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Abstract
Cancers so much resemble self that they prove difficult for the immune system to eliminate, and
those that have already escaped natural immunosurveillance have gotten past the natural immune
barriers to malignancy. A successful therapeutic cancer vaccine must overcome these escape
mechanisms. Our laboratory has focused on a multistep “push-pull” approach in which we
combine strategies to overcome each of the mechanisms of escape. If tumor epitopes are
insufficiently immunogenic, we increase their immunogenicity by epitope enhancement,
improving their binding affinity to major histocompatibility complex (MHC) molecules. If the
anti-tumor response is too weak or of the wrong phenotype, we use cytokines, costimulatory
molecules, Toll-like receptor ligands, and other molecular adjuvants to increase not only the
quantity of the response, but also its quality, to push the response in the right direction. Finally, the
tumor invokes multiple immunosuppressive mechanisms to defend itself, so we need to overcome
those as well, including blocking or depleting regulatory cells or inhibiting regulatory molecules,
to pull the response by removing the brakes. Some of these strategies individually have now been
translated into human clinical trials in cancer patients. Combinations of these in a push-pull
approach are promising for the successful immunotherapy of cancer.

Introduction
Cancers that escape natural immunosurveillance and become clinical tumors, like viruses
that cause chronic infections, need something more than just the tumor cell or the virus to
induce an immune response sufficient to eradicate the disease. Vaccines other than live
attenuated organisms often use adjuvants to improve the immune response, what Janeway
called immunology’s “dirty little secret” 1. Recent improvements in our understanding of
immunology have allowed the design of vaccines using immune modulators as defined
molecular adjuvants, to more rationally improve the immune response. In this review, we
will focus on our work on vaccines to induce T cells, especially CD8+ T cells, but antibodies
can play an important role in cancer as well, as witnessed by the clinical success of a
number of monoclonal antibodies. Indeed, we recently described an adenoviral vector
vaccine expressing the extracellular and transmembrane domains of HER-2 that cured mice
of large (2 cm) established tumors and lung metastases, by a mechanism that involved only
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antibodies, and not effector T cells at all 2–5. That preclinical study is currently being
translated into a vaccine to treat HER-2 positive human tumors such as breast cancer.

Immune modulators used in vaccines are of two broad types, ones that amplify the response
or change its quality, and ones that remove negative regulatory mechanisms or check point
inhibitors, so as to allow the response to reach its full potential. We call the former the
“push” and the latter the “pull” of our “push-pull” strategy (See Fig. 1) 6–8. The push
involves not only increasing the magnitude of the response, but also improving the quality of
the response, and we have found that the quality often is more important for protection and
efficacy than the quantity. In quality, we include the avidity and the longevity of the
response, as well as functional activities such as the cytokine profile. We will discuss the use
of cytokines, costimulatory molecules, and Toll-like receptor (TLR) ligands to achieve this.
The pull is intended to release the parking brake so the vehicle can move. We remove or
inhibit suppressive cells such as Foxp3+ T regulatory cells (Treg), regulatory type II NKT
cells, or myeloid-derived suppressor cells (MDSC) or block inhibitory molecules such as
PD-1 or CTLA-4 receptors on T cells or inhibitory cytokines such as TGF-beta or IL-138–13.
The review will thus be divided into sections based on these complementary strategies, but
first we may also improve the structure of the antigen itself, by a process we call “epitope
enhancement,” which will be discussed first.

Epitope Enhancement
Tumor antigens, like viral antigens, did not evolve to be good vaccines, so we could in
principle do better. In addition to strategies such as using long peptides 14, we have focused
on increasing the affinity of the peptide epitopes for Major Histocompatibility Complex
(MHC) molecules that present the peptides to T cells, a process we call epitope
enhancement. We have shown that increasing the affinity for MHC molecules increases the
immunogenicity, in accord with the finding of others that immunogenicity of natural
epitopes correlates with affinity for MHC molecules 15, 16. The concept is to alter amino
acids that bind to the MHC molecule without altering the face of the peptide that is exposed
out of the MHC groove to interact with the T cell receptor (TCR). Thereby, we hope to
increase immunogenicity while eliciting T cells with receptors that still recognize the natural
cancer or viral antigen. We have carried out successful epitope enhancement of both CD4+

and CD8+ T cell epitopes from tumor antigens as well as HIV and hepatitis C virus (HCV)
antigens 7, 17–24. For one of these, T-cell alternate reading frame protein (TARP) 22, a breast
and prostate cancer antigen, we currently have an ongoing clinical trial using an epitope-
enhanced peptide, as will be discussed in the section on translation.

Pushing the T cell response with cytokines, costimulatory molecules, and
TLR ligands to improve the quantity and quality of the immune response

Over more than a quarter century, our lab has studied immunomodulatory cytokines and
costimulatory molecules and more recently TLR ligands as molecular adjuvants 9, 25. We
first found that incorporation of IL-2 into an emulsion adjuvant with the antigen could
induce responses in low responder strains of mice that were as high as those in high
responder strains, overcoming genetic low responsiveness 26. Incorporation in the emulsion
created a depot for slow release of the cytokine with the antigen to the same draining lymph
nodes, while concurrently avoiding systemic side effects of systemic administration of
cytokines. We then compared multiple cytokines as adjuvants and found that some increased
most types of immune responses (e.g. GM-CSF), whereas others more selectively amplified
some responses and not others (e.g. IL-12) 27. We found that GM-CSF and IL-12 synergized
for increasing the CD8+ T cell response, whereas TNF-α and IL-12 synergized to markedly
increase the interferon-gamma (IFN-γ) response 27. Mechanistically, we found that GM-
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CSF increases antigen presenting cells and activity in the draining lymph node, whereas
TNF-α and IL-12 synergized to increase expression of the IL-12 receptor, and thus increase
sensitivity to IL-12 to induce IFN-γ 28, 29. We also found synergy between GM-CSF and
CD40L, on the basis that GM-CSF increased the antigen-presenting dendritic cells (DCs)
and then CD40L activated or matured them through ligation of CD40 6.

One key qualitative feature of CD8+ T cells is their functional avidity for antigen, which we
measure by titrating peptide on antigen-presenting cells (APCs) 30. Early on, using adoptive
transfer into SCID mice that lacked their own T and B cells, we first discovered that high
avidity CD8+ T cells were much more effective at clearing a virus infection than low avidity
T cells specific for the same peptide-MHC complex 30. The functional avidity depended not
only on the intrinsic affinity of the T-cell receptor (TCR), but also the TCR density, the
density of the CD8 coreceptor31, 32, and probably other factors involved in signal
transduction. This finding was confirmed in other viral studies 33 and extended to killing of
tumor cells 34–36. Thus, induction of high avidity CD8+ T cells became a key goal of our
vaccine strategy.

However, unlike the situation in vitro, in which one could select for higher avidity T cells by
culturing them with very low concentrations of antigen 30, in vivo lowering the dose of
antigen was not sufficient, as one reached a threshold below which a response could not be
induced. We reasoned that increasing costimulation (signal 2) might allow induction of T
cells with less antigen (signal 1), and tested this hypothesis in collaboration with Hodge,
Schlom and coworkers who had developed poxviral vectors expressing a triad of
costimulatory molecules, B7-1, ICAM-1 and LFA-3 37. We found that immunizing with the
vector expressing the costimulatory molecules along with antigen induced higher avidity
CD8+ T cells than did immunizing with vector expressing antigen alone 38. This finding was
extended to show dramatic increases in avidity and protection against cancer that could be
achieved with such vectors 39.

We also explored the use of cytokines as adjuvants to augment T cell avidity. In a
collaborative study with Waldmann and Perera, using a vaccinia vector expressing both
antigen and IL-15, we found that expression of IL-15 by the vector, presumably in the same
APCs presenting antigen expressed by that vector, led to greater avidity maturation of CD8+

T cells after several months 40. This correlated with apparent selection for T cells expressing
their own IL-15Rα, the receptor chain on dendritic cells that presents IL-15 in trans to T
cells and NK cells 41, 42, possibly because they could respond to IL-15 independently of
other cells. IL-15 is known to promote the homeostatic proliferation of CD8+ T cells 43, 44.
We found that the CD8+ T cells induced by the vector expressing IL-15 had higher levels of
their own IL-15Rα and underwent more homeostatic proliferation when adoptively
transferred into naïve animals without any antigen exposure 40. Over time, the high avidity T
cells thus persisted, whereas the low avidity response fell off, so the average avidity of the
population increased, accounting for avidity maturation 40. Avidity maturation of T cells had
been an enigma, because their receptor, unlike antibodies, does not undergo somatic
mutation 45. In addition, we found that IL-15 increased expression of the CD8 coreceptor,
which also contributes to functional avidity 40. These two mechanisms complement each
other to account for the higher avidity induced by IL-15.

We also found that vectors expressing IL-15 with antigen increased the longevity of CD8+ T
cells for as long as 14 months, more than half a mouse lifetime, compared to similar vectors
with antigen alone or with IL-2 expressed 46. Since CD4+ helper T cells also promote T cell
longevity 47–49, and can induce the DC presenting antigen to make IL-15, like cells infected
with a vector expressing both antigen and IL-15, we hypothesized that IL-15 might be a
natural mediator of help. A corollary was that in the absence of CD4+ T cell help, it would
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be hard to induce such long-lived CD8+ T cells, but that IL-15 might substitute. To test this,
we depleted mice of CD4+ T cells and compared immunization with vectors expressing
antigen with or without IL-15. When CD4-depleted animals were immunized with the vector
expressing only antigen, they had no long-term memory from 2 months to a year. However,
when such depleted animals were immunized with the vector expressing IL-15 with antigen,
their long-term memory was almost as high as that of non-depleted immunized animals 50.
Such T cells induced without help had been shown to be more susceptible to TRAIL-
mediated antigen-induced death when re-exposed to antigen 51. We found that IL-15 could
substitute for CD4+ T cell help to prevent this TRAIL-mediated death 50. Also, if the DCs
presenting antigen were incapable of making IL-15, they did not mediate normal help, so we
concluded that IL-15 was not only sufficient to replace help, but also necessary for help, and
thus was an important natural mediator of help 50.

Another approach to accomplish the same goal might be to use Toll-like receptor (TLR)
ligands, which can also activate DCs to express costimulatory molecules and cytokines 52.
These ligands are natural microbial products that probably occur in combinations in nature,
so we reasoned that selected combinations might manifest synergy. Indeed, we and others
found synergistic combinations of TLR ligands 52–54, and we demonstrated that they
function synergistically as vaccine adjuvants to induce greater CD8+ T cell responses 54. We
found that the synergy depended in part on use of different adaptor molecules, MyD88 for
TLR2/6 or 9, and TRIF for TLR3, and that there was unidirectional cross-talk between these
pathways so that the signal through TRIF amplified the induction of IL-12 through
MyD88 54. Thus, TLR3 synergized with TLR2/6 and with TLR9, but the triple combination
did not induce more specific T cells than the effective double combinations. Therefore, we
were surprised when the triple combination induced better protection against virus challenge
in mice 55. If not explicable by increased T cell quantity, we asked whether this was due to
increased quality, and found that indeed the CD8+ T cell functional avidity induced by the
triple combination of TLR ligands was substantially greater than that induced by the double
combination 55. This could be explained by increased induction of IL-15. Thus, again, the
quality of T cell response was more important than the quantity of the response in providing
protection.

We translated these findings into a macaque study of an intrarectal mucosal lentiviral SIV
vaccine, using a vaccine consisting of a group of antigen peptides boosted by recombinant
poxviral vectors. Comparing groups given IL-15, the triple combination of TLR ligands,
both or neither, along with the vaccines, we found that only the combination of both induced
protection against high dose intrarectal challenge with pathogenic SIVmac251 56. We found
both innate and adaptive correlates of protection. The molecular adjuvant combination
upregulated expression of the virus restriction molecule APOBEC3G, a cytidine deaminase,
especially in mucosal dendritic cells, lasting almost 2 months after the last vaccination. The
combination also most effectively induced polyfunctional CD8+ T cells that correlated with
protection 56. Thus, combinations of defined molecular adjuvants such as cytokines,
costimulatory molecules, and TLR ligands can be used to improve both the magnitude and
more importantly the quality of the T-cell immune response to vaccines.

Overcoming negative regulation
As mentioned above, now it is apparent that patients’ immune systems are dampened by
negative regulatory cells and factors that serve as roadblocks for the induction of optimal
immune responses. Thus, removing these roadblocks is a key step for the success of cancer
immunotherapy. One example supporting this idea is the recent success of the anti-CTLA-4
monoclonal antibody (Ipilimumab) in the treatment of metastatic melanoma patients.
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TGF-β is one of the most potent immunosuppressive cytokines. This cytokine affects the
immune system in multiple ways. TGF-β induces immunosuppressive Foxp3+ Tregs from
non-Treg CD4 T cells 57. It has been reported that TGF-β deficiency causes defects in the
number as well as functions of Treg cells. TGF-β also can directly suppress activation/
function of Th1 and CD8 T cells 58 and has been shown to recruit CD11b+Gr1+ myeloid
derived suppressor cells (MDSC) into the tumor microenvironment 59. TGF-β also supports
cancer growth through multiple mechanisms such as enhancing angiogenesis, invasion and
metastasis. In fact, it has been shown that TGF-β levels in the peripheral blood are inversely
correlated with the prognosis of many types of cancer 60. In terms of the sources of TGF-β,
it was originally considered that cancer cells are the major producer. However, accumulated
literature suggests that immune regulatory cells are also important sources of TGF-β
involved in immune suppression. Foxp3+ Treg cells are reported to have TGF-β on the cell
surface, which contributes to the cell-cell contact dependent suppression 61. It is also
reported that regulatory NKT cells (type II NKT cells), through IL-13 and TNF-α, induce
TGF-β production by CD11b+Gr1+ myeloid cells that suppresses tumor specific CD8 T
cells 62, 63.

Since TGF-β is involved in multiple mechanisms that can support tumor growth, it is a very
attractive target for cancer therapy. Consequently it is not surprising that TGF-β blockade
has been shown to suppress tumor growth 62, 64, 65 in some mouse models. However,
monotherapy with a TGF-β antagonist is not always sufficient to induce clinical response.
The combination of TGF-β antagonists and a vaccine has been reported to enhance vaccine
efficacy in multiple mouse models. In a s.c. tumor model with the TC-1 tumor cell line,
which is a lung epithelial cell line transfected with HPV 16 E6 and E7 oncogenes,
monotherapy with 1D11, a monoclonal antibody that neutralizes all three isoforms of TGF-
β, does not show any impact on tumor growth. However, when combined with a peptide
vaccine comprising a minimal CTL epitope derived from the E7 antigen, this anti-TGF-β
antibody significantly improved vaccine efficacy to reduce tumor size 66. The clinical effect
was accompanied by improved frequency, IFN-γ production and lytic activity of tumor
antigen-specific CD8+ T cells. In the eradication of tumors by CD8+ T cells, the T cells with
higher functional avidity, which can recognize targets with a lower number of antigen-MHC
complex as described above, are more effective. With combination treatment, as the
magnitude of the anti-tumor response was enhanced, the number of tumor-specific CD8+ T
cells with higher functional avidity was concomitantly increased, suggesting a contribution
toward better tumor suppression. Surprisingly, there was no effect of anti-TGF-β treatment
on the number Treg cells in tumor draining lymph nodes or in tumors. This result was
consistent with the observation that Treg depletion (by anti-CD25) did not affect the vaccine
efficacy.

A similar effect of 1D11 was observed with an irradiated whole tumor cell vaccine, in a s.c.
CT26 colon carcinoma model 67. The combined treatment significantly improved survival
mediated by CD8+ T cells. However, there was no effect on the number of Treg cells. The
combination of 1D11 and peptide vaccines was also shown to improve the clinical response
against the mouse glioma GL261, with enhanced CD8+ T cell response including higher
frequency of tumor specific T cells and higher level of pro-inflammatory cytokine
production 68. In this model, reduction of tumor infiltrating Treg cells was observed in the
mice with the combination therapy. Another anti-TGF-β monoclonal antibody, 2G7, has
been shown to improve the efficacy of a recombinant Listeria vaccine expressing HPV16 E7
in the TC1 tumor model when given 7 and 14 days after tumor challenge 69.

Another way to inhibit TGF-β signaling is to use a small molecule inhibitor of the receptor
kinase. When an adenoviral vector expressing HPV16 E7 is given with SM16, an inhibitor
of TGF-β receptor kinase, the vaccine efficacy is significantly facilitated, inducing
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significant regression of tumors in a TC1 tumor model 70. These reports strongly suggest
that blockade of TGF-β or its signaling has a great potential to enhance the efficacy of
vaccines with different platforms including peptide, viral vector, and bacterial vector. As
discussed below, currently clinical trials of an anti-TGF-β monoclonal antibody and
antagonists are ongoing and a combination study with a therapeutic vaccine is a high
priority.

In the immunoregulatory pathway mentioned above, in which type II NKT cells and
CD11b+Gr-1+ myeloid cells are involved, IL-13 together with TNF-α is shown to induce the
production of TGF-β by myeloid cells 11, 62, 63, 71–73. Thus, the effect of IL-13 blockade by
soluble IL-13Rα2-Fc was examined on a CTL-inducing peptide vaccine derived from the
HIV envelope protein gp120 6. The blockade significantly enhanced induction of lytic
acivity of antigen-specific CTL compared to the vaccine without IL-13Rα2-Fc. Moreover,
the combination of vaccine and IL-13Rα2-Fc induced significantly better protection against
a vaccinia viral infection expressing HIV gp120. Similarly the vaccine alone without
IL-13Rα2-Fc was more effective in NKT cell-deficient CD1d KO mice compared with in
wild-type mice. This result is consistent with the previous observation that type II NKT cells
are necessary for IL-13 induced immune suppression. IL-13 also induces other immune
suppressive mechanisms in MDSC and M2 macrophages that have been shown to play a
critical role in immune suppression in cancer patients 7475. Hence, inhibiting IL-13 and its
signaling can block multiple pathways of immune suppression.

Although we do not have enough space to discuss other immune inhibitory molecules such
as CTLA-4 and PD-1 that can be good targets to enhance vaccine efficacy, it is worth noting
that recent reports suggest synergistic effects of anti-CTLA-4 and anti-PD-1 agents when
given with a cancer vaccine 76. Thus, simultaneous inhibition of multiple pathways may be
necessary for optimal impact of therapeutic cancer vaccines on clinical outcomes.

Clinical translation of therapeutic cancer vaccine strategies
The basic bench discoveries outlined above investigating molecular enhancement of
antigens, optimization of T cell responses with cytokines and TLR ligands and overcoming
negative regulation of immune responses, provide the foundation for clinical translation and
first-in-human studies of promising therapeutic cancer vaccines, checkpoint inhibitors and
cytokines. Challenges that accompany clinical translation include identifying the appropriate
study populations and clinical endpoints, the mode of vaccine delivery and frequency,
monitoring the response to vaccination, and identifying the immunologic responses that
correlate with clinical outcomes. Indeed, the immunomodulatory landscape is littered with
therapeutic cancer vaccines and other agents that failed to successfully address these
challenges, but along the way have allowed us to gain insight into approaches that are more
likely to lead to clinical success.

A critical understanding gained is that immune-based therapies have a better chance of
demonstrating preliminary activity and clinical efficacy in patients with less advanced
disease, thereby avoiding the immune dysregulation of high tumor burden 77 and marrow
depletion from repeated chemotherapies characteristic of very advanced stage disease. In
keeping with this observation is the clinical indication for PROVENGE® (sipuleucel-T), the
first therapeutic cancer vaccine approved in April 2010 for use in humans: its efficacy and
improvement in overall survival is limited to men with minimal disease burden i.e. those
with asymptomatic or minimally symptomatic metastatic castrate resistant (hormone
refractory) prostate cancer 78. Among clinical endpoints, improvement in overall survival
(OS) is the platinum standard and the endpoint that matters most to patients battling cancer.
However, again using PROVENGE® as an example, the immunologic correlates predictive
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of its associated median 4.1 month improvement in OS remain poorly understood 79.
Importantly, this improvement in OS was not associated with changes in time to disease
progression and the OS effect was not observed until after 6 months of therapy, consistent
with observations that the clinical impact of immune-based therapies may be delayed
relative to chemotherapeutic and other molecularly targeted agents 80.

As a consequence of challenges identified with the development of other cancer
immunotherapies, we elected to conduct our initial studies of a T-cell alternative reading
frame protein (TARP) peptide vaccine in men with Stage D0 prostate cancer that have PSA
biochemical recurrence without radiologic evidence of metastatic disease, a patient
population with presumably normal (or near normal) immune function. TARP is expressed
by both normal and malignant prostate tissue and is overexpressed in 95% of prostate cancer
specimens 81–83 making it a good target antigen for therapeutic vaccination. The current
vaccine platform builds on our approach of epitope enhancement. It consists of two HLA-
A*0201 TARP peptide epitopes documented in our preclinical laboratory studies in mice
and human cell lines to generate cytolytic CD8 T-cell responses: TARP27–35 and epitope-
enhanced (EE) TARP29-37-9V 22. As the optimal method for therapeutic vaccination with
peptide vaccines is unclear, our prospective study is examining in a 1:1 randomization,
delivery of TARP peptides as a patient-specific, autologous intradermal dendritic cell
vaccine or a non-cellular, generic emulsion of TARP peptides in combination with
Montanide® ISA51 VG adjuvant plus Sagramostim (GM-CSF) administered by deep
subcutaneous injection. A total of 1.1 mg of each peptide is delivered per vaccine given
every three weeks for an initial course of 5 vaccinations with subsequent options for a 6th

dose of vaccine at 36 weeks based on immune response or PSA doubling time (PSADT)
criteria; all patients subsequently undergo booster vaccination at Weeks 48 and 96. Primary
study endpoints include safety and immunogenicity with secondary evaluation of the impact
of TARP vaccination on PSADT which has been validated to be a reliable and important
predictor of clinical recurrence, progression and survival, especially in men with PSA failure
only i.e. Stage D0 disease 8485. To date TARP vaccination has been safe and well tolerated
with adverse events limited to local injection site reactions. A preliminary interim analysis
among pooled patients enrolled to date in the two arms documents a significant decline in
the slope log (PSA) (and subsequent lengthening of the PSADT) from 3–24 weeks and 3–48
weeks post vaccination when compared to baseline, with no statistically significant
difference found between the arms. Analysis of immunogenicity to TARP WT27–35 and
EE29-37-9V vaccine epitopes as well as cross-reactivity to native WT29–37 as assessed by
IFN-γ ELISPOT and TARP tetramer assays is ongoing.

In addition to inducing anti-tumor immune responses using optimized antigens in
therapeutic cancer vaccines and molecular adjuvants to “push” the immune system, we have
also explored blocking the negative regulation and checkpoints that interfere with generation
of effective anti-tumor responses. Since blockade of TGF-β has been shown by us and
others to have anti-tumor and anti-metastatic effects in multiple pre-clinical animal models
utilizing a variety of cancers 62, 64, 65, neutralization and blockade of this highly prevalent
and pleotropic cytokine represents a truly novel therapeutic target in cancer treatment.
Multiple approaches targeting TGF-β are planned or currently under investigation in clinical
trials, including a monoclonal antibody (GC1008), 86 an antisense oligodeoxynucleotide
specific for human TGF-β2 (AP12009, trabedersen), 87 and a type I receptor TGF-β kinase
antagonist (LY2157299) 88.

The NCI participated in a multi-institution phase I study of GC1008, a human IgG4
monoclonal antibody capable of neutralizing all three isoforms of TGF-β. Interim data were
reported at ASCO.86 Patients with advanced malignant melanoma (MM) (n=21) or renal cell
carcinoma (RCC) (n=1) who had progressed on at least one prior therapy, were treated with
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GC1008 at 0.1, 0.3, 1, 3, 10 or 15 mg/kg dose levels in a traditional 3+3 cohort design. Lack
of dose limiting toxicity (DLT) was confirmed in the first 28 days following initial GC1008
dosing, with patients subsequently receiving 3 additional doses every 2 weeks for a cycle of
therapy followed by restaging. Patients achieving stable disease (SD) of at least 8 weeks
duration, partial response (PR), mixed response (MR) or complete response (CR) by
RECIST criteria, 89, 90 were offered extended treatment with GC1008 every 2 weeks for a
total of 4 doses per cycle and a maximum of two extended treatment cycles. There were no
DLTs at the highest dose level of 15 mg/kg and evidence of clinical benefit (SD or better)
was seen in 5 of 22 (23%) patients. Interestingly, this activity was observed in the lower
dose cohorts: 5 of 5 objective responses in cohorts with initial GC1008 dosing of 0.1 to 1
mg/kg compared to 0 responses at initial doses greater than or equal to 3mg/kg. An
additional 7 patients (all with MM) were enrolled in an expansion cohort at 15mg/kg to
further explore activity at this dose level and final analyses are pending. Notably, a similar
atypical pattern of response i.e. a trend towards greater frequency of responses and survival
also at lower rather than higher doses of drug has also been reported with another agent
using an anti-sense approach to target TGF-β 87, 91, highlighting the unique characteristics
of this molecular target. The relationship of GC1008 dose and response is unclear at this
time due to small patient numbers and selection bias that may occur during the course of a
Phase I study. Based on our preliminary evidence of efficacy, a phase II study in patients
with MM examining different dose levels is important to further explore the dose
relationship of GC1008.

Administration of GC1008 was associated with the development of eruptive
keratoacanthomas (KAs) 92 in 3 patients, 2 of whom had received at least 1 cycle of
extended treatment. KAs are unique epidermal tumors that classically occur in sun-exposed
areas and are characterized by rapid, abundant growth and spontaneous resolution.
Diagnosing KAs is a challenge within the dermatopathology community due to lack of
sensitive or specific histologic features that distinguish it from well-differentiated squamous
cell carcinoma (SCC). 92 Consistent with these observations, the KAs documented in this
study patients were non-life threatening and resolved following discontinuation of GC1008.
In addition, a single case of well-differentiated SCC was diagnosed in a patient with a
history of this cancer. Of note, well-differentiated SCC has been reported in association with
loss of TGF-β epithelial homeostasis 93. In addition, emerging data indicates there is a
clinical disorder characterized by multiple KAs in which TGF-β signaling is disrupted.94

Ferguson-Smith disease is an autosomal-dominant skin cancer condition characterized by
multiple squamous carcinoma-like locally invasive skin tumors (KAs) that grow rapidly for
a few weeks before spontaneously regressing. Genomic analyses indicate a genotype-
phenotype correlation between loss-of-function of TGF-βR1 mutations and KAs, a biologic
scenario which might be mimicked through significant neutralization or blockade of TGF-β.

The current enthusiasm within the field of cancer immunotherapy associated with the recent
approvals of Provenge® in 2010 and Ipilimumab in 2011 has fueled significant interest in
investigating combinatorial approaches in the hopes of achieving even better clinical
outcomes. Pre-clinical animal models provide a scientific rationale for doing so and suggest
these approaches have the potential for mechanistic synergy. A tantalizing (and potentially
infinite) spectrum of multiple different combinations of vaccine and adoptive cell transfer
platforms, cytokines, chemotherapeutic agents and checkpoint inhibitors of negative
regulation is already possible. Indeed, the improved vaccine efficacy demonstrated with an
anti-TGF-β monoclonal antibody combined with an HPV E7 peptide vaccine 66 or with a
whole irradiated tumor cell vaccine 67 makes clinical translation of this combination type
using our TARP peptide vaccine and GC1008 a scientific priority. However, it also
highlights the need for combination approaches to be driven by well-designed pre-clinical
studies able to characterize and further elucidate our basic understanding of immunology.
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By doing so, we can seek to maximize the promise and minimize the pitfalls of combination
therapy, the cornerstone and continued hallmark of future cancer treatment.

Conclusions
Overall, we believe that this multistep push-pull approach has promise for successful cancer
vaccine immunotherapy. In preclinical studies, proof of principle for each step has been
shown in both cancer and viral vaccine models. Individually, epitope enhancement, cytokine
and TLR ligand molecular adjuvants, and blockade of negative regulators like TGF-β or
IL-13 can enhance vaccine efficacy. Some of these have individually been translated into
clinical trials in human cancer, such as the epitope enhanced peptides in the TARP prostate
cancer vaccine, which also incorporates a cytokine adjuvant, or the trial of anti-TGF-β as a
blocker of negative regulation in melanoma and renal cell cancer patients. Blockers of other
checkpoints, such as anti-CTLA-4 have been tested by others 95 and are now licensed drugs.
The goal now will be to put these components together in a multipronged combination
immunotherapy approach that hopefully will prove synergistic in reliably curing human
cancers.
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Figure 1.
Push-pull approach to optimizing vaccine efficacy for induction of T cell immunity. The
basic skeleton of a vaccine is an antigen used to induce an immune response. We can
improve on this at each of several steps as described in the text. First, we can improve the
immunogenicity of the T-cell epitopes by substituting amino acids that interact with the
MHC molecule to increase affinity, without altering the 3-dimensional configuration seen by
the TCR. We call this epitope enhancement. Next, we can push the response with cytokines,
costimulatory molecules and TLR ligands as molecular adjuvants, not only to increase the
magnitude of the response, but also to improve the quality of the response. Even this is not
sufficient because of the negative regulatory cells, surface molecules and cytokines that are
often present and inhibit the immune response, so we need to overcome those to finally
optimize the response (the “pull” of the approach). The examples shown are ones described
in the text, but are not intended to be an exhaustive list. We call the overall strategy a “push-
pull” approach. Modified from 96 with permission.
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