, treatment of, 57
Renal cell carcinoma (RCC ), 73
patients with nonmetastatic, 74
Reniale, 73-74
Response monitoring, in cancer drug
development. See Immune
response monitoring
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Retropubic radical prostatectomy, for
prostate cancer, 117

Reverse immunology approach, 12

Reverse transcription polymerase chain
reaction (RT-PCR), 187. See also
Polymerase chain reaction (PCR)

RGS5. See Regulator of G-protein
signaling 5 (RGSS)

Rituxan, 75

RT-PCR. See Reverse transcription
polymerase chain reaction
(RT-PCR)

SD-9427 (progenipoietin), agonist of, 121
Sequence-specific oligonucleotide probes
(SSOPs), 190
Signal transduction pathways, 152, 165
Society for Biological Therapy, workshop
for tetrameric technology, 194
Somatic cells, transfected, 134, 135
20 S proteasomes. See also Proteasomes
heptameric rings of, 2
PA28 complex role in, 4
purification of, 12-13
types of, 24
Squamous intraepithelial lesions (SIL), 61
11 S regulator. See PA28 complex
SSOPs. See Sequence-specific oligonu-
cleotide probes (SSOPs)
Staining, immunohistochemical, 187,
190, 191
STAT1, expression of, 3
Stimuvax, 75-76
Suppression subtractive hybridization, 111
Surrogate markers in cancer treatment,
lack of, 79-80

TAA. See Tumor-associated antigens
(TAA)

TAP. See Transporters associated with
antigen processing (TAP)

TAP-negative tumor cells, 13

T cell receptor-like antibodies (TCRL
Ab). See also TCR-like
immunoglobulin (TCRL)

detecting presence of peptide-HLA1

complexes, 185
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T-cell repertoire, 155, 156, 158
T cells, 74. See also Cytolytic CD4"
T cells; Cytolytic CD8" T cells
activity of suppressor, 7, 45
antigen receptors, 110-111
antigen-specific, 138
antitumor, activity of, 7
antitumor responses, priming of, 7
CD4%, 111, 139, 140
CD8*, 141
in cell-mediated immunity, 84-86
CM, 163
CTL (See Cytotoxic T-lymphocyte
(CTL))
cytolytic, response, 13
immune responses, 120-121
immune tolerance, 123
immunity of, 135
immunotherapy of, 182, 183
mediated identification of autologous
tumor cells, 11-12
NK cells, 88
peripheral memory, 138, 140
prime-specific, 132
receptor expression, 4
regulatory, 121, 160
response induction, 18-20
self-reactive, 132
targets of autoreactive, 2
tumor antigen-specific, 158-160
tumor-specific, 33
types of, 1
T1 cells, responses, 144
T2 cells, TAP-deficient, 119
T-cell vaccines
adjuvants in, 10-11
administration of, 10
aim of, 11-18
goal of, 2
MHC class II restricted peptides in, 9
minigene-based, 14-15
nucleic acid based, 16
optimal selection of, 7
proteasomes in, 24
protein-based, 15-16
effectiveness of, 19
selection of, 13-18
target antigens of, 11
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TCRL. See TCR-like immunoglobulin
(TCRL)
TCRL Ab. See T cell receptor-like
antibodies (TCRL Ab)
TCR-like immunoglobulin (TCRL),
191-192
Terminal acetylation, C- and N-, 118
Tetanus helper peptide, 120
Tetramer, 193-194
assays, 120
monitoring of MKC1106-PP, 195
Tetramer assays, 120
TGF-B, 87
TGEF-beta levels, 121
Theranostics, 181-183, 199
Thiol reductases, 8-9
Thymoproteasome
catalytic subunits of, 2
expression of, 3
restricted expression in cTEC, 18
TIL. See Tumor-infiltrating lymphocytes
(TIL)
Time to progression (TTP), 75
TLR. See Toll-like receptors (TLR)
TLR-9. See Toll-like receptors (TLR)
TLR ligands, 156. See also Toll-like
receptors (TLR)
T lymphocytes. See also Cytotoxic
T lymphocytes (CTL)
CDh4%, 111
hTRT-specific, 121
Toll-like receptors (TLR), 10, 140, 144
agonists, 63
TPP. See Time to progression (TTP)
Traditional cancer vaccines, 69-70
versus therapeutic cancer vaccines, 78
Transfection, 133-134, 144
Transgene expression, 132-135. See also
Plasmid vectors
Translational approach, in drugs
development, 169-175
Transmembrane trapping, 111
Transplantable rodent tumor cell lines, 31
use in preclinical immunotherapy
studies, 32
Transporters associated with antigen
processing (TAP), 1, 119, 120
Tregs. See T cells, activity of suppressor
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Tripeptidyl peptidase II (TPP II), 5-6
TRP-1. See Tyrosinase-related protein 1
(TRP-1)
TRP2;¢ 36, antigenic peptide, 5
T2 tumors in cancer patients, 74
T3 tumors in cancer patients, 74
Tuberculosis, DNA vaccines for, 138
Tumor antigens, 110-111, 132, 192
binding to MHC1 molecule, 182, 191
regression of, 185
of T cells, 158-160
Tumor antigens, immunity to, 55
Tumor antigen-specific T cells,
158-160
Tumor-associated antigen MUC-1, 75
Tumor-associated antigens (TAA), 7,
16-18, 110-111, 182
assays of, 186-187
Tumor cells, 110, 111, 162. See also
Peptide-pulsed targets
antigens of, 158-160
cytokine-secreting, 37
larger, 160
micrometastases, 160
mixed with bcg, 37-38
as polyvalent vaccines, 57
profiling by flow cytometry, 58
regression in, 157, 158
Tumor-derived complexes, of HSP, 33
Tumorigenesis, 11, 12
Tumor immunology, principles of, 78
Tumor-infiltrating lymphocytes (TIL), 12,
93-94
Tumor lysate-pulsed DC, 8§9-91
intradermal vaccination of, 91-92
Tumor regression, 157, 158
Tumor sections, histopathology of, 56
Tumor-specific antigens, 70
Tumor-specific T cells, 33
Tyrosinase, 152, 171
in detecting MHC1 peptide complex, 192
peptides, 112, 120
Tyrosinase-related protein 1 (TRP-1), 139
Tyrosine kinase inhibitors. See Tyrosinase

Ubiquitin (Ub) fusions, 14-15
UNC-93B, 10
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Vaccine-induced immune responses, 58
Vaccines
for cancer treatment
development of tumor, 55
induced tumor immunity in, 56
in induction of protective immunity,
55-56
preclinical and clinical trails,
62-64
for infectious diseases
ongoing phase 3 clinical trails, 75-76
personalized cancer vaccines
(See Personalized cancer vaccines)
virus-like particle (VLP), 56, 60
xenogeneic DNA, 62
Viral antigens, 182
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Viral oncogenes, 33
Viral vectors
live, 138, 139
recombinant, 137-138
Virus-like particle (VLP) vaccine,
56, 60
development of antibodies to
capsid, 61
VLP. See Virus-like particle (VLP)
vaccine

Xenogeneic
DNA vaccine, 62
peptides, 17, 18
Xenograft models, 154
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