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Abstract
The immunotherapy of cancer has made significant strides in the past few years due to improved
understanding of the underlying principles of tumor biology and immunology. These principles
have been critical in the development of immunotherapy in the laboratory and in the
implementation of immunotherapy in the clinic. This improved understanding of immunotherapy,
enhanced by increased insights into the mechanism of tumor immune response and its evasion by
tumors, now permits manipulation of this interaction and elucidates the therapeutic role of
immunity in cancer. Also important, this improved understanding of immunotherapy and the
mechanisms underlying immunity in cancer has fueled an expanding array of new therapeutic
agents for a variety of cancers. Pegylated interferon-α2b as an adjuvant therapy and ipilimumab as
therapy for advanced disease, both of which were approved by the United States Food and Drug
Administration for melanoma in March 2011, are 2 prime examples of how an increased
understanding of the principles of tumor biology and immunology have been translated
successfully from the laboratory to the clinical setting. Principles that guide the development and
application of immunotherapy include antibodies, cytokines, vaccines, and cellular therapies. The
identification and further elucidation of the role of immunotherapy in different tumor types, and
the development of strategies for combining immunotherapy with cytotoxic and molecularly
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targeted agents for future multimodal therapy for cancer will enable even greater progress and
ultimately lead to improved outcomes for patients receiving cancer immunotherapy.

Introduction
Historic Overview

The pillars of human cancer therapy have historically been surgery, radiotherapy, and
chemotherapy, but a fourth modality of immunotherapy has been well documented since
1890 when Coley demonstrated that bacterial products (Coley toxins) had benefits for
inoperable cancers and the subsequent application of Bacillus Calmette-Guerin (BCG) and
other crude immunostimulants showed benefits that led to regulatory approval of their use in
some solid tumors such as bladder cancer (Fig. 1).7,8 Cancer immunotherapy was generally
ignored until the middle of the last century, when chemically induced tumors of inbred mice
were found to elicit predictable transplantation resistance, and “spontaneous” regressions of
several human solid tumors suggested that tumor regression might be achieved using
emerging new immunological approaches.9 In the 1970s and 1980s, immunologists searched
for antibodies that would bind to tumors in the serum of cancer patients, and lymphocytes
activated with lectins or with interleukin-2 (IL-2) were found to target tumor cells in
vitro.10–12 Cytokines were then investigated in large-scale clinical trials for breast cancer,
renal cell cancer (RCC), glioblastoma, lymphoma, and melanoma in the 1980s.1–6 It was
during this same period of discovery and early clinical use that interferon-α (IFN-α) was
first investigated. Initial experiments with IFN-α were predicated on the erroneous belief
that human sarcomas were of viral origin; however, at this same time, IFN-α had
demonstrated antitumor activity in hairy cell leukemia, melanoma, RCC, and other solid
tumors.13,14 Recombinant IFN-α2, a member of the type I IFN family, was shown to be
highly pleiotropic, demonstrating immunoregulatory, antiproliferative, differentiation-
inducing, apoptotic, and antiangiogenic properties in multiple malignancies,15–21 and
objective tumor response rates of 10% to 20% were observed in phase 1/2 trials for
metastatic disease.9,14 In 1986, IFN-α2 (Intron-A [Merck, Whitehouse Station, NJ];
Roferon-A [Roche, Nutley, NJ]) was approved as therapy for hairy cell leukemia and in
1995 it became the first immunotherapy approved by the US Food and Drug Administration
(FDA) for the adjuvant treatment of stage IIB/III melanoma.15–21

IL-2 (aldesleukin [Proleukin; Prometheus Inc, San Diego, Calif]) was the second exogenous
cytokine to demonstrate antitumor activity against solid tumors, including melanoma and
RCC, and was approved by the FDA in 1998 for the treatment of metastatic melanoma.
IL-2, a glycoprotein first described in 1976 as a T-cellgrowth factor,22 plays a central role in
immune regulation and T-cell proliferation.23 High-dose bolus intravenous IL-2 antitumor
effects were observed with and without lymphokine-activated killer cells in 8 clinical trials
that took place between 1983 and 1995 and involved 270 patients with advanced metastatic
melanoma. Retrospective long-term analysis of these phase 2 studies demonstrated an
objective response rate of 16% (median duration, 8.9 months; range, 4 months-106+
months) and durable in 4%,2–6 suggesting a memory T-cell response. The toxicities
associated with high-dose IL-2 were severe but reversible; such toxicities sometimes
included hemodynamic complications that required hospitalization in specialized or
intensive care units.2–6 Autoimmunity and the appearance of thyroid dysfunction were
identified early as correlates of improved outcome for patients receiving this therapy,
although the correlation of autoimmunity and therapeutic outcome has not been rigorously
analyzed and reported. Autoimmunity induced as a collateral event in association with
antitumor effects has been noted with IL-2, but more carefully correlated with the adjuvant
antitumor effects of IFN-α24 and most recently with the anticytotoxic T lymphocyte
antigen-4 (CTLA-4)–blocking antibody ipilimumab, the newest FDA-approved
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immunotherapy for advanced metastatic melanoma.25–27 Ipilimumab has provided the first
phase 3 trial evidence of a survival benefit in advanced melanoma, further suggesting that
autoimmunity against nontumor antigens (non-TAs) in the host may accompany antitumor
responses and may be related to the abrogation of host immune tolerance to the tumor (Fig.
2).

This review will discuss the role of multiple modalities of immunotherapy in a series of
signal solid tumors. It will focus specifically on our current understanding of TAs that mark
human cancers, which enable the therapeutic manipulation of immune reactivity to achieve
durable antitumor responses, with the likelihood of cure for some solid tumors. The analysis
of tumor-infiltrating lymphocyte (TIL) responses to cancer antigens has served to define
many of the relevant TAs, and adoptive cellular immunotherapy with TILs has achieved
some of the most remarkable immunotherapy results to date.28,29 However, these will not
specifically be reviewed in detail here, since their reproducibility and applicability outside
research institutions has not yet been established.28,29

Harnessing Peptides and Proteins for Cancer Vaccination as
Immunotherapy

The first successful identification of TAs recognized by T cells occurred in 1991, when
multiple TAs were identified in a range of solid tumors.30 TAs, identified by different
approaches, may be classified into 5 categories: differentiation antigens, cancer-testis or
cancer-germline antigens, mutated antigens, overexpressed antigens, and viral antigens. TAs
stimulate cellular and/or humoral responses in cancer patients,31 and give rise to epitopes or
fragments that are presented at the surface of tumor cells in the context of the major
histocompatibility complex (MHC) class I molecules, and may stimulate CD8+ T cells.
They also give rise to MHC class II epitopes that are presented in the context of MHC class
II molecules by antigen-presenting cells (APCs) and sometimes by tumor cells, where they
may be recognized by CD4+ T cells. Unlike full-length proteins, which contain all potential
MHC class I and MHC class II epitopes capable of stimulating CD8+ and CD4+ T cells,
respectively, each peptide binds to a well-defined MHC molecule and is of interest only for
patients expressing the specific MHC molecule to which the peptide is bound. One
exception is the so-called “promiscuous” MHC class II epitopes, which are capable of
binding to multiple MHC class II epitopes.32–34 A large number of peptides derived from
multiple TAs and capable of binding to MHC class I and II molecules have now been
identified,35 allowing the development of peptide- and protein-based vaccines for a variety
of different cancers. Peptides represent short amino acid portions of tumor proteins that may
be manufactured under Current Good Manufacturing Practices (cGMP) conditions that
allow their use as pharmaceuticals. They are easy to produce and generally have been safe.
A large number of vaccines comprised of peptides and proteins targeting multiple types of
cancers have been tested to date. Collectively, the first generations of peptide and protein
vaccines have shown evidence of clinical benefit in a minority of patients with advanced
cancers.28,36 The development and use of such vaccines, with varying clinical effectiveness,
have enabled an improved understanding of the specific mechanisms tumor cells use to
counteract vaccine-induced immune responses. Such information will be critical for the
optimization of future vaccines, providing knowledge critical to improving each of the
components (ie, the antigen, the immune adjuvants, and potential combinations) needed to
develop and implement more effective vaccines/immunotherapies.

Peptides can be modified to increase their binding to MHC molecules to stimulate stronger
CTL responses. This has successfully been performed with the melanocyte-specific GP100
melanoma antigen and melanoma antigen recognized by T cell (MART-1) analog peptides
for melanoma.37,38 However, these peptide analogues often stimulate peptide-reactive but
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not tumor-reactive CTLs, which do not improve tumor rejection.39,40 Because CD4+ T cells
play an important role in promoting the persistence of memory CD8+ T cells that recognize
and destroy tumor cells,41,42 the introduction of T-helper (Th) epitopes in addition to CTL
epitopes appears to represent a major improvement over previous peptide vaccines and is
currently under clinical investigation. Although CD4 epitopes derived from TAs may
provide help to APCs, which cross-present TA to CD8+ T cells, their in vivo superiority to
general “helper” epitopes such as tetanus toxoid, keyhole limpet hemocyanin (KLH), or pan
DR (PADRE) remains to be determined. In support of the critical role of TA-derived CD4
epitopes, a clinical trial with long peptides spanning the complete sequence of the oncogenic
proteins E6 and E7 of human papillomavirus type 16 (HPV-16) has induced HPV-16–
specific CD8+ and CD4+ T cells and generated clinical responses in women with HPV-16–
positive, grade 3 vulvar intraepithelial neoplasia.43 It is noteworthy that the same tumor
epitopes can stimulate not only CD4+ Th but also regulatory T cells that can decrease the
expansion of CTLs.44 Therefore, additional strategies to preferentially promote the
expansion of TA-specific Th cells are needed. One major weakness of protein-based
vaccines is their inconsistent ability to stimulate effector T cells; specifically, protein
vaccines tend to elicit incomplete responses because although they are quite capable of
stimulating TA-specific CD4+ T cells, they are only poorly able to stimulate TA-specific
CD8+ T cells.45,46 To increase the capability of APCs loaded with protein to give rise to
MHC class I epitopes (ie, to cross-present), new approaches are being investigated in pilot
trials; one example is the use of protein coupled with antibody to the mannose receptor or
DEC-205.47,48

Peptides and proteins given alone as vaccines elicit weak immune responses in vivo. The use
of immunological adjuvants allowing the slow release of antigen and increasing the
presentation of antigens by APCs to immune cells has been recognized as a critical method
in the induction of more effective immune responses. Among the adjuvants in current use
with cancer vaccines are aluminum salts, oil-in-water emulsion (MF59), and nontoxic
derivatives from Salmonella (MPL), as well as water-in-oil emulsions (Montanide ISA 51
and ISA 720) and the saponins (ISCOM, QS-21, AS01 and AS02).

A major new advance in the field of peptide and protein vaccines has been the introduction
of toll-like receptor ligands (TLRL), which potently activate APCs in vivo. These include
TLR3L, TLR4L, TLR7/8L (imiquimod, resiquimod), and TLR9L (CpG). Notably, some
TLRLs such as TLR3L have pleiotropic effects, activating APCs as well as natural killer
(NK) cells, and mediating tumor cell death.44 Several of these TLRL adjuvants are currently
under investigation in combination with new cancer vaccines. CpG is a potent adjuvant for
peptide and protein-based cancer vaccines, stimulating ex vivo detectable TA-specific CD8+
T cells in patients with advanced cancers.38,39 In contrast, granulocyte-macrophage–colony-
stimulating factor (GM-CSF) appears to be less effective as an adjuvant, decreasing vaccine-
induced immune responses to multipeptide vaccines.49

Although a number of peptide vaccines and adjuvants have suggested increased TA-specific
immune responses and modest clinical benefits,36,50 there is ample evidence of high levels
of CTL responses to TA in patients with progressive cancer.39,51 This observation stresses
the need to better understand the mechanisms of tumor-induced immunosuppression that
may impede vaccine-induced T cells in promoting tumor rejection.52 A number of
combinatorial therapeutic strategies to counteract immunosuppression in vivo are currently
under investigation. One promising area is the development of monoclonal antibodies
(mAbs) that target coinhibitory molecules such as the programmed death receptor 1 (PD-1)
expressed by TA-specific T cells in patients with advanced cancers.53,54 We have observed
that spontaneous and vaccine-induced CD8+ T cells and TA-specific CD8+ T cells
upregulate PD-1 and that PD-1 blockade enhances the antitumor functions of such immune
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cells.55 In addition, we have observed that highly dysfunctional TA-specific CD8+ T cells in
patients with advanced melanoma upregulate coinhibitory molecules such as the T cell
immunoglobulin and mucin-domain–containing molecule 3 (T cell immunoglobulin
mucin-3 [TIM-3]) in addition to PD-1. Important, blockade of PD-1 and TIM-3, appears to
restore TA-specific T cell functions.56 Of particular interest, a recent trial with anti–PD-1
antibodies has shown evidence of prolonged antitumor responses in patients with advanced
cancers.57 Our findings in the laboratory as well as in the clinic strongly support the
potential efficacy of CPG-based vaccines combined with PD-1 and TIM-3 blockade to
enhance vaccine-induced T cell immune responses and reverse tumor-induced T cell
dysfunction. Increasing the likelihood of clinical benefits in patients with advanced cancers.

Role of Dendritic Cells in Cancer Immunotherapy
Dendritic cells (DCs), sometimes called “nature’s adjuvant,” are induced in the course of
immunization with cancer vaccines, but are potentially subject to the same
immunoregulatory mechanisms that have restrained vaccination as discussed in relation to T
cells. The development of approaches to generate DCs ex vivo has circumvented issues
relating to the dysfunction of endogenous DCs in patients with cancer, allowing controlled
“loading” of DCs with antigens to ensure delivery of the proper signals for effective
immunization. These signals required for effective immunization are, initially, antigen
uptake and T-cell selection (“signal 1”), which determines the specificity of T-cell response,
and costimulatory molecule-mediated expansion (“signal 2”), which determines the
magnitude of response57–59 of the selected tumor-specific T cells (Fig. 3). Ex vivo
production of DCs also allows the imprinting of additional features critical for DCs to
induce effective cancer immunity, such as preferential interaction with selected subsets of
effector immune cells (rather than regulatory T cells), and imprinting of desirable effector
mechanisms in CD4+ and CD8+ T cells60 to selectively enhance Th-1 (Th1)-, CTL-, and
NK cell-mediated type 1 immunity (polarizing “signal 3”, which determines effector
function [reactive or suppressive] and immunity type [Th1 or Th2]). Additionally, ex vivo
production of DCs allows the imprinting of tumor-relevant homing properties of the
activated T cells (ie, induction of TA-targeting pattern [“signal 4”], which governs
trafficking of immune cells and potentially guides T cells to tumor tissue/sites of
metastasis).61

While the goals of “therapeutic vaccines” requiring the induction of large numbers of T cells
specific for unique TAs (delivery of “signal 1” and “signal 2”)62–66 are shared in part with
protective vaccines, several aspects of therapeutic vaccination against cancer pose additional
challenges (Fig. 4). Since therapeutic cancer vaccines need to function in the presence of
established tumor and tumor-associated immune dysfunction, including the expansion of
regulatory T(reg) cells and myeloid-derived suppressor cells (MDSCs),67–70 the use of ex
vivo-matured DCs, which acquire significant resistance to inhibitory factors,71–73 has
become a therapeutic option. Unfortunately, while preexisting Tregs are known to limit the
effectiveness of cancer vaccines,61,67–70 their numbers can be even further expanded by
some of the currently applied DC vaccines.70,74,75

The second challenge to therapeutic vaccination is the need to substitute for the pathogen-
induced acute inflammatory response (“booster” immunostimulatory signals to T cells in
preventive vaccines for infectious agents), which induces associated effector functions and
enables the acquisition of peripheral homing function76–82 by tumor-specific T cells. In
contrast to viral and bacterial infections, which act as sources of effector cell-attracting
chemokines and direct effector cells to the sites of pathogen entry,82–89 therapeutic cancer
vaccines need to be particularly effective in inducing T cells that respond to chemokines
spontaneously expressed by tumors (which use chemokines themselves for growth,
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metastasis, and survival),85–89 and/or they need to be combined with additional factors able
to modulate expression of tumor-produced chemoattractants.

The early promise of the therapeutic vaccines involving partially mature “first-generation”
DCs in follicular lymphoma and melanoma in the 1990s90,91 led to the exploration of DCs
for the treatment of patients with numerous other malignancies. These DCs expressed
suboptimal levels of costimulatory molecules, at least when assessed directly after removal
from culture, and constituted weaker immunogens than the mature DCs used in “second-
generation” DC vaccines.92,93 They showed limited ability to induce “objective” clinical
responses as assessed by Response Evaluation Criteria In Solid Tumors (RECIST) or World
Health Organization (WHO) criteria,28,64,94–97 but 2 recent phase 3 trials98 of “first-
generation” DC-based vaccines (sipuleucel-T [Provenge; Dendreon Corporation, Seattle,
Wash]) have demonstrated the prolonged overall survival (OS) of patients with advanced
hormone-refractory prostate cancer.95–103

These data demonstrate that immature DCs have a potential therapeutic role, even in
advanced cancer, and raise the question of whether RECIST criteria of clinical response,
which were developed to assess the cytotoxic effects of chemotherapeutic agents, are an
optimal reference frame for the prediction of the long-term benefits of cancer vaccines.104

This question is particularly relevant in view of essential differences between the modes of
action for cancer vaccines and for cytostatic drugs that directly target tumor cells. In contrast
to chemotherapeutic agents, and newer molecularly targeted inhibitors of oncogenes that are
cytotoxic, cancer vaccines and other immunotherapies that target the patient’s immune
system need first to reprogram the pattern of interactions between the immune system and
the tumor. This may explain the delay and frequent lack of early “acute” tumor rejection,
despite later evidence of reduced tumor progression and improved patient survival.

To overcome the limitations of immature or partially mature DCs constituting the “first
generation” of DC vaccines, numerous approaches to induce fully mature DCs for clinical
use were undertaken. Initially, 2 modalities involving prostaglandin E2 (PGE2) were
advanced: macrophage-conditioned medium105,106 and a cytokine cocktail involving IL-1α,
tumor necrosis factor-α (TNF-α), IL-6, and PGE2107 to induce mature DCs with high
expression of costimulatory molecules and high surface expression of CCR7 and the
associated high migratory responsiveness to the lymph node-produced chemokines CCL19
and CCL21.108,109 This cocktail108 showed enhanced immunogenic function in vitro and in
vivo in healthy volunteers,92,93 as well as improved migratory responses to lymph node-
associated chemokines compared with immature DCs,108–110 and has been applied in
numerous clinical trials. Unexpectedly, a randomized comparison (vs dacarbazine) in a
phase 3 trial for advanced melanoma showed limited clinical responses (<5%) and no
survival advantage.111 While the heterogeneous quality of the DCs produced in different
laboratories might have affected the results of this multicenter trial, the negative impact of
PGE2 on the production of IL-12p70,71–78,112 the factor central to the induction and survival
of type 1 immune cells,113 and its ability to promote the interaction of DCs with Treg cells
present in cancer patients70 are possible culprits.

To circumvent the limitations of the first 2 generations of DC vaccines, several groups,
including ours, demonstrated the feasibility of inducing mature DCs with an elevated rather
than “exhausted” ability to produce IL-12 and Th1-, CTL-, and NK cell-activating factors.
This was accomplished by exposing immature DCs to type 1 and type 2 IFNs combined with
TNF-α or TLRLs,72,114–127 or exposing DCs to activated NK cells or memory CD8+ T
cells.116–119 The resulting “type 1 polarized” DCs (DC1s; for DCs inducing Th1-polarized
responses) show a strongly enhanced capacity to induce durable antitumor CTLs, TH1, and
NK cells in the human model in vitro and in mouse models in vivo. When compared with
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DCs matured with IL-1α, TNF-α, IL-6, and PGE2, polarized DC1s loaded with tumor
peptides or whole tumor cells induce an average of 20-fold to 70-fold higher numbers of
functional tumor-specific CD8+ T cells than PGE2-matured DCs.114,115 Our data relevant to
melanoma,114,125 chronic lymphocytic leukemia (CLL),115 head and neck cancer,114,125 and
several other forms of cancer uniformly demonstrate the feasibility of generating DC1s from
patients with advanced cancer, their effective loading with peptide antigens115 or apoptotic
tumor cells,115,125 and their high effectiveness in inducing tumor-specific CTLs. While our
recent work focused on IFN-α–supported DC1s (αDC1s)114,115 and DC1s induced by
autologous NK cells or memory-type CD8+ T cells,116–119,125–128 the data from several
other groups123 show the feasibility of generating analogous DC1s with the combination of
IFN-γ with lipopolysaccharide (LPS) (including its clinical grade “detoxified” form,
monophosphoryl lipid A).119–121 Additional ways of enhancing the desirable properties of
DCs129–131 (that can potentially be combined with DC1 polarization) include the use of
IL-15 (instead of the usually applied IL-4) to promote early DC development,127 B7-DC
cross-linking,128 inhibition of p38MAPK,132,133 or T-bet transduction of DCs.134

Of interest, while polarized and nonpolarized DCs both induce the expansion and CD45RA
to CD45RO conversion of naive CD8+ T cells, the induction of effector T cells expressing
granzyme B and perforin, and able to mediate cytolytic CTL activity, strongly benefits from
priming with polarized DC1s.135 Moreover, the MART-1–specific136–144 CD8+ T cells
from patients with melanoma positive for human leukocyte antigen A2 (HLA-A2+)
activated by polarized DC1 also showed elevated levels of CCR5 (receptor for CCR1,
CCR2, and CCR5) and CXCR3 (receptor for CXCL9, CXCL10, and CXCL11),135 the
chemokine receptors involved in T cell traffic into melanomas and other
tumors.84,136–138,145 An additional advantage of eliminating PGE2 and including IFN-α in
the DC1-inducing maturation cocktails is the enhanced production of CXCL9, CXCL10,
CXCL11, and CCL5 by resulting mature DCs and their decreased production of CCL22,
allowing preferential interaction with CXCR3- and CCR5-expressing CTLs, Th1, and NK
cells. This would allow selective expansion of these subsets and support their functions in
avoiding CCR4 (receptor for CCL22)-expressing suppressor/regulatory cells.70

The clinical activity of IFN-α–supported, type 1 polarized DCs (αDC1s) is currently being
evaluated in various cancers, including melanoma, glioma, colon cancer, and prostate cancer
(NCT00390338, NCT00099593, NCT00766753, NCT00558051, and NCT00970203,
respectively), with clinical trials of “third-generation” DC-based vaccines ongoing in other
centers.140 In a recently completed phase 1/2 trial for glioma, HLA-A2+ patients with
recurrent disease received intranodal injections of ephrin type-A receptor 2 (EphA2),141

IL-13Rα2,142 YKL-40-, and gp100-loaded αDC1s. Among the 22 patients who completed
the trial, 9 displayed prolonged progression-free survival (PFS) at 12 months (compared
with an expected PFS of 2 months-4 months for this group of patients).140 OS analysis is
pending, but the ability of DC1 vaccines from the individual patients to produce IL-12p70
proved to be the predictive marker of prolonged PFS in vaccinated individuals in accordance
with the key role of IL-12 and type-1 immunity in resistance against intracellular infectious
and cancer.143–148

Harnessing Antitumor Antibodies for Cancer Therapy
The development of the hybridoma technology149 in the 1970s overcame past difficulties.
Hybridoma technology enabled the production of highly specific antibodies against human
TAs in quantities sufficient for therapy, and with a reliability that would allow its
application by multiple investigators for the production of mouse mAbs to many human
TAs. Some, such as the carcinoembryonic antigen (CEA), were known TAs that had been
already extensively characterized; others, such as chondroitin sulfate proteoglycan 4
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(CSPG4), were newly identified TAs.150 The high degree of mAb specificity and the
availability of large amounts of purified, well-standardized mAb preparations stimulated
their enthusiastic use by tumor immunologists and clinical oncologists and ultimately led to
TA-specific and subsequent immunoregulatory mAb-based immunotherapy trials in patients
with various types of cancer. Facilitated by the less stringent regulatory requirements
compared with the current era, many clinical trials were implemented at various centers and
a large number of patients were treated.151 Contrary to expectations, the results were
initially disappointing, most likely due to the immunogenicity of mouse mAbs and their
poor ability to recruit human immune effector mechanisms. These problems have now been
overcome through the replacement of mouse mAbs with chimeric, humanized murine and
fully human mAbs, which display limited, if any, immunogenicity in the human, and
improved recruitment of human antitumor effector mechanisms.

A growing body of clinical evidence indicates that mAb-based immunotherapy against TAs
is an effective treatment method for both hematological malignancies and solid tumors. As
single agents, mAbs specific for TAs yield response rates of 8% to 10% in patients with
advanced stage, heavily pretreated cancer, and in patients with recurrent disease.151–156 The
response rates increase to 30% when TA-specific mAbs are combined with chemotherapy
and/or radiotherapy. As a result, mAbs have become part of the therapeutic repertoire for
lymphoma, with the anti-CD20 mAb rituximab and the anti-human epidermal growth factor
2 (HER-2) trastuzumab routinely used for the treatment of breast cancer, and the anti-human
epidermal growth factor receptor (EGFR) cetuximab routinely used for the treatment of head
and neck cancer and colorectal carcinoma. The statistically significant improvements in
response, disease-free interval, and survival are well documented.151 Responses are usually
observed weeks following the administration of TA-specific mAbs. Hematologic
malignancies are in general more responsive than solid tumors to mAb-based
immunotherapies, with higher tumor penetration and lower doses of mAbs required to
achieve therapeutic response. Furthermore, radioimmunotherapy has been effective in
hematologic malignancies. In general, side effects of TA-specific mAb immunotherapy have
been mild. Most toxicities have been allergic or hypersensitivity reactions caused by the
foreign protein. Rare, but more serious, side effects such as tumor lysis syndrome and renal
failure result from a therapeutic antibody binding to its target antigen (Fig. 5).

Several molecular mechanisms were shown to underlie the therapeutic efficacy of TA-
specific mAb-based immunotherapy.151 These mechanisms interact with one another
extensively and can broadly be divided into those that utilize immune effector mechanisms
and those that do not (Figs. 5 and 6). Among the latter mechanisms is the ability of TA-
specific mAbs to block the activation signals required for continued malignant cell growth
and/or viability. These effects are mediated by inhibition of the interactions of ligand with
its receptor, induction of modulation of the receptor, and/or dimerization of the receptor.
Anti–CTLA-4–blocking antibodies recently approved for melanoma therapy and anti–PD-1
antibodies that have shown benefits in non-small cell lung cancer (NSCLC) and melanoma
are recent examples of this class of immune checkpoint-blocking antibodies. The therapeutic
efficacy of several other clinically approved TA-specific mAbs such as rituximab and
cetuximab is mediated by more classical immunologic mechanisms; their efficacy as
therapeutic agents is specifically reflected in their ability to mediate complement- and cell-
dependent lysis of TA-expressing target cells, both in vitro and in animal model systems.
The clinical significance of these findings is indicated by the association found between the
clinical course of the disease and polymorphisms of the Fcγ receptors (FcγR), which
mediate the interactions of effector cells such as monocytes and NK cells with tumor cells
coated with therapeutic mAbs.155–159 This association may reflect the impact of the FcγR
polymorphism on the extent of lysis of tumor cells coated with TA-specific mAbs by
effector cells in vitro and on their ability to control growth of human tumors in
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immunodeficient mice. An additional strategy that relies on the ability of TA-specific mAbs
to target T cells to tumor cells is represented in bispecific antibodies. This approach, first
described over 20 years ago, links the variable region of a TA-specific mAb to the variable
region of a mAb that recognizes a cell surface molecule of T cells. As a result, bispecific
antibodies can trigger the T cell compartment, overcoming the restriction of clonotypic
specificity. Many bispecific antibody formats are being developed to overcome the
difficulties in producing these reagents at a clinically relevant quantity and purity. Among
the various formats tested, the bispecific T cell engagers have attracted much interest, since
they are relatively stable and easy to produce, and are very potent at low doses.

Growing evidence suggests that an important therapeutic role of TA-specific
immunotherapy is played by the TA-specific T cell immunity induced by TA-specific
mAbs.160–162 The injected TA-specific mAb may enhance antigen uptake through FcγR on
DCs in the tumor microenvironment or draining lymph nodes. TAs are then presented on
HLA class I antigens to CD8+ T cells, which can recognize and destroy them.

As previously stated, TA-specific mAb-based immunotherapy is effective in up to 30% of
treated patients; however, the effect is frequently limited in duration. Additionally, some
cancers are not responsive to TA-specific mAb-based immunotherapy, even though the
targeted TA is expressed in malignant lesions. Currently, little is known about the
mechanisms underlying patients’ differential clinical responses to TA-specific mAb-based
immunotherapy. However, the discovery of specific immune response mechanisms is a
critical area for current and future immunology/tumor biology research and will, as it
unfolds, lead to the development of improved patient selection criteria for these treatments,
ultimately helping clinicians better match patients to the immunologic treatments most likely
to benefit them.

Additionally, as already mentioned, the polymorphism of FcγR expressed on monocytes
and NK cells appears to have clinical significance, since the affinity of the receptors for the
Fc portion of TA-specific mAbs is associated with the clinical course of the disease.
However, these associations have not been found in all diseases. Furthermore, when they are
found, while statistically significant, they are not absolute. Moreover, the association
between FcγR polymorphism and the clinical course of the disease has been found only in
some subsets of cancer, and a pattern as to which cancers (or cancer subsets) it appears in
has yet to be clearly identified. An example of one cancer subset in which such an
association has been identified is colorectal carcinoma, in which the association between
FcγRIIIa polymorphism and clinical response to immunotherapy with the (EGFR)-specific
mAb cetuximab is statistically significant only in patients with colorectal carcinoma who do
not harbor activating KRAS mutations in their tumors.163 In vitro experiments suggest that
the targeted TA expression level and patients’ disease status may also play a role in the
differential clinical response to TA-specific mAb-based immunotherapy.

One area of resistance to mAb-based immunotherapy that has not been adequately studied is
the role of the idiotypic network and escape mechanisms used by tumor cells to avoid
recognition and destruction by the host immune system. According to the idiotypic network
theory,164 for which Jerne was awarded the Nobel Prize in Medicine in 1984, the
administration of antibodies to a host induces antibodies to epitopes (ie, idiotopes) expressed
in the variable region of the injected antibodies. Some of the idiotopes are located in the
antigen-combining site of the injected antibodies. The resulting binding of the antiidiotypic
antibodies to the antigen-combining site of the injected antibodies inhibits their binding to
the corresponding antigens and thereby neutralizes their effects on tumor cells. Furthermore,
some antiidiotypic antibodies may mimic the nominal TA and therefore may induce TA-
specific antibodies. The potential clinical relevance of the idiotypic network in patients
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treated with TA-specific mAbs is suggested by the role of the idiotypic network in the
modulation of the immune response165 and by the association between triggering of the
idiotypic network and favorable clinical course of the disease in patients with neuroblastoma
treated with disialoganglioside (GD2)-specific mAb-based immunotherapy.166 The potential
role of TA-specific cellular immunity in the therapeutic efficacy of TA-specific mAb-based
immunotherapy raises the possibility that defects in the expression and functional properties
of HLA antigen-processing machinery components167 may play a role in patients’
differential clinical response to this type of therapy.

Antibodies as Vehicles for Therapy for Cancer and as Targeted Pathway
Inhibitors

One approach that has revolutionized the treatment of cancer involves mAbs targeting
tumor-specific antigens, receptors, or their ligands to block major pathways central to tumor
cell proliferation and survival. Some mAbs are modified to deliver toxins, radioisotopes,
cytokines, or other active conjugates, while other mAbs are designed as biospecific
antibodies that bind with their fragment antigen-binding (Fab) regions both to an antigen and
to a conjugate or effector cell. Following is a brief discussion of some of these mAbs tested
successfully for the treatment of cancer.

Bevacizumab is a recombinant, humanized mAb that binds to, and neutralizes, vascular
endothelial growth factor (VEGF), preventing its association with endothelial receptors,
Flt-1, and KDR.168 VEGF neutralization inhibits angiogenesis (endothelial proliferation and
the formation of new blood vessels). Bevacizumab is approved for the indications of non-
squamous NSCLC, colorectal cancer, glioblastoma, and breast cancer.168–170

Cetuximab is a recombinant human/mouse chimeric mAb that targets EGFR (EGFR,
HER-1, c-ErbB-1) and competitively inhibits the binding of EGF and other ligands. Binding
to EGFR blocks phosphorylation and activation of receptor-associated kinases, resulting in
inhibition of cell growth leading to apoptosis. Cetuximab is indicated for the treatment of
colorectal cancer and head and neck cancer.171–173 Panitumumab is a recombinant human
anti-EGFR immunoglobulin (Ig) G2 mAb.174 Similar to cetuximab, it competitively inhibits
the binding of EGF and other ligands to EGFR.174 Panitumumab is indicated for the
treatment of metastatic colorectal cancer.175 In metastatic colorectal cancer, the benefits of
cetuximab and panitumumab are confined only to the subset of patients whose tumors have
wild-type and not mutated K-ras (about 40% of patients).176

Trastuzumab is a mAb that binds to the extracellular domain of EGFR 2 protein (HER-2).
This mAb mediates antibody-dependent cellular cytotoxicity by inhibiting proliferation of
cells that overexpress the HER-2 protein.177 Trastuzumab is indicated for the treatment of
breast cancer.177,178 Rituximab is a mAb directed against the CD20 antigen on B
lymphocytes, activating complement-dependent B-cell cytotoxicity, and to human Fc
receptors, mediating cell killing through an antibody-dependent cellular toxicity. Rituximab
is indicated for the treatment of non-Hodgkin lymphoma (NHL) and Hodgkin lymphoma
and CLL.179,180

Ibritumomab (Zevalin; Spectrum Pharmaceuticals, Henderson, Nev) and tositumomab
radioconjugate (Bexxar; GlaxoSmithKline, Research Triangle Park, NC) are radioisotope-
linked mAbs that act as delivery systems to direct a radioactive isotope to the targeted cells
and are indicated for the treatment of B-cell NHL. Tositumomab radioconjugate is a murine
IgG2a-λ mAb that binds to the CD20 antigen, expressed on B lymphocytes and on greater
than 90% of B-cell NHLs. Iodine-131 tositumomab is a radio-iodinated derivative of
tositumomab covalently linked to iodine-131.181 Ibritumomab is an anti-CD20 mAb that is
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linked with the chelator tiuxetan, which acts as a specific chelation site for either
indium-111 or yttrium-90.182

Alemtuzumab is a mAb that binds CD52, leading to antibody-dependent cellular lysis.183 It
is indicated for the treatment of B-cell CLL,184 but also has clinical use in cutaneous T-cell
lymphoma,185 peripheral T-cell lymphoma,186 and T-cell prolymphocytic leukemia.187

CD52 is expressed on the surface of B and T lymphocytes, macrophages, different types of
monocytes, NK cells, and a sub-population of granulocytes.183

Blockade of Immune Checkpoints in the Therapy for Cancer
Tumors are able to evade detection and destruction by the immune system, despite the fact
that many tumors such as melanoma appear to elicit a strong immune response that is
evident in lymphocyte infiltrates of the primary lesion.188 Tumor immune evasion can be
divided into 2 main mechanisms: 1) the induction of immune tolerance and 2) resistance to
killing by activated immune effector cells.189 The concept of “immunoediting” relates to the
manner in which tumors manipulate their microenvironment through tumor-derived
cytokines, chemokines, and other soluble factors.190 Therefore, by the time tumors have
become clinically detectable, they have already evolved mechanisms to evade immune
response mounted by the host that must be overcome to create effective and durable
antitumor immunity.

Monoclonal antibodies that block the immunoregulatory damping mechanisms of host
responses to tumor-associated antigens have recently become a practical reality with the first
approval of the antibody ipilimumab, directed against CTLA-4, a molecule that
downregulates T-cell activation via a homeostatic feedback loop. In normal physiology, this
prevents autoimmunity and allows the body to establish tolerance to self-antigens.191 Anti–
CTLA-4 mAbs including ipilimumab and tremelimumab block CTLA-4 signaling,
prolonging T-cell activation and restoring T-cell proliferation, thus amplifying T-cell–
mediated immunity and the patient’s capacity to mount an effective antitumor immune
response.191,192 Clinical testing of ipilimumab has now yielded significant new results that
have led to the regulatory approval of this agent.

Several phase 3 trials with ipilimumab and tremelimumab in patients with advanced,
inoperable, American Joint Committee on Cancer stage III and stage IV melanoma have
been reported. The phase 3 trial of tremelimumab was presented at the American Society of
Clinical Oncology annual meeting in 2008,193 and was a large, open-label (n =655)
comparison of tremelimumab versus chemotherapy with dacarbazine or temozolomide that
was interpreted as negative ipilimumab with a hazard ratio (HR) of 1.04 (P =.729). The first
trial (MDX-010), which led to the FDA approval of ipilimumab, tested the combination of
ipilimumab with gp100 peptide vaccine versus gp100 vaccine alone and versus ipilimumab
monotherapy in the second-line setting.194 This study randomized 676 patients who had
failed prior therapy and tested ipilimumab induction therapy given at a dose of 3 mg/kg
every 3 weeks for 4 doses without maintenance therapy and with responding patients
eligible for reinduction with ipilimumab if they relapsed. The 1-year and 2-year survival
rates for ipilimumab and gp100 were 44% and 22%, respectively; for ipilimumab and
placebo, these corresponding rates were 46% and 24%, respectively, while for gp100 and
placebo, the corresponding rates were 25% and 14%, respectively. The overall response
rates for ipilimumab and gp100, ipilimumab and placebo, and gp100 and placebo were
5.7%, 10.9%, and 1.5%, respectively. The disease control rates were 20.1% (ipilimumab and
gp100), 28.5% (ipilimumab and placebo), and 11% (gp100 and placebo). The median OS
was increased from 6.4 months to 10.0 months with the addition of ipilimumab to gp100
vaccine (HR, 0.68; P <.0001) and long-term survival rates improved.194 The survival
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improvement among patients assigned to the ipilimumab treatment arms was significant
(HR, 0.66; P =.68) compared with the control arm of gp100 alone.194 More recently (June
2011), the MDX-024 phase 3 trial was reported. This trial randomly assigned 502 patients
with previously untreated metastatic melanoma, in a 1:1 ratio, to ipilimumab (at a dose of 10
mg/kg) plus dacarbazine (at a dose of 850 mg/m2 of body surface area) or dacarbazine (at a
dose of 850 mg/m2) plus placebo given at weeks 1, 4, 7, and 10, followed by dacarbazine
alone every 3 weeks through week 22. Patients with stable disease or who achieved an
objective response and with no dose-limiting toxic effects received ipilimumab or placebo
every 12 weeks thereafter as maintenance therapy.195 This study showed that ipilimumab
plus dacarbazine has significant survival benefit over dacarbazine alone as first-line
treatment in metastatic melanoma (median OS, 11.2 months vs 9.1 months; median PFS, 2.8
months vs 2.6 months; response rate, 15% vs 10%). While this advance in therapy creates
substantial new interest in immunotherapy and hope among patients, at the same time this
therapeutic strategy presents new challenges in the management of the unique drug toxicities
that are associated with the release of immune checkpoints.

Tremelimumab has shown promising clinical activity in advanced melanoma, which led to a
phase 3 clinical trial (A3671009) that was conducted in patients with treatment-naive
advanced melanoma as mentioned earlier. This study randomized patients to therapy with
single-agent tremelimumab (n =328) or standard-of-care chemotherapy (n =327) with either
dacarbazine or temozolomide.193 The primary endpoint was OS. At second interim analysis,
the log-rank test statistic (P =.729) crossed the prespecified O’Brien-Fleming futility
boundary and consequently the trial was halted. Nevertheless, the majority of responses to
tremelimumab were durable. The 1-year survival rate of greater than 50% for tremelimumab
and the median survival of 12.02 months (compared with 10.45 months for chemotherapy)
are notable, although this may have been the result of the selection criteria for this study.

Ongoing clinical trials are building on these studies to refine the immunotherapeutic
strategies through more effective combinations to overcome tumor-induced immune
suppression and tumor evasion and further, to identify biomarkers of prognostic and
therapeutic predictive value. A phase 2 study of anti–CTLA-4–blocking antibodies and
high-dose IFN-α2b has already shown benefit that appears to be at least additive.196,197

Several other mAbs targeting important immunoregulatory checkpoints such as PD-1 appear
to be promising as monotherapy but are in earlier stages of development and are awaited in
combinations.

PD-1 is an inhibitory receptor belonging to the CD28/CTLA-4 receptor family that is
expressed on activated T cells, B cells, and monocytes.198,199 PD-1 is also expressed on
Tregs, where it interacts with DCs and NK T cells, and has been shown to be associated with
anergy and tumor immune escape.200–202 PD-1 is induced by T cell receptor signaling and is
upregulated on nonfunctional, exhausted T cells in chronic viral infection and cancers. The
ligands for PD-1, are PD ligands (PD-Ls) 1 and 2 (also known as B7-H1 and B7-H2 based
on their similarity to other B7 family molecules). PD-L1 is expressed on T cells, B cells,
macrophages, DCs, and some nonimmune cells and is upregulated after their activation.
Type 1 and type 2 IFNs upregulate PD-L1 expression by tumor cells, including melanoma
cells. PD-L2 is regulated more tightly and is expressed mainly on activated macrophages
and DCs. Interestingly, PD-L1 ligation has been implicated in escape from the host immune
system as well as tumor antiapoptotic activity.199,203,204 PD-L1 and PD-L2 expressed on
APCs have been shown to induce T cell anergy or apoptosis via PD-1 on T cells, whereas
PD-L1 expressed on peripheral tissues directly suppress self-reactive lymphocytes.205,206

PD-Ls expressed on tumors regulate the generation of adaptive Tregs, resulting in tumor-
induced immune suppression including the suppression of the effector function of CD8+ T
cells.202 A significant inverse correlation has been observed between PD-L1 expression and
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the intraepithelial CD8+ T lymphocyte count, suggesting that PD-L1 on tumor cells directly
suppresses antitumor CD8+ T cells.207 PD-1 blockade has been shown to enhance the
expansion and functional capacity of human melanoma antigen-specific cytotoxic T cells.208

In animal models, PD-1 receptor-deficient mice (PD-1 genetic knockout mice) develop
autoimmunity manifestations such as lupus-like autoimmune diseases including nephritis
and arthritic changes and autoimmune-dilated cardiomyopathy.209,210 PD-1 and CTLA-4
combination blockade expands infiltrating T cells and reduces Tregs and myeloid cells
within B16 melanoma tumors.211 Anti–PD-1 synergizes with GM-CSF–secreting tumor cell
immunotherapy, providing therapeutic benefit to mice with established tumors.212

Clinically, the expression levels of PD-L1 on tumors have been shown to correlate with poor
clinical outcome for patients with cancers of the esophagus, kidney, lung, pancreas, brain,
ovary, and head and neck, as well as melanoma.207,213–217

These data strongly support a central role for PD-1 and its ligands in tumor immune escape
and support the clinical targeting of PD-1 as an antitumor strategy that would overcome the
PD-1–PD-L axes and potentiate the function of tumor-specific T cells. They further support
the use of PD-1/PD-Ls pathway blockade in cancer patients to partially restore tumor-
specific CD8 (+) T cell numbers and functions, thereby increasing the likelihood of tumor
response. Anti–PD-1 mAbs have been developed for clinical applications. CT-011 is a
humanized IgG1 mAb that has been tested in a phase 1 study in patients with advanced
hematologic malignancies (N =17).218 This study has shown one complete response (a
patient with follicular NHL), and one minimal response (in a patient with acute myeloid
leukemia [AML]) at the dose levels tested. Several studies with CT-011 used as
monotherapy or in combination are ongoing in multiple malignancies.219

MDX-1106 (ONO-4538) is a fully human IgG4 anti–PD-1–blocking mAb that has been
tested in a phase 1 study in patients with refractory or relapsed solid tumors (N = 39).220 No
maximum tolerated dose (MTD) was reached up to a dose of 10 mg/kg. Two objective
responses and 3 cases of stable disease were observed at the dose levels tested. In a
subsequent phase 2 study, 21 patients with treatment-refractory solid tumors received a
single infusion of MDX-1106 at a dose of 10 mg/kg, including 6 patients who received
retreatment.221 One patient with RCC had a durable partial response after 3 doses. Mixed
responses with regression of individual lesions were seen in 2 patients with melanoma.
Biopsy of a regressing lymph node metastasis showed a moderately increased and selective
CD8+ T-cell infiltrate. Subsequent studies include phase 2 testing in melanoma including
combinations with ipilimumab and gp100 peptide vaccine as well as monotherapy in other
malignancies.222

MDX-1105 (BMS-936559) is a human IgG4 mAb that targets PD-L1 and is designed to
disrupt the interaction of PD-L1 on tumor cells with PD-1 on effector T cells. For example,
PD-L1 tumor expression has been shown to be present in up to 80% of metastatic melanoma
lesions, making melanoma an ideal therapeutic target with this mAb. The blockade of PD-1
and PD-L1 binding with an anti–PD-L1 antibody in a murine AML model has been reported
to decrease tumor burden and prolong survival.223 A phase 1, multidose study of
MDX-1105 (BMS-936559) administered every 14 days is ongoing in subjects with solid
tumors.224

Members of the TNF super family are involved in the regulation of diverse immune
functions. CD40 is a costimulatory molecule that is one such member and is widely
expressed by immune cells and by cancer cells of different histologies. CD40 expression on
immune cells has been implicated in the regulation of humoral and cellular immunity while
CD40 expression on certain tumor cell types has been implicated in proapoptotic and
antiproliferative activity.225–228 CD40 is broadly expressed on DCs and its activation by
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CD40 ligand, found on activated T cells, appears to “license” the antigen-presenting cell for
T-cell activation.229 CD40 stimulation leads to effective therapy of CD40-deficient tumors
through strong induction of systemic CTL immunity.230 Therefore, the targeting of CD40
may have antitumor effects both indirectly through the activation of immune cells and/or
directly by provoking tumor cell apoptosis and impaired tumor growth.225 CP-870,893 is a
fully human IgG2 agonist mAb targeting CD40. Preclinical testing has shown its ability to
activate DCs and B cells as well as antitumor activity in human xenograft models.231 In a
phase 1 dose escalation study of a single intravenous infusion in 29 patients, the single-dose
MTD was estimated at 0.2 mg/kg, with a dose-limiting cytokine release syndrome found to
be associated with acute increases of serum levels of TNF-α and IL-6 and characterized
clinically by fevers, chills, and rigors. This was associated with a transient depletion in
circulating CD40+ CD19+ B cells and, among B cells remaining in the blood, a dose-related
upregulation of costimulatory molecules (CD86) after treatment. This was also associated
with the induction of melanoma antigen-specific T cells and clinically, objective partial
responses were noted in 4 patients with metastatic melanoma.231

A multiple-dose phase 1 trial of weekly dosing of CP-870,893 for up to 8 doses was
conducted in 27 patients. The MTD was again estimated at a dose of 0.2 mg/kg limited by a
cytokine-release syndrome.232 A phase 1 study testing the combination of CP-870,893 with
carboplatin and paclitaxel in patients with solid tumors has been completed. Others are
ongoing, including monotherapy in patients with pancreatic cancer and combinations with
tremelimumab and peptide vaccination in patients with melanoma.233

Dacetuzumab (SGN-40) is a humanized IgG1 agonist mAb that also targets CD40.234 A
phase 1 single-dose study in patients (N = 17) with lymphoid malignancies, AML, and
multiple myeloma demonstrated safety up to a dose of 6 mg/kg, with no MTD declared.235

One complete response was observed and 5 patients with stable disease were reported. A
subsequent study tested a dose of 2 mg/kg weekly for 4 weeks in 50 patients with refractory
NHL, with additional cohorts of patients receiving dacetuzumab with an intrapatient dose
escalation up to 8 mg/kg.236 Six of 50 patients had a response, with one complete response
and 5 partial responses. Two phase 1 studies were conducted in patients with multiple
myeloma237 and CLL.238 Other trials with SGN-40 were conducted in patients with
hematologic malignancies.239

OX40 and its ligand, OX40L, are key TNF members that augment T-cell expansion,
cytokine production, and survival. OX40 is best described as a costimulatory molecule that
is expressed transiently at the surface of CD4+ and CD8+ T cells upon activation. OX40 is
also expressed by CD4+ CD25+ Tregs and controls Treg differentiation and suppressive
function. Engagement of OX40 on Tregs appears to abrogate Treg suppressive
function.240–242 In murine models, engagement of OX40 in vivo with mAb agonist
OX40L:Ig during tumor priming has been shown to have antitumor activity.243 A murine
IgG1 agonist mAb targeting OX40 was tested in a phase 1 dose escalation trial. The trial
was designed to test 0.1, 0.4, and 2 mg/kg dose levels administered on days 1, 3, and 5 in 3
cohorts of 10 patients each. The results of the first 2 cohorts testing doses of 0.1 and 0.4 mg/
kg of antibody have been reported at the 2009 meeting of the Society for Immunotherapy of
Cancer (SITC) (formerly the International Society for Biological Therapy of Cancer
[iSBTc]) demonstrating acceptable toxicity and with 5 of 20 patients reported to have stable
disease.244 More recent studies of CD40 agonists have shown promise against pancreatic
cancer.245

CD137 (4-1BB) and its ligand are members of the TNF receptor and TNF families,
respectively, and are involved in the regulation of a wide range of immune activities. CD137
ligand cross-links its receptor, CD137, which is expressed on activated T cells, and
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costimulates T cell activities. The costimulatory function induced by the cross-linking of
CD137 on activated T cells enhances T cell proliferation and the memory and cytotoxic
activity of T cells.246–248 BMS-663513, a fully human anti-CD137 agonist mAb has been
tested in a phase 1 dose escalation study administered at doses of 0.3, 1, 3, 6, 10, and 15 mg/
kg and administered every 3 weeks for 4 injections, with retreatment for patients
demonstrating stable disease or response.249 Eighty-three patients (54 with melanoma, 15
with RCC, 13 with ovarian cancer, and 1 with prostate cancer) were treated. Three
responded and had durable stable disease. A randomized, multidose, phase 2 study of
BMS-663513 as a second-line monotherapy in subjects with previously treated advanced
melanoma was completed. Two other studies tested combinations of chemotherapy in solid
tumors and chemoradiation in patients with NSCLC.250

Genetic Strategies for Cancer Immunotherapy
Many approaches for the genetic immunization of solid tumors have been investigated.
Early work attempted to directly inject tumors with plasmid DNA and vectors encoding
cytokines and allogeneic MHC molecules, designed to promote an immune response to the
tumor but resulting in minimal efficiency (generally only affecting the injected tumor) and
minimal (systemic) immunologic impact. Another genetic approach is to use plasmid and/or
viral vector DNA to systemically immunize subjects. This approach is inexpensive, simple,
and allows for immunization with multiple genes (Fig. 7).

Naked DNA Immunization
Plasmid-based DNA immunization is a powerful method of immunization against microbial
and viral antigens, capable of generating both antibody and cellular responses, particularly
in mice.251–253 Uptake of protein antigens produced by locally transfected cells, generally
muscle, subsequently taken up by the patients’ endogenous APCs, (“cross-presentation”) is
thought to be the main mechanism of generating T cell immunity,254–257 although direct
gene transfer to local APCs has demonstrated similar T cell immunity.258 In several animal
models immunized with “self”-TAs, this approach has been shown to generate weak
antitumor responses.259–261 Therefore, strategies to enhance the ability of naked DNA
immunization to generate more potent immune responses have been tested, including the
coinjection of muscle-damaging agents, the coadministration of GM-CSF to enhance the
attraction of endogenous APCs, or the coadministration of B7-1/B7-2 (CD80/CD86) to add
a costimulatory “signal 2,”262 and the coinjection of plasmids carrying other
immunostimulatory molecules (CD40-L, IL-2, and IL-12).263,264

A plasmid DNA-based clinical trial tested the self-TA CEA265 for immunizing patients with
colorectal cancer. The CEA complementary DNA (cDNA) was embedded in the hepatitis B
virus (HBV) surface antigen “helper” cDNA, and this construct was administered
intramuscularly to 17 patients. The DNA immunization was safe, and 6 of 8 tested patients
became immunized against the foreign viral helper HBV protein, but only 4 of the 17
patients had immune responses to the CEA antigen, indicating that plasmid DNA
immunization alone, to a self-antigen, could stimulate a T cell response in some, but not all,
patients. A similar study testing a MART-1 plasmid vaccine injected intramuscularly in
patients with melanoma did not result in any increased immunity.266 Plasmid immunization
into skin via a gene gun was also only minimally immunogenic.267 Injection into lymph
nodes may be more immunogenic.268 Together, these studies show the limitations of naked
DNA immunization in humans.
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Viral Vectors
Viral vectors can be very efficient gene transfer vehicles and many classes have been tested
in clinical trials, often with the goal of achieving long-term replacement of defective genes.
Each of these viruses differs in important areas of transgene size, capability, host genomic
integration, encoded viral genes, and virus immunogenicity.269,270

Retroviruses—These well-studied, small, integrating viruses were the first explored for
replacement gene therapy. They transduce only dividing cells and can undergo silencing of
the transgene. They are not very immunogenic, and have been produced at clinical grade for
many years.

Lentiviruses—These retroviruses also integrate, but they transduce nondividing cells,
including APCs, more efficiently, and are less immunogenic than adenoviruses.

Adenovirus—The adenovirus (AdV) is a highly immunogenic vector that can carry 2 to 3
transgenes and has a long safety record. It does not integrate. Direct injection of antigen-
encoding AdV is limited by potent induction of neutralizing antibodies.271 These are easily
produced at clinical grade.

Adeno-associated virus—This low-immunogenicity vector is small and has a low
efficiency of APC transduction. Early studies indicated the potential for long-term trans-
gene expression in vivo.

Vaccinia—These large, complex, immunogenic viruses are often lytic to transduced cells.
Different subtypes exist, which allows for serial vaccination without cross-reactive
neutralizing antibodies. They have been produced at clinical grade for many years. Both
viral vectors and plasmid DNA have been used to transduce/transfect immunogenic
molecules into cells for genetic immunotherapy vaccines.

DNA and Virally Transfected Cells
Transfected cells (either cell lines or patient autologous tumor) are vaccines able to produce
both the full array of TAs in those cells and an immunogenic transgene such as GM-CSF.
These have been tested in several formats and cancer settings. Both viral vectors and
plasmid DNA have been used to transduce/transfect immunogenic molecules into cells for
genetic immunotherapy vaccines. Both virus-transduced autologous tumor and transfected
allogeneic cell lines have been tested with GM-CSF (based on preclinical murine model
data)272 and are referred to as “GVAX (BioSante Pharmaceuticals, Inc., Lincolnshire, Ill)”.
Early studies272–274 demonstrated the immunogenicity of this platform and the potential for
some clinical responses, but also the technical obstacles in vaccines based on engineering
autologous tumors in sufficient number for vaccination.

Prime-Boost Strategies
Further enhancement of the immunogenicity of plasmid DNA has been achieved by
providing a “boost” with a viral vector expressing the same antigen. While we focused on
genetic immunization, protein was also used in heterologous prime-boost approaches. It has
been postulated that the plasmid DNA “prime” expands TA-reactive T cell precursors
(which may have higher avidity due to the limited plasmid-derived antigen), and the viral
vector “boost,” by virtue of providing high levels of TA expression in the setting of strong
viral immunogenicity, greatly enhances T cell activation and expansion.275–282
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In 2 early pilot clinical trials using prime-boost to induce antitumor immunity in human
subjects, plasmid prostate-specific membrane antigen (PSMA) (as well as a plasmid
encoding B7-2 [CD86], with or without recombinant GM-CSF) was delivered intradermally
and then boosted with a PSMA AdV vector. All subjects developed a delayed-type
hypersensitivity reaction to PSMA.263 The second trial tested CEA, expressed by each of 2
different viral vectors, vaccinia and avipox. CEA-specific T cells and antibodies were
detected. The immune response could be further enhanced by the codelivery of recombinant
GM-CSF.283 In these trials, detectable levels of neutralizing antibodies to the viral vectors
did not preclude the stimulation of antigen-specific responses. Most recently, a prime-boost
trial testing a TAc and “TriCOM” (trio of costimulatory molecules) in pox-based vectors has
shown positive clinical outcomes in a large phase 2 trial.284

Evaluation of the Effectiveness of Immunotherapies: Immunologic
Monitoring

The primary goal of immunotherapy is promotion of an effective antitumor immune
response. These can include promotion of TA-specific CTL responses, tumor-specific
antibody, CD4+ helper T cell responses, or non–antigen-specific responses from NK cells;
reduction of suppressive Treg or MDSC cells; modulation of signaling cascades; or
improvement of the cytokine, chemokine, or growth factor milieu at the tumor or throughout
the body. To determine whether the intervention had the hypothesized impact on the cell
population or analyte, immunologic monitoring is critical. In addition to addressing the
primary immunologic endpoints of an intervention, such studies are also central to
identifying prognostic and predictive immunologic biomarkers of response to
immunotherapy (Fig. 8).285–288

Primary Immunological Endpoints
Antigen-specific T cells—There are several methods to test for the presence, frequency,
and function of antigen-specific T cells. CD8+ T cells can most commonly be interrogated
by peptide-bearing MHC multimers, cytokine enzyme-linked immunospot assays, and/or
intracellular cytokine staining and flow cytometry.

Most murine tumor models support the central role of tumor-specific CTLs in tumor
protection and eradication, and because of their critical function in immune processes and
responses, they are a major immunologic monitoring focus. When the antigen of interest is
known, the CD8+ T cells’ ability to recognize MHC class I-restricted peptide epitopes or
antigen-expressing, HLA-matched but allogeneic or autologous cells can be tested, and the
magnitude and nature of the response can be characterized. “Type I” cytokine (IFN-γ, IL-2)
and cytotoxic responses are generally best correlated to antitumor activity.

The precise role of CD4+ T cells (as they are not often directly cytotoxic) and the
requirement for cognate, antigen-specific CD4+ T cell responses versus a nonspecifically
activated T cell response (agonist tetanus toxoid, KLH, and PADRE) is debated, but the
frequency and function of these cells are also important to assess. When a specific
immunizing antigen is not part of an intervention, antigen-specific immunity can still be
assessed based on knowledge of shared tumor-specific antigens in different tumors or by
responses to autologous tumor.

Non–antigen-specific lymphocyte assessment—NK cells have proven to be
important antitumor effectors, exhibiting both direct cytotoxicity or more regulatory,
cytokine-mediated effects. These CD56+ CD16+/− cells can be tested for frequency,
activation, and a variety of cell surface-activating and inhibitory receptors that may impact
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overall antitumor immunity. The overall state of different T, B, NK, monocytic, and other
cell types can be tracked with single-platform detection of absolute counts and relative
percentages of multiple subsets.

Regulatory cells—Established tumors often also have established regulatory cell
populations that serve to inhibit effective immunity. Assessment of these cells (such as Tregs
[particularly CD3/CD4/CD25hi/FOXP3-expressing natural Tregs] and MDSCs [several
monocytic and granulocytic subtypes]) by frequency, location, and function can be
informative.

Antibodies—Igs specific to tumor-specific proteins can play a role in antitumor immunity.
Binding to cell surface proteins on tumors can induce antibody-dependent cytotoxicity via
the Ig Fc receptors. Signal transduction pathways can also be triggered. Specific antibodies
can be detected via direct enzyme-linked immunoabsorbent assay or protein arrays. Serum
can also be used in SERological EXpression cloning technology to identify the Ig
specificity.

Systemic Milieu and Microenvironment—Cytokines and chemokines (characterizing
the environment for Th1, Th2, Th17, and regulatory and proinflammatory molecules) can be
detected singly or in multiplex assays (eg, Luminex [Invitrogen Corporation, Carlsbad,
Calif] and SearchLight [Aushon Biosystems, Billerica, Mass]) to fully characterize the broad
expression of multiple proteins that provide insights into the type of response and trafficking
of cells. Increased angiogenesis is a common hallmark of tumor growth (including VEGF).
Additional growth factors can impact tumors, effector cells, and regulatory cells. Detection
of these factors can provide important insights into the mechanisms of tumor growth.

The most important site to assess is the tumor. However, the location of most tumors and the
demands of patient care can make tissue access difficult or impossible. More commonly
accessible is the original diagnostic biopsy, which may be accessible and used to understand
the earliest detectable tumor cells, any immune infiltration, vascularization, signaling
pathways activated, and specific mutations. When tumor sampling can be performed, a
surgical biopsy of sufficient size can yield: 1) snap frozen cells for molecular studies; 2)
single-cell suspensions for functional testing of tumor cells and TIL; and 3) tissue to paraffin
embed and study by immunohistochemistry or immunoflourescence.

Standardization and Validation—Despite substantial effort, we do not yet know which
parameters of antitumor immunity are appropriate to measure, nor which assays are optimal
for those measurements. The FDA and National Cancer Institute (NCI) partnered with the
SITC to address these issues for immunotherapy for cancer. While specific immune
parameters and assays are not yet validated as predictive or prognostic immune biomarkers,
the SITC/FDA/NCI workshop recommended following standardized (accurate, precise, and
reproducible) procedures and the use of functional assays for the primary immunologic
readouts of a clinical trial and consideration of central laboratories for immune monitoring
of large, multiinstitutional trials. To promote broader analysis of multiple aspects of
immunity and gather data on variability, they also recommend that in addition to cells and
serum, RNA and DNA samples are banked for later testing. Sufficient blood should be
drawn to allow for planned testing of the primary hypothesis being addressed in the trial,
and additional baseline and posttreatment blood samples should be banked for testing novel
hypotheses (or generating new hypotheses) that arise in the field.286–288 With a thorough
and standardized approach, the field is better poised to understand the full positive and
negative effects of immunotherapy, identify complementary combinations to test, and
identify early responders and those capable of responding to these interventions.
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Cancer Immunotherapy in the Clinic
Following are brief summaries of the solid tumors for which immunotherapy has been most
intensely pursued, and for which the data now are promising or already have warranted FDA
approval of therapies.

Hepatocellular Cancer
Hepatocellular cancer (HCC) is one of the main causes of cancer deaths worldwide. As the
incidence of HCC and hepatic steatosis continues to rise, it will become a progressively
greater health problem. Small, localized tumors are potentially curable with surgery,
including resection and liver transplantation.289,290 Unfortunately, most patients have
advanced disease at diagnosis.

Results from several clinical trials demonstrate that immune-based therapy can improve
outcomes for patients with HCC.291–297 The character of the tumor infiltrate (CTL, Treg)
correlates with clinical outcome.291,292 In one large trial, 150 patients received either IL-2
and anti–CD3-activated peripheral blood lymphocytes (or observation) after curative
resection.295 There were statistically significant improvements in time to recurrence as well
as OS (P =.09). Thirty-one patients with HCC received DC pulsed with autologous tumor
lysate,296 and there were 14 partial responses and 17 disease stabilizations. Patients had an
improved 1-year survival rate (63% vs 10%; P =.038). A randomized phase 2 trial tested
formalin-fixed autologous tumor mixed with GM-CSF, IL-2, and BCG.292 After curative
resection was performed, 41 subjects with stage I-IIIA disease were enrolled and
randomized; 19 received vaccine. Overall, treated patients had statistically significant
improvements in risk of recurrence and time to recurrence as well as OS (P =.01). In a
follow-up trial,293 60 patients were randomized to observation or fixed autologous HCC
vaccine plus GM-CSF plus IL-2 plus tuberculin. Patients with stage I/II disease were
immunized intradermally, and 3-year recurrence rates were 33% for immunized patients and
61% for controls, again suggesting the clinical activity of this approach.

NK Cells in HCC—NK cells are critical innate effectors with direct killing and regulatory
roles, and their function is impaired in cancer patients,298 including those with HCC, where
the defect is in CD56dimCD16+ cells.299 In HCC, the TILs and peritumoral lymphocytes
are primarily T and NK cells.300 IL-12 and IL-18-activated NK cells are important for tumor
regression in an HCC model.301

α-Fetoprotein–Based Immunotherapy in HCC—α-Fetoprotein (AFP) serves as the
major serum protein (1–3 mg/mL) in the fetus. It is also an oncofetal antigen,302

transcriptionally repressed shortly after birth. Most HCCs express AFP, and serum assays
play an important role in diagnosis and in monitoring responses to treatment.303 AFP
expression in HCC is associated with increased tumor proliferation and apoptosis
resistance,304,305 and it is expressed in CD45-CD90+ HCC cancer stem cells.306 Two
clinical trials have been conducted testing MHC class I-restricted peptides in Montanide307

and pulsed into DC.308 The immunological responses demonstrated that AFP peptide
epitopes were immunogenic in vivo and were able to stimulate antigen-specific T cells in
patients with HCC with very high serum levels of AFP. In the second trial, 10 patients (with
stage III-IV disease) were immunized and 6 of them showed MHC tetramer AFP-specific T
cell increases and 6 had increased frequency of IFN-γ–producing, AFP-specific T
cells,297,308 demonstrating immunological activity of the AFP-based vaccine. Two patients
experienced transient decreases in serum AFP. Radio-frequency ablation was demonstrated
to unmask AFP-specific T cells.309 Hence, combinations of ablation or resection with
immunotherapy may be a more efficacious approach than either alone.
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Immunotherapy for Prostate Cancer
Several immunotherapeutic approaches have shown promise in prostate cancer phase 2 and
phase 3 trials. The first, “GVAX,” tested a combination of 2 prostate cancer cell lines (PC3
and LNCaP), which were engineered via AdV to produce GM-CSF.310–312 While it showed
promise in single-arm phase 2 studies, the subsequent 2 phase 3 studies did not reach the
expected survival improvements. In contrast, phase 3 trials testing sipuleucel-T (Provenge;
Dendreon) in patients with advanced hormone-refractory prostate cancer have demonstrated
prolonged OS (25.8 months vs 21.7 months in the placebo-controlled arm; P =.017), and the
agent has been approved by the FDA for treatment of this group of patients.313

This therapy consists of autologous patient peripheral blood mononuclear cells (PBMCs)
activated with the prostatic acid phosphatase prostate cancer-associated antigen fused to
GM-CSF, leading to the enrichment and activation of APCs, such as DCs, and includes a
broad mixture of lymphocytic and monocytic cells. The mechanism of action is not yet
completely clear, but may involve CD54 expression. The third promising approach is a
heterologous viral prime-boost regimen named ProstVac (Bavarian Nordic, Mountain View,
Calif). This product is a recombinant fowlpox and vaccinia virus encoding prostate-specific
antigen in addition to a trio of costimulatory molecules to increase immunogenicity (B7-1,
intercellular adhesion molecule 1 [ICAM-1], and lymphocyte function-associated antigen 3
[LFA-3]). A series of clinical studies have shown promise, and a recent randomized phase 2
trial demonstrated a survival benefit of several months.284

Immunotherapy for Ovarian Cancer
Recent work has shown a correlation between increased survival and the presence of tumor-
infiltrating effector-type lymphocytes in a given patient. The absence of tumor-infiltrating
regulatory cells has supported the role of immune surveillance in the progression of ovarian
cancer and provided additional rationale for immunotherapy for this aggressive disease.314

While attempts using non–antigen-specific treatments of ovarian cancers included the local
administration of cytokines and antibodies,314 more recently, several groups initiated
vaccination trials involving whole tumor cells,315 either autologous or allogeneic, and tumor
cells loaded on autologous DCs316,317 to provide the immune system with the wide panels
of the ovarian carcinoma-specific antigens and to avoid the obstacles related to the unclear
ability of the individual OvCa-associated antigens (CA 125, HER-2/neu, folate receptor, or
mucin antigen 1 [MUC1]) to serve as common tumor-restricted antigenic targets.318 A
clinical trial of DC-enriched PBMCs loaded with HER-2/neu–GM-CSF (lapuleucel-T
[APC8024]; Dendreon’s product analogous to Provenge) showed modest clinical activity
against HER-2/neu–overexpressing tumors, including ovarian cancer, but it remains to be
tested whether such a strategy will have survival-prolonging effects analogous to sipuleucel-
T for this group of patients.

Immunotherapy for Lung Cancer
Small cell lung cancer (SCLC) cells have been shown to exhibit decreased expression of
class I (HLA-A, HLA-B, or HLA-C) and class II (HLA-DR) antigens due to reduced gene
transcription, with diminished immunogenicity.319–321 As discussed earlier, these MHC
antigens are critical for T cell recognition, and represent the first step in initiating an
immune response against the tumor (“signal 1”). Agents that could increase MHC antigen
expression such as IFN-α have been shown to induce the expression of these MHC antigens
on SCLC cells both in vitro and in vivo.320 These data supported the clinical investigation of
IFN-α and IFN-γ in patients with SCLC. Despite the lack of efficacy of IFNs in patients
with SCLC with extensive (advanced) disease, these agents appeared to show promise in
patients with minimal disease; in these patients, additional testing was pursued.322 Three
randomized trials have evaluated maintenance IFN-α after response to chemotherapy, and

Kirkwood et al. Page 20

CA Cancer J Clin. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



one study tested recombinant IFN-γ in complete responders with SCLC. Overall, these
studies failed to demonstrate a favorable survival impact.323–325 Toxicities also limited
acceptance of these agents and the clinical development of IFNs for SCLC was subsequently
halted. Other immunotherapeutic agents have been evaluated without significant toxicity in
patients with SCLC; these include cancer vaccines, supported by tumor cellular expression
of several ganglioside antigens that are not expressed on most normal tissues, which further
suggests these might be targets for vaccination.326 Such vaccines include fucosyl
monosialoganglioside (GM1), polysialic acid, disialoganglioside (GM2), and the
gangliosides (GD2 and GD3).326 The antiidiotypic antibody BEC-2, mimicking GD3, was
tested in a randomized phase 3 trial in patients with limited stage SCLC following
chemoradiation therapy.327,328 However, these trials failed to demonstrate significant
improvement in OS or PFS compared with observation.327,328 Other vaccines in clinical
development in SCLC target polysialic acid and fucosyl GM1 ganglioside.329,330 Other
immunotherapeutic approaches in clinical development include the combination of the p53
cancer vaccine (DCs transduced with the p53 gene and delivered via an AdV) with
chemotherapy in patients with extensive stage SCLC,331 and the immunological adjuvant
SRL-172 (suspension of heat-killed mycobacterium vaccae), which also failed to improve
survival in a phase 3 trial of standard chemotherapy with or without SRL-172.332

Tumor vaccination strategies have also been tested in NSCLC. These include a phase 2
randomized trial of the BLP25 liposome vaccine immunizing against the MUC1 antigen, a
cell surface glycoprotein that is overexpressed in NSCLC, where it was associated with a
trend toward improved survival.333 CTLA-4 blockade with ipilimumab has been tested in
NSCLC also. A randomized, double-blind, placebo-controlled, multicenter, phase 2 trial
compared the efficacy and safety of ipilimumab (10 mg/kg every 3 weeks) in combination
with paclitaxel and carboplatin against the chemotherapy doublet alone in patients with
untreated lung cancer. Preliminary analysis showed that the combination of ipilimumab and
chemotherapy was well tolerated, with trends toward improved PFS and OS.334 The TLR9
agonist oligodeoxynucleotide, PF-3512676, has shown promising results when tested in a
randomized phase 2 trial in combination with first-line taxane plus platinum chemotherapy
for patients with advanced stage NSCLC, leading to 2 phase 3 trials in NSCLC.335

However, these studies in patients with advanced NSCLC showed no survival benefit and a
safety review identified an imbalance in the number of sepsis and sepsis-related serious
adverse events (including some resulting in deaths) for patients treated with PF-3512676 in
combination with platinum-based doublet chemotherapy compared with those patients
treated with chemotherapy alone.336 A current international trial is testing the role of the
cancer germline melanoma-associated antigen (MAGE)-A3 as a vaccination in NSCLC
(MAGRIT study) on the basis of phase 2 studies that suggest a potential benefit of
vaccination with this antigen.7

Immunotherapy for Melanoma
Melanoma has been the flagship of solid tumors for the evaluation of immunotherapy, and
with its epidemic rise in incidence across the world it has become the focus of multiple
immunotherapy trials over the years. The evidence that increased numbers of TILs correlate
to improved prognosis of melanoma and other solid tumors337,338 have argued for the
importance of the immune response in the clinical outcome of melanoma. Some of these
elegant approaches to immunotherapy have led to striking antitumor effects using modified
TILs as applied for adoptive therapy for melanoma at the NCI, although they are not yet
applicable to patients in larger multicenter clinical trials that are required to understand their
applicability to treatment in general.339
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Advanced Stage IV Melanoma—Studies of nonspecific immunotherapy in the 1970s
led to large multicenter trials that ultimately have failed to show a role for BCG in the
treatment of melanoma. The exploration of nonrecombinant and then recombinant IFN-α2b
in advanced melanoma showed antitumor effects in approximately 16% of patients with
stage IV melanoma, a rate that is very similar to that subsequently reported for high-dose
IL-2 in a series of phase 2 trials that were compiled, leading to the approval of this therapy
for metastatic melanoma in 1998. The benefits of anti–CTLA-4–blocking antibodies for the
treatment of stage IV melanoma treated in the second-line setting were studied more
recently in trials initiated by Medarex Inc with ipilimumab, with the first statistically
significant improvement reported in OS (reduction in the hazard of mortality to 0.67).
Similar studies undertaken by Pfizer Inc with a different anti–CTLA-4 antibody known as
tremelimumab have also shown durable benefits in a subset of patients that appear to have
changed the course of disease.340,341 These agents, as discussed earlier in regard to the
general modality of anti–CTLA-4–blocking antibodies, have been associated with
significant issues of autoimmunity, including colitis, rash, and endocrinopathy, and will
need to be addressed as applied more widely for melanoma therapy (and possibly for other
tumor types) following approval by the US FDA in March 2011. Studies of the role of
combinations of these immunotherapies, the new small molecule therapies targeting mutated
BRAF, and mutated C-Kit with the anti–CTLA-4–blocking antibodies are now in planning.

Adjuvant Therapy
The antitumor effects of IFN-α2b are greater in patients with a smaller burden of disease,
and several groups pursued the hypothesis that postoperative adjuvant therapy with IFN-α2
might improve the recurrence-free survival and OS of patients with resectable disease who
are at a high risk of recurrence. The first statistically significant improvement in the
recurrence-free survival and OS of patients with melanoma was demonstrated in the Eastern
Cooperative Oncology Group (ECOG) study E1684, testing high-dose IFN-α2b given
intravenously at a dose of 20 MU/m2/day for 20 days over 4 weeks, and then subcutaneously
3 times a week at a dose of 10 MU/m2/day for 48 weeks versus observation in patients with
deep primary melanoma or lymph node metastasis. The 40% reduction in the hazard of
recurrence and 28% reduction in the hazard of mortality in this trial were corroborated in
ECOG Intergroup trial E1694, where IFN-α2b demonstrated a 33% reduction in both
recurrence and mortality compared with a ganglioside vaccine (GMK; Progenics
Pharmaceuticals; Tarrytown, NY). Several meta-analyses of 12 to 14 trials worldwide
suggest the benefits of IFN therapy upon both recurrence and mortality, with the magnitude
of recurrence reduction being several-fold the reduction in mortality.341–343 A significant
reduction in mortality has only been observed to date with high-dose IFN for 1 year in the
Intergroup E1684 and E1694 trials.337,338 Most recently, the US FDA has approved
pegylated IFN given in a weekly regimen for up to 5 years (median, 13 months) at a dose of
3 to 6 μg/kg as adjuvant therapy for resectable microscopic lymph node metastatic disease.
This regimen has shown a 17% reduction in the hazard of recurrence, without any
improvement in mortality. The adjuvant benefits of anti–CTLA-4–blocking antibody are
now under evaluation in European Organization for Research and Treatment of Cancer
(EORTC) trials compared with placebo, and in ECOG-Intergroup trials compared with high-
dose IFN. Data from these studies are not expected for several years.344–348

Conclusions
The modality of immunotherapy has come of age, with a demonstrable impact upon a wide
range of solid tumors, and with a level of understanding that promises significant new
advances for cancer therapy in the near term. The progress summarized above has come
from careful evaluation of TAs that are immunogenic in patients with cancer, and also from
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understanding the complicated dialogue between the immune system and cancer. The impact
of immunotherapy was initially demonstrated in patients with advanced cancer, and then
translated to the adjuvant setting of patients with operable disease at high risk for
postoperative recurrence. The relative efficacy of immunotherapy has been greater in the
adjuvant setting than in the setting of advanced disease. Vaccines have remained the
ultimate goal for immunotherapy, but to date have had relatively little impact on the
outcome of patients with advanced solid tumors. Sipuleucel-T for prostate cancer is the first
example of a vaccine associated with modest, but significant, prolongation of survival in
patients with advanced cancer. Monoclonal antibodies to immune checkpoint molecules, as
well as to tumor-signaling molecules, have each achieved a significant impact upon cancer,
with improved survival noted in 2 trials of anti–CTLA-4–blocking antibodies for advanced
melanoma as reviewed above. The unimpressive effects of vaccines for cancer observed in
the past are not surprising given that vaccines have had their greatest impact in medicine in
the setting of prevention against infectious disease, not in the treatment of active disease, as
most vaccine-based treatments of cancer have been tested. Apart from the prevention setting
of vaccines for HPV-associated cervical carcinoma, the application of specific
immunotherapy vaccines for cancer has been limited; the understanding of tumor
progression will pave the way for the improved application of immunotherapy for cancer,
and of more potent vaccine-based methods of cancer prevention, where the rewards may be
even greater still. The pursuit of immunotherapy has followed our understanding of the
immunomodulatory effects of solid tumors upon the immune system of patients with cancer;
circulating cytokines and chemokines, and the modulation of antigen processing by DCs,
along with the exhaustion or dysfunction of effector T cells are the effects of cancer in the
local milieu that represent complex interactions of tumor and host. This understanding has
opened multiple avenues for immunotherapy, beginning with the application of multiple
antitumor antibodies that target TAs, and cytokines and IFNs that modulate DC and T cell
activation and functions, which have achieved durable antitumor effects and led to FDA
approval of multiple promising agents over the past 20 years. The recent FDA approval of
pegylated IFN for the adjuvant therapy of melanoma, requiring only weekly administration,
has improved the quality of life for patients in the adjuvant treatment setting, while anti–
CTLA-4–blocking antibodies that target checkpoint molecules that improve the T cell
response to cancer and appear to abrogate tolerance have improved the survival of patients
with melanoma for the first time in history. Antibodies blocking other checkpoint molecules
including PD-1 and TIM-3 are on the horizon, and will potentially add to the benefits of
immunotherapy, alone and in combination with other modalities. The future of
immunotherapy will likely involve combinations of immunotherapy, such as vaccines and
the immunomodulators, and immunotherapy with new potent inhibitors of the tumor
signaling pathways that remit disease in more than one-half of treated subjects. The careful
evaluation of immune responses to tumors during the combined application of
immunotherapy and other modalities will be critical to defining biomarkers of response and
in providing patients with the optimal benefits from rational combinations of more specific
immunotherapies and combinations.
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FIGURE 1.
Key Events in the History of Cancer Immunotherapy.1–7 An earlier publication for Coley
can be found at: Coley WB. The treatment of inoperable sarcoma by bacterial toxins (the
mixed toxins of the Streptococcus erysipelas and the Bacillus prodigiosus). Proc R Soc Med.
1910;3(Surg Sect):1–48. BCG indicates Bacillus Calmette-Guerin; mAbs, monoclonal
antibodies; IFN-α, interferon-α; HCL, hairy cell leukemia; IL-2, interleukin-2; RCC, renal
cell carcinoma; Peg IFN, pegylated IFN; CTLA-4, cytotoxic T lymphocyte antigen-4;
MAGE-1, melanoma-associated antigen 1. Adapted from Kirkwood JM, Tarhini AA, Panelli
MC, et al. Next generation of immunotherapy for melanoma. J Clin Oncol.
2008;26:3445–3455.
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FIGURE 2.
Cross-Presentation/Determinant Spreading. Self-antigen cross-presentation is thought to be a
mechanism for inducing autoimmunity, which can involve tumor antigens (and determinant
spreading from an antigen immunized against to self-antigens not specifically immunized
against) and normal self-antigens (such as thyroid antigens). Cell lysis in an immunogenic
milieu allows endogenous antigen-presenting cells (APCs) to take up these self-antigens,
cross-present them, and activate T cells with new specificities.
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FIGURE 3.
Different Tasks of Preventive Versus Therapeutic Vaccines. Therapeutic vaccines need to
function despite tumor-induced dysfunction of endogenous dendritic cells (DCs) and in the
presence of tumor-induced suppressive cells such as regulatory T cells (Treg). Their roles go
beyond the induction of long-lived memory cells, because cancer is a poor source of
proinflammatory alarm signals capable of inducing effector functions and peripheral homing
potential in antigen (Ag)-specific T cells. The effectiveness of therapeutic vaccines may
require the provision of such signals by the vaccines themselves or by additional factors
used in combination with the vaccines. Some tumors show limited production of the
chemokines capable of attracting effector cells (cytotoxic T lymphocytes [CTLs], T helper-1
[Th1-], and natural killer [NK] cells), and rather produce Treg-attracting chemokines.
Effective immunotherapies for cancer may benefit from the combination of vaccines with
additional modulation of the production of the effector cell-attracting versus Treg-attracting
chemokines within tumor tissues.
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FIGURE 4.
Dendritic Cells Provide Different Types of Information to Tumor-Specific T Cells.
Dendritic cells (DCs) provide T cells with antigenic “signal 1” and costimulatory “signal 2,”
which are needed for the activation and expansion of pathogen-specific T cells. DCs have
also been shown to provide T cells with an additional polarizing “signal 3,” driving the
development of different effector mechanisms and activating various subsets of immune
cells with different abilities to induce cancer rejection. Recent studies have indicated that
DCs also provide T cells with an additional signal (“signal 4”) regulating the organ-specific
trafficking of immune cells. DCs regulate the expansion and acquisition of effector
functions, as well as tumor-relevant homing properties for the development of effective
immunotherapy. Th indicates T helper; NK, natural killer; CTLs, cytotoxic T lymphocytes;
IL-12, interleukin-12; IFNs, interferons; Vit A, vitamin A; Vit D, vitamin D; Tregs,
regulatory T cells.
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FIGURE 5.
Mechanisms Used by Monoclonal Antibodies to Mediate Antitumor Effects. Multiple roles
of monoclonal antibodies (mAbs) in cancer therapy are shown.
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FIGURE 6.
Mechanisms Underlying the Antitumor Activity of Monoclonal Antibody-Based
Immunotherapy. TA indicates tumor antigens; FcR, Fc receptor; NK, natural killer; DC,
dendritic cell; VEGF, vascular endothelial growth factor.
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FIGURE 7.
Genetic Immunization. Plasmid DNA and viral vectors can be utilized for vaccination by
direct injection, often into muscle or skin. While direct transfection/transduction of antigen-
presenting cells (APCs) at the injection site can occur, the transfected tissue serves as a
source of vaccine protein that can be taken up as cross-presented by host APCs to activate
antitumor immunity.
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FIGURE 8.
Immunologic Monitoring. Cross-talk between the tumor and the immune system can be
examined in tumor tissue and blood. From tumor tissue, infiltrating cells can be identified.
From blood, a variety of assays can be performed, some of which require fresh blood.
Others can be performed from frozen/cryopreserved samples and batched for directly
compared analysis. TIL indicates tumor-infiltrating lymphocyte; PBMC, peripheral blood
mononuclear cells; NK, natural killer; DC, dendritic cell; Treg, regulatory T cells; MDSC,
myeloid-derived suppressor cells.
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