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Abstract Protein-based therapeutic subunit vaccines against cancer have proven

efficacy in various preclinical models. The translation of their efficacy into the

clinic, however, has been challenging. Although there are many factors impacting

the efficacy of vaccines in humans, the most important ones are the prolonged

tumor development and progression, altered immune responses due to extensive

exposure to environmental pathogens, stage of cancer, standard treatments to

control cancer, and effect of such treatments on the patient’s immune system

prior to vaccine administration. It is a common consensus that the presence of

cancer is an indication of effective immune evasion responses initiated and perpet-

uated by tumor. Immune evasion involves well-orchestrated cellular and molecular
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mechanisms that control tumor-specific effector immune responses in favor of

tumor progression. Therefore, protein-based subunit vaccine formulations will

require immune adjuvants that not only generate the desired effector immune

responses, particularly those driven by CD8+ T cells, but also reverse the regulatory

immune evasion network in place to combat tumor. Costimulation through tumor

necrosis factor receptor (TNFR) superfamily is critical for T-cell activation, expan-

sion, acquisition of effector function, and establishment of long-term memory

required for tumor eradication and control of recurrences. As such, agonists of

TNFRs have great potential as immune adjuvants. We recently generated a novel

form of the 4-1BB ligand, SA-4-1BBL, a member of TNF family, and demonstrated

its robust pleiotropic effects on the cells of innate, adaptive, and regulatory immu-

nity. Importantly, as the adjuvant component of tumor-associated antigen (TAA)-

based vaccine formulations, SA-4-1BBL demonstrated therapeutic efficacy in

various preclinical tumor models in the absence of detectable toxicity. This chapter

will discuss SA-4-1BBL as a novel adjuvant with demonstrated desired mecha-

nisms of action for tumor eradication and its prospect for human use as

monotherapy or in combination with other immune modulators with synergistic

mechanisms of action.

List of Abbreviations

Abs Antibodies

Ags Antigens

APCs Antigen-presenting cells

bFGF Basic fibroblast growth factor

CD Cluster of differentiation

CTLA-4 Cytotoxic T-lymphocyte antigen 4

CTLs Cytotoxic T lymphocytes

DC Dendritic cells

DNA Deoxyribonucleic acid

FasL Fas ligand

FDA Food and Drug Administration

GITR Glucocorticoid-induced tumor necrosis factor receptor

GM-CSF Granulocyte-macrophage colony-stimulating factor

HBsAg Hepatitis B virus surface antigen

HER-2 Human epidermal growth factor receptor 2

HIV Human immunodeficiency virus

HPV Human papillomavirus

HSV Herpes simplex virus

HVB Hepatitis B virus

ICOS Inducible T-cell costimulator

IDO Indoleamine 2,3-dioxygenase

IFNγ Interferon γ
IgG Immunoglobulin G

IL-10 Interleukin-10
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LCV Lymphocytic choriomeningitis virus

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase

MCMV Mouse cytomegalovirus

MDSCs Myeloid-derived suppressor cells

MHC Major histocompatibility complex

MPL Monophosphoryl lipid

NK cells Natural killer cells

NKT cells Natural killer T cells

NLRs NOD-like receptors

NSCLC Non-small-cell lung carcinoma

ODN Oligodeoxynucleotides

PAMPs Pathogen-associated molecular patterns

PD-1 Programmed cell death protein 1

PD-L1 Programmed cell death protein ligand 1

PI3K Phosphatidylinositol-3-kinase

PRRs Pattern recognition receptors

PSMA Prostate-specific membrane antigen

Rag2�/� mice Recombination-activating 2-deficient mice

RLRs RIG-I-like receptors

SA Streptavidin

SIV Simian immunodeficiency viruses

TAA Tumor-associated antigen

TGF-β Transforming growth factor beta

Th1 T helper 1

TLRs Toll-like receptors

TNFR Tumor necrosis factor receptor

TRAFs TNFR-associated factors

Treg cells T regulatory cells

5-FU 5-fluorouracil

12.1 Introduction

The concept of therapeutic cancer vaccines dates back to 1893 when William

B. Coley observed regression of tumor in some cancer patients with acute infections

and attempted to use bacteria or bacterial products for the treatment of cancer

patients (Coley 1891, 1910). Regression of tumors in some of Coley’s vaccinated

patients was believed to be due to infection-induced excessive inflammation. Most

importantly, Coley’s studies demonstrated that the immune system of cancer

patients can be activated to combat tumor without major adverse effects on

nonmalignant cells, a clear indication of the exquisite specificity and efficacy of

the immune response. Although these initial observations were extremely exciting

and marked the origin of modern cancer immunotherapy, the concept of cancer

12 SA-4-1BBL: A Novel Form of the 4-1BB Costimulatory Ligand as an Adjuvant. . . 349



vaccines faced significant skepticism due to various setbacks in achieving the

desired therapeutic efficacy. As such, the role of immune system in fighting tumors

was called into question. However, increased tumor incidences in immunodeficient

mice and in patients on immunosuppressive regimen, such as transplant recipients,

provided undisputable evidence that the immune system plays a critical role in

controlling tumor progression. This so-called immunosurveillance theory was

further supported by findings that genetically modified mice lacking key immune

effector molecules, such as IFNγ, granzyme B, and perforin, develop spontaneous

tumors with significantly increased frequencies as compared to immunocompetent

mice (Smyth et al. 2000; Kaplan et al. 1998).

The advances in molecular techniques and recombinant DNA technology led to

a better understanding of the immune system, tumor development and progression,

and most importantly the extensive and complex nature of interactions/regulation

between the immune system and the tumor, dictating tumor elimination versus

progression. This accumulated knowledge led to a better design of vaccines that

yielded consistent and reproducible therapeutic responses in various preclinical

models (Lesterhuis et al. 2011). However, the translation of preclinical success of

cancer vaccines to the clinic became a far-reaching goal. It is unclear as to why

vaccine formulations that work so effectively in rodents have minimal to no clinical

benefits in humans. The complex nature of the human immune system, its altered

state due to continuous exposure to various environmental antigens, spontaneously

arising tumor with protracted progression before diagnosis, coevolution of tumor

and immune systems during progression, and most importantly, the stage of tumor

in patients and standard treatment history to control the tumor prior to vaccination

represent some of the contributing factors. The failure of numerous vaccine con-

cepts in the clinic does not invalidate the potential of this therapy, but it certainly

indicates that our understanding of the human immune system and tumor progres-

sion has not elevated to the level that will allow for the design of effective vaccine

formulations. Irrespectively, the approval of the first ever therapeutic vaccine,

DC-based Provenge®, for the treatment of prostate cancer by FDA in 2010 was a

major milestone, instilled faith, and renewed interest in cancer vaccines.

In this chapter, we will discuss some of the difficulties in translating the efficacy

of vaccines from preclinical settings to the clinic and argue that the use of adjuvants

that boost immune effector responses for tumor eradication will be key to the

clinical success of vaccines. SA-4-1BBL will be presented as adjuvant with such

potential. We will then make a case in favor of combinatorial approaches involving

adjuvants and selected immune modulators for the design of cancer vaccines with

the potential to overcome various immune setbacks and achieve maximal efficacy

in the clinic.
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12.2 Immune System and Cancer: A Love/Hate

Relationship

The requisite role of the immune system against infections has been well recog-

nized and confirmed by the development of various prophylactic vaccines that save

millions of lives worldwide annually. In marked contrast, the role of the immune

system in tumor development, progression, and control has been the subject of

significant controversy over the past several decades. The initial report of Coley

that acute infections may cause spontaneous tumor remission in patients, presum-

ably because of infection-induced inflammation, provided evidence for the role of

the immune system in eradicating cancer (Coley 1891, 1910). The concept that

immune system is important in controlling tumors under normal physiological

conditions was conceived by Paul Erlich in 1909 and formulized by Lewis Thomas

and Macfarlane Burnet under the hypothesis of “tumor immune surveillance” in

1957. However, the lack of direct evidence for this hypothesis resulted in significant

controversy. Further fueling this debate were observations that nude mice lacking

adaptive immunity and their syngeneic wild-type counterparts develop similar

incidences of spontaneously arising, non-virus-driven tumors (Stutman 1974;

Rygaard and Povlsen 1974). However, subsequent studies over the years demon-

strated that nude mice are not totally immune incompetent as they do generate

extrathymically developed T cells and innate immune cells (Ikehara et al. 1984),

and irrespective of partial immune competency, such mice have higher incidences

of tumor as compared with wild-type mice (Engel et al. 1996).

Technological progresses in biomedical sciences allowed the design of sophis-

ticated studies to delineate mechanistic basis of immune responses, which elevated

our understanding of the immune system against cancer. In particular, targeted

alteration of the immune system in mice via transgenic technology presented the

opportunity for rigorous testing of the immune surveillance hypothesis. Mice

lacking selected immune cells, such as T and B cells (Rag�/�); or effector mole-

cules, such as perforin (Smyth et al. 2000); or IFNγ (Shankaran et al. 2001)

provided unequivocal evidence that the immune system is critical for the control

of tumors. The higher incidences of tumors in immunosuppressed individuals,

particularly transplant recipients (Engels et al. 2011), as compared with normal

population provided clinical evidence for the role of immune surveillance hypoth-

esis. The accumulated knowledge of the immune system combined with the iden-

tification of TAAs resulted in the design of immune therapies, particularly cancer

vaccines that showed efficacy in various preclinical models (Lesterhuis et al. 2011;

Schlom 2012). The efficacy of various immune therapies in eliminating established

tumors not only provided direct evidence for the importance of the immune

response in controlling tumor but also set the stage for harnessing the power of

the immune system for the eradication of tumor (Lesterhuis et al. 2011; Schlom

2012), renewing faith in the early observations of Coley and generating confidence

in the promise of cancer vaccines.
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Although the role of immune response in fighting cancer is unquestionable,

accumulating evidence in the literature also implicates the immune system in

tumor progression. The tumor microenvironment consists of malignant as well as

nonmalignant stromal cells, such as immune cells, fibroblasts, endothelial cells, and

extracellular matrix. A complex set of molecular and cellular communications

within this unique microenvironment determine the fate of tumor progression

versus tumor elimination. A robust effector response is associated with tumor

elimination, while a chronic immune response may be beneficial for tumor pro-

gression as it generates various soluble factors involved in angiogenesis, tumor

growth, metastasis, and resistance to standard-of-care treatments (Allavena

et al. 2008). Although various effector mechanisms, including humoral and innate

immune responses, depending on the cancer type are associated with the control

and elimination of altered-self cancer cells, Th1-mediated cellular immunity,

particularly CD8+ T-cell cytotoxic response, plays the most determining role. In

response, tumor cells have developed direct and indirect evasion mechanisms to

counterattack the immune system. Indeed, tumor-modulated regulatory immune

responses may serve as one of the most important hurdles affecting the efficacy of

therapeutic cancer vaccines. Although these immune evasion mechanisms are

complex and yet to be fully elucidated, T-cell anergy or nonresponsiveness (Nind

et al. 1973), T regulatory cells (Nishikawa and Sakaguchi 2014), regulatory NK T

cells (Terabe et al. 2000), myeloid-derived suppressor cells (Gabrilovich and

Nagaraj 2009), various soluble factors (such as TGF-β and IL-10), indoleamine

2,3-dioxygenase, downregulation of costimulatory ligands (such as CD80, 4-1BBL,

and MHC molecules), upregulation of co-inhibitory ligands (such as PDL-1), or

death-inducing molecules (such as FasL) represent some (Zou 2005). Given this

complex cancer/immune system interplay, cancer vaccine design that incorporates

adjuvants or adjuvant systems to shift the overall balance from immune evasion that

facilitates tumor progression to immune effectors, such as Th1 immune responses,

that combat tumor may achieve therapeutic efficacy.

12.3 Efficacy of Prophylactic Versus Therapeutic Vaccines

Prophylactic vaccines against infections have been extremely effective and are

considered the miracle of modern medicine. In marked contrast, the promise of

therapeutic vaccines against tumors is yet to be fully realized. There are several

factors that may contribute to this discrepancy. Preventive vaccines use foreign

strong exogenous antigens for the induction of humoral immune responses in a

healthy population with an intact and functional immune system. Therapeutic

vaccines, on the other hand, use TAAs for the generation of cellular immune

responses required for the eradication of tumors in diseased individuals. The nature

of antigens used for immunization and the immune status of the vaccinated indi-

viduals may be the key to the observed efficacy differences between prophylactic

and therapeutic vaccines. Pathogen-derived proteins serve as strong antigens and as

352 R.K. Sharma et al.



such generate robust immune responses. In marked contrast, TAAs, by their nature

of being self-antigens, lack the ability to generate robust T cell-mediated immune

responses required for tumor eradication. The status of the immune system in

vaccinated individuals is most likely the pivotal factor dictating the efficacy of

prophylactic versus therapeutic vaccines. Unlike prophylactic vaccines adminis-

tered to healthy individuals, therapeutic vaccines are given to cancer patients whose

immune system not only has failed to control the tumor but most likely has also

been altered by standard-of-care cancer treatments.

Finally, tumors have evolved to combat the immune system by a series of

intrinsic and extrinsic mechanisms. Most importantly, some of the evasion mech-

anisms involve the tumor’s ability to utilize the immune system for its own

progression (Zou 2005). In particular, various immunoregulatory mechanisms

required for self-tolerance have been exploited by tumors to cheat the immune

system (Gabrilovich and Nagaraj 2009; Nishikawa and Sakaguchi 2014; Zou 2005).

Therefore, the therapeutic efficacy of the cancer vaccines will depend on their

ability to generate robust immune effector responses against tumors as well as

overcome various immune evasion mechanisms employed by the progressing

tumor. These effects need to be achieved in patients who have undergone standard-

of-care cancer treatments, and as a consequence, most likely have compromised

immune responses. Therefore, therapeutic vaccines need to be formulated with

these considerations in mind and will require novel adjuvants that can drive

effective immune responses against tumor. An adjuvant that not only generates a

robust Th1 response against tumor but also overcomes the tumor employed regu-

latory/suppressive mechanisms may have the best chance for achieving efficacy in

cancer patients.

12.4 Therapeutic Vaccines

Therapeutic cancer vaccines are designed to generate a productive antitumor

immune response that translates into efficacy in cancer patients. Cancer vaccines

can be classified into cell-free or cell-based vaccines. Cell-free vaccines include

DNA-based vaccines, viral vectored vaccines, oncolytic viral vaccines, and protein-

based subunit vaccines. Cell-based vaccines, on the other hand, comprise irradiated

or chemically fixed whole tumor cells or dendritic cells (DCs) pulsed with TAAs,

such as FDA-approved sipuleucel-T, also known as “Provenge.” This book chapter

will focus on subunit, protein-based therapeutic cancer vaccines. Therapeutic

cancer vaccines against well-defined TAAs emerged as a promising treatment

modality. These subunit vaccines are attractive because of their ease of production,

cost-effectiveness, off-the-shelf availability, and ease/practical nature of adminis-

tration into the patients.

The concept of subunit vaccine formulation is rather simple as it involves the

addition of one or more whole TAA proteins or synthetic peptides representing

T-cell epitopes of such TAAs along with an adjuvant or adjuvant system that not
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only drives the desired Th1 antitumor immune responses but is also capable of

reversing the unwanted tumor-mediated immunosuppressive mechanisms.

Inasmuch as DCs are critical for the generation of adaptive immune responses in

general and against cancer in particular, as exemplified by the clinical efficacy of

Provenge, vaccine formulations may benefit from incorporating vehicles to deliver

TAAs into DC in vivo for optimal antigen presentation and effective T-cell

activation, proliferation, acquisition of effector function, and establishment of

long-term memory. Several TAAs, such as human epidermal growth factor receptor

2 (HER-2), prostate-specific membrane antigen (PSMA), are expressed on cancer

cell surface. An adjuvant system that can optimally prime CD8+ T cell-mediated

cytotoxic responses along with B cell-mediated antibody responses may prove to be

more effective in these settings. Therefore, therapeutic subunit vaccines need to be

formulated based on the cancer type, utilized TAAs, and anticipated effector

immune responses necessary for tumor elimination. In this context, careful consid-

eration of adjuvants or adjuvant systems as component of vaccine formulations will

be critical to a desired therapeutic outcome.

12.5 Problems and Prospects for the Design of Subunit

TAA-Based Cancer Vaccines

Some of the major challenges in vaccine design are the selection of appropriate

TAAs, adjuvant or adjuvant systems that are capable of priming/boosting the

anticipated antitumor immune responses, and vehicles/systems to ensure the deliv-

ery of TAAs into DCs for accomplishing a robust therapeutic efficacy. Antigenic

drift, accumulated mutations in T- and B-cell epitopes due to immune pressure, is a

major mechanism of tumor escape from immune attack. Therefore, the selection of

a TAA that is not only specifically and/or highly expressed by tumor cells but also is

essential for tumor survival, progression, and metastasis is important. Discovery of

universal TAAs at least for the same tumor type across a patient population will be a

key step for designing a generalized vaccine against a specific type of cancer.

Analysis of tumors in humans has shown great TAA heterogeneity among the

same cancer type and even within the same tumor tissue. Therefore, the choice of

a TAA for the development of cancer vaccines should be dictated by a comprehen-

sive understanding of its expression pattern in the selected cancer type and at

various stages of the cancer. Although emerging understanding of cancer immu-

nology provides better opportunities to design more specific vaccines, it also brings

greater challenges for vaccine customization for a particular type of cancer. Vac-

cine formulations may need to be tailored to be best suited for the patient’s cancer

profile with respect to TAA expression as well as effector immune responses

required for the eradication of tumor. This issue not only presents a challenge for

the design of cancer vaccines but also customization of the current standard-of-care

treatments for individual patients for a more effective outcome.
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The question is if it is feasible to develop a universal vaccine that may have

utility for different cancer types. Realistically, vaccine formulations may need to be

customized for the patient, but not tumor, for the desired therapeutic efficacy after

tumor biopsy followed by genomic and proteomics analyses to determine the

precise status of genetic variations and TAA expression profiles. Accumulating

evidences indicate that the immune system can adapt to the antigenic changes

within a tumor through the process of inter- or intramolecular antigen or epitope

spreading (Hardwick and Chain 2011). In response to the tumor, T-cell repertoire

expands and recognizes epitopes that are not part of the initial TAA in the vaccine

formulation. As tumor cells are damaged and eliminated by the immune system,

new TAAs are released within the tumor milieu or systemically and picked up by

DCs for cross-presentation to CD4+ and CD8+ T cells for the generation of a

broader cellular immune response than has been primed by the vaccine. These

findings indicate the feasibility of developing vaccines that may have utility for

different tumor types. However, if the initial recognition of TAA within the vaccine

formulation is critical to the antigen/epitope spreading, then all the targeted tumor

types need to express this TAA for the vaccine to manifest its efficacy. In this

context, it may also be feasible to design vaccine formulations containing tumor-

related and/or unrelated antigens that serve as universal T-cell epitopes admixed

with adjuvants having robust immune stimulatory activities. These vaccines can

then be administered to patients in conjunction with tumor-damaging agents, such

as standard-of-care chemo and/or localized radiotherapy, to initiate a self-

perpetuating immune response against cancer. In this scenario, adjuvants will

initiate and boost T-cell responses against the antigen component of the vaccine,

while the tumor damage will provide endogenous TAAs initiating the process of

epitope spreading. Inasmuch as immune evasion mechanisms are one of the most

important hurdles for achieving the efficacy of vaccines in the clinic, vaccine

composition must contain adjuvants or adjuvant systems that are not only capable

of inducing the anticancer immune responses but also overcome various immune

evasion mechanisms employed by the progressing tumor.

The in vivo half-life and bioavailability of the vaccine is another issue worth

considering when designing vaccine formulations. The depot effect of alum is still

believed to be largely responsible for its superb adjuvant properties for augmenting

B cell-mediated antibody responses (Kool et al. 2012). As such, numerous vaccine

delivery systems, including liposomal and nano/microparticles-based adjuvant

systems, have been developed to enhance T cell-mediated responses (Gregory

et al. 2013). The success of DC-based vaccines in preclinical and clinical studies

served as impetuous to target these cells for antigen delivery to ensure the optimal

vaccine efficacy. DCs have been manipulated ex vivo by various means to present

TAAs and achieve clinical responses. However, DC-based cellular vaccines are

time and labor intensive, costly, and, most importantly, patient customized, which

severely limit their broad clinical application. Therefore, intense efforts have been

devoted to target DCs in vivo for the improvement of therapeutic efficacy of

TAA-based conventional vaccines (Tacken et al. 2007). Studies in humans dem-

onstrated that DC maturation is obligatory for the generation of effective immunity
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(de Vries et al. 2003). Therefore, various strategies have been attempted to deliver

antigens to DCs in vivo by targeting specific receptors, such as DEC205 (Bonifaz

et al. 2002), Clec9A (Sancho et al. 2008), the mannose receptor (He et al. 2007),

and Dectin-1 (Carter et al. 2006). These strategies also required adjuvants, such as

agonists of Toll-like receptor or CD40, to mature the targeted DCs for the gener-

ation of endogenous cytotoxic T-cell responses and effective antitumor immunity.

Therefore, adjuvants with dual functions, as antigen delivery vehicle and modulator

of DC activation, antigen uptake, and cross-presentation, may significantly improve

the therapeutic efficacy of the vaccines. In summary, the efficacy of cancer vac-

cines, irrespective of their formulation, will depend not only on their ability to

prime or boost the existing immune responses but also overcome various immune

evasion mechanisms that help tumor progression in cancer patients. In this context,

the choice of adjuvants is of paramount importance and those that modulate innate,

adaptive, and regulatory immunity for the generation of effective Th1 cellular

responses without adverse effects or with tolerable toxicity will deliver the promise

of cancer vaccines.

12.6 Adjuvants for Therapeutic Cancer Vaccines

Adjuvants are molecules, compounds, or macromolecular complexes that tradition-

ally are admixed with antigens to enhance the magnitude, breadth, quality, and

longevity of the immune response to the antigens. As such, adjuvants may substan-

tially reduce the amount of antigen and/or number of immunizations required for

the generation of an effective immune response. Despite the fact that adjuvants are

crucial vaccine components determining their success or failure, there has been

great deal of pessimism regarding their use for the development of therapeutic

cancer vaccines. This is mainly due to potential toxicity arising from the lack of full

understanding of mechanistic insight and precise knowledge of the constituents of

many adjuvants (Marrack et al. 2009; Pashine et al. 2005). Some of the tested

vaccine formulations, like viral vectors, are designed to express their own adju-

vants, while others, like peptide-based vaccines, do not and hence require

coadministration of adjuvants for the induction of potent immune response.

The choice of adjuvants available for cancer vaccines has been very limited,

mostly or in part due to the toxicity concerns, which raise significant regulatory

hurdles. In fact, aluminum-salt-based adjuvants were the only ones used clinically

in the United States until 2010 when monophosphoryl lipid A (MPL) in combina-

tion with aluminum hydroxide was approved by the FDA (Vacchelli et al. 2013) as

adjuvant component of the preventive vaccine, Cervarix, against human papillo-

mavirus (HPV). Recent advances in molecular technologies, in particular genomics

and proteomics, led to a better understanding of the immune system and the nature

and magnitude of immune responses required for the clearance of infections and to

a certain extent, control of tumors. This collective knowledge in turn has
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enormously contributed to the development of vaccines in general and rationalized

the design of adjuvants with known mechanisms of action in particular.

Adjuvants achieve their activity by acting as pathogen-associated molecular

patterns (PAMPs) that work on evolutionary conserved innate immune receptors

to mimic natural infections. Therefore, almost all clinically approved adjuvants and

most under development primarily target innate immunity, particularly antigen-

presenting cells that serve as a bridge between innate and adaptive immunity. The

receptors targeted by PAMPs are called pattern recognition receptors (PRRs). As

oppose to adjuvants whose characterizations are poorly understood, a growing

focus has been shifting towards the use of natural ligands or synthetic agonists

for well-defined PRRs as adjuvants. Therefore, we will focus on agonists of PRRs

because of their well-characterized immune actions, advanced development, and

one of the agonists, MPL, being approved for clinical use (Vacchelli et al. 2013).

12.6.1 PRR Agonists as Vaccine Adjuvants

The innate immune system provides first line of defense to the host against invading

organisms, such as viral, microbial, and fungal pathogens. Cells of innate immune

system express PRRs to identify PAMPs associated with a wide variety of infec-

tious agents (Table 12.1). PRRs initiate defense mechanisms via several conserved

signaling pathways that lead to the production of inflammatory cytokines and type I

interferons (IFNs). These inflammatory responses recruit and activate circulating

immune cells and are essential for priming adaptive immune responses. There are

two main classes of PRRs that have been identified in mammalian cells: membrane-

bound receptors, such as Toll-like receptors (TLRs) and C-type lectin receptors

(CLRs), and cytoplasmic receptors, such as NOD-like receptors (NLRs) and RIG-I-

like receptors (RLRs).

Among all PRRs, TLRs are the largest and most well-characterized family of a

diverse set of germ line-encoded receptors that recognize broad classes of con-

served molecular structures common to groups of microorganisms (Akira

et al. 2006; Janeway and Medzhitov 2002; Sansonetti 2006). Due to the critical

role TLR signaling plays for the regulation of innate, adaptive, and regulatory

immune responses, TLR agonists have emerged as ideal adjuvants for cancer

immunotherapy. These agonists include TLR-3 (poly I:C), TLR-4 (MPL), TLR-5

(flagellin), TLR-7 (Aldara), TLR-7/8 (Resiquimod), and TLR-9 (CpG). Alone or in

combination with various other immunomodulators, the TLR agonists have been

demonstrated to enhance vaccine efficacy. In preclinical studies, TLR agonists were

shown to generate antitumor immunity by enhancing innate immunity through the

activation of DCs, NK cells, monocytes, and macrophages and induction of cyto-

kines with both direct and indirect antitumor activities (Kim et al. 2004; Ishii and

Akira 2007; Davis et al. 1998; Akira and Takeda 2004). Engagement of TLRs on

APCs, such as DCs, results in their maturation and migration to lymph nodes where

they initiate adaptive immune responses and generates long-lasting memory against
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Table 12.1 Pattern recognition receptors (PRRs), ligands, and effectors

PRR Ligand Source of ligands

Immune action

(s)

Toll-like receptors (TLRs)

TLR1 Triacyl lipopeptides Bacteria Inflammatory

cytokines

TLR2 Lipoproteins, peptidoglycan, LTA,

zymosan, mannan

Bacteria Inflammatory

cytokines

TLR3 dsRNA Viruses Inflammatory

cytokines, type I

interferons

TLR4 LPS, RSV and MMTV fusion protein,

mannans, glycoinositol phosphate from

Trypanosoma spp.

Gram-negative bacteria,

viruses

Inflammatory

cytokines, type I

interferons

TLR5 Flagellin Bacteria Inflammatory

cytokines

TLR6 Diacyl lipopeptides, LTA, zymosan Bacteria Inflammatory

cytokines

TLR7/

TLR8

ssRNA Bacteria, viruses Inflammatory

cytokines, type I

interferons

TLR9 CpG DNA, hemozoin from Plasmo-
dium spp.

Bacteria, viruses, proto-

zoan parasites

Inflammatory

cytokines, type I

interferons

TLR10 Unknown Unknown Unknown

TLR11 Profilin, flagellin Apicomplexan parasites,

bacteria

Inflammatory

cytokines

TLR12 Profilin Apicomplexan parasites Inflammatory

cytokines

TLR13 Bacterial 23S rRNA with

CGGAAAGACC motif

Gram-negative, Gram-

positive bacteria

Inflammatory

cytokines

NOD-like receptors (NLRs)

NOD1 iE-DAP (PGN) Bacteria Inflammatory

cytokines

NOD2 MDP (PGN), ssRNA Bacteria, RNA viruses Inflammatory

cytokines

NLRP3 ssRNA, dsRNA, bacterial mRNA, oxi-

dized mitochondrial DNA

RNA viruses, bacteria,

cellular damage

Inflammatory

cytokines

RIG-I-like receptors (RLRs)

MDA5 Long dsRNA Picornavirus, vaccinia

virus, Flaviviridae, reo-

virus, bacteria

Inflammatory

cytokines, type I

interferons

RIG-I PPP-ssRNA, RNA with base pairing,

polyI:C

ssRNA viruses, DNA

viruses, Flaviviridae,

reovirus, bacteria

Inflammatory

cytokines, type I

interferons

LGP2 dsRNA RNA viruses Inflammatory

cytokines, type I

interferons

dsRNA double-stranded RNA, LTA lipoteichoic acid, LPS lipopolysaccharide, MMTV mouse

mammary tumor virus, ssRNA single-stranded RNA, iE-DAP, gamma-D-glutamyl-meso-

diaminopimelic acid, MDP muramyldipeptide, PGN peptidoglycan
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tumors. In case of clinical studies, MPL has already been licensed in the United

States as the adjuvant component of a preventive vaccine against HPV (Vacchelli

et al. 2013). MPL was also tested as a component of allogeneic tumor cell lysate or

defined TAA-based vaccines against melanoma in clinical trials (Marchand

et al. 2003; Vantomme et al. 2004). A non-small-cell lung carcinoma (NSCLC)

vaccine using MPL as adjuvant is in late-stage clinical trials (Atanackovic

et al. 2004; Vansteenkiste et al. 2013). RC-529 (GSK, Dynavax), another synthetic

TLR-4 agonist, has been licensed for an HBV vaccine in Europe (Baldwin

et al. 2009). A combination of MPL and basic fibroblast growth factor (bFGF)

has been shown to enhance IgG titers and IFNγ levels in the serum and antitumor

activity in mice (Zhong et al. 2010). A polymeric form of TLR4 agonist, lipopoly-

saccharide (LPS), known as SP-LPS in combination with paclitaxel showed prom-

ising antitumor effects through induction of apoptosis (Roy et al. 2012). CpG

oligodeoxynucleotides (ODN) as agonist of TLR9 have also shown great promise

as an adjuvant for TAA-based cancer vaccines (Kim et al. 2004). Immunization of

mice with hepatitis B virus surface antigen (HBsAg) along with type B CpG-ODN

(1826) enhanced HBsAg-specific IgG2a Abs (Davis et al. 1998).

Despite promising results, safety profile of TLR agonists has been a major hurdle

for clinical development and needs to be addressed for the use of these agonists as a

component of vaccine formulations. TLR agonists as vaccine adjuvants caused

severe toxicity in selected settings due to nonspecific activation of lymphocytes as

well as signaling into nonimmune cells (Akira and Takeda 2004; den Haan

et al. 2007; Krieg 2007). The limited efficacy of TLR-signaling in the induction

of adaptive immune responses, required for the establishment of long-term immu-

nological memory and prevention of tumor recurrences, has also been one of the

major challenges of TLR agonists as adjuvant component of therapeutic cancer

vaccines (Gavin et al. 2006; Ishii and Akira 2007; Meyer-Bahlburg et al. 2007).

Most importantly, TLR signaling in selected settings is involved in the generation

of regulatory immunity, which plays a critical role in immune evasion and allows

tumors to counterbalance the antitumor immunity. For example, TLR-4 signaling

allows the expansion of CD4+CD25+FoxP3+ T regulatory cells (Treg cells) ex vivo

and induces IL-10-producing CD4+ Treg cells in vivo (den Haan et al. 2007).

Similarly, CpG, a TLR-9 agonist, was shown to convert CD4+ T effector cells

into Treg cells via plasmacytoid DCs (Moseman et al. 2004). This agonist also was

found to induce CD19+ DCs to acquire potent T-cell suppressive functions through

the production of indoleamine 2,3-dioxygenase (Mellor et al. 2005). Due to

undesired outcome of TLR agonists as vaccine adjuvants, there is a dire need for

the discovery and development of alternative adjuvants that not only have potent

immunomodulatory activities on cells of innate, adaptive, and regulatory immunity

with a final outcome measured in the generation of Th1 immune responses critical

for cancer eradication and control of recurrences but also demonstrate safety at

therapeutic doses.
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12.6.2 Costimulatory Ligands as Alternative Adjuvants

An effective therapeutic cancer vaccine should aim to enhance the activity of DC, T

cells, and NK cells for the generation of antitumor immune responses effective in

eradicating the existing tumor and promoting immunological memory for control of

recurrences. Most importantly, therapeutic cancer vaccines should also ideally

prevent the generation and/or function of Treg cells and other immune evasion

pathways, which serve as major hurdles for the efficacy of cancer vaccines

(Schabowsky et al. 2007). In this context, costimulation plays a critical role in

modulating innate, adaptive, and regulatory immune responses. Unlike TLRs,

costimulation directly targets adaptive immunity and is critical for the generation

of primary as well as memory T- and B-cell responses (Croft 2009). As such,

agonistic ligands to costimulatory receptors have the potential to serve as effective

immunomodulatory components of therapeutic cancer vaccines. Tumor cells have

propensity to downregulate costimulatory signals as a means of immune evasion

mechanism. Lack of costimulatory signals limits the magnitude of primary T-cell

activation against tumors, leading to T-cell anergy (Cuenca et al. 2003). Therefore,

ectopic expression of costimulatory molecules in tumor cells via various means has

been a successful strategy for the generation of effective antitumor immune

responses with preventive and therapeutic efficacy in various preclinical tumor

models (Guckel et al. 2005; Singh et al. 2003).

Costimulatory molecules can be divided into two superfamilies: CD28 and

TNFR (Croft 2003). The CD28 family includes molecules with costimulatory,

CD28 and ICOS, and co-inhibitory functions, CTLA-4 and PD-1, and those that

have both inhibitory and stimulatory functions, such as B7-H3 receptor. The TNFR

superfamily includes costimulatory CD30, 4-1BB, OX-40, CD40, CD70, and

glucocorticoid-induced TNFR-related protein (GITR) (Table 12.2). In contrast to

the members of CD28 superfamily, except CD28 receptor, that are involved in the

generation of Th2 responses (ICOS), regulatory immunity (ICOS, PD1), or inhibi-

tion of immune responses (PD1, CTLA-4, B7-H3R), the majority of TNFR family

members are involved in the generation of Th1 and CD8+ T-cell immune responses

critical to the elimination of cancer (Croft 2003). As such, the agonists of TNFR

family have drawn considerable attention as potential adjuvants for the develop-

ment of therapeutic cancer vaccines.

Activation of DCs by PAMPs leads to their activation, enhanced antigen uptake

and presentation, expression/upregulation of costimulatory ligands and MHC mol-

ecules, and cytokine production critical to the initiation of adaptive immune

responses. Naı̈ve T cells that have recognized antigens as peptides in the context

of MHC molecules respond to DC-generated cytokines and costimulatory cues by

proliferating and acquiring effector functions (Janeway and Medzhitov 2002;

Jenkins et al. 2001; Banchereau and Steinman 1998). In principal, the initial

costimulatory signals are provided by B7 ligands interaction with the constitutively

expressed CD28 receptor on naı̈ve T cells. Once activated, T cells upregulate

various members of the TNFR superfamily, such as 4-1BB and OX-40, which in
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Table 12.2 Expression and key function of receptors/ligands of TNF superfamily

Receptor Ligand Receptor distribution Ligand distribution

Physiological

functions

4-1BB

(CD137)

4-1BBL

(CD137L)

Activated T cells,

NK cells, NKT cells,

neutrophils, mast

cells, eosinophils,

and endothelial cells

Resting monocytes,

DCs, and Treg cells

Activated APCs

(DCs, B cells, and

macrophages), T

cells, mast cells, NK

cells, and smooth

muscle cells

Resting hematopoi-

etic progenitors

T cell activation, sur-

vival, effector, and

memory function

DC-T cell communi-

cation, renders T

effectors resistant to

Tregs

OX40

(CD134)

OX40L

(CD252)

Activated T cells

Resting Treg cells,

NK cells, NKT cells,

and neutrophils

APCs (DCs, B cells,

and macrophages)

Activated T cells,

NK cells, endothelial

cells, smooth muscle

cells, and mast cells

T-cell activation,

expansion, and sur-

vival

Important for CD4+

T-cell memory

Inhibits the develop-

ment and suppressive

function of Tregs

CD40 CD40L

(CD154)

APCs (DCs, B cells,

macrophages),

smooth muscle cells,

fibroblast, epithelial

cells, and basophils

Activated T cells,

APCs (DCs, B cells,

and macrophages),

and endothelial, epi-

thelial, and muscle

cells

T-cell activation and

survival, B-cell prolif-

eration, maturation,

class switching, and

DC maturation

CD27 CD70 Naive T cells, Tregs,

thymocytes, memory

B cells, NK cells, and

NKT cells

APCs (DCs and B

cells)

Activated T cells

T-cell activation and

survival, regulation of

B-cell activation, and

immunoglobulin

synthesis

CD30 CD30L Activated T cells

B cells, monocytes,

NK cells, and

eosinophils

Activated T cells

B cells

T cell regulation, pro-

liferation, apoptosis,

and cytotoxicity of

lymphoid cells

HVEM LIGHT,

LT-α
Resting T cells

DCs, NK cells,

monocytes, and

Tregs

Monocytes, imma-

ture DCs

Activated T cells,

and NK cells

T-cell costimulation,

B-cell costimulation in

cooperation with

CD40/CD40L, plasma

cell differentiation and

Ig secretion, and DC

maturation

GITR

(CD357)

GITRL Resting and activated

T cells

Constitutive expres-

sion on Tregs, NK

cells, NKT cells, B

cells, macrophages,

and DCs

APCs (DCs, B cells,

and macrophages),

and endothelial cells

Proliferation and sur-

vival of activated T

cells

Inhibits TCR-induced

apoptosis

Renders T effectors

resistant to inhibitory

effects of Tregs
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turn interact with their upregulated ligands on DCs to further drive T-cell prolifer-

ation, survival, differentiation into effectors, and establishment of long-term mem-

ory (Harding et al. 1992; Jenkins et al. 1991; Norton et al. 1992; Watts 2005; Croft

2003). Several studies have demonstrated the utility of agonistic Abs against

TNFRs in inducing effective Th1 immune responses with therapeutic efficacy in

settings of infection and cancer preclinical models (Melero et al. 1997; Weinberg

et al. 2000). Among all the TNFR family members, 4-1BB appears to have the

desired attributes for the development of therapeutic cancer vaccines as it is a potent

inducer of Th1 responses, critical to long-term CD8+ T-cell memory, and over-

comes CD4+CD25+FoxP3+ Treg inhibitory responses by various means (Myers

et al. 2006; Sharma et al. 2009). These attributes led us to recently propose 4-1BB

costimulatory ligands as adjuvants of choice for the development of therapeutic

cancer vaccines (Sharma et al. 2009).

12.7 4-1BB and 4-1BBL Expression and Signaling

in Immune Regulation

4-1BB (also known as CD137) is a member of the TNF receptor superfamily that

was first discovered to be overexpressed at mRNA levels in activated T cells (Kwon

and Weissman 1989). Subsequent studies confirmed the inducible expression of

4-1BB receptor not only on activated T cells but also various cells of innate

immunity, such as NK, NKT cells, monocytes, macrophages, mast cells, and

eosinophils (Futagawa et al. 2002; Lee et al. 2005a; Melero et al. 2008; Kim

et al. 2008a). Constitutive expression of 4-1BB has been shown for Treg cells,

neutrophils, a sub-subpopulation of DCs, and also under selected conditions NK

and NKT cells (Futagawa et al. 2002; Lee et al. 2005a, 2009a; Melero et al. 1998,

2008). These cells with constitutive 4-1BB expression further upregulate the

expression of the receptor following activation. The duration of 4-1BB receptor

expression on activated T cells is variable, lasting hours to days depending on the

experimental setting. It has recently been reported that around 10 % of CD8+ T

memory cells maintain sustained expression of 4-1BB (Lin et al. 2012, 2013).

However, such sustained expression was contextual and limited to CD8+ T memory

cells in the liver and bone marrow. Importantly, the sustained expression of 4-1BB

on memory CD8+ T cells was regulated by GITR in T cell-intrinsic manner (Lin

et al. 2013). The expression of 4-1BB is not restricted to hematopoietic lineage

only. Hypoxic endothelial cells in tumor beds, fibroblasts, inflamed blood vessels,

and lymphatic epithelial cells in response to cytokines or TLR agonists express

4-1BB, suggesting a role for global homeostatic control of this receptor within and

beyond the immune regulation (Teijeira et al. 2012).

4-1BB signaling leads to recruitment of TNFR-associated factor (TRAF)

adopter proteins, TRAF-1 and TRAF-2, initiating proinflammatory signaling path-

ways involving phosphatidylinositol-3-kinase (PI3K) and mitogen-activated
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protein kinase (MAPK) that eventually converge on the activation of NF-κB (Arch

and Thompson 1998; Sabbagh et al. 2008; Saoulli et al. 1998). This signaling also

promotes the upregulation of antiapoptotic molecules, such as Bcl-2 and bcl-XL,

and protects antigen-specific T cells from activation-induced cell death (Sabbagh

et al. 2008; Kroon et al. 2007). Although signaling into T cells from 4-1BB receptor

is predominantly associated with a positive immune response, CD4+ T cells from

4-1BB�/� mice displayed enhanced proliferation when stimulated with mitogens

in vitro and showed improved antigen-specific responses following adoptive trans-

fer into wild-type mice (Kwon et al. 2002; Lee et al. 2005b). This observation

indicates that 4-1BB signaling in CD4+ T cells may also have a regulatory role,

fine-tuning the pursuing immune responses. Recently, it was shown that agonistic

4-1BB Abs induce a unique CD4+ T-cell subpopulation with robust cytotoxicity

against melanomas (Curran et al. 2013). This cell population expresses KLRG1 and

the T-box transcription factor eomesodermin and requires 4-1BB signaling in both

T cell and APCs and IL-27, IL-15, and IL-10 cytokines for development. Besides

the potent proliferative, survival, and functional advantages for effector T cells,

4-1BB ligation on NK and NKT cells is important for their expansion, survival, and

secretion of IFNγ, which collectively contribute to the critical role of these cells in

immune responses against cancer (Melero et al. 1998).

The ligand of 4-1BB, 4-1BBL (also known as CD137L or TNFSF9), is a member

of the TNF superfamily and was discovered to be present mostly on APCs, such as

macrophages, B cells, and DCs. The reverse signaling of 4-1BBL in APCs induces

the production of cytokines such as IL-6 and IL-12 (Ju et al. 2009; Kim

et al. 2009a). Reverse signaling has been shown to involve the direct interaction

of 4-1BBL via its extracellular domain with TNFR1 on the plasma membrane of

human monocytes (Moh et al. 2013). In as much as DCs and monocytes express

4-1BB upon activation, the engagement of 4-1BB with 4-1BBL on the same cell or

two different cells may play a positive feed-forward mechanism for the generation,

activation, and survival of DCs for improved immune responses. In addition to a

plethora of positive effects of 4-1BB signaling on the effector arms of the immune

system, this feature of 4-1BB/4-1BBL system related to APC regulation further

provides a strong rationale for the use of agonists as a potential immune adjuvant

platform for the development of therapeutic cancer vaccines.

12.8 Targeting 4-1BB Signaling for Immunomodulation

CD8+ T cytotoxic response is important for the elimination of various intracellular

infections caused by bacteria and viruses (Lee et al. 2005a, 2009a; Tan et al. 1999;

Lin et al. 2009). CD8+ T cells are a critical component of effector immune

responses against tumors, and in selected settings, they are required for the elim-

ination of tumors (Lesterhuis et al. 2011; Sharma et al. 2009; Smyth et al. 2000;

Uno et al. 2006). Importantly, these cells are often ignorant or tolerant towards

cancer cells (Lesterhuis et al. 2011; Zou 2005). Therefore, agents that promote
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CD8+ T-cell activation, expansion, and survival and impart strong cytolytic and

inflammatory properties are ideal candidates as adjuvants for the development of

therapeutic vaccines. The agonists of TNFR family are well suited as strong CD8+

T-cell adjuvants due to their demonstrated roles in the activation, expansion, and

survival of these cells and establishment of long-term memory (Croft 2003; Watts

2005; Aggarwal 2003). We primarily focused on 4-1BB/4-1BBL pathway because

4-1BB signaling is (a) the most effective of all the other members of costimulatory

pair of the TNFR family in activating T cells (Rabu et al. 2005), (b) critical to the

generation and maintenance of CD8+ T-cell responses (Lee et al. 2003; Myers

et al. 2006) that play an essential role in the eradication of viral infections and

tumors (Feltkamp et al. 1993; Lin et al. 1996), and (c) important in overcoming

various immune evasion mechanisms by tumors (Madireddi et al. 2012; Sharma

et al. 2009; Wilcox et al. 2004).

The 4-1BB receptor is expressed early after CD8+ T-cell activation and is

important to various functions of T cells. Signaling via 4-1BB receptor induces

robust amplification of T cell-mediated immune responses, inhibits apoptotic cell

death (Laderach et al. 2002; Rogers et al. 2001), and establishes long-term T-cell

memory (Bansal-Pakala et al. 2001; Watts 2005). Ligation of 4-1BB on CD8+ T

cells can reverse the tumor-induced nonresponsiveness of these cells, leading to

regression of established tumors primarily through the activities of CD8+ T and NK

cell axis (Sharma et al. 2009, 2010b; Wilcox et al. 2004). Furthermore, the 4-1BB

costimulation has recently been demonstrated to induce a distinct

KLRG1+Emos+CD4+ T cells with robust cytotoxic function against melanomas

(Curran et al. 2013; Qui et al. 2011). Most importantly, 4-1BB ligation renders T

effector cells resistant to suppression by Treg cells (Sharma et al. 2009) as well as

prevents antigen, TGF-β, and tumor-mediated conversion of T effector cells into

Treg cells (Madireddi et al. 2012).

12.8.1 4-1BB Signaling in Immunity Against Infections

The importance of 4-1BB signaling in immune responses against infections came

from initial observations that 4-1BBL�/� mice have reduced CD8+ T-cell recall

response against viruses (DeBenedette et al. 1999; Bertram et al. 2002). Ensuing

studies have shown that 4-1BB signaling also contributes to the priming phase of

CD8+ T-cell response against various viruses, including influenza, herpes simplex

virus-1 (HSV-1), and lymphocytic choriomeningitis virus (LCV) (Bertram

et al. 2002; Kim et al. 2005; Tan et al. 1999). Unlike CD28�/� mice that exhibited

a severe defect in the expansion of influenza virus-specific primary CD8+ T cells,

4-1BBL�/� mice showed a normal response (Bertram et al. 2002). The number of

virus-specific CD8+ T cells, however, was significantly reduced late in primary

response. Importantly, 4-1BBL�/� mice did not generate a significant recall

response against influenza, and as such implicating 4-1BB signaling in the survival

and virus-specific responsiveness of CD8+ T cells late in primary and recall
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responses. Treatment of CD28�/� mice with an agonistic Ab to 4-1BB during

priming effectively rescued the secondary CD8+ T-cell responses against influenza

(Bertram et al. 2004), while in marked contrast, the same treatment regimen in

4-1BBL�/� mice was ineffective in rescuing secondary recall responses against

influenza. The secondary response in 4-1BBL�/� mice, however, was restored by

treatment with the agonistic 4-1BB Ab during the virus challenge. Importantly,

treatment of mice during challenge with influenza virus was effective in increasing

the number of CD8+ T cells responding to a dominant epitope, expanded the CD8+

T-cell repertoire to subdominant epitopes, and rescued a defect in the primary CD8+

T-cell response in CD28�/� mice (Halstead et al. 2002). Taken together, these

studies demonstrate a critical role for 4-1BB signaling in the generation of primary

late and recall responses against influenza.

The 4-1BB signaling was also shown to be important for the generation of

primary and secondary CD8+ T-cell responses to herpes simplex virus 1 (HSV-1).

Treatment of mice with an agonistic 4-1BB Ab during HSV-1 challenge resulted in

increased numbers of virus-specific primary and memory CD8+ T cells that also

expressed CD11c as a distinct marker (Kim et al. 2005). Unlike influenza, the

4-1BB signaling appears to play a dual role in CD8+ T-cell responses to mouse

cytomegalovirus (MCMV) infection (Humphreys et al. 2010). Although the

4-1BB�/� mice exhibited exaggerated primary CD8+ T-cell responses to MCMV,

the recall responses to the virus were significantly reduced as compared with wild-

type mice. The 4-1BB signaling was shown to rescue HIV-specific CD8+ T-cell

cytotoxic function from functionally impaired CD8+ T cells that was correlated

with the TRAF1-dependent downregulation of the proapoptotic molecule Bim

(Wang et al. 2007). Most significantly, it was shown that HIV-specific CD4+ T

cells expressing 4-1BB produced more IL-2 than cells lacking 4-1BB (Kassu

et al. 2009). The expression of 4-1BB was found to be lower on virus-specific

CD4+ T cells producing both IL-2 and IFNγ. Treatment with antiretroviral drugs

resulted in increased 4-1BB expression on virus-specific, IL-2 producing CD4+ T

cells, and the percentage of HIV-specific CD4+ T cells expressing 4-1BB was

inversely correlated with viremia. Similarly, DCs transfected to express 4-1BBL

were shown to enhance the proliferation, function, and survival of HIV-specific

CD8+ T cells (De et al. 2011). Signaling via 4-1BB resulted in the downregulation

of the inhibitory function of Treg cells on CD8+ T-cell proliferation. In a macaque

model, an agonistic Ab against 4-1BB was shown to enhance the efficacy of a DNA

subunit vaccine against simian immunodeficiency virus (SIV) by increasing IFNγ
production (Hirao et al. 2011).

The 4-1BB signaling also plays an important role in immune responses against

bacterial infections. 4-1BB stimulation of neutrophils in the early phase of Listeria
monocytogenes infection causes rapid production of inflammatory cytokines/

chemokines, which leads to subsequent infiltration of neutrophils and monocytes

crucial for the elimination of infection (Lee et al. 2005a). Moreover, a recent study

demonstrated that 4-1BB/4-1BBL interaction regulates the innate and adaptive

immune responses of the host against Mycobacterium tuberculosis (Fernandez Do
Porto et al. 2012). Collectively, these studies demonstrate that agonists of 4-1BB
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signaling can serve as potential adjuvants for the development of vaccines against

intracellular infections.

12.8.2 4-1BB Signaling in Immunity Against Cancer

The impact of 4-1BB signaling on immune responses is extensively studied in

settings of cancer vaccines or other cancer immunotherapy modalities. Stimulation

via this receptor was shown to have multiple effects on tumor-specific effector

immune responses that include (a) DC activation, survival, and enhanced antigen

uptake and processing (Sharma et al. 2009; Futagawa et al. 2002; Choi et al. 2009);

(b) T-cell activation, expansion, survival, acquisition of Th1 effector function, and

establishment of long-term memory (Sharma et al. 2009; Melero et al. 1997; Lee

et al. 2003; Futagawa et al. 2002); and (c) activation and improved function of

various innate immune cells, including NK cells, NKT cells, γδT cells (Lee

et al. 2013), macrophages, neutrophils, eosinophils, and mast cells (Futagawa

et al. 2002; Lee et al. 2005a; Melero et al. 2008). Most significant in the context

of tumor vaccines is the role of 4-1BB signaling in overcoming various immune

evasion mechanisms employed by the progressing tumor. Stimulation with agonis-

tic Abs to 4-1BB was shown to result in reversal of tumor-induced CD8+ T-cell

anergy (Sharma et al. 2009; Wilcox et al. 2004). CD4+CD25+FoxP3+ Treg cells

constitutively express 4-1BB receptor, and stimulation through this receptor was

shown to block their inhibitory function (Choi et al. 2004). Collectively, these

immune attributes of 4-1BB qualify this signaling pathway as an important target to

be exploited for cancer immunotherapy.

A series of studies using agonistic Abs to 4-1BB have demonstrated the robust

efficacy of 4-1BB signaling in eradication of established tumors in various preclin-

ical models (Melero et al. 1997; Shuford et al. 1997). Immunizations with agonistic

Abs to 4-1BB as monotherapy or in combination with other immunomodulators

generated CD8+ T cell- and NK cell-driven potent antitumor immune responses that

translated into tumor eradication in various animal tumor models, including colon

carcinoma, P815 mastocytoma, Ag104A sarcoma, and lymphomas (Melero

et al. 1997; Shuford et al. 1997). The impressive therapeutic efficacy of agonistic

4-1BB Abs in preclinical cancer models led to the development of these reagents

for clinical trials. Indeed, a humanized agonistic Ab has been tested in several Phase

I and a Phase II clinical trials for cancer (Li and Liu 2013). Although impressive,

one potential drawback to the use of Abs is their reported toxicity both in exper-

imental systems (Mittler et al. 1999; Niu et al. 2007; Schabowsky et al. 2009) and in

clinical trials (Pardoll and Drake 2012). The effective exploitation of the 4-1BB

signaling for cancer immunotherapy will, therefore, depend on the development of

novel agonists that generate robust immune responses in the absence of or tolerable

toxicity at therapeutic doses.
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12.9 SA-4-1BBL as an Adjuvant for the Development

of Therapeutic Cancer Vaccines

We have recently hypothesized that natural ligand to 4-1BB may serve as a more

effective and safe alternative to agonistic Abs for the development of immune

therapies (Schabowsky et al. 2009; Sharma et al. 2009, 2010a, b; Srivastava

et al. 2012). The 4-1BBL exerts its costimulatory function as trimers expressed

on the surface of APCs. The soluble trimers have no costimulatory function (Rabu

et al. 2005). Our laboratory has pioneered a novel technology designated as

Protex™ that involves the generation of chimeric ligands with a modified form of

core streptavidin (SA), modification of the cell membrane with biotin, and engi-

neering of chimeric proteins as an alternative to gene therapy for immunomo-

dulation (Fig. 12.1) (Sharma et al. 2009, 2010c; Singh et al. 2003; Yolcu

et al. 2002). In addition, these chimeric proteins have two distinct advantages

over native ligands. First, chimeric ligands exist as tetramers and higher-order

structures and effectively cross-link their receptors on immune cells in soluble

form for effective signal transduction (Sharma et al. 2009, 2010b; Elpek

et al. 2007). Second, SA portion of chimeric molecules allows for conjugation to

Fig. 12.1 ProtexTM technology for cell surface engineering of exogenous proteins of interest for

immunomodulation. Cells, tissues, or organs can be modified with biotin followed by engineering

with SA-chimeric proteins in a rapid, efficient, and cost-effective manner as an alternative to gene

therapy for immunomodulation. SA-P1, SA-chimeric protein 1. Modified from Shirwan et al.,

Cancer Vaccines Methods and Protocols, series Methods in Molecular Biology, Vol. 1139,

Lawman, Michael J.P., Lawman, Patricia D. (Eds.), Springer 2013
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any biotinylated antigen of interest for the development of conjugate vaccines.

Inasmuch as a subpopulation of DCs constitutively express 4-1BB receptor,

4-1BBL in the conjugate vaccine may serve as a vehicle to deliver Ags to DCs

in vivo for better antigen uptake and cross-presentation to T cells (Fig. 12.2).

We thus generated a novel form of 4-1BBL by fusing the extracellular domains

of mouse or human 4-1BBL molecules C-terminus to a modified core streptavidin.

This chimeric 4-1BBL (SA-4-1BBL) molecule has various desired features relevant

for the development of cancer vaccines. First, SA-4-1BBL exists as stable tetramers

and higher-order structures owing to the structural features of SA (Sharma

et al. 2010a), which endows this molecule with robust costimulatory activity in

soluble form for both CD4+ and CD8+ T cells (Schabowsky et al. 2009). This is

plausibly due to the ability of SA-4-1BBL to effectively cross-link 4-1BB receptors

on immune cells for potent signal transduction. Second, SA-4-1BBL effectively

activates DCs in vivo for antigen uptake and cross-presentation to CD8+ T cells

(Sharma et al. 2009, 2010a). Third, SA-4-1BBL endowed T effector cells resistant

to suppression by CD4+CD25+FoxP3+ Treg cells and blocked antigen, TGF-β, and

Fig. 12.2 SA-4-1BBL as a vehicle for targeted delivery of conjugated TAAs into 4-1BB

expressing DCs. TAAs can be biotinylated and mixed with SA-4-1BBL for the generation of a

conjugate vaccine. In vivo, 4-1BBL portion of the vaccine facilitates the delivery of TAAs to

4-1BB expressing DCs for activation and enhanced antigen uptake and presentation to T cells.

SA-4-1BBL at a subsequent stage interacts with the upregulated 4-1BB receptor on newly

activated T cells and drives their expansion, survival, acquisition of effector function, and

establishment of long-term memory

368 R.K. Sharma et al.



tumor-induced conversion of T effector into Treg cells (Madireddi et al. 2012;

Sharma et al. 2009). Fourth and most importantly, treatment of mice with SA-4-

1BBL alone or in combination with various antigens did not result in measurable

acute toxicity, immune abnormalities, or autoimmunity (Schabowsky et al. 2009;

Srivastava et al. 2012) as had been reported for agonistic Abs (Niu et al. 2007).

As the adjuvant component of various TAA-based vaccine formulations, SA-4-

1BBL demonstrated robust therapeutic activity in various tumor models. A single

vaccination with SA-4-1BBL and a peptide representing the dominant CD8+ T-cell

epitope for human papillomavirus (HPV) E7 oncogene (E749-57) resulted in the

eradication of E7 TAA-expressing TC-1 tumor cells (Sharma et al. 2009). SA-4-

1BBL in this setting performed better than three other TLR agonists, LPS, MPL,

and CPG (Sharma et al. 2009). SA-4-1BBL as the adjuvant component of complete

E7 protein vaccine formulation also proved effective in eradicating the TC-1 tumor

(Sharma et al. 2010b). This therapeutic efficacy was not restricted to E7 as a

xenoantigens as a vaccine formulation containing SA-4-1BBL and survivin as a

bona fide self-TAA also demonstrated robust therapeutic efficacy in survivin

overexpressing 3LL lung carcinoma model (Sharma et al. 2009; Srivastava

et al. 2012). Importantly, therapeutic efficacy of SA-4-1BBL-based vaccines in

both models was enhanced to 100 % by multiple vaccinations (Srivastava

et al. 2012; Sharma et al. 2013). The vaccine showed no efficacy against tumors

grown in 4-1BB mutant mice, demonstrating the requisite role of signaling through

4-1BB receptor (Sharma et al. 2010b).

The therapeutic efficacy of the vaccines correlated with augmented CD8+ T-cell

effector/memory responses, IFNγ production, reversal of CD8+ T cell anergy, and

increased intratumoral ratio of CD8+ T/Treg cells (Sharma et al. 2009, 2010a).

CD8+ T cells played a requisite role for the vaccine therapeutic efficacy, while NK

cells played a non-requisite, secondary role (Fig. 12.3) (Sharma et al. 2010b;

Srivastava et al. 2012). Importantly, CD4+ T cells did not appear to play a critical

role in vaccine therapeutic efficacy at the effector phase, but were required at the

priming phase (Sharma et al. 2013). The depletion of CD4+ T cells 1 day before

vaccination had no effect on the therapeutic efficacy of SA-4-1BBL/E7 and SA-4-

1BBL/survivin-based vaccines in both TC-1 and 3LL established tumor models.

However, the depletion of CD4+ T cells was associated with lack of long-term

immune memory in the 3LL, but not TC-1 model, suggesting that priming with a

weak self-antigen requires CD4+ T-cell help for the establishment of long-term

memory as demonstrated for various infection models (Sharma et al. 2013). Impor-

tantly, there was a significant decrease in the efficacy of these vaccines when CD4+

T cell was depleted 1 day before tumor challenge. This finding suggests that

challenge with the tumor is sufficient to prime CD4+ T cells, which plausibly set

in motion a tumor-specific CD8+ T cell response targeted for augmentation by

vaccination with SA-4-1BBL/Ags. These observations are not only important

specifically in the context of SA-4-1BBL-based vaccines but also in general for

all cancer vaccines as they demonstrate the requisite role of CD4+ T cells for

effective immune responses against cancer. The therapeutic efficacy of the vaccines

was achieved in the absence of detectable acute toxicity or autoimmunity. Potent
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pleiotropic immune activities (Fig. 12.3) combined with the lack of toxicity high-

light the potential SA-4-1BBL holds as an adjuvant platform for the development of

therapeutic cancer vaccines (Schabowsky et al. 2009; Sharma et al. 2009, 2010b).

12.10 Qualitative and Quantitative Differences Between

SA-4-1BBL and Agonistic 4-1BB Antibody

SA-4-1BBL in its signaling outcome shows quantitative and qualitative differences

with an agonistic 4-1BB Ab (3H3) widely used in various preclinical settings

(Melero et al. 1997; Uno et al. 2006). These differences are summarized as follows:

(a) SA-4-1BBL generates better primary CD4+ and CD8+ T-cell responses com-

pared with the agonistic 4-1BB Ab (Schabowsky et al. 2009); (b) the agonistic

4-1BB Ab preferentially activates the proliferation of CD8+ T cells, while at

equimolar levels, SA-4-1BBL activates proliferation of both CD4+ and CD8+ T

cells (Mittler et al. 1999; Niu et al. 2007; Schabowsky et al. 2009); (3) SA-4-1BBL

Fig. 12.3 Pleiotropic effects of SA-4-1BBL as the adjuvant component of subunit protein

vaccines on tumor-specific immune responses. SA-4-1BBL works on various cells of innate,

adaptive, and regulatory immunity to generate antitumor effector immune response that eradicate

primary tumors. SA-4-1BBL also exploits 4-1BB signaling to establish and retain long-term T-cell

responses for the eradication of micrometastasis and control of tumor recurrences locally and

systemically
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lacks toxicity and immune perturbation reported for the agonistic 4-1BB Ab

(Schabowsky et al. 2009); (4) the agonistic 4-1BB Ab acts as superagonist and

activates naive T cells for proliferation and type I cytokine release, whereas SA-4-

1BBL lacks such effects and it appears to expand antigen-activated T cells

(Schabowsky et al. 2009); (5) a single vaccination with SA-4-1BBL with E749-57
peptide has better efficacy than the agonistic Ab for the eradication of established

E7-expressing TC-1 tumor (Sharma et al. 2009); (6) SA-4-1BBL induces greater

infiltration of CD8+ T cells into tumors than the agonistic 4-1BB Ab (Sharma

unpublished observation), which may suggest a differential chemokine effect;

(7) agonistic Ab induces in vivo expansion of CD4+CD25+ Treg cells and increased

infiltration into tumor, while SA-4-1BBL has minimal favorable effect on Treg

cells (Sharma unpublished observation); (8) vaccination with the agonistic Ab leads

to reduction in NK cell numbers as well as diminished B cell-mediated antibody

responses (Lee et al. 2009b; Mittler et al. 1999), while SA-4-1BBL vaccination

enhances the NK cell-mediated killing responses (Sharma et al. 2010b; Srivastava

et al. 2012); (9) the agonistic Ab appears to directly affect the suppressive function

of Treg cells (Choi et al. 2004), while SA-4-1BBL makes CD4+ T effector cells

resistant to suppression by Treg cells (Sharma et al. 2009); and (10) SA-4-1BBL

blocks in vitro and in vivo conversion of CD4+ T effector cells into Treg cells

(Madireddi et al. 2012), while the effect of agonistic 4-1BB Abs is yet to be

assessed. The mechanistic basis of these key differences between the agonistic

4-1BB Abs and SA-4-1BBL is yet to be fully elucidated. These divergent efficacy/

safety features of these agents will require further studies to delineate their mech-

anistic basis of efficacy/toxicity, which will further guide their development for safe

and effective use in cancer immunotherapy.

12.11 Prospect of 4-1BB Signaling in Combination

with Standard-of-Care and Other Cancer

Immunotherapies

Given that cancer has evolved to overcome immune surveillance by various

mechanisms and TAAs are weak antigens, therapeutic subunit vaccines may benefit

from formulations that incorporate more than one adjuvant or immune potentiator

to recruit multiple immune effector arms for efficacy. Agonists of 4-1BB receptor

may also improve the efficacy of standard-of-care chemo and/or localized radio-

therapy by capitalizing on tumor cell death induced by such treatments and the

ensuing TAA cross-priming and immune responses.
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12.11.1 Combinatorial Use of 4-1BB Agonists with Other
Positive and Negative Costimulatory Molecules

The presence of numerous costimulatory pathways involved in T-cell responses

may reflect the fact that individual pathways program unique facets of T-cell

functions. For example, although OX40 and 4-1BB are both expressed on activated

CD4+ and CD8+ T cells, OX40 costimulation preferentially impacts the CD4+

T-cell effector function (Dawicki et al. 2004; Gramaglia et al. 1998, 2000; Kopf

et al. 1999), while 4-1BBmore significantly drives CD8+ T-cell responses (Dawicki

et al. 2004; Sharma et al. 2009; Pollok et al. 1993). Moreover, while costimulation

through OX-40 directly affects the suppressive function of CD4+CD25+FoxP3+

Treg cells (Voo et al. 2013), 4-1BB costimulation makes T effector cells resistant to

suppression by Treg cells (Sharma et al. 2009). The combination of agonists of

4-1BB and OX40 may program CD4+ T cells to differentiate into cytotoxic Th1

effector cells. These cytotoxic CD4+ T cells may not only produce IFNγ but also

possess the ability to kill target cells presenting cognate MHC class II-restricted

peptides (Qui et al. 2011), which might be useful in targeting tumors that have

propensity to downregulate their MHC class I (Ferrone and Marincola 1995).

Consistent with this notion, we have shown that combination of SA-4-1BBL and

SA-OX40L was effective in inducing potent proliferative responses in both CD4+

OT-II and CD8+ OT-I cells in vivo and improved therapeutic efficacy, as compared

with single agents, in the established TC-1 tumor model (Srivastava

et al. unpublished data).

The combinatorial use of an agonistic 4-1BB Ab and a blocking CTLA-4 Ab

resulted in significant improvement in the therapeutic efficacy of a whole tumor

cell-based vaccine, whereas individual agents had no effect (Curran et al. 2011).

Therapeutic efficacy was associated with 4-1BB-driven intratumoral increase in

both KLRG1+CD4+ and CD8+ T effector cells, increase in inflammatory cytokines,

and decrease in Treg cells. A triple therapy with Abs to 4-1BB, CD40, and DR5

(apoptosis-inducing receptor for TNF-related apoptosis-inducing ligand, TRAIL)

resulted in robust therapeutic efficacy in primary fibrosarcomas, initiated with the

carcinogen 3-methylcholanthrene, multiorgan metastases, and primary tumor resis-

tant to DR5 Ab treatment (Uno et al. 2006). Importantly, therapeutic efficacy of this

triple Ab treatment was neither associated with detectable toxicity nor autoimmu-

nity and required CD8+ T cells and IFNγ production.
Significant in the context of this book chapter are the results of two recent studies

comparing the efficacy of Abs to various costimulatory, CD137 and CD40, and

co-inhibitory, CTLA-4, PD-1, TIM-3, and LAG-3, molecules as single agents or in

various combinations in the stringent ID8 mouse ovarian cancer model (Wei

et al. 2013; Guo et al. 2013). In a 3-day established tumor model, treatment with

Ab to 4-1BB resulted in a better therapeutic efficacy as compared with treatments

with Abs to PD-1 or CTLA-4 as monotherapy. However, treatment with single

agents in a 10-day established ID8 model had no therapeutic benefit, whereas

combinations of Abs to 4-1BB and PD-1 or CTLA-4 or all three Abs significantly
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prolonged survival as compared with any other double or multiple combinations

without 4-1BB Ab. Importantly, the combination of Abs to 4-1BB and PD-1 had the

most antitumor effect as compared with any other combinations. Therapeutic

efficacy of anti-4-1BB and PD-1 Abs was associated with increased number of

splenic CD8+ T effector cells, IFNγ production, and decreased numbers of myeloid-

derived suppressor cells (MDSCs) and Treg cells (Wei et al. 2013; Dai et al. 2013).

Therefore, the combination of positive costimulatory agonists with co-inhibitory

agents, i.e., immune checkpoint blockers, may work in synergy to influence the

overall functional outcome of T effector cell responses and manifest better thera-

peutic efficacy against cancer.

12.11.2 Combinatorial Use of 4-1BB Agonists with Other
Immune Potentiators

Several studies have demonstrated enhanced antitumor responses culminating into

therapeutic efficacy when agonistic 4-1BB Ab is used in combination with other

immunostimulatory agents. Treatment with an agonistic 4-1BB Ab in combination

with IL-12 gene transfer resulted in robust therapeutic efficacy in the poorly

immunogenic pulmonary metastatic B16.F10 melanoma model, where the individ-

ual agents alone had no measurable efficacy (Huang et al. 2010; Xu et al. 2004).

Both NK and CD8+ T cells were critical to the observed therapeutic efficacy with

CD4+ T cells having no measurable contribution. Similarly, intratumoral injection

with an oncolytic adenovirus vector expressing either 4-1BBL or IL-12 resulted in

significant immune responses and therapeutic efficacy in the B16-F10 subcutaneous

tumor model (Huang et al. 2010; Xu et al. 2004). However, the combination of both

agents significantly improved immune and therapeutic efficacy. An agonistic

4-1BB Ab when used in combination with irradiated tumors engineered to secrete

granulocyte-macrophage colony-stimulating factor (GM-CSF) as vaccine resulted

in increased infiltration of CD8+ T cells into the tumor, their expansion, and long-

term memory, which collectively translated into therapeutic efficacy in the

established B16 melanoma model (Li et al. 2007). Taken together, these observa-

tions justify the combinatorial use of 4-1BB agonists with other immune potenti-

ators for the treatment of cancer.

12.11.3 Combinatorial Use of 4-1BB Agonists
with Standard-of-Care Cancer Treatments

The 4-1BB costimulation was exploited in combination with standard-of-care

treatment agents in various preclinical tumor models. Treatment with an agonistic

4-1BB Ab (BMS-469492) along with single-dose irradiation therapy at 5, 10, or
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15 Gy resulted in measurable therapeutic efficacy at all radiation doses for a breast

and only at higher radiation dose for a lung carcinoma model (Shi and Siemann

2006). Treatment with the 4-1BB and PD-1 Abs worked in synergy with cisplatin to

achieve an impressive therapeutic efficacy in the aforementioned

10-day-established ID8 tumor model (Wei et al. 2013). Similarly, agonistic

4-1BB Abs worked in synergy with cisplatin resulting in robust therapeutic efficacy

in the CT-26 colon carcinoma model (Kim et al. 2008b). The therapeutic efficacy of

agonistic Ab was associated with a rapid recovery of T and B cells from cisplatin-

induced lymphopenia and generation/expansion of CD11c+CD8+ T cells expressing

IFNγ. Importantly, cisplatin treatment induced the expression of 4-1BB on kidney

tubular epithelium and enhanced 4-1BB expression on antigen-primed T cells.

Agonistic Ab treatment blocked cisplatin-induced apoptosis of both T cells and

kidney epithelium by increasing the expression of antiapoptotic molecules.

In a separate study, combinatorial treatment with a 4-1BB agonistic Ab and 5-

fluorouracil (5-FU) resulted in the eradication of radiotherapy- and chemotherapy-

resistant renal cell carcinomas in more than 70 % of the mice, where individual

agents had no significant effect (Ju et al. 2008). Combination therapy was associ-

ated with enhanced proportion of apoptotic cells and higher number of lymphocytes

in the spleen and tumor-draining lymph nodes of treated mice. Importantly, mice

that had eradicated primary tumors were completely resistant to rechallenge with

the original tumor, demonstrating establishment of long-term immune memory. In

the B16 melanoma study, combinatorial treatment with 4-1BB Ab and cyclophos-

phamide resulted in significant antitumor immune responses and tumor eradication,

which was associated with increased numbers of IFNγ-producing effector

CD11c+CD8+ T cells (Kim et al. 2009b). Agonistic 4-1BB Ab treatment facilitated

rapid recovery of T and B cells from drug-induced lymphopenia and protected

naı̈ve T cells from drug-induced toxicity. Importantly, treatment with cyclophos-

phamide increased the expression of 4-1BB on both CD4+ and CD8+ T cells and

suppressed peripheral Treg cells. Taken together, these studies provide compelling

rationale for exploiting 4-1BB signaling using agonistic Abs or 4-1BBL in combi-

nation with standard-of-care agents for cancer treatment.

12.11.4 Combinatorial Use of 4-1BB and TLR Agonists

Critical to the activation and maintenance of an immune response are the signals

transduced by TLR and costimulatory receptor pathways (Croft 2009; Kawai and

Akira 2010). As such, agonistic ligands to receptors of these two pathways have

significant potential as adjuvants for therapeutic vaccines. Consistent with this

notion is the approval of TLR-4 agonist MPL by FDA to be used as the adjuvant

component of the preventive vaccine against HPV infection (Romanowski

et al. 2009). However, the efficacy of MPL as the adjuvant component of thera-

peutic vaccines against cancer remains to be fully assessed. MPL primarily targets

innate immunity, leading to the recruitment, activation, and maturation of APCs,
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such as DCs, that facilitate the generation of adaptive immune responses

(Didierlaurent et al. 2009). MPL primarily targets APCs for the initiation of

adaptive immunity (Didierlaurent et al. 2009) and 4-1BBL targets CD8+ T cells

for activation, acquisition of effector function, survival, and long-term memory

(Watts 2005; Bukczynski et al. 2004; Cannons et al. 2001). Given the critical role of

CD8+ T cells for tumor eradication, we recently hypothesized that an adjuvant

system composed of both of these molecules may have potent therapeutic efficacy

as the component of TAA-based vaccine formulations against cancer. In prelimi-

nary studies, we demonstrated that a single vaccination with a formulation

containing both adjuvants and E7 as TAA resulted in the effective eradication of

E7-expressing TC-1 tumor in all mice (Srivastava et al. unpublished data). This

effect was extendable to the 3LL pulmonary lung carcinoma model where survivin

was used as a bona fide self-TAA. Importantly, the therapeutic efficacy of the

vaccines required CD8+ T cells and associated with high intratumoral CD8+ T

effector/Treg cell ratios (Srivastava et al. unpublished data).

A series of recent studies demonstrated synergy between 4-1BB and TLR4

signaling. Stimulation of macrophages with a TLR agonist was recently shown to

upregulate 4-1BBL expression on macrophages (Kang et al. 2007). Importantly,

4-1BBL expression on macrophages was critical to sustained expression of

proinflammatory cytokines, particularly TNFα, and achieved this effect by physi-

cally interacting with TLR4. The effect of 4-1BBL was 4-1BB receptor indepen-

dent and required TLR4-induced activation of transcription factors CREB and

C/EBP to sustain the late TNFα response. This new and direct interplay between

4-1BB and TLRs is more likely not unique to TLR4 and provides another means of

regulation between innate immunity and adaptive immunity. Furthermore, reverse

signaling through 4-1BBL in human monocytes converts them into mature DCs

with potent antigen-presenting function and production of cytokines such as IL-6

and IL-12 (Ju et al. 2009). Such DCs inhibit the development of Treg cells and

induce the expression of perforin, IFNγ, IL-13, and IL-17 in T effector cells

(Kwajah and Schwarz 2010). The 4-1BB signaling is also critical for the activation

and survival of DCs and trafficking to the T-cell zone in lymph nodes (Choi

et al. 2009). Given the demonstrated role and importance of TLRs in activation

and effector function of APCs, the synergy between 4-1BB and TLRs provides an

important opportunity for the combinatorial use of their agonists as adjuvant

systems for the development of therapeutic vaccines against chronic infection and

cancer.

12.12 Conclusions

Cancer immunotherapy field without question is at the brink of exciting develop-

ments. The FDA approval of DC-based Provenge therapeutic cancer vaccine

against hormone refractory prostate cancer in 2010 followed by anti-CTLA-4 Ab

for melanoma (Hodi et al. 2010) marked the beginning of many immunotherapies to
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follow. The impressive clinical results with anti-PD-1 and PDL-1 Abs are good

indication of their approval in a near future as another class of therapeutics

(Brahmer et al. 2012; Topalian et al. 2012). These clinical developments combined

with our better understanding of the immune system in general and immune

response against cancer in particular will further accelerate the development of

cancer immunotherapies. In particular, immunomodulation to boost effector

immune responses and control immune escape mechanism by progressing tumors

combined with the positive impact of some standard-of-care agents on tumor

immune responses provides a plethora of possibilities for rationale development

of combinatorial therapies. The efficacy of such therapies will require careful

consideration of various parameters, which include the nature of tumor, stage/

burden of cancer, characteristic of required antitumor immune responses for effi-

cacy, prior standard-of-care treatment history of the patient, and potential treatment

to be applied during or post vaccination.

Cancer vaccines stand a good chance of changing the course of cancer treatment.

However, their efficacy will require careful consideration of not only TAAs but

most importantly also adjuvants for vaccine formulations. Adjuvants having pleio-

tropic effects on various cells of the immune system with a net outcome of

generating tumor destructive immune responses without significant toxicity harbor

great potential. In this context, SA-4-1BBL stands a good chance of serving an

adjuvant of choice because of several desired features of 4-1BB expression and

signaling. In the context of T cells, 4-1BB is expressed in activated T effector cells

and plays a critical role for their proliferation, survival, and acquisition of Th1

function, which is critical for the eradication of many tumors. Most importantly,

4-1BB expression marks tumor-specific T cells, and signaling via this molecule has

been exploited for effective expansion of these cells ex vivo for cancer adoptive

immunotherapy (Lin et al. 2010). The 4-1BB signaling is also involved in DC

activation, survival, and enhanced antigen uptake and presentation (Choi

et al. 2009; Sharma et al. 2009, 2010a). Most importantly, 4-1BB regulates the

suppressive function of Treg cells directly or indirectly for the benefit of generating

potent effector immune responses (Sharma et al. 2009; Choi et al. 2004). SA-4-

1BBL or agnostic 4-1BB Abs as a single agent has shown impressive therapeutic

efficacy in various tumor models (Sharma et al. 2009, 2010b; Srivastava

et al. 2012). In combination with other immune potentiators or standard-of-care

treatments, agonists of 4-1BB have shown even improved therapeutic efficacies

(Ju et al. 2008; Kim et al. 2008b, 2009b; Li et al. 2007; Wei et al. 2013). Impor-

tantly, 4-1BB is expressed by nonmalignant cells, such as endothelial or epithelial,

within tumor microenvironment in response to tumor-induced hypoxia, and signal-

ing via 4-1BB was shown to generate various cytokines and chemokines that feed

on 4-1BB signaling in T effector cells for a more pronounced therapeutic efficacy

against tumors (Melero et al. 2008). Signaling via 4-1BB on tubular epithelium

cells also protects against standard chemotherapy-induced toxicities (Kim

et al. 2008b), further making this pathway an attractive target for cancer combina-

torial immunotherapy/chemotherapy/radiotherapy.
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SA-4-1BBL may also serve as a platform to develop adjuvant systems using

agents with different mechanisms of action and as such expected potential thera-

peutic synergy. Moreover, the next-generation vaccines may benefit from the

targeted delivery of TAA/tumor-specific antigens (TSAs) into DCs given the

importance of these cells in the initiation of potent adaptive immune responses

against tumors. In this context, our published studies demonstrating that SA-4-

1BBL conjugated with TAAs effectively delivers the antigens to DCs constitutively

expressing 4-1BB for activation, enhanced antigen uptake, and cross-presentation

to T cells are significant (Sharma et al. 2010a). The ability of SA-4-1BBL to endow

T effector cells refractory to suppression by CD4+CD25+FoxP3+ Treg cells

(Sharma et al. 2009), block the conversion of T effector cells in the Treg cells

(Madireddi et al. 2012), and reverse tumor-induced CD8+ T cell anergy (Sharma

et al. 2009) are important added advantages of this molecule as an immune adjuvant

(Fig. 12.3). Although SA-4-1BBL did not show detectable toxicity and autoimmu-

nity in rodent tumor models at therapeutic doses, it remains to be demonstrated if

this safety profile translates to humans. Inasmuch as mouse SA-4-1BBL does not

cross-react with human 4-1BB, it remains to be seen if the human version of SA-4-

1BBL will have the same immune and therapeutic attributes of the mouse version of

the molecule. Most importantly, it is critical to evaluate if the therapeutic doses of

the mouse version will be applicable to the clinic, or much higher dose will be

required, and if the pharmacokinetics and pharmacodynamics of these two mole-

cules are different. Testing this novel form of SA-4-1BBL in clinical trials will be

important for its development, and if proven efficacious in therapeutic clinical

settings, this vaccine concept may have broad application to all types of cancers

with well-defined TAAs as well as chronic infections since the antigenic compo-

nent of the vaccine can easily be tailored to formulate into conjugate or

non-conjugate vaccines for the targeted indications.
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