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Abstract

Therapeutic cancer vaccines have the potential of being integrated in the therapy of

numerous cancer types and stages. The wide spectrum of vaccine platforms and vac-

cine targets is reviewed along with the potential for development of vaccines to target

cancer cell “stemness,” the epithelial-to-mesenchymal transition (EMT) phenotype, and

drug-resistant populations. Preclinical and recent clinical studies are now revealing how

vaccines can optimally be used with other immune-based therapies such as checkpoint

inhibitors, and so-called nonimmune-based therapeutics, radiation, hormonal therapy,

and certain small molecule targeted therapies; it is now being revealed that many of

these traditional therapies can lyse tumor cells in a manner as to further potentiate

the host immune response, alter the phenotype of nonlysed tumor cells to render them

more susceptible to T-cell lysis, and/or shift the balance of effector:regulatory cells in a

manner to enhance vaccine efficacy. The importance of the tumor microenvironment,

the appropriate patient population, and clinical trial endpoints is also discussed in the

context of optimizing patient benefit from vaccine-mediated therapy.

1. INTRODUCTION

This chapter encompasses the numerous factors involved in the

design, development, and clinical application of therapeutic cancer vaccines

both as a monotherapy and in combination with other forms of immuno-

therapy, as well as with nonimmune-based therapies. Among the topics dis-

cussed are (a) the wide spectrum of cancer vaccine targets; (b) the pros and

cons of different vaccine platforms; (c) how animal models can be used, and

should not be used, in vaccine development; (d) the influence of the tumor

microenvironment and regulatory entities on vaccine efficacy; (e) how vac-

cine combination therapies with certain chemotherapeutic agents, radiation,

hormone therapy, and small molecule targeted therapies and other immune

therapeutics can potentially be used to enhance vaccine efficacy; (f ) the

appropriate patient populations and trial endpoints in vaccine clinical studies

and the importance of tumor growth kinetics; and (g) the potential of

new vaccines that can target cancer cell “stemness,” the epithelial-to-

mesenchymal transition (EMT) phenotype, and drug resistance. While this

chapter presents an overview of several aspects of therapeutic cancer vaccine

development, many of the examples given are based on preclinical and clin-

ical studies carried out at theNational Cancer Institute, National Institutes of

Health.Much of the information has been presented in previous review arti-

cles (Palena & Schlom, 2013; Schlom, 2012; Schlom, Hodge, et al., 2013;

Schlom, Palena, et al., 2013) and/or in peer-reviewed publications as cited.
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2. CANCER VACCINE TARGETS

The validity of a target for a therapeutic cancer vaccine will depend on

the ability of a tumor cell to process the tumor-associated antigen (TAA)

expressed by the vaccine in the context of a peptide–major histocompatibil-

ity complex (MHC) for T-cell recognition or on the surface of the tumor

cell for B-cell recognition. The level of expression of the TAA in the tumor,

the relative specificity of the TAA for tumor versus normal adult tissue, and

the degree of inherent “tolerance” to the given TAA (Cheever et al., 2009;

Gulley, Arlen, Hodge, & Schlom, 2010) are also of extreme importance.

Common targets include oncofetal antigens, oncoproteins,

differentiation-associated proteins, and viral proteins, among others

(Table 2.1). The potential ideal target is a somatic point mutation that ini-

tiates and/or drives the neoplastic process. Clinical trials are underway to

evaluate vaccines that target the various ras mutations found in colorectal

and pancreatic cancer. However, large numbers of tumor-associated muta-

tions among the various exons of the p53 suppressor gene, for example,

make generating the large number of possible mutant p53 vaccines some-

what prohibitive. Similarly, it is also logistically difficult to develop vaccines

to target the wide array of frameshift mutations and unique mutations that

occur in individual tumors, which may differ among different tumor masses

of the same patient. On the other hand, nonmutated oncoproteins can more

easily be developed as targets; they include overexpressed HER2/neu

(ERBB2), p53, and the C-terminal transmembrane subunit of mucin-1

(MUC-1), that is, MUC1-C (Kufe, 2009; Raina et al., 2011).

Numerous trials have targeted “tissue lineage” antigens that are over-

expressed in tumors and normally expressed in a nonvital organ, such as

prostatic acid phosphatase (PAP), prostate-specific antigen (PSA), and the

melanoma-associated antigens glycoprotein 100 (gp100) and tyrosinase.

Numerous vaccine trials have also targeted a class of antigens categorized

as oncofetal antigens, such as carcinoembryonic antigen (CEA), under-

glycosylated MUC-1, tumor-associated glycopeptides (Gilewski et al.,

2007;Marshall et al., 2000; Ragupathi et al., 2009), and “cancer–testis” anti-

gens defined by serological expression cloning (SEREX) immunodetection

such as melanoma-associated antigen (MAGE-A3) and B melanoma antigen

(BAGE) (Gnjatic, Old, & Chen, 2009; Gnjatic et al., 2010; Gnjatic,

Wheeler, et al., 2009; Karbach et al., 2011). These antigens are over-

expressed in many tumor types and to a lesser extent in some normal adult
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Table 2.1 Spectrum of current and potential therapeutic cancer vaccine targets

Target type Examples References

Oncoprotein Point-mutated: ras, B-raf,
frameshift mutations, undefined
unique tumor mutations; HER2/
neu, MUC-1 C-terminus, p53

Disis (2009), Salazar et al. (2009), Brichard and Lejeune (2008), Kufe (2009),
Raina et al. (2011)

Stem cell/
EMT

Brachyury, SOX-2, OCT-4,
TERT, CD44high/CD24lo,
CD133+

Polyak and Weinberg (2009), Dhodapkar et al. (2010), Dhodapkar and
Dhodapkar (2011), Hua et al. (2011), Mine et al. (2009), Spisek et al. (2007),
Fernando et al. (2010), Palena et al. (2007), Fernando et al. (2010)

Oncofetal
antigen

CEA, MUC-1, MUC1-C Butts et al. (2005), Pejawar-Gaddy et al. (2010), Finn et al. (2011), Jochems et al.
(2014)

Cancer–testis MAGE-A3, BAGE, SEREX-
defined, NY-ESO

Karbach et al. (2011), Gnjatic et al. (2010), Gnjatic, Wheeler, et al. (2009),
Hofmann et al. (2008)

Tissue lineage PAP, PSA, gp100, tyrosinase,
glioma antigen

Schwartzentruber et al. (2011), Sosman et al. (2008), Kantoff, Schuetz, et al.
(2010), Gulley, Arlen, Madan, et al. (2010), Kaufman et al. (2004), Kantoff,
Higano, et al. (2010), Okada et al. (2011), Wheeler and Black (2011)

Viral HPV, HCV Kemp et al. (2008, 2011)

B-cell
lymphoma

Anti-id Schuster et al. (2011), Bendandi (2009), Inoges et al. (2006), Freedman et al.
(2009)

Antiangiogenic VEGF-R Kaplan et al. (2006), Xiang, Luo, Niethammer, and Reisfeld (2008), Frazer,
Lowy, and Schiller (2007)

Glycopeptides STn-KLH Gilewski et al. (2007), Ragupathi et al. (2009)

BAGE, B melanoma antigen; CEA, carcinoembryonic antigen; EMT, epithelial–mesenchymal transition; gp100, glycoprotein 100; HCV, hepatitis C virus; HPV,
human papillomavirus; MAGE-A3, melanoma-associated antigen-A3; MUC-1, mucin 1; NY-ESO, New York esophageal carcinoma antigen 1; OCT-4, octamer-
binding transcription factor 4; PAP, prostatic acid phosphatase; PSA, prostate-specific antigen; SOX-2, (sex-determining region Y)-box-2; STn-KLH, sialyl-Tn-keyhole
limpet hemocyanin; TERT, telomerase reverse transcriptase; VEGF-R, vascular endothelial growth factor receptor.



tissues. The recent approval by the U.S. Food and Drug Administration

(FDA) of the Gardasil vaccine targeting the human papillomavirus (HPV)

for the prevention of cervical cancer also renders HPV an attractive target

for cervical cancer therapy, as does targeting the hepatitis C virus for liver

cancer therapy. Preclinical studies have also shown the potential of vaccines

that target molecules involved in tumor angiogenesis, such as the vascular

endothelial growth factor receptor (VEGF-R) (Kaplan et al., 2006; Xiang

et al., 2008).

The most provocative group of potential targets for vaccine therapy are

molecules that are associated with cancer “stem cells” and/or the EMT pro-

cess, both of which are associated with drug resistance (Table 2.1). Tran-

scription factors that are drivers of EMT are also associated with tumor

cell dissemination to the metastatic site. Recent studies have described

the plasticity of so-called “cancer stem cells” and the similarities between

human carcinoma cells undergoing EMT and the acquisition of “stem-like”

characteristics (Polyak & Weinberg, 2009).

EMT and cancer “stemness” are associated with the proteins (sex-

determining region Y)-box-2 (SOX-2) and octamer-binding transcription

factor 4 (OCT-4) and with carcinoma cells that are CD44high and CD24low

and/or are CD133+ (Dhodapkar & Dhodapkar, 2011; Dhodapkar et al.,

2010; Hua et al., 2011; Mine et al., 2009; Spisek et al., 2007). Each of these

gene products is currently being evaluated for immunogenicity in terms of

generating human T-cell responses in vitro, but some also have a relatively

broad range of expression in normal adult tissues. The T-box transcription

factor Brachyury has recently been identified as a major driver of EMT

(Fernando et al., 2010). It has been shown to be selectively expressed on

both primary and metastatic lesions of several carcinoma types. T-cell epi-

topes have been identified on the Brachyury protein that have the ability to

generate human T cells capable of lysing a range of human carcinoma cells

(Palena et al., 2007). This will be discussed in detail below.

A potent means to enhance immunogenicity of a self-antigen is by alter-

ing specific amino acids of TAAs to develop enhancer agonist epitopes,

which are designed to enhance binding either to the MHC or to the

T-cell receptor, resulting in higher levels of T-cell responses and/or higher

avidity T cells (Dzutsev, Belyakov, Isakov, Margulies, & Berzofsky, 2007;

Hodge, Chakraborty, Kudo-Saito, Garnett, & Schlom, 2005). For example,

the gp100 melanoma vaccine contains an enhancer agonist epitope, the

PROSTVAC vaccine contains a PSA enhancer agonist epitope, and the

PANVAC vaccine contains enhancer agonist epitopes for both CEA and
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MUC-1. These vaccines will be discussed in more detail below. It is impor-

tant to note, however, that the T cells generated by agonist epitopes must be

shown to lyse human tumor cells that express the corresponding endogenous

native epitope.

3. SPECTRUM OF CURRENT THERAPEUTIC CANCER

VACCINE PLATFORMS

Each of the 14 platforms in Table 2.2 has strengths and weaknesses;

clinical benefit with the use of the platform can be influenced by the partic-

ular TAA that is targeted, the disease and disease stage that are targeted, the

clinical trial endpoint, and whether the vaccine is evaluated in combination

with an immune stimulant, an inhibitor of immune suppression, or another

mode of cancer therapy. Many diverse vaccine platforms have now been

evaluated in Phase II and/or Phase III clinical trials, including the use of pep-

tides or proteins in adjuvant, recombinant viruses, bacteria or yeast, whole

tumor cells, or delivery of protein- or peptide-activated dendritic cells (DCs)

(Table 2.2).

DCs are the most potent antigen-presenting cells (APCs) (Banchereau

et al., 2001). Numerous Phase II studies have now evaluated the use of

peptide- or protein-pulsed, or viral vector-infected DCs to treat patients

with prostate cancer, colorectal cancer, melanoma, glioma, and other can-

cers (Table 2.2), (Okada et al., 2011; Wheeler & Black, 2011). The

Sipuleucel-T vaccine (Kantoff, Higano, et al., 2010), which was recently

approved by the FDA for the therapy of minimally symptomatic metastatic

castrate-resistant prostate cancer (mCRPC), consists of APCs from periph-

eral blood mononuclear cells (PBMCs) that have been incubated with the

prostate antigen PAP fused to granulocyte macrophage colony-stimulating

factor (GM-CSF). This vaccine regimen consists of leukaphereses to purify

PBMCs from the patient and processing in a central facility where the PAP

fusion protein is added to the APCs; these cells are then reinfused to the

patient for the purpose of conferring immunity; this process is repeated three

times at biweekly intervals. One drawback of DC and/or APC platforms is

that they require leukapheresis(es) and cell culture processing of PBMCs,

and thus a limited number of vaccinations can be used.

Vaccines based on peptides from TAAs, which are usually administered

in an adjuvant and/or with an immune modulator, are generally cost-

effective and have the advantage that the investigator knows exactly which

epitope to evaluate in terms of patients’ immune responses (Disis, 2009).
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Table 2.2 Spectrum of current vaccine platforms in Phase II/III clinical studies

Vaccine

platform Example Cancer type References

Dendritic cells/APCs

APC–protein Sipuleucel-T
(PAP-GM-CSF)

Prostate Kantoff, Higano, et al. (2010),
Higano et al. (2009)

Dendritic
cell–peptide

Glioma peptides Glioma,
melanoma

Banchereau and Steinman
(1998), Okada et al. (2011),
Banchereau et al. (2001)

Dendritic cells–
vector infected

rV, rF-CEA–
MUC1–
TRICOM
(Panvac-DC)

Colorectal Lyerly et al. (2011) Morse
et al. (2011), Morse,
Chaudhry, et al. (2013),
Morse, Niedzwiecki, et al.
(2013)

Tumor cells

Autologous Adeno-CD40L,
colon (BCG)

CLL, colon,
melanoma

Okur et al. (2011), Hoover
et al. (1993); Luiten et al.
(2005)

Dendritic cell/
autologous
tumor cell
fusions

Myeloma/DC
fusion

Myeloma Avigan et al. (2004)

Allogeneic GVAX
(+GM-CSF)

Pancreatic Laheru et al. (2008), Lutz et al.
(2011), Emens et al. (2009)

Recombinant vectors

Poxvirus rV, rF-PSA–
TRICOM
(Prostvac)

Prostate Moss (1996), Hodge, Higgins,
and Schlom (2009), Marshall
et al. (2000), Hodge,
Grosenbach, Aarts, Poole, and
Schlom (2003), Hodge,
Poole, et al. (2003), von
Mehren et al. (2001, 2000),
Madan, Mohebtash, Schlom,
and Gulley (2010), Kantoff,
Schuetz, et al. (2010), Gulley,
Madan, and Schlom (2011),
Marshall et al. (2005),
Kaufman et al. (2004),
Arlen et al. (2006),
Sanda et al. (1999)

Continued
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However, they also have a potential drawback because they target only one

epitope or a few epitopes of the TAA. It is generally believed that for a can-

cer vaccine to be optimally efficacious, it must induce antigen-specific

CD8+ cytotoxic T cells (CTLs), which are responsible for tumor cell lysis,

and antigen-specific CD4+ “helper” T cells, which provide cytokines to

enhance CTL activity. Protein-based vaccines are more costly than

peptide-based vaccines, but they usually also contain both CD4 and CD8

Table 2.2 Spectrum of current vaccine platforms in Phase II/III clinical studies—cont'd

Vaccine

platform Example Cancer type References

Saccharomyces

cerevisiae (yeast)
Yeast ras Pancreatic Remondo et al. (2009),

Wansley et al. (2008)

Listeria Listeria mesothelin Pancreatic Singh and Paterson (2006)

Alpha- and
adenoviruses

Adeno-CEA,
alpha-CEA

Carcinoma MacDonald and Johnston
(2000)

Peptides/proteins

Peptide gp100 (modified),
MUC-1
(Stimuvax),
HER2/neu

Melanoma,
lung

Disis (2009), Butts et al.
(2005), Pejawar-Gaddy et al.
(2010), Finn et al. (2011),
Schwartzentruber et al.
(2011), Sosman et al. (2008),
Salazar et al. (2009), Brichard
and Lejeune (2008),
Disis (2011)

Protein MAGE-A3,
NY-ESO

Melanoma Karbach et al. (2011)

Antibody Anti-idiotype Lymphoma Schuster et al. (2011),
Bendandi (2009), Inoges et al.
(2006), Freedman et al. (2009)

Glycoproteins sTn-KLH Melanoma Gilewski et al. (2007),
Ragupathi et al. (2009)

APC, antigen-presenting cell; BCG, Bacillus Calmette-Guerin; CD40L, CD40 ligand; CEA, carcino-
embryonic antigen; CLL, chronic lymphocytic leukemia; DC, dendritic cell; gp100, glycoprotein
100; GM-CSF, granulocyte macrophage colony-stimulating factor; MAGE-A3, melanoma-associated
antigen 3; MUC-1, mucin 1; NY-ESO, New York esophageal carcinoma antigen 1; PAP, prostatic acid
phosphatase; PSA, prostate-specific antigen; rF, recombinant fowlpox; rV, recombinant vaccinia; STn-
KLH, sialyl-Tn-keyhole limpet hemocyanin.

74 Jeffrey Schlom et al.



epitopes. Many peptide- and protein-based vaccines are used as part of a DC

vaccine platform.

Numerous clinical trials are ongoing involving recombinant poxvirus

vaccines (Table 2.3). They include the use of recombinant vaccinia, mod-

ified vaccinia strain Ankara (MVA), and the avipoxviruses (fowlpox and

canarypox). Poxviruses have the ability to accept large inserts of foreign

DNA and thus can accommodate multiple genes each on individual poxviral

promoters. Intracellular expression of the transgene(s) allows for processing

of the tumor antigen by both the class I and class II MHC pathways (Moss,

1996). Because poxvirus replication and transcription are restricted to the

cytoplasm, there is minimal risk to the patient (or host) of insertional muta-

genesis. It has been shown in preclinical studies that when the transgene for a

TAA is inserted in vaccinia or MVA, it becomes more immunogenic, most

likely because of the Toll-like receptors and other properties of the virus that

induce a local inflammatory response. This same property of vaccinia, how-

ever, leads to virus neutralization by the host immune response and limits its

use to one, or at most two, vaccination(s). Recombinant avipoxviruses can

be used multiple times; they will induce antiviral immune responses, but

they are not neutralizing because their “late” viral coat proteins are not pro-

duced in mammalian cells (Hodge et al., 2009; Hodge, Poole, et al., 2003;

Marshall et al., 2000).

Other viruses are also being evaluated as vectors for TAAs. Alphaviruses

such as venezuelan equine encephalitis virus are attractive vectors because,

once they have infected the host, they replicate RNA in the cytoplasm and

express high levels of a transgene (MacDonald & Johnston, 2000). Recom-

binant adenovirus vectors are easy to engineer and have shown utility as

Table 2.3 Properties of recombinant poxviral vaccine vectors

• Vectors
Vaccinia (rV-) elicits a strong immune response

– host induced immunity limits its continuous use
– MVA (replication defective)

Avipox (fowlpox rF-, ALVAC)
– derived from avian species
– safe; does not replicate
– can be used repeatedly with little if any host neutralizing immunity

• Can insert multiple transgenes
• Do not integrate into host DNA
• Efficiently infect antigen presenting cells including dendritic cells
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vaccines and gene therapy agents (Okur et al., 2011), but clinical evaluation

has been hindered by high levels of preexisting antiviral immunity. Newer

variants of adenoviruses, however, have been developed and evaluated in

preclinical studies and clinical trials and appear to be less immunogenic

(Morse, Chaudhry, et al., 2013; Osada et al., 2009).

Bacteria and yeast have shown some promise as vaccine vectors in pre-

clinical studies and are also being evaluated in clinical trials. Heat-killed

recombinant Saccharomyces cerevisiae is inherently nonpathogenic, can be eas-

ily propagated and purified, and is very stable. Recombinant yeasts have

been shown to activate maturation of human DCs and to present both class

I and class II epitopes of transgenes (Remondo et al., 2009; Wansley et al.,

2008). Surprisingly, it appears that these vectors can be administered multi-

ple times without eliciting host-neutralizing activity (Wansley et al., 2008).

Attenuated recombinant Listeria monocytogenes (Lm) bacteria have also been

shown to target DCs, and, like viral and yeast vectors, they stimulate both

innate and adaptive immune responses (Singh & Paterson, 2006). Although

DNA vaccine platforms have shown promise in preclinical studies (Kaplan

et al., 2006; Xiang et al., 2008), early clinical trials have been disappointing.

Their exact mode of action is not known at this time. However, new con-

structs and methods of administration may enhance their utility.

The use of whole-tumor cell vaccines has the advantage of presenting the

patient’s immune system with a range of both known and undefined TAAs as

immunogens. However, this same property also potentially diminishes the rel-

ative level of expression of a particular TAA or group of TAAs and their pre-

sentation and processing by APCs. The use of a killed whole-tumor cell

vaccine is usually accompanied by an immune stimulant such as GM-CSF,

or Bacillus Calmette-Guerin (BCG) adjuvant. Autologous tumor cell vaccines

have the advantage of presenting to the immune system the unique set of

TAAs, such as particular pointmutations or fusion gene products, from a given

patient’s own tumor (Hoover et al., 1993). Because this technology depends

on the availability of tumor biopsies, it is feasible for few tumor types and stages.

In one promising variation of this technique, however, DCs and autologous

tumor cells are fused together before immunization of the patient (Avigan

et al., 2004). DC–tumor cell fusions combine the unique properties of

whole-tumor cell vaccines with the enhanced antigen-presenting power of

DCs. Alternatively, allogeneic whole-tumor cell vaccines, which typically

contain two or three established and characterized human tumor cell lines

of a given tumor type, are being used to overcome many logistical limitations

of autologous tumor cell vaccines. TheGVAXvaccine platforms (Emens et al.,
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2009; Laheru et al., 2008; Lutz et al., 2011), which contain allogeneic pancre-

atic, prostate, or breast tumor cells, are a testament to the ability to provide such

a vaccine for multicenter evaluation.

Anti-idiotype vaccines are directed against specific antibodies found on

the surface of B-lymphoma cells (Belardelli, Ferrantini, Parmiani, Schlom, &

Garaci, 2004; Inoges et al., 2006; Schuster et al., 2011) and have the advan-

tage of targeting a unique tumor-specific antigen. A disadvantage is that their

generation and production are quite labor intensive in that, to date, each

anti-idiotype vaccine has been patient specific. However, some researchers

have shown that these patient-specific vaccines can be produced in less than

a month (reviewed in Bendandi, 2009).

3.1. An example of optimizing vaccine potency

The spectrum of therapeutic cancer vaccines is as wide as the spectrum of

chemotherapeutics and small molecule targeted therapies. One approach

to optimizing vaccine potency, for example, is to endow the vaccine with

as much immunostimulatory potential as possible. The large genome of pox-

viruses allows one to add transgenes for one or more TAAs and three T-cell

costimulatory molecules. The generation of a robust host response to a weak

“self-antigen” such as a TAA requires at least two signals. B7.1 (CD80) is

one of the most studied costimulatory molecules in its interaction with its

CD28 ligand on T cells. Initial studies demonstrated that the admixing of

recombinant vaccinia (rV)-TAA with rV-B7.1 resulted in enhanced

TAA-specific T-cell responses and antitumor immunity compared to either

vector alone (Hodge et al., 1995; Kalus et al., 1999). Additional studies were

conducted with recombinant vaccinia viruses containing other T-cell

costimulatory molecules including LFA-3, CD70, ICAM-1, 4-1BBL, and

OX-40L (Kudo-Saito et al., 2006; Lorenz, Kantor, Schlom, & Hodge,

1999a; Lorenz, Kantor, Schlom, & Hodge, 1999b; Uzendoski, Kantor,

Abrams, Schlom, & Hodge, 1997). Each was shown to enhance antigen-

specific T-cell responses, but the combined use of three specific

costimulatory molecules (B7.1, ICAM-1, and LFA-3) acted synergistically

to further enhance antigen-specific T-cell responses (Fig. 2.1). Each mole-

cule binds to a different ligand on T cells and is known to signal

through different pathways. This TRIad of COstimulatory Molecules

has been designated TRICOM (Table 2.4). Attempts to add a fourth

costimulatory molecule resulted in either a minimal enhancement or

reduced immunogenicity to the TAA transgene.
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Figure 2.1 The three costimulatory molecules in TRICOM (B7.1, ICAM-1, and LFA-3) act

synergistically in enhancing antigen-specific T-cell responses. Each molecule has a dis-

tinct ligand on T cells. Adapted from Schlom, Hodge, et al. (2013). Elsevier Ltd.

Table 2.4 TRICOM: TRIad of COstimulatory Molecules

Costimulatory

molecule Ligand on T cell

B7-1 (CD80) CD28/CTLA-4

ICAM-1 (CD54) LFA-1

LFA-3 (CD58) CD2

TRICOM¼B7-1/ICAM-1/LFA-3

CEA/TRICOM¼CEA/B7-1/ICAM-1/LFA-3

CEA/MUC-1/TRICOM¼CEA/MUC-1/B7-1/ICAM-1/LFA-3 (PANVAC)

PSA/TRICOM¼PSA/B7-1/ICAM-1/LFA-3 (PROSTVAC)

All vaccines contain: rV- as a prime vaccine

avipox (fowlpox, rF-) as multiple booster vaccines

CEA, MUC-1, and PSA transgenes all contain
enhancer agonists
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One of the most widely expressed TAAs is CEA (Schlom, Tsang,

Hodge, & Greiner, 2001). One of the issues addressed early on was to opti-

mize induction of CEA-specific CD4+ and CD8+ T-cell responses in a host

tolerant to CEA and in which CEA is a self-antigen. Since mice do not

express human CEA, CEA transgenic (CEA.Tg) mice are employed

(Clarke, Mann, Simpson, Rickard-Dickson, & Primus, 1998). These mice

express CEA, as do humans, in fetal tissue and in some adult gut tissues. They

also express CEA in sera at levels similar to patients with CEA positive

tumors. The challenge was to define the best delivery system to break tol-

erance to CEA in these mice, and to go on to kill tumors engineered to

express human CEA. A recombinant vaccinia expressing the CEA transgene

(designated rV-CEA)was constructed and demonstrated superiority to other

forms of CEA-targeted therapy (Irvine, Kantor, & Schlom, 1993; Kass et al.,

1999). Subsequent studies (Kass et al., 1999) also demonstrated the superi-

ority of rV-CEA versus CEA protein in inducing antitumor responses. This

study and numerous others have dispelled the belief of “antigenic

competition” in using poxvirus vectors, that is, that the poxviral epitopes

would interfere with the TAA transgene epitopes for T-cell activation

(Larocca & Schlom, 2011).

Evaluation of different vaccine strategies (Aarts, Schlom, & Hodge,

2002; Grosenbach, Barrientos, Schlom, & Hodge, 2001) in the stringent

CEA.Tg animal model also demonstrated that (a) a diversified vaccination

protocol consisting of primary vaccination with rV-CEA–TRICOM

followed by boosting with recombinant fowlpox (rF)-CEA–TRICOM is

more efficacious than homogeneous vaccination with either vector and

more efficacious than the use of these vectors with one or no costimulatory

molecules (Fig. 2.2); (b) continued boosting with vaccine was required to

maintain CEA-specific T-cell responses. These strategies were combined

to optimally treat CEA-expressing carcinoma liver metastases in CEA.Tg

mice (Aarts et al., 2002; Grosenbach et al., 2001).

3.2. Vaccine/vaccine combinations

Different vaccine platforms directed against the same tumor antigen have

been shown to enhance host immunity in different ways and thus may have

an additive or synergistic antitumor effect. Using a recombinant poxviral

TRICOM vaccine and a yeast (S. cerevisiae) vaccine, studies evaluated

T-cell populations induced by these two diverse platforms in terms of serum

cytokine response, T-cell gene expression, T-cell receptor phenotype, and
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antigen-specific cytokine expression (Boehm, Higgins, Franzusoff,

Schlom, & Hodge, 2010). T-cell avidity and T-cell-mediated antigen-

specific tumor cell lysis demonstrated that vaccination with rV-,

rF-CEA–TRICOM or heat-killed yeast-CEA elicits T-cell populations

with both shared and unique phenotypic and functional characteristics. Fur-

thermore, both the antigen and the vector played a role in the induction of

distinct T-cell populations. These studies (Boehm et al., 2010) thus provide

the rationale for future clinical studies investigating concurrent or sequential

administration of different vaccine platforms targeting a single antigen.

Moreover, studies involving the concurrent or sequential use of vaccines

targeting different antigens expressed on a heterogeneous tumor mass are

clearly warranted.

4. ANIMAL MODELS TO EVALUATE CANCER VACCINES:

PROS AND CONS

The use of animal models to evaluate different forms of immunother-

apy, including vaccine therapy, can be extremely helpful in certain cases and

Figure 2.2 CEA-specific lymphoproliferation of T cells from CEA transgenic mice vacci-

nated with TRICOM vector (without the CEA transgene); rV-, rF-CEA; rV-, rF-CEA-B7.1; or

rV-, rF-CEA–TRICOM vectors. Adapted from Aarts et al. (2002).
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“less than useful” in others. For example, murine models can be extremely

useful in evaluating the potency of one vaccine platform versus another and

in determining the mode of action of a given vaccine platform. They are also

useful in the evaluation of therapies employing vaccines in combination

with other forms of immunotherapy, or other modes of therapeutic inter-

vention, where scheduling of each intervention can potentially be important

and can be monitored. There are, however, several major drawbacks in the

use of animal models; in particular, murine transplantable tumors grow at an

extremely fast rate, in which the time from transplantation to death is usually

a matter of weeks. There is a mindset by some that one must be able to “cure

large tumor masses” for any immunotherapy to be effective. The clinical

correlate of this is chemotherapy or the adoptive transfer of hundreds of mil-

lions to billions of T cells to melanoma patients with large tumor masses. The

appropriate utilization of therapeutic cancer vaccines, however, is in the

adjuvant or neoadjuvant setting or in patients with minimal residual meta-

static disease. Many of these patients have no measurable disease by conven-

tional scanning technologies, but have micrometastatic disease and/or a high

risk of recurrence. The evaluation of vaccines and vaccine strategies in ani-

mal models thus does not require the use of mice with a large tumor burden,

where the tumor mass is a high percentage of the mass of the host. Indeed,

the FDA-approved checkpoint inhibitor ipilimumab is ineffective in some

models as a monotherapy in mice bearing nonimmunogenic tumors (Hodge

et al., 2005). Moreover, both the Provenge vaccine and ipilimumab were

FDA approved on the basis of increased survival and not on the basis of

improved time to progression (TTP) or reduction of tumor burden

employing RECIST criteria.

Animal models are also inappropriate in the analysis of immunogenicity

of human TAAs. It is well known that the immunogenicity of a given anti-

gen may differ greatly between different species and even among different

strains of mice. Even the use of HLA-A2Tgmicemay not provide an appro-

priate answer as to immunogenicity in humans due to the fact that the T-cell

receptor repertoire of mice (including A2 Tg) and humans differs apprecia-

bly. It is suggested that the appropriate model to determine the potential

immunogenicity of a given tumor antigen in humans, short of a clinical trial,

is the ability of a given peptide/protein or vaccine to activate human T cells

in vitro, which in turn have the ability to lyse human tumors expressing that

antigen. Alternatively, analysis of PBMCs from patients who have received

vaccine (not containing the tumor antigen in question), or checkpoint

inhibitor monoclonal antibody, can be performed posttreatment to evaluate
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the ability to generate T cells to the tumor antigen in question, that is, for

evidence of epitope spreading/antigen cascade.

5. TYPES OF IMMUNOTHERAPY

5.1. Vaccine therapy and adoptive T-cell transfer:
A study in contrasts

Different modes of immunotherapy that target the same tumor antigen can

lead to quite distinct results. This is exemplified in a series of studies, both

preclinical and clinical involving vaccine therapy and adoptively transferred

T cells, both of which target the TAA CEA. Preclinical studies of both

modalities used human CEA.Tg mice where CEA is a self-antigen. In

one study, it was indicated that vector (devoid of costimulatory molecules)-

or DNA-based vaccine directed against CEA was incapable of rejecting

CEA positive tumors (Bos et al., 2008). The study went on to report that

“effective tumor targeting is only achieved by adoptive transfer of T cells.”

However, such treatment resulted in severe intestinal autoimmune pathol-

ogy associated with weight loss and mortality. In a clinical study (Parkhurst

et al., 2011), autologous T cells were genetically engineered to express a

T-cell receptor directed against a specific human CEA epitope and

T cells were adoptively transferred to three patients with metastatic colorec-

tal cancer. All patients experienced profound decreases in serum CEA levels

(74–99%) and one patient had an objective regression of cancer metastatic to

the lung and liver. However, a severe transient inflammatory colitis repre-

sented a dose-limiting toxicity that was induced in all three patients. The

authors concluded that this study demonstrated the limitations of using

CEA as a target for cancer immunotherapy.

These preclinical and clinical studies are contrasted with the use of

vector-based vaccines that contain transgenes for CEA and three

costimulatory molecules (designated TRICOM). Using the same CEA.

Tg mice described above, tumor-bearing mice received a prime vaccination

with rV-CEA–TRICOM and multiple booster vaccinations with rF-CEA–

TRICOM. Antitumor immunity leading to cure in approximately 60% of

mice was achieved in the absence of any evidence of autoimmunity (Hodge,

Grosenbach, et al., 2003). Indeed, no evidence of toxicity was seen

employing an array of clinical serum and urine chemistry assays and a com-

prehensive histopathologic evaluation of all tissues after 1 year. Similar

results were also obtained employing CEA–TRICOM vaccination in

CEA.Tgmice crossed with mice bearing a mutation in the APC gene. These
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mice developed spontaneous intestinal tumors. Vaccination resulted in

improved overall survival (OS) in the absence of autoimmunity (Greiner,

Zeytin, Anver, & Schlom, 2002). A third study (Zeytin et al., 2004) dem-

onstrated that CEA–TRICOM vaccination in combination with Celecoxib

elicits antitumor immunity and long-term survival in CEA.Tg/MIN mice

in the absence of autoimmunity. Several clinical studies have now shown

evidence of antitumor immunity in metastatic cancer patients employing

CEA–TRICOM- and CEA–MUC1–TRICOM-based vaccines in the

absence of autoimmunity (Marshall et al., 2005; Morse, Niedzwiecki,

et al., 2013). In a Phase II trial, patients with metastatic colorectal

cancer to the liver and/or lung were vaccinated with PANVAC vaccine

(rV-, rF-CEA–MUC1–TRICOM) following metastasectomy (Morse,

Niedzwiecki, et al., 2013). At approximately 40 months’ follow-up, 90%

of the vaccinated patients survived versus approximately 47% in the contem-

porary control group. OS of colorectal cancer patients after metastasectomy

in five other trials ranged from 28% to 58% (Andres et al., 2008; Arru et al.,

2008; Choti et al., 2002; House et al., 2010; Pawlik et al., 2005; Sasaki et al.,

2005). Moreover, no evidence of autoimmunity was reported in the patients

receiving PANVAC. This trial will be discussed in detail below. These stud-

ies demonstrated the balance that can indeed be achieved between the

induction of an antitumor immune response to a self-antigen and the

absence of autoimmunity, and illustrated the distinctions between different

forms of immunotherapy targeting the same antigen.

6. THE IMPORTANCE OF ANTIGEN CASCADE IN

VACCINE-MEDIATED THERAPEUTIC RESPONSES

Studies have been undertaken (Kudo-Saito, Garnett, Wansley,

Schlom, & Hodge, 2007; Kudo-Saito, Schlom, Camphausen,

Coleman, & Hodge, 2005) to determine the range of specific immune

responses associated with vaccination-mediated tumor regression. In

one model, CEA.Tg mice bearing CEA+ tumors were vaccinated with

the CEA–TRICOM subcutaneous/intratumoral (s.c./i.t.) regimen, and

antitumor (Fig. 2.3, top panel) and T-cell immune responses were

assessed. These studies showed that CEA needed to be present in both

the vaccine and the tumor for therapeutic effects. T-cell responses could

be detected not only to CEA (the antigen encoded in the vaccine) but

also to other antigens expressed on the tumor: wild-type p53 and an
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endogenous retroviral epitope of gp70 (Fig. 2.3, middle panel A, B, C).

Moreover, the magnitude of CD8+ T-cell immune responses to gp70 was

far greater than that induced to CEA or p53. Finally, the predominant

T-cell population infiltrating the regressing CEA+ tumor after therapy

was specific for gp70 (Fig. 2.3, middle panel D–I). Challenge of cured

mice with tumors expressing only CEA, only gp70, both antigens, or

none showed that the predominant antitumor effect was due to gp70, that

is, the cascade antigen (Fig. 2.3, lower panel). Clinical studies in breast

cancer patients also showed that there was a correlation with clinical ben-

efit for those patients who demonstrated the phenomenon of antigen cas-

cade/epitope spreading in PBMCs postvaccination (Disis, 2009, 2011;

Hardwick & Chain, 2011; Walter et al., 2012). These studies showed that

the breadth and magnitude of antitumor immune cascades to multiple

antigens can be critical in the therapy of established tumors. These studies

also indicate the potential utility of vaccines in addressing the issue of

tumor cell phenotypic heterogeneity.

Figure 2.3 The importance of vaccine-induced antigen cascade in antitumor immunity.

Top panel: CEA transgenic (Tg) mice were transplanted subcutaneously (s.c.) withMC38-

CEA+ tumors on day 0. (A) Control mice were vaccinated with PBS vehicle s.c. on day

8 and intratumorally (i.t.) on days 15 and 22. (B) Mice were vaccinated s.c. with

rV-CEA/TRICOM on day 8 and then boosted s.c. with rF-CEA–TRICOM on days 15 and

22. (C) Mice were vaccinated s.c. with rV-CEA–TRICOM on day 8 and then boosted i.t.

with rF-CEA–TRICOM on days 15 and 22. P values on day 28 compared with the PBS

control group. Mice in (C) were separated into two groups (D and E) based on the tumor

volume and were used for subsequent immunologic analyses after tumor transplanta-

tion. Middle panel: Induction of CD8+ T-cell responses to CEA, p53, and gp70 after the

CEA–TRICOM vaccination. Splenic lymphocytes from CEA.Tg mice were used 29 days

after tumor transplantation. (A) CEA-specific CTL activity. (B) p53-specific CTL activity.

(C) gp70-specific CTL activity. Control mice treated with PBS (○), nonresponders to

CEA/TRICOM vaccine therapy (▲), and responders to CEA/TRICOM vaccine therapy

(▪). (D–F) Antigen-specific IFN-g production from CD8+ T cells. (G–I) Antigen-specific

tumor necrosis factor-a production from CD8+ T cells. Bottom panel: CEA.Tg mice were

vaccinated with CEA–TRICOM as described. Cured mice (see panel (E)) were challenged

with tumor cells that were CEA+gp70+, CEA+gp70neg, CEAneggp70+, or CEAneggp70neg.

The results demonstrate that some of the antitumor effects can be attributed to CEA in

the original vaccination, but the most potent antitumor effects are those directed

against the tumor-associated cascade antigen gp70 not in the vaccine. As a control,

age/sex-matched CEA.Tg mice were implanted with the same tumors (thin lines).

Adapted from Kudo-Saito, Schlom, and Hodge (2005).
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7. TRICOM-BASED VACCINES: CLINICAL STUDIES

Three of the most widely studied human TAAs are CEA, MUC-1,

and PSA. CEA is overexpressed in a wide range of human carcinomas,

including gastrointestinal, breast, lung, pancreatic, medullary thyroid, ovar-

ian, and prostate. MUC-1 is a tumor-associated mucin, which is over-

expressed and hypoglycosylated in all human carcinomas as well as in

acute myeloid leukemia and multiple myeloma. The elegant studies of Kufe

and colleagues (Kufe, 2009; Raina et al., 2011), as well as others, have dem-

onstrated that the C-terminus of MUC-1 functions as an oncogene.

Numerous preclinical studies and recent clinical studies have demonstrated

the importance of the induction of CD8+ T-cell responses in vaccine-

mediated antitumor immunity. Both the number and avidity of T cells

can contribute to tumor cell lysis. Indeed, it has been shown that high avidity

T cells can lyse targets with up to 1000-fold lower peptide–MHC complexes

than low avidity T cells (Derby, Alexander-Miller, Tse, & Berzofsky, 2001;

Hodge et al., 2005; Oh et al., 2003). Since the majority of tumor antigens are

“self-antigens,” they will by nature induce lower avidity T cells. Even some

gene products of somatic mutations, such as point-mutated ras, will generate

T cells of much lower avidity when compared to T cells induced by micro-

bial antigens such as influenza. For this reason, strategies have been under-

taken to enhance both the number and avidity of T cells to TAAs. One such

strategy is the design of enhancer agonist epitopes. The PROSTVAC vac-

cine (rV-, rF-PSA–TRICOM) contains an enhancer epitope for PSA, and

the PANVAC vaccine (rV-, rF-CEA–MUC1–TRICOM) contains

enhancer epitopes for both CEA and MUC1 (Table 2.4). Both PRO-

STVAC and PANVAC are “off-the-shelf” vaccines that can be easily dis-

tributed for multicenter clinical trials (Fig. 2.4).

We conducted the first TRICOM trial in humans (Marshall et al., 2005)

with rV-, rF-CEA–TRICOM vaccines. Twenty-three out of 58 patients

(40%) had stable disease for at least 4 months, with 14 (24%) of these patients

having prolonged stable disease (>6 months). Eleven patients had decreasing

or stable serum CEA, and one patient had a pathologic complete response.

Enhanced CEA-specific T-cell responses were observed in the majority of

patients tested.

An early clinical study (Gulley et al., 2008) treated 25 patients with mul-

tiple types of cancer with the poxviral vaccine regimen consisting of the

genes for CEA and MUC-1, along with TRICOM, engineered into
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vaccinia (PANVAC-V) as a prime vaccination and into fowlpox

(PANVAC-F) as a booster vaccination. The vaccine regimen was well tol-

erated. Immune responses to MUC-1 and/or CEA were seen following

vaccination in nine of 16 patients tested. A breast cancer patient had a con-

firmed decrease of >20% in the size of large liver metastases, and a patient

with clear cell ovarian cancer and symptomatic ascites had a durable

(18 months) clinical response radiographically and biochemically.

Another study (Mohebtash et al., 2011) was conducted to obtain prelim-

inary evidence of clinical response in metastatic breast and ovarian cancer

patients with PANVAC. Twenty-six patients were enrolled and given

monthly vaccinations. These patients were heavily pretreated, with 21 of

26 patients having had three or more prior chemotherapy regimens. Side

effects were largely limited to mild injection-site reactions. For the 12 breast

cancer patients enrolled, median OS was 13.7 months. Four patients had sta-

ble disease beyond their first restaging. One patient had a complete response

by RECIST and remained on study for over 37 months. Another patient

with metastatic disease confined to the mediastinum had a reduction in a

mediastinal mass and was on study for 10 months. Patients with stable or

responding disease had fewer prior therapies and lower tumor marker levels

than patients with no evidence of response. Further studies to confirm these

results are warranted.

Figure 2.4 The “off-the-shelf” nature of TRICOM vaccines containing transgenes for one

or more tumor-associated antigens (TAAs) and three T-cell costimulatory molecule

transgenes. Prime and booster vaccinations are given subcutaneously. Adapted from

Schlom, Hodge, et al. (2013). Elsevier Ltd.
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A Phase II trial was also conducted in colorectal cancer patients following

metastasectomy (surgical removal of lung or liver metastases). In this multi-

center trial (Morse, Niedzwiecki, et al., 2013), 74 patients who had no

evidence of disease after resection and completion of their physician-

determined perioperative chemotherapy were vaccinated with PANVAC

(i.e., with vaccine alone or with vaccine-modified DCs). Data from a pro-

spectively registered, comparable contemporary control group of colorectal

cancer patients who had undergone metastasectomy were also available

(Morse, Niedzwiecki, et al., 2013). The 2-year relapse-free survival was sim-

ilar in all groups: 47% for the DC-PANVAC group, 55% for the PANVAC

group, and 55% for the contemporary control group. However, the 2-year

OS was 95% for the vaccinated groups and 75% for the contemporary

control group; after approximately 40 months of follow-up, 67 of

74 (90%) of the vaccinated patients survived versus approximately 47% in

the contemporary control group; the data for 3- to 5-year survival of colo-

rectal cancer patients after metastasectomy in five other trials range from

28% to 58% (Andres et al., 2008; Arru et al., 2008; Choti et al., 2002;

House et al., 2010; Pawlik et al., 2005; Sasaki et al., 2005). A randomized

trial is necessary to confirm these results. It is of interest, however, that this

is yet another example of a vaccine trial that shows little or no evidence of an

improvement in relapse-free survival, yet has an apparent benefit in OS

(Hoos et al., 2010).

8. PROSTATE CANCER CLINICAL TRIALS

While the vast majority of prior and ongoing vaccine trials have

been conducted in patients with metastatic melanoma, several character-

istics render carcinoma patients with minimal disease burden or in the

adjuvant and/or neoadjuvant setting amenable to vaccine therapy. Pros-

tate cancer can be considered as a prototype disease for the evaluation of

therapeutic cancer vaccines (Madan, Gulley, Fojo, & Dahut, 2010):

(a) prostate cancer is generally an indolent disease that may not lead to

metastatic disease or death for over a decade or more; consequently, time

is often required for a vaccine to generate a sufficient immune response

capable of curtailing disease growth; (b) prostate cancer cells express a

variety of well-characterized TAAs; (c) the serum marker PSA can be

used to identify patients with minimal tumor burden and those

responding to therapy; and (d) a well-defined nomogram, the Halabi
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nomogram (Halabi et al., 2003), can be used at presentation of metastatic

disease to predict probable response to standard-of-care chemotherapy

and/or hormone therapy.

8.1. PSA–TRICOM (PROSTVAC) studies

A series of clinical trials were conducted to determine the safety and efficacy

of PSA-based vaccines. A Phase I study was first conducted to demonstrate

the safety of rV-, rF-PSA–TRICOM (PROSTVAC) in patients with pros-

tate cancer (Arlen et al., 2007). PROSTVAC-VF was then evaluated for

prolongation of progression-free survival (PFS) and OS in a 43-center ran-

domized, controlled, and blinded Phase II study (Kantoff, Schuetz, et al.,

2010). In total, 125 patients with minimally symptomatic mCRPC were

randomly assigned. Patients were allocated (2:1) to PROSTVAC-VF plus

GM-CSF or to control empty vectors plus saline injections. Eighty-two

patients received PROSTVAC-VF and 40 received control vectors. Patient

characteristics were similar in both groups. The primary endpoint was PFS,

which was similar in the two groups (P¼0.6). However, at 3 years

poststudy, PROSTVAC-VF patients had a better OS with 25 (30%) of

82 alive versus 7 (17%) of 40 controls, a longermedian survival by 8.5months

(25.1 months for vaccinated patients vs. 16.6 months for controls), an esti-

mated hazard ratio of 0.56 (95% CI, 0.37–0.85), and a stratified log-rank

P¼0.0061 (Fig. 2.5A). PROSTVAC-VF immunotherapy was well toler-

ated and associated with a 44% reduction in the death rate and an 8.5-month

improvement in median OS in men with mCRPC. These results compare

quite favorably with those of the Phase III trials results of Sipuleucel-T vac-

cine in a similar patient population (Fig. 2.5B). The provocative data with

the PROSTVAC vaccine provided evidence of clinically meaningful ben-

efit; a 1200-patient global Phase III study is ongoing.

In a concurrent Phase II study (Gulley, Arlen, Madan, et al., 2010),

32 patients were vaccinated once with rV-PSA–TRICOM and received

boosters with rF-PSA–TRICOM. Twelve of the patients showed declines

in serum PSA postvaccination, and 2 of 12 showed decreases in index

lesions. Median OS was 26.6 months (predicted median OS by the Halabi

nomogram was 17.4 months) (Fig. 2.6A). Patients with greater PSA-specific

T-cell responses showed a trend (P¼0.055) toward enhanced survival

(Fig. 2.6B). There was no difference in T-cell responses or survival in

cohorts of patients receiving GM-CSF versus no GM-CSF. In a concurrent

Phase II trial conducted at the same institution (NCI), the Halabi nomogram
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Figure 2.5 (A) Overall survival (OS) of a 43-center placebo-controlled randomized Phase

II study of PROSTVAC vaccination. Kaplan–Meier estimator for PROSTVAC (rV-, rF-PSA–

TRICOM) arm is shown as a red line and estimator for the control arm is a blue line. The

small vertical tic marks show the censoring times. The estimated median OS is

25.1 months for the PROSTVAC arm and 16.6 months for the control arm (P¼0.006).

(B) Overall survival in patients with metastatic castrate-resistant prostate cancer using

the Spiluleucel-T vaccine versus control. Sipuleucel-T improved patients’ OS (hazard

ratio for death¼0.78; P¼0.03). The placebo control consisted of cultured antigen-

presenting cells (APCs) from leukapheresis, without prostatic acid phosphatase–

granulocyte macrophage colony-stimulating factor (PAP–GM-CSF) antigen. Per the trial

protocol, the control group could receive cryopreserved APCs with antigen upon

disease progression. Panel (A): Adapted from Kantoff, Schuetz, et al. (2010). Panel

(B): Adapted from Kantoff, Higano, et al. (2010).
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accurately predicted survival in a similar patient population receiving the

standard-of-care drug docetaxel. In the vaccine trial, patients with a

Halabi-predicted survival (HPS) (Halabi et al., 2003) of <18 months

(median predicted 12.3 months) had an actual median OS of 14.6 months,

while those with an HPS of �18 months (median-predicted survival

20.9 months) will meet or exceed 37.3 months, with 12 of 15 patients living

longer than predicted (P¼0.035). Regulatory T-cell (Treg)-suppressive

Figure 2.6 (A) The Kaplan–Meier curve for the patients (n¼32) with metastatic pros-

tatic cancer vaccinated with rV-, rF-PSA–TRICOM (PROSTVAC) demonstrates (A) a

median overall survival (OS) of 26.6 months. (B) There was a strong trend in the ability

to mount a sixfold increase in PSA-T cells postvaccine and an increase in OS. Adapted

from Gulley, Arlen, Madan, et al. (2010).
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function was also shown to decrease following vaccine in patients surviving

longer than predicted and increase in patients surviving less than predicted

(Gulley, Arlen, Madan, et al., 2010). Trends were also observed in

increased effector:Treg (CD4+CD25+CD127negFoxP3+CTLA4+) ratios

post- versus prevaccination with OS versus HPS. This hypothesis-

generating study provided evidence that patients with more indolent

mCRPC (HPS�18 months) may best benefit from vaccine therapy.

It has also been hypothesized that vaccine therapy will have significant

benefit in patients with minimal disease recurrence. To test this, hormone

naive patients (n¼50) with biochemical recurrence were vaccinated with

PROSTVAC (DiPaola et al., 2009). Among 29 patients with follow-up

>6 months, the PSA progression-free rate at 6 months (the primary end-

point) was 66%. Pretreatment PSA slope was 0.17 log PSA/month (median

PSA doubling time 4.4 months), in contrast to the on-treatment slope of

0.12 log PSA/month (median PSA doubling time 7.7 months),

P¼0.002. PROSTVAC vaccine can thus be administered safely with pre-

liminary evidence of patient benefit in the multi-institutional cooperative

group setting to patients with minimal disease volume (DiPaola et al., 2009).

8.2. Vaccines and tumor growth rates

One of the confounding phenomena involving therapeutic cancer vaccines

is the disconnect, seen in several clinical trials, between an increase in OS in

vaccinated patients (vs. control cohorts) and the lack of a corresponding sta-

tistical increase in TTP and/or tumor shrinkage using RECIST criteria.

Indeed, in the two FDA-approved immunotherapeutics (Provenge vaccine

and ipilimumab), a statistical increase in OS was not accompanied by an

increase in TTP, as mentioned above. This was also seen in the PRO-

STVAC trial in metastatic prostate cancer patients. This phenomenon

and the disconnect with results observed with cytotoxic drugs have now

been studied (Stein et al., 2011).

In patients who are treated with traditional cytotoxic agents, improved

TTP is believed to be a prerequisite for improved OS. A recent study (Stein

et al., 2011) evaluated tumor regression and growth rates in four chemother-

apy trials and one vaccine trial in patients with mCRPC. Figure 2.7A

illustrates the growth rate constants observed in that study. Cytotoxic agents

affect the tumor only during the period of administration; soon after the drug

is discontinued, due to drug resistance or toxicity, tumor shrinkage ceases

and the growth rate of the tumor increases (Fig. 2.7A, line b). With vaccine
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Figure 2.7 Tumor growth rates following chemotherapy versus vaccine therapy. (A)

Average tumor growth rates and time to death in patients with metastatic prostate can-

cer, from five clinical trials (four with chemotherapy and one with PROSTVAC vaccine,

also known as PSA–TRICOM). Growth rate of tumor if no therapy is initiated (line a). An

examination of five clinical trials (four with chemotherapy and one with PSA–TRICOM

(PROSTVAC) vaccine) in patients with metastatic prostate cancer demonstrated that

with the use of chemotherapy, there was an initial tumor reduction, but that the growth

rate of tumors at relapse (line b) was similar to the initial tumor growth rate prior to

therapy; this is contrasted with the reduction in tumor growth rate following vaccine

therapy (line c). Thus, for patients with little or no tumor reduction (and thus virtually

no increase in time to progression), an increase in survival was observed. †Time to death.

(B) This phenomenon could potentially be enhanced if vaccine therapy is initiated

(Continued)
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therapy, the mechanism of action and kinetics of clinical response appear to

be quite different (Stein et al., 2011). Therapeutic vaccines do not directly

target the tumor; rather, they target the immune system. Immune responses

often take time to develop and can potentially be enhanced by continued

booster vaccinations. Any resulting tumor cell lysis as a consequence of vac-

cination can lead to cross-priming of additional TAAs; this can take place via

the uptake of lysed tumor cells by host APCs, which activate more T cells to

other antigens in the tumor, thus broadening the immune repertoire (a phe-

nomenon known as “antigen cascade” or “epitope spreading”). This

broader, and perhaps more relevant, immune response may also take some

time to develop. This phenomenon is demonstrated in the preclinical model

depicted in Fig. 2.3 (Kudo-Saito, Schlom, Hodge, 2005).

Although a vaccine may not induce any substantial reduction in tumor

burden, vaccines as monotherapy have the potential to apply antitumor

activity over a long period, resulting in a slower tumor growth rate

(Fig. 2.7A, line c). This deceleration in growth rate may continue for

months or years and, more importantly, through subsequent therapies. This

process can thus lead to clinically significant improved OS, often with little

or no difference in TTP and a low rate of, or lack of, objective response

(Fig. 2.7A, line c). Thus, treating patients with a vaccine when they have

a lower tumor burden, as compared with a greater tumor burden, may result

in far better outcomes (Fig. 2.7B, line d vs. line e). Early clinical trials with

vaccine may have been terminated prematurely with the observance of

tumor progression before sufficient vaccine boosts could be administered.

The realization of this phenomenon has now led to modifications in how

vaccine clinical trials are designed and to new “immune response criteria”

for immunotherapy (Hoos et al., 2010). It is also believed that the combined

use of vaccine and cytotoxic therapy, or with a small molecule targeted ther-

apeutic, may result in both tumor regression (via the cytotoxic therapy) and

reduced tumor growth rate (via vaccine therapy) (Fig. 2.7C) (Gulley, Arlen,

Hodge, et al., 2010; Gulley et al., 2011; Madan, Mohebtash, et al., 2010;

Stein et al., 2011). These concepts will be discussed below.

Figure 2.7—Cont'd earlier in disease progression or in patients with low tumor burden

metastatic disease (line d), but would have minimal effect in patients with large tumor

burden (line e). (C) Additional therapies received with vaccine may take advantage of

both modalities. Adapted from data in Stein et al. (2011), Gulley et al. (2011), and Madan,

Gulley, et al. (2010). Panel (C): Adapted from Schlom (2012). Oxford University Press.
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8.3. A case report: Analysis of a prostate cancer
patient over an 18-year period

This patient was 60 years old when initially diagnosed with prostate cancer

on the basis of a PSA level of 11.9 ng/mL (Rojan, Funches, Regan,

Gulley, & Bubley, 2013) (Fig. 2.8). A prostate biopsy specimen revealed

Gleason 7 adenocarcinoma. He was treated with radical prostatectomy

and was found to have disease involving both lobes of his prostate extending

outside the capsule to the inferior margin (stage T3a). After radical prosta-

tectomy, his PSA level became undetectable (<0.2 ng/mL) and remained

so for 2 years. His PSA level then began to rise over the next 4 years.

A scan demonstrated abnormal activity only in the prostate bed, and he

was treated with external beam radiation therapy. However, his PSA level

continued to rise without any apparent effect of the radiation on his PSA

doubling time.

Seven and a half years after prostatectomy, his PSA level continued to

rise. He enrolled in an Eastern Cooperative Oncology Group Phase II clin-

ical trial and received four doses of a PSA–TRICOM vaccine. Five months

after receiving his last vaccination, his PSA level had risen to 12.9 ng/mL

before gradually declining and reaching a nadir of 4.3 ng/mL (a 67%

PSA (ng/mL)
1000
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0.1

61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79

Radical prostatectomy Vaccine treatment

External beam radiation

Second vaccine treatment

Age

Figure 2.8 Tumor growth rate of a patient with metastatic prostate cancer receiving

PSA–TRICOM vaccinations. Prostate-specific antigen (PSA) values (y-axis) are in ng/mL

and plotted on the natural log scale; PSA was measured at two different institutions

as denoted by the two colors. Time (x-axis) is in years relative to prostatectomy in

1993. XRT, radiation therapy. Adapted from Rojan et al. (2013).
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decrease 9.2 years after prostatectomy). This nadir was short lived and his

PSA level began to rise within 1 year. However, in contrast to his prevaccine

PSA doubling time, his doubling time slowed to 2.6 years over the next 5

and 6 years. Approximately 11 years after prostatectomy and 4 years after

initial vaccination, a compassionate-use single-patient institutional review

board application was approved and he was vaccinated with PROSTVAC

vaccine. He subsequently experienced a slowing in his PSA velocity. Since

then, his PSA level has declined spontaneously without intervention. His

most recent PSA level was 3.5 ng/mL (19.3 years after prostatectomy). This

patient originally had a PSA doubling time of 10 months and as such would

have been expected to have a median actuarial time to metastases of 8 years

(from the time of PSA elevation) and a median actuarial time to death after

development of metastases of 5 additional years (Pound et al., 1999). How-

ever, he has not required hormonal treatment or chemotherapy in almost

18 years since his biochemical recurrence, and therefore his course has

greatly exceeded expectations. Because spontaneous declines in PSA levels

are rare in the absence of therapy, it is believed that the ongoing PSA decline

in this patient was caused by the combined effect of both sets of vaccinations.

Of note, the patient’s testosterone levels have been in the low-normal range

and much greater than castration levels, arguing against waning testosterone

levels causing PSA decline. Anti-PSA antibodies that could decrease PSA

levels by pulling PSA out of circulation were not detected on multiple occa-

sions. It is of interest that the decline after the second series of vaccinations

did not occur for approximately 3.5 years, consistent with observations that

responses to vaccines can be quite delayed (Gulley, 2013).

9. VACCINE COMBINATION THERAPIES

It was commonly assumed that chemotherapy and vaccine therapy are

not compatible. However, preclinical studies have demonstrated, and early

clinical evidence is now emerging, that multiple nonimmune modalities of

therapy can be used concurrently with cancer vaccines or immediately after

vaccine therapy, with additive or synergistic effects. Some of these modal-

ities are summarized in Table 2.5.

Certain chemotherapeutic agents can enhance vaccine-mediated T-cell

killing by several different mechanisms. Oxaliplatin and anthracyclines, such

as doxorubicin, will induce what has been termed “immunogenic tumor cell

death,” which results in enhanced cross-priming of TAAs by DCs and sub-

sequent activation of T cells (Kepp et al., 2011; Locher et al., 2010; Tesniere
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et al., 2010; Zitvogel et al., 2010). Other chemotherapies have been shown

to suppress certain types of immune regulatory cells and/or enhance the ratio

of effector T cells to suppressor T cells (as will be discussed below). Certain

chemotherapeutic agents and small molecule targeted therapies have also

been shown to induce “immunogenic modulation” of tumor cells. This

results in an increased expression of TAAs, peptide–MHC complexes, adhe-

sion molecules, and death receptors such as Fas on the surface of tumor cells

and thus renders the tumor cells more susceptible to vaccine-induced T-cell

killing (Garnett et al., 2004; Kodumudi et al., 2010); this same phenomenon

has been observed when tumor cells have been exposed to external beam

radiation, radiolabeled monoclonal antibodies, and chelated bone-seeking

radionuclides (Chakraborty et al., 2004; Chakraborty, Gelbard, et al.,

2008; Gelbard et al., 2006).

Hormonal therapy that is used in the treatment of several different stages

of prostate cancer has been shown to induce thymic regeneration and the

induction of naive T cells (Lee, Hakim, & Gress, 2010; Sportes et al.,

2010; Williams & Gress, 2008); it is at this interval that vaccine therapy

may be most effective (Arredouani et al., 2010; Sanda et al., 1999).

Table 2.5 Vaccines in combination with other therapeutic modalities

Modality Mechanism of action to enhance vaccine efficacy

Hormonal therapy Thymic regeneration and induction of naive
T cells

Chemotherapy “Immunogenic” tumor cell death

Alterations in tumor cell phenotype

Enriched effector:regulator cell ratios

Radiation Alterations in tumor cell phenotype

Small molecule targeted
therapeutics

Alterations in tumor cell phenotype

Enriched effector:regulator cell ratios

Monoclonal antibodies Enhanced ADCC

Imidsa (lenalidomide) Stimulate T-cell proliferation

ADCC, antibody-dependent cell-mediated cytotoxicity.
aImids are a novel class of immunomodulators.
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A clinical study has demonstrated increased levels of infiltrating T cells in

prostate cancer biopsies post- (vs. pre-) hormonal therapy.

10. COMBINATION THERAPIES—PRECLINICAL STUDIES

There have been numerous studies combining different forms of radi-

ation with vaccine therapy. Below are some examples.

10.1. Vaccine and radiation synergy

A synergy has been demonstrated between local radiation of tumor and vac-

cine therapy (Chakraborty et al., 2004; Kudo-Saito, Schlom, Camphausen,

et al., 2005). CEA.Tg mice with developing MC38 murine carcinoma cells

transfected with CEA were treated with rV-, rF-CEA–TRICOM. One

dose of 8-Gy radiation to tumor induced upregulation of the death receptor

Fas (CD95) in situ for up to 11 days. When vaccine therapy and local

radiation of tumor were used in combination, as opposed to individually,

dramatic and significant cures were achieved (Chakraborty et al., 2004;

Kudo-Saito, Schlom, Camphausen, et al., 2005). This was shown to be

mediated by the engagement of the Fas/Fas ligand pathway.

One of the issues with radiation therapy is the nonlethal dose of radiation

that some tumor cells will receive due to issues of normal tissue toxicity or

their location outside the field being irradiated. Twenty-three human car-

cinoma cell lines (12 colon, 7 lung, and 4 prostate) were examined for their

response to non-lytic doses of radiation (Garnett et al., 2004). Seventy-two

hours postirradiation, changes in the expression of surface molecules

involved in T-cell-mediated immune attack such as specific TAAs and

MHC class I, and Fas were examined. Twenty-one of the 23 (91%) cell lines

upregulated one or more of these surface molecules postirradiation. Overall,

the results of this study suggested that nonlethal doses of radiation can be

used to make human tumors more amenable to T-cell attack. Another study

(Chakraborty, Wansley, et al., 2008) explored the possibility that exposure

to palliative doses of a radiopharmaceutical agent could also alter the pheno-

type of tumor cells to render them more susceptible to T-cell-mediated kill-

ing. LNCaP tumor cells exposed to 153Sm-EDTMP, which is used to treat

pain due to bone metastasis, also upregulated the surface molecules such as

Fas, CEA, MUC-1, MHC class I, and ICAM-1, and rendered LNCaP cells

more susceptible to killing by CTLs specific for PSA, CEA, and MUC-1.
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10.2. Vaccines in combination with chemotherapy

Taxanes are commonly used to treat breast, prostate, and lung cancers,

among others. One murine in vivo study (Garnett, Schlom, & Hodge,

2008), for example, showed that docetaxel modulates CD4+, CD8+,

CD19+, NK (natural killer), and Treg populations in nontumor-bearing

mice, and docetaxel combined with CEA–TRICOM vaccination is supe-

rior to either agent alone at reducing tumor burden.

10.3. Vaccine in combination with small molecule
targeted therapies

Studies (Farsaci, Higgins, & Hodge, 2012; Finke et al., 2008) have investi-

gated the immunomodulatory effects of sunitinib to rationally design a poten-

tial combinational platform with vaccine therapy. In one study, the effect of

differently timed combinations of sunitinib and CEA–TRICOM vaccine in

CEA.Tg mice was evaluated. In vivo, one cycle of sunitinib caused bimodal

immune effects: (a) decreased regulatory cells during the 4weeks of treatment

and (b) an immunosuppression rebound during the 2 weeks of treatment

interruption. Continuous sunitinib followed by vaccine, however, increased

intratumoral infiltration of antigen-specificT lymphocytes, decreased immu-

nosuppressant Tregs and myeloid-derived suppressor cells, reduced tumor

volumes, and increased survival.These studies showed that the immunomod-

ulatory activityof continuous sunitinib can create amore immune-permissive

environment for combination therapy with vaccine. Small molecule BCL-2

inhibitors are being examined as monotherapy in Phase I/II clinical trials for

several types of tumors. Activatedmature CD8+T lymphocytes were shown

(Farsaci et al., 2010) to bemore resistant to a BCL-2 inhibitor as compared to

early-activated cells. In vivo, optimal antitumor activity was obtained when

theBCL-2 inhibitorwas given after vaccination so as to not negatively impact

the induction of vaccine-mediated immunity; this resulted in an increase in

the CD8+:Treg ratio and significant reduction of pulmonary tumor nodules

(Fig. 2.9). These studies (Farsaci et al., 2010; Kim et al., 2014) and others also

undermine the importance of scheduling of a given “nonimmune” therapeu-

tic with vaccine therapy.

10.4. The effect of nonimmune therapeutic interventions
on immune cells

As discussed below, the interplay of host immunity with many standard-of-

care therapies such as chemotherapy, radiation, hormonal therapy, and small
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molecule targeted therapeutics is now becoming apparent through several

lines of investigation. For many cancer types, the specific immune infiltrate

in the primary tumor is a strong and independent predictor of response

to subsequent therapies and is thus a strong prognostic indicator (see

Fridman, Pages, Sautes-Fridman, & Galon, 2012; Galluzzi, Senovilla,

Zitvogel, & Kroemer, 2012; Galon et al., 2012; Jochems & Schlom, 2011

for reviews). Preclinical studies and some clinical studies have shown that

certain chemotherapeutic agents and small molecule targeted therapeutics

can have differential effects on specific components of the immune system

that can lead to enhanced or reduced antitumor effects (Adotevi et al., 2010;

Emens et al., 2009; Finke et al., 2008; Ko et al., 2010, 2009; Vanneman &

Dranoff, 2012). These phenomena have potentially important implications

Figure 2.9 Antitumor effects of CEA–TRICOM vaccine in combination with a BCL-2

inhibitor (GX15-070) exploiting the differential effect of the pan BCL-2 inhibitor on Tregs

versus effector cells. Adapted from Schlom, Hodge, et al. (2013). Elsevier Ltd.
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in designing clinical trials of the combined use of “nonimmune” therapies

with immunotherapeutic agents such as cancer vaccines.

Many preclinical studies and some clinical studies have provided evi-

dence that Tregs play an important role in inhibiting immune responses

to active immunotherapy protocols employing agents such as therapeutic

cancer vaccines or checkpoint inhibitors. Studies have also demonstrated

that both the number and suppressive function of Tregs on effector

T cells need to be investigated. To provide insight toward the possibility

of how active immune therapies can be employed in combination with non-

immune standard-of-care therapies of carcinoma patients, both number and

function of Tregs obtained from peripheral blood of cancer patients was

investigated both prior to and during therapy with two chemotherapy reg-

imens and two targeted therapy regimens. These studies showed that tamox-

ifen plus GnRH treatment had minimal effects on Tregs in breast cancer

patients, and the effect of sunitinib had differential effects on Tregs among

patients with metastatic renal carcinomas (Roselli et al., 2013). However,

the use of the two chemotherapy regimens, docetaxel in patients with both

metastatic prostate cancer and metastatic breast cancer (Fig. 2.10), and cis-

platin plus vinorelbine in patients with non-small cell lung cancer

(Fig. 2.11), each resulted in statistically significant increases in CD4+:Treg

Figure 2.10 Changes in Teff:Tregs ratios and suppressive activity of Tregs during ther-

apy with docetaxel in patients with hormone refractory prostate cancer. (A) Waterfall

plot of the change in the ratio of Teff:Tregs during therapy with docetaxel in patients

with hormone refractory prostate cancer. Peripheral blood samples were collected prior

to therapy and before starting cycle II. (B) Waterfall plot of the change in suppressive

activity of Tregs during therapy with docetaxel. Adapted from Roselli et al. (2013).
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ratios and reduced functional suppressive activity of Tregs posttherapy in the

majority of patients (Roselli et al., 2013). These studies provide further

rationale for the use of vaccines in combination with certain standard-of-

care therapies for patients with carcinomas.

11. INFLUENCE OF THE TUMOR MICROENVIRONMENT

AND IMMUNOSUPPRESSIVE FACTORS

One of the major reasons for the limited success of therapeutic cancer

vaccines to date is likely to be the negative influence of the tumor micro-

environment and other immunosuppressive factors (Cham, Driessens,

O’Keefe, & Gajewski, 2008; Gajewski, Meng, Blank, et al., 2006;

Gajewski, Meng, & Harlin, 2006). Preclinical studies have shown that the

interstitial pressure within a large tumor mass diminishes diffusion of mac-

romolecules, such as antibodies, and effector cells, such as T cells

(Carmeliet & Jain, 2011; Fukumura, Duda, Munn, & Jain, 2010). Most solid

tumors also lack T-cell costimulatorymolecules. Thus, when activated T cells,

especially those of relatively low avidity directed against self-antigens,

Figure 2.11 Changes in Teff:Tregs ratios and suppressive activity of Tregs in non-small

cell lung cancer (NSCLC) patients before and during therapy with cisplatin plus vin-

orelbine. (A) Waterfall plot of the change in the ratio of Teff:Tregs in NSCLC patients

before and during therapy with cisplatin plus vinorelbine. Patients with NSCLC were

treated in the adjuvant setting, postsurgery. PBMCs were collected from peripheral

blood at baseline and postcycle III. (B) Waterfall plot of the change in suppressive activity

of Tregs from NSCLC patients before and during therapy with cisplatin plus vinorelbine.

Adapted from Roselli et al. (2013).
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bind to tumors lacking costimulatory molecules, they are anergized and lose

lytic capacity. Similarly, it has been shown in preclinical models of chronic

viral infection that T cells chronically exposed to viral antigen can become

exhausted (Kim & Ahmed, 2010; Mueller & Ahmed, 2009). The inhibitory

co-receptor programmed death 1 (PD-1) has been shown to be present

on such exhausted T cells (Vezys et al., 2011), and PDL1 on the surface

of tumor cells can anergize tumor-infiltrating T cells. The use of cancer

vaccines with checkpoint inhibitors such as anti-CTLA4 (ipilimumab),

anti-PD1, and anti-PDL1 is thus a quite fertile area of investigation. One

such clinical trial combining PROSTVAC vaccine with ipilimumab will

be discussed below.

12. VACCINE COMBINATION THERAPIES—CLINICAL

STUDIES

Several hypothesis-generating clinical trials were first conducted in

prostate cancer patients with vaccine in combination with hormonal therapy,

radiation, or chemotherapy (Arlen et al., 2006, 2005; Gulley et al., 2005;

Madan et al., 2008). In one trial, 42 nonmetastatic prostate cancer patients

were randomized to receive vaccine (rV-PSA+rV-B7.1 followed by

rF-PSA boosts) versus second-line antiandrogen therapy with nilutamide

(Arlen et al., 2005). A survival analysis at 6.5 years from the initiation of ther-

apy on this trial has been reported (Madan et al., 2008). Median survival

exhibited a trend toward improvement for patients initially randomized to

the vaccine arm (median 5.1 vs. 3.4 years). These data suggested that patients

with more indolent disease may derive clinical benefit from vaccine alone or

vaccine before second-line hormone therapy compared with hormone ther-

apy alone or hormone therapy followed by vaccine. A study is currently

enrolling patients with nonmetastatic CRPC on testosterone suppression

therapy who have a rising PSA. The first 26 patients enrolled were evaluated.

Median TTP was 223 days for flutamide+PSA–TRICOM versus 85 days for

flutamide alone (Bilusic et al., 2011). Two Phase II trials are also ongoing in

both early and metastatic prostate cancer where patients are randomized to

receive the newly FDA-approved androgen receptor antagonist

enzalutamide�PROSTVAC vaccine (NCT01867333; NCT01875250).

A combination therapy randomized Phase II study has recently been

completed inmetastatic prostate cancer patients with bonemetastases. Patients

received the bone-seeking radionuclide conjugate 153Sm�PROSTVAC
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vaccine. While this was a small trial, there was a clear trend in improved TTP

in the combination arm (Heery et al., 2013).

Preclinical studies in mice have shown that CTLA4 blockade can, among

other reported activities, increase T-cell avidity, leading to enhanced

T-cell-mediated immune responses to the vaccine (Allison et al., 1998;

Egen, Kuhns, & Allison, 2002; Hodge et al., 2005).

Ipilimumab (Yervoy) is an antagonistic anti-CTLA4 monoclonal anti-

body that blocks the activity of CTLA4 (Beer et al., 2008; Small et al.,

2007; Wolchok et al., 2010). A Phase III randomized trial of ipilimumab

in patients with metastatic melanoma showed a significant improvement

in OS, but no significant improvement in TTP, relative to an active control

group (Hodi et al., 2010). The PSA–TRICOM vaccine is designed to

enhance T-cell costimulation through enhanced expression of the trans-

genes of three T-cell costimulatory molecules (CD58, CD80, and ICAM1)

on APCs engaging their respective ligands on T cells. CD80 is known to

react with CD28 on T cells for positive costimulation and with CTLA4

for immune inhibition. The antagonist monoclonal antibody anti-CTLA4

was designed to interrupt this negative signal and enhance immunity. It

was thus unclear how a vaccine, such as PSA–TRICOM, with its positive

costimulation, would interact in terms of safety and efficacy with an anti-

CTLA4 monoclonal antibody designed to block negative costimulatory sig-

nals, especially in view of the severe immune-related adverse events noted in

some patients receiving anti-CTLA4 alone. A study was conducted to assess

fixed doses of PSA–TRICOMwith escalating doses of ipilimumab, with the

aim of establishing the safety and tolerability of these combined treatments.

The results showed that the combination of a vaccine that enhances immune

costimulation with an immune checkpoint inhibitor does not seem to be

associated with increased immune-related adverse events compared with

ipilimumab alone. There also appeared to be a survival benefit in patients

receiving PROSTVAC+the 10 mg/kg dose of ipilimumab versus lower

doses of ipilimumab (Madan et al., 2012) (Fig. 2.12). The results compare

quite favorably with the results of a Phase II study employing PROSTVAC

alone in a similar population. There also appeared to be a greater serum PSA

response in the chemotherapy naı̈ve patients in the combination study

(Madan et al., 2012) (Fig. 2.13). A Phase III trial of ipilimumab with radi-

ation in advancedmetastatic prostate cancer did not show a statistical survival

benefit, that is, only a 1.2-month difference in OS versus the placebo arm

(Gerritsen, 2013). The results of this trial using ipilimumab alone, which

is in contrast with the results of two trials using vaccine plus ipilimumab

(Madan et al., 2012; van den Eertwegh et al., 2012), provide evidence that
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Figure 2.12 There was a trend toward improved overall survival in chemotherapy naïve

metastatic prostate cancer patients treated with PROSTVAC vaccine and the 10 mg/kg

dose of ipilimumab relative to lower dose levels of ipilimumab. Adapted from Madan

et al. (2012).

Figure 2.13 Best prostate-specific antigen (PSA) responses after treatment with PRO-

STVAC vaccine plus ipilimumab. 25% of patients had PSA declines>50% posttreatment.

Adapted from Madan et al. (2012).
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the combination of ipilimumab+vaccine may be more efficacious than the

use of either agent alone. While the various combination therapy trials dis-

cussed above all provided preliminary evidence of improved patient out-

come when vaccine is added to another therapy, these results must be

considered as only hypothesis generating. Larger randomized trials are

required to substantiate such findings.

13. BIOMARKERS

The most common biomarker used in vaccine therapy trials has been

the immune response of patients to TAAs post- versus prevaccination. Most

trials have analyzed antibody responses to TAAs and/or analyzed PBMCs for

CD8+ and/or CD4+ responses to the TAA in the vaccine using enzyme-

linked immunosorbent spot- or fluorescence-activated cell sorting-based

assays for cytokine production, or by binding of a peptide tetramer complex

to the surface of T cells. Preclinical studies have shown, however, that the

level of cytokine production by a T cell is not always associated with its lytic

capacity. Because of the limited availability of samples, however, few studies

have actually been able to measure the lytic capacity of T cells. Moreover,

with the exception of melanoma, tumor biopsy specimens—the more

appropriate site to obtain TAA-specific T cells—are usually unavailable in

many trials. Recently, a more comprehensive analysis of immune cell subsets

from PBMCs has occurred in some studies including, in addition to T-cell

responses, analyses of Tregs, MDSCs, NK, and DCs (Butterfield et al., 2011;

Disis, 2011). Ratios of effector to regulatory cells have also been analyzed

(Gulley, Arlen, Madan, et al., 2010). Numerous studies have also used ana-

lyses of multiple serum cytokines and chemokines.

Bioassays from several studies have seen associations between clinical

outcome and a given immune assay; however, these results are far from hav-

ing identified any one assay as a “surrogate” for clinical benefit. Potential

reasons for this may be that PBMC analyses may not reflect which immune

cells are actually at the tumor site. Few studies have actually analyzed the

“antigen cascade” phenomenon, where the true correlate of clinical benefit

may be a T-cell population directed against a TAA not in the vaccine, but

generated via cross-priming. Only recently has survival benefit emerged as a

prominent endpoint in many vaccine studies for comprehensive correlative

analyses with survival. The diversity of the immune responses among indi-

viduals may not allow any one marker or set of markers as a surrogate for

clinical response. Even analyses of patients’ immune response to influenza
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have been confounding. While antibodies to flu hemagglutinin are used as a

“surrogate” for protection in population studies, they do not predict protec-

tion from flu for an individual vaccine (Nakaya et al., 2011).

14. VACCINE TARGETS INVOLVED IN TUMOR

PROGRESSION AND DRUG RESISTANCE

Much attention continues to be paid to the development of small mol-

ecule targeted therapeutics and monoclonal antibodies that target gene

products involved in tumor initiation, that is, oncogenes, and to tumor sup-

pressor genes. Equally important, however, are those genes and gene prod-

ucts involved in tumor progression, that is, those gene products associated

with tumor invasion, metastasis, and drug resistance. The phenomena of

solid tumor cell “stemness” and EMT are such processes. Evidence is

now emerging that “cancer stem cells” are more “plastic” than originally

believed, and the distinction between cancer cell “stemness” and EMT is

becoming more blurred. EMT is a reversible process during which cells

switch from a polarized, epithelial phenotype into a highly motile, mesen-

chymal phenotype (Kalluri & Weinberg, 2009; Thiery & Sleeman, 2006).

While EMT is a normal process during embryogenesis and organogenesis,

numerous observations now support the concept that EMT also plays an

essential role in the progression of carcinomas (Thiery, 2002). During the

metastasis of carcinomas, tumor cells must undertake a series of sequential

steps that will allow them to detach from the primary tumor mass and to

finally reach the distant sites of metastasis. By undergoing EMT, tumor cells

can acquire the ability to move and to invade the surrounding tissues, two

fundamental properties for tumor dissemination. In addition, several reports

are now indicating that tumor cells undergoing EMT also acquire stem cell-

like features and mechanisms of resistance to cell death (Arumugam et al.,

2009; Vega et al., 2004). The induction of EMT in various cancer cell lines,

for example, has been shown to positively correlate with resistance to radi-

ation (Kurrey et al., 2009), chemotherapy (Yang et al., 2006), and epidermal

growth factor receptor kinase inhibitors (Thomson et al., 2005).Many of the

molecules known to be mediators of EMT or stemness are transcription

factors and/or intracellular molecules. Thus for these to be targets of

vaccine-mediated therapy, one must demonstrate that they are processed

intracellularly and transported to the cell surface in the context of peptide–

MHC complexes in both APCs and targeted tumor cells. Two examples

of such potential targets are Brachyury and the C-terminus of MUC1.
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Studies have demonstrated that Brachyury functions as a master regulator

of EMT in human carcinoma cells. The upregulation of Brachyury in

human epithelial cancer cells results in morphological changes representative

of EMT, including the acquisition of a fibroblast-like morphology, the loss

of the epithelial markers E-cadherin and Plakoglobin, and enhanced levels of

the mesenchymal proteins Fibronectin, N-cadherin, and Vimentin

(Fernando et al., 2010) (Fig. 2.14A). As a consequence of this phenotypic

Figure 2.14 Brachyury induces epithelial-to-mesenchymal transition (EMT) in human

carcinoma cells. (A) Pancreatic carcinoma PANC-1 cells were stably transfected with a

control pcDNA or a vector encoding for full-length Brachyury protein (pBrachyury).

Top panels: bright field images of cells grown on plastic surface. Bottom panels: immu-

nofluorescence analysis of EMT markers in cells grown on cover glasses. The green sig-

nal represents the staining of the corresponding protein, and the blue signal represents

the DAPI-stained nuclei. (B) In vitro cell migration and ECM invasion assays. [*P < 0.05].

Adapted from Fernando et al. (2010).
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switch, human carcinoma cells undergoing Brachyury-mediated EMT

acquire enhanced motility and the ability to invade (Fernando et al.,

2010) (Fig. 2.14B). Xenograft experiments conducted in immunocompro-

mised mice demonstrated that Brachyury expression does not affect the

growth of the primary tumor. Inhibition of Brachyury, however, resulted

in a significant impairment on the ability of tumor cells to disseminate from

the subcutaneous tumor to the site of metastasis, and a reduced ability to

establish experimental lung metastasis after intravenous injection (Fig. 2.15).

Overexpression of Brachyury in human carcinoma cells has been shown

to enhance resistance of tumor cells to chemotherapy and radiation, while

silencing of Brachyury in tumor cells that naturally express high levels of this

transcription factor has resulted in enhanced susceptibility to both types of

therapeutics, in vitro (Fernando et al., 2010; Palena & Schlom, 2013; Roselli

et al., 2012).

It has been demonstrated that human CD8+ Brachyury-specific T cells

could be expanded in vitro from PBMCs of cancer patients and normal

donors by using a 9-mer peptide of Brachyury that specifically binds to

the HLA-A2 molecule (Palena et al., 2007). Brachyury-specific T-cell lines

Figure 2.15 Brachyury controls tumor dissemination and metastasis. Athymic mice

were inoculated with human H460 lung carcinoma cells transfected as indicated via tail

vein. Forty-five days after tumor implantation, animals were euthanized and lungs were

evaluated for tumor nodules. Circles denote con.shRNA and triangles denote Br.shRNA.

Two representative lungs from each group are shown for comparison. White outlines

and black arrowheads point to tumor masses. Adapted from Fernando et al. (2010).
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have been shown to lyse carcinoma cells (Fernando et al., 2010; Roselli

et al., 2012) (Fig. 2.16). Brachyury-specific T cells have also been expanded

from the blood of cancer patients (Palena et al., 2007) and those T cells can

lyse Brachyury-positive carcinoma cells in an MHC-restricted manner.

Figure 2.16 Brachyury as a vaccine target. (A) MHC-restricted CTL-mediated lysis of

H226 (HLA-A2 negative) and H441 (HLA-A2 positive) lung carcinoma cells with a

Brachyury-specific T-cell line. (B) Lysis of H441 tumor cells with a Brachyury-specific

T-cell line derived from a prostate cancer patient in the presence of cold, competitor

K562 A2.1 cells unpulsed or pulsed with the specific Brachyury peptide (Bra pep).

(C) Lysis of H441 and H1703 lung carcinoma and control ASPC1 cells by tetramer-

isolated, CD8+ Brachyury-specific T-cell line derived from a different prostate cancer

patient. Adapted from Roselli et al. (2012).
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A Phase I clinical study with a Brachyury vaccine is ongoing in patients with

carcinomas, and future Phase II clinical studies employing Brachyury-based

vaccines are anticipated.

The C-terminus of MUC1 has been shown by several groups to be

extremely important in the initiation and progression of a range of

human neoplasms. Overexpression ofMUC1-Cmakes it possible for malig-

nant cells of epithelial or hematopoietic origin to exploit this physiologic

stress response and thus stimulate their expansion and survival (Uchida,

Raina, Kharbanda, & Kufe, 2013). The MUC1-C oncoprotein has also

been shown to induce tamoxifen and herceptin resistance in human breast

tumor cells (Fessler, Wotkowicz, Mahanta, & Bamdad, 2009; Kharbanda,

Rajabi, Jin, Raina, & Kufe, 2013). MUC1-C-induced transcriptional

programs have also been shown to be associated with tumorigenesis and

predict a poor outcome in breast and lung cancer patients (Lacunza et al.,

2010; MacDermed et al., 2010; Pitroda, Khodarev, Beckett, Kufe, &

Weichselbaum, 2009). The MUC1-C oncoprotein has also been

shown to confer androgen-independent growth in human prostate cancer

cells, regulate survival of pancreatic cancer cells (Banerjee et al., 2012),

and enhance invasiveness of pancreatic cancer cells by inducing EMT

(Roy et al., 2011).

Seven novel CTL epitopes in the MUC1-C region of MUC1 have been

identified recently along with enhancer agonists for each of these epitopes

(Jochems et al., 2014). This was demonstrated by the greater ability of

the agonist peptide, compared to its corresponding native peptide, to gen-

erate MUC1-C-specific T-cell lines, enhance IFN-g production by T cells,

and lyse human tumor cell targets endogenously expressing the native

epitope in an MHC-restricted manner. T-cell lines were able to be gener-

ated from PBMCs of numerous cancer patients, employing the MUC1

agonist peptides. The MUC1-C agonist epitopes span class I MHC

HLA-A2, -A3, and -A24, which encompass the majority of the population.

The studies provide the rationale for immunotherapy clinical studies

employing a range of vaccines that target Brachyury and/or the agonist epi-

topes of the C-terminus of MUC1 and thus target the biologically relevant

processes of cancer cell progression and drug resistance.

15. CONCLUDING REMARKS

This chapter was designed to provide an overview of the progress in

numerous different aspects of cancer vaccine design, development, and clin-

ical application. It is anticipated that therapeutic cancer vaccines will
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eventually be employed in the management of numerous cancer types and

stages, principally in the neoadjuvant and/or adjuvant settings, and in

patients with evidence of, or the potential of, nominal residual metastatic

disease. The low level of toxicity renders cancer vaccines ideal for combi-

nation therapies. Evidence is now mounting that, when used in appropriate

scheduling regimens, cancer vaccines can be used in combination with cer-

tain chemotherapeutic agents, radiation, hormone therapy, and certain small

molecule targeted therapeutics. Indeed, it is being shown that these

“nonimmune”-based therapies can have an immune-enhancing compo-

nent, by either altering the tumor cell to render it more susceptible to

T-cell-mediated attack, lysing tumor cells in a manner to further enhance

immunity, or altering the balance of immune effector cells over immune

regulatory cells. As other nonvaccine immunotherapies, such as checkpoint

inhibitors, are developed, they will undoubtedly be employed to enhance

vaccine efficacy.
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