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Preface

Preparation of this book started in October 2013, when the 51st Annual Meeting of

the Japan Society of Clinical Oncology (JSCO) was held in Kyoto, Japan. When the

editorship was offered to me, I thought, Why me? I was too inexperienced to

complete such a great book, with so many Japanese experts in this field. However,

I decided to take on the challenge of producing the book with much help from my

dedicated older and younger colleagues. Here, I want to express my sincere thanks

to all the authors who contributed.

This book contains the history, current status, and future perspective of cancer

immunotherapy. The reader may understand easily, I hope, what you should know

about the immune system when you treat a cancer patient. Immunotherapy has now

come of age as the fourth modality of cancer treatment. Its role in cancer treatment,

I believe, will grow day by day, and a future revolution in cancer treatment will

occur as all the other treatments, including surgery, chemotherapy, and radiother-

apy, may exist with and for the success of cancer immunotherapy.

About 30 years ago, when I was still a young surgeon, I was absorbed in research

for tumor immunology. My Ph.D. thesis was titled “An Analysis of Suppressor

Factor–Receptors on Peripheral Blood Lymphocyte Surfaces of Cancer Patients”.

My esteemed professors had thought in those days that there could be no success in

cancer immunotherapy without modulation of immunosuppressive mechanisms.

Now, they do seem to have been right! I dedicate this book to my two most

important professors, the late Takao Hattori and the late Tetsuya Toge. I also

dedicate this book to all my sincere researchers who helped me to develop in this

field.

Kurashiki, Japan Yoshiyuki Yamaguchi

July 2015
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Part I

Overview, History, Classification



Chapter 1

Overview of Current Cancer

Immunotherapy

Yoshiyuki Yamaguchi

Abstract Immunotherapy has been investigated worldwide as the fourth cancer

treatment modality, following the standard modalities of surgery, chemotherapy,

and radiotherapy. Recently, the significant progress in our fundamental understand-

ing of tumor immunology and the recent clinical advances in cancer immunother-

apy trials have opened new avenues of cancer immunotherapy. At last, cancer

immunotherapy has come of age, now. There is no longer any doubt that the

immune system does work in tumor eradication. In this chapter, the progress

made in cancer immunotherapy during the past half-century and the many types

of cancer immunotherapy are summarized. A brief review of important nomencla-

ture in tumor immunology is also provided, which may further facilitate the reader’s
understanding of the later chapters. Moreover, a future perspective for cancer

immunotherapy development is discussed. Finally, I would say now that one

lymphocyte, one dendritic cell, one antigen, and one drug can change the cancer

treatment, immunotherapy, together.

Keywords Cancer immunotherapy • Mutation • Immunosurveillance •

Immunocheckpoints • Personalized immunotherapy

1.1 Introduction

Immunotherapy has been investigated worldwide as the fourth cancer treatment

modality, following the standard modalities of surgery, chemotherapy, and radio-

therapy. Over the past five decades of research into cancer immunotherapy, several

novel and promising discoveries have been investigated but then found to have

disappointingly limited efficacy in clinical trials. Nevertheless, the significant

progress in our fundamental understanding of tumor immunology and the recent

clinical advances in cancer immunotherapy trials have opened new avenues of

cancer immunotherapy, at last [1]. There is no longer any doubt that the immune

system does work in tumor eradication.
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Cancer immunotherapy has only recently obtained a steady hold in the field of

cancer treatment. Moreover, there is currently a fresh breeze of innovation in the

field of immunotherapy as cancer treatment, and clinicians and researchers should

thus be aware of the paradigm shift in our ways of thinking about how best to treat

the many varieties of cancer. In this chapter, the progress made in cancer immu-

notherapy during the past half-century and the many types of cancer immunother-

apy are summarized. A brief review of important nomenclature in tumor

immunology is also provided, which may further facilitate the reader’s understand-
ing of the later chapters.

1.2 What Is the Immune System? Cells, Molecules,

and Receptors Are Involved

The immune system plays a key role in human host-defense mechanisms, by which

invaders such as viruses and bacteria are eradicated as not-self entities. Along with

this eradication, antigenic information is saved in the memory of the host immune

system, which can ensure the host’s prompt immune response against the next

attack of the same invaders. The host is also protected from cancer by this

mechanism, which is known as the immunosurveillance mechanism [2].

The immune system consists of many types of functional cells, molecules, and

receptors (Table 1.1), which together make the immune system quite complicated.

The cells involved include granulocytes, natural killer (NK) cells, γδT cells,

macrophages, T and B lymphocytes, and dendritic cells (DCs). Granulocytes and

NK cells “look around” the body and attack invaders in an antigen-nonspecific

manner. Macrophages are organ-specific phagocytes that also attack and collect the

antigenic information of invaders as well as injured cells, old dying cells, and

mutated cells, locoregionally. T lymphocytes work under the direction of DCs in an

antigen-specific manner, and they can be classified into many functional cell types

including helper T cells, cytotoxic T cells, inducer T cells, regulatory T cells,

suppressor T cells, and more. It has been well established that T cells are highly

involved in tumor eradication. B lymphocytes function as a producer cell of

antigen-specific antibodies after antigenic stimulation through their differentiation

into plasma cells. DCs are known as professional antigen-presenting cells (APCs).

Immature DCs migrate, capture, and process antigens and then differentiate into

mature DCs that present antigenic information to antigen-reactive T cells in

regional lymph nodes, resulting in antigen-specific T-cell activation. DCs play a

crucial role in the antigen-specific machinery of immune responses.

The immune molecules to be understood in cancer immunotherapy include

antibodies, cytokines, and antigen peptides. Antibodies are molecules that are

produced by B cells through their differentiation to plasma cells. Antibodies bind

to antigens in an antigen-specific manner, and they then attack or neutralize the

antigens. Antibodies also exist on the surface of B cells as a B-cell receptor (BCR).

4 Y. Yamaguchi



Cytokines are molecules that mediate intercellular communications such as stimu-

latory or inhibitory signals. Many cytokines have been identified to date, including

interferons, interleukins, tumor necrosis factor, growth factors, colony-stimulating

factors, and more. Some cytokines are directly cytotoxic to cancer cells, but a few

cytokines are approved for use in cancer treatment. Antigen peptides are a part of

the antigenic mother protein. They can stimulate antigen-reactive T-cell precursors

in regional lymph nodes to become effector T cells, which then migrate to a target

site and recognize the antigenic epitopes on target cells, including cancer cells.

Many clinical trials using antigen peptides are now being conducted to determine

the potential clinical benefits.

These immune molecules function in the immune system through their specific

receptors. Antigen peptides are recognized by T-cell receptors (TCRs) specific to

the antigen. A BCR is a receptor on B cells, a molecule of which is an antibody, as

mentioned above. In addition, toll-like receptors (TLRs) are molecules that trans-

duce danger signals of invaders into immune cells. Each cytokine has a

corresponding receptor on the cell surface, through which functional signals are

transduced into the cells.

1.3 Classification of Immune Systems and Cancer

Immunotherapy

There are two different classifications with which one can understand the immune

system in terms of the comparative counterpart nomenclatures of immunity: they

are humoral immunity versus cellular immunity and innate immunity versus

acquired immunity. Each of these types of immunity consists of the different cell

types, molecules, and receptors mentioned above (Table 1.2).

Table 1.1 Representative cells, molecules, receptors, and their functions in immune system

1. Cells Granulocytes, NK cells,

γδT cells:

Systemic patrol

Macrophages Locoregional patrol

T and B cells Specific functions offered

Dendritic cells Director in immune reactions

2. Molecules Antibody Bind to target and neutralize antigens

Cytokine Intercellular stimulatory or inhibitory signaling

Peptide Essential target recognized by effector T cells

3. Receptors TCR Antigen-reactive receptor on T cells for recogni-

tion and signaling

BCR Antibody on B cells

TLR Danger signal transduction

Cytokine receptor Signaling specific for corresponding cytokine

NK natural killer, TCR T-cell receptor, BCR B-cell receptor, TLR toll-like receptor

1 Overview of Current Cancer Immunotherapy 5



Humoral immunity is an immune response that depends on antigen-specific

antibody production by B cells in concert with type 2 helper T cells (Table 1.2).

Although there is evidence that the antibody response is involved in tumor

responses, humoral response-based cancer immunotherapy has not been actively

developed, except for research concerning monoclonal antibodies specific to tumor

growth factors and growth factor receptors on the surfaces of tumor cells. Cellular

immunity is an immune response involving many types of cells, including antigen-

specific functional T cells (cytotoxic T cells and type 1 helper T cells) and antigen-

nonspecific macrophages, NK cells, NKT cells, γδT cells, DCs, and granulocytes.

Cellular immunity-based cancer treatment has been the main focus of investigation

in the development of cancer immunotherapy.

The counterpart nomenclature, i.e., innate immunity versus acquired immunity,

is also important. Innate immunity involves granulocytes, NK cells, NKT cells, γδT
cells, macrophages, and DCs, whereas acquired immunity involves T- and B-cell

responses (Table 1.2). Both of these types of immunity are quite important to the

body’s eradication of invaders including cancer cells, as well as in the overall

understanding of cancer immunotherapy.

When we classify the current types of cancer immunotherapy, two nomencla-

tures of immunotherapy types are used: active immunotherapy and adoptive immu-

notherapy (Table 1.2). Active immunotherapy includes cancer vaccines, where

therapeutic vaccines indirectly attack tumor cells with the emergence of immune

activation specific to tumor antigens. Immune cells that are stimulated and activated

by the cancer vaccines “actively” function in tumor eradication in a host. In terms of

an “indirect” working property, the immunocheckpoint inhibitors described below

can also be considered to belong to the active immunotherapy category. In contrast,

adoptive immunotherapy is a treatment using tumor-reactive immune molecules

(cytokines or antibodies) or cells, which themselves directly attack tumor cells for

eradication. When treating a host undergoing cancer immunotherapy, more atten-

tion must be paid to the patient’s immunocompetency in active immunotherapy

compared to adoptive immunotherapy.

Table 1.2 Classification of immunity and cancer immunotherapy based on cells and molecules

involved

1. Humoral immunity versus

cellular immunity

Humoral: Antibody

Cellular: Functional T cells, macrophages, NK cells,

NKT cells, γδT cells, DCs, granulocytes

2. Innate immunity versus

acquired immunity

Innate: Granulocytes, NK cells, NKT cells, γδT cells,

macrophages, DCs

Acquired: T cells, B cells

3. Active immunotherapy versus

adoptive immunotherapy

Active: Vaccine, immunocheckpoint inhibitor

Adoptive: Antitumor antibody, antitumor cytokines,

antitumor lymphocytes

6 Y. Yamaguchi



1.4 Eradication of Invaders Including Cancer

by the Immune System

A scheme showing the eradication of invaders including cancer is shown in Fig. 1.1.

When invaders enter a host, an initial response to the invaders is processed by the

host’s innate immunity, usually in an antigen-nonspecific manner. Antigenic infor-

mation obtained in the initial response is further presented to the acquired immunity

system by DCs, which are antigen-presenting cells. This presentation results in the

activation and differentiation of T and B cells to function in an antigen-specific

manner, which strengthens the eradication of invaders as a secondary response.

After the initial and secondary immune responses, antigenic information is

recorded in the memory of the host immune system to varying extents depending

on the antigens. Thus, invaders including cancer can be completely eradicated with

both initial and secondary immune responses in antigen-nonspecific and antigen-

specific manners by the innate and acquired immunity, respectively. Cancer immu-

notherapy is a treatment that uses these precise machineries of the immune system.

Importantly, there is a regulatory immunity that controls both the initial and

secondary immune responses (Fig. 1.1). The regulatory immunity consists of

cellular and molecular systems, including regulatory T (Treg) cells, myeloid-

derived suppressor cells (MDSCs), and immunocheckpoint molecules, for example,

cytotoxic T-lymphocyte-associated protein (CTLA)-4 and programmed death

(PD)-1. These cells and molecules are highly involved in the prevention of the

emergence of effective antitumor immune responses (Fig. 1.1).

Thus, tumor eradication by the immune system is finally completed when the

regulatory immune system of cellular and molecular interactions is overcome. The

Innate immunity Acquired immunity

Invaders, infected cells, or cancer cells

Regulatory immunity

Antigenic information

In
it

ia
l 

at
ta

ck

S
ec

o
n
d
ar

y
 a

tt
ac

k

M
em

o
ry

Fig. 1.1 Scheme of effector and regulatory systems for eradication of invaders including cancer.

Scheme of immune system against invaders including cancer is indicated. It consists of effector

(innate and acquired immunity) and regulatory systems
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concept of cancer “immunoediting” advocates that the “three Es” of elimination,

equilibrium, and escape play dual roles in promoting host protection against cancer

and facilitating tumor escape from immunosurveillance [3]. The immunoediting

concept may help us to determine what is happening at the tumor site at the time of

tumor recognition and eradication by the immune system.

1.5 Machinery of Antigen Presentation and Recognition

The machinery of antigen presentation and recognition is very important to the

concept of cancer immunotherapy (Fig. 1.2). Exogenous and endogenous antigen

proteins are processed randomly into peptides consisting of 8–12 amino acids at the

proteasome of professional APCs, such as DCs. The processed antigen peptides

meet with a human leukocyte antigen (HLA) molecule at the endoplasmic reticu-

lum of the APCs to make an HLA-peptide complex that then moves to the cell

surface of the APCs. The antigen peptides in context with an HLA molecule on

APCs can stimulate antigen-reactive T-cell precursors to become effector T cells, in

which HLA class I- and class II-peptide complexes can stimulate antigen-reactive

Exogenous

Antigen protein
Endogenous

antigen protein

HLA 

class I

HLA 

class II

APCs (DCs)

Target cells (cancer cells)

Peptidepeptide

CD4 T cells

Peptide vaccine

DNA, 

RNA 

vaccine

DC vaccine

Cancer cell vaccine

cytokine gene-transducedcancer cell

Protein vaccine

CD8 T 

cells

TCR

Adoptive cell therapy

LAK, TIL, CTL, NKT, γδT cells,

Receptor gene-modified T cells

TCR-T, CAR-T cells

Proteasome

Peptide

APC, antigen presenting cells; DC, dendritic cells;
HLA, human leukocyte antigen; TCR, T cell receptor;
LAK, lymphokine-activated kiler; TIL, tumor infiltrating lymphocyte;
CTL, cytotoxic T lymphocyte; NKT, natural killer-like T;
CAR, chimeric antigen receptor

DC+peptide, protein, cancer cell lysate

Fig. 1.2 Machinery of antigen presentation and possible cancer immunotherapy. Machinery of

antigen presentation and recognition is summarized. Possible cancer immunotherapies including

vaccine therapy and adoptive cell therapy are also indicated
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CD8 and CD4 T cells, respectively (i.e., HLA restriction) [4]. Activated T cells then

migrate to a target site and recognize the antigen epitopes on target cells, including

cancer cells, to eradicate them.

Important molecules involved in the antigen presentation and recognition are

summarized in Table 1.3. The machinery of antigen presentation and recognition

consists of molecules needed for the antigen-specific reaction, co-stimulatory

reaction, and adjunctive adhesion reaction, which together make a strong immuno-

logical synapse formation that can transduce efficient activation signals into

antigen-reactive T cells [5].

Based on the above information, several treatment modalities for cancer immu-

notherapy have been proposed, including vaccines and adoptive cell therapy (ACT)

(Fig. 1.2). The vaccine modalities include DC vaccines, cancer-cell vaccines,

protein vaccines, peptide vaccines, and DNA/RNA vaccines. The ACT modality

includes the transferal of cells of several effector cell types, including lymphokine-

activated killer (LAK) cells, tumor-infiltrating lymphocytes (TILs), cytotoxic T

lymphocytes (CTLs), NKT cells and γδT cells, and TCR gene- and chimeric

antigen receptor (CAR) gene-modified T cells, all of which are described in detail

in the following chapters.

1.6 History of Cancer Immunotherapy Development

The history of the development of cancer immunotherapy is of interest. According

to the literature, the first immunotherapy for cancer was conducted in 1891 by

Dr. William Coley, who administered a bacterial preparation to patients [6]. I would

say, however, that the development of cancer immunotherapy based on the current

understanding of tumor immunology has been most active since the 1970s. Events

that have contributed to the development of cancer immunotherapy are shown in

Fig. 1.3, and the cancer immunotherapies currently approved in Japan are shown in

Table 1.4.

Table 1.3 Molecules involved in antigen presentation and recognition

Reaction APC, target cell Lymphocytes

Specific HLA + peptide TCR

Co-stimulatory CD80 (B7-1), CD86 (B7-2) CD28(stimulatory), CTLA-4 (inhibitory)

CD40 CD154 (CD40L)

Adhesion HLA class II CD4

HLA class I CD8

CD54 (ICAM-1) CD11a/CD18 (LFA-1)

CD58 (LFA-3) CD2 (LFA-2)

TCR T-cell receptor, CTLA-4 cytotoxic T-lymphocyte-associated protein-4, LFA lymphocyte

function-associated antigen, ICAM intercellular adhesion molecule

1 Overview of Current Cancer Immunotherapy 9



First, crude biological response modifiers including plant extracts and bacterial

preparations were investigated in clinical trials. Some agents demonstrated a

clinical benefit, and they were consequently approved as drugs for cancer treatment

in Japan. Most of them have been used in combination with cytotoxic chemother-

apy or radiation therapy. However, none has become a standard cancer treatment

except for bacillus Calmette-Guérin (BCG) for superficial bladder cancer, despite

the accumulation of evidence of some agents’ effectiveness (as described in

Chaps. 2, 3, and 4).

In the 1980s, advances in molecular cloning and gene-engineering technology

enabled the use of cytokines, including interferons and interleukins, in cancer

treatment [7]. Some of these agents showed clinical benefit and were approved

for use in clinical practice. A few of them have become a standard treatment for

several cancer types including renal cell cancer (see Chap. 5). A crucial cytokine,

interleukin (IL)-2, has permitted us to use ex vivo-activated autologous lympho-

cytes for cancer treatment as ACT. Representative treatments of ACT include LAK

cell therapy [8], TIL therapy [9], and tumor-sensitized T cells [10] (see Chaps. 5, 6,

7, 8, and 9). ACT using TILs and tumor-sensitized T cells showed efficacy for

treating malignant effusion and advanced cancer, resulting in their approval in

Japan as the advanced medicine.

In addition to the clinical use of IL-2, studies of IL-2 enabled the establishment

of tumor antigen-specific lymphocyte clones in vitro, which contributed to the first

discovery of a melanoma antigen-encoding gene, MAGE, in 1991 [11]. This major

Years Events Therapies developed and examined

1970s Plant extract, Bacterial preparation

1980s Cytokine cloning Cytokine

Lymphocyte culture ACT (LAK cells, TIL)

1990s MAGE discovery Peptide vaccine

DC culture DC vaccine, ACT (DAK cells)

Antibody engineering Anti-tumor antibody

PD-1

CTLA-4

TLRs

2000s NKT, γδT cells ACT (NKT cells, γδT cells)

Regulatory T cells

MDSCs

Immunoadjuvant

ACT (TCR-T cells, CAR-T cells)

2010s Sipleucel-T

Immunocheckpoint Ipilimumab (anti-CTLA-4 Ab)

Nivolumab (anti-PD-1 Ab)

MAGE, melanoma antigen encoding gene; ACT, Adoptive cell therapy; DC, dendritic cell; DAK, DC-activated killer;

PD-1, programmed death-1; CTLA-4, cytotoxic T lymphocyte-associated protein-4;

TLR, toll-like receptor; NKT, natural killer-like T; MDSC, myeloid-derived suppressor T

Fig. 1.3 History of cancer immunotherapy development. History of cancer immunotherapy

development is shown. Milestone discoveries in tumor immunology are also indicated
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discovery in concert with the establishment of DCs cultured in vitro [12] resulted in

many new lines of research into cancer vaccine development (see Chaps. 10, 11, 12,

13, and 14). The technique of culturing DCs was also introduced in ACT for

stimulating naı̈ve T cells to generate antigen-reactive DC-activated killer (DAK)

cells (see Chap. 5).

From the late 1990s to the 2000s, antibody-engineering technology enabled the

use of antitumor monoclonal antibodies in cancer treatment, and nowadays, many

antitumor antibodies are used in daily practice as a standard treatment for cancer.

However, antitumor antibodies are not described in detail in this book.

In the 2000s, immunoadjuvants have been actively investigated, where TLRs

play a key role [13] (see Chaps. 15, 16, and 17). In addition, novel effector cells

including NKT cells [14] and γδT cells [15] were discovered and introduced into

Table 1.4 Cancer immunotherapy approved in Japan (at Nov. 2014)

Immunotherapy Diseases approved

1st generation

Polysaccharide-K Stomach (PAC), colorectal (PAC), small cell LC (+C)

OK-432 Stomach (PAC), NSLC (+C)

Head and neck, thyroid, malignant effusion, ascites

Lentinan Stomach (+C)

Ubenimex Adult acute non-lymphatic leukemia (+C)

Sizophiran Cervix (+R)

BCG Bladder (superficial)

2nd generation

IFN-α-2β RCC, MM, CML, Hairy cell, hepatitis B, hepatitis C

IFN-β Brain tumor, melanoma, hepatitis B, hepatitis C

IFN-γ-1α RCC

Teceleukin RCC, angiosarcoma

3rd generation

Advanced medicine (A)

ACT Malignant effusion, advanced cancer

DC+peptide vaccine Esophageal, stomach, colorectal, metastatic liver, pancreas,

biliary,

breast, lung

Advanced medicine (B)

Tailer-made peptide

vaccine

HLA-A24+ hormone-resistant prostatic cancer

NKT ACT Lung, head and neck squamous cell cancer

γδT ACT NSLC

4th generation (immunocheckpoint inhibitor)

Nivolumab Melanoma

Antitumor antibodies are excluded. Advanced medicine A is obligated to be reapplied for B until

Mar. 2016

PAC postoperative adjuvant chemotherapy, +C with chemotherapy, +R with radiation, RCC renal

cell cancer, MM multiple myeloma
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ACT strategies as effector cells (see Chaps. 6, 7, and 8). ACT using NKT cells and

γδT cells has been approved as the advanced medicine in Japan in tests of its

efficacy for clinical use. The novel inhibitory cells, Treg cells, were also discovered

in this period [16], and much attention has begun to be paid to their significance and

to the establishment of conditioning strategies against Tregs in cancer

immunotherapy.

In 2010, a DC vaccine was finally approved in the US for the treatment of

castration-resistant prostate cancer [17] (see Chap. 14), although its low response

rate once pricked the balloon of cancer vaccine development [18, 19]. On the other

hand, ACT continued to progress with the development of antigen-specific TCR

gene [20] and CAR gene transduction technology [21] that has made the irrelevant

lymphocytes highly specific for the antigen (see Chap. 9). In addition,

immunocheckpoint inhibitors have been providing exciting surprises each year

since 2011 (see Chaps. 18, 19, and 20). Anti-CTLA-4 [22] and anti-PD-1/PD-ligand

1 (PD-L1) [23] antibodies and their combination [24] are very effective, showing

objective tumor responses in melanoma. The anti-PD-1 antibody nivolumab was

approved for melanoma treatment in September 2014 in Japan, the first such

approval in the world. The novel inhibitory cells MDSCs were recently highlighted

[25]; their reduction in the tumor microenvironment, as well as that of Treg cells

(which may enhance antitumor immune responses for successful cancer immuno-

therapy), has been earnestly investigated in relation to the immunocheckpoint

inhibitors (see Chaps. 21 and 22).

Cancer immunotherapy has thus progressed from the development of crude

agents, followed by cytokines and antibodies, vaccines and effector lymphocytes,

and now to immunocheckpoint inhibitors, all of which are classified as the first,

second, third, and fourth generations of cancer immunotherapy, respectively

(Table 1.4). Much of the progress that has been made is the result of the clarification

of the fundamental molecular mechanisms of the immune system and the properties

of immune-related tumor responses in clinical trials (see Chap. 23). It is very

important when conducting cancer immunotherapy to validate and standardize

the methods to monitor and examine immune responses and immune-related

molecular expressions (see Chap. 25). The progress of cancer immunotherapy

development is now contributing to the identification of biomarkers for personal-

ized cancer immunotherapy as an even more effective form of cancer immunother-

apy (see Chap. 24).

1.7 A Perspective on the Future of Cancer Immunotherapy

I would like emphasize several points regarding the current development of cancer

immunotherapy, which differs significantly from cancer chemotherapy. First, can-

cer immunotherapy may result in limited tumor shrinkage but may also produce a

prolongation of survival, which is the golden goal of cancer treatment. This has

been shown clearly in a vaccine trial [26, 27]. The tumor shrinkage often takes a
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long time to observe, a phenomenon called the immune-related tumor response or

delayed-type tumor shrinkage. A trial of immunocheckpoint inhibitors exemplifies

this phenomenon [22]. Pseudo-progression, in which the tumor size increases

compared to that seen at the beginning of the treatment period, has also been

observed. In a sense, it is analogous to the idea that one ant cannot kill an elephant

but an army of ants that develops (during a sufficient growth period of the tumor)

could bring an elephant down. Physicians must bear in mind this property of the

immune-related response in cancer immunotherapy, in daily clinical practice as

well as in clinical trials. Immune-related response criteria (irRC) are essential to

assessments of the true efficacy of cancer immunotherapy [28].

Second, I would point out that T cells really “know” cancer cells. Even a small

number of T cells can cure or improve cancer patients. This has been shown in trials

using antigen-reactive TCRs or CARs [20, 21]. In this treatment modality, however,

we must pay more attention to the targeted antigens. Self-antigens, including

cancer-testis antigens, differentiation antigens, and overexpression antigens, may

not be appropriate for targeting, because the effector cells can make a response to

them as on-target and/or off-target on normal cells [29]. From this point of view,

mutated antigens must be targeted by T cells [30]. Whole-genome sequencing has

demonstrated that tumor cells have at least one or more mutations as “neo-antigens”

[31]. The identification of each mutation is one of the directions to be pursued

toward the establishment of personalized immunotherapy; of course, doing so is not

easy and it will take a long time to identify every cancer mutation for every

individual. TILs themselves, on the other hand, may do identify each mutation in

situ in the host, where passenger mutations may be a target for immune recognition

[32]. Thus, cancer immunotherapy using TILs may become active again in light of

its efficacy and safety in combination with a conditioning protocol to modify host

immunocompetence [33].

Third, an immunosurveillance system does exist in a host, as shown in a trial

using immunocheckpoint inhibitors [22]. Modifications of immunocheckpoint

interactions between immune cells and tumor cells by inhibitory drugs could permit

immune cells to attack the tumor cells. In cases in which there are no attenuation of

immunocheckpoints on tumor cells, we could attempt to induce the upregulation of

immunocheckpoints on the tumor cells using combinations of chemotherapy and

radiotherapy. This means that it may be possible to create a trigger for a tumor-

reactive immune response at the tumor site in situ, which may then spread to

systemic immune responses for concomitant tumor eradication. Immunogenic

cancer cell death at the tumor site may generate systemic antitumor responses,

indicating the possibility of in situ cancer vaccination. In other words, this can be

possible only when a tumor is present in the body. The time may come when we

should not remove a tumor from the body for cure and prevention, based on our

understanding of tumor immunology.

Finally, more attention should be focused on host immunocompetency in the

development of personalized cancer immunotherapy [34]. Beyond the TNM stag-

ing system, I propose the establishment of an immune-related staging system

(irStage) which would describe the locoregional values of effector cells, regulatory
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cells and their balances, the immunocheckpoint status on tumor cells, and systemic

values including lymphocyte count, C-reactive protein, and tumor marker levels

(Table 1.5). An appropriate modality of cancer immunotherapy may be chosen

depending on this irStage level. For example, a vaccine strategy may be appropriate

for patients with good immunocompetency and no immunosuppression. ACT may

be preferable when patients have low effector precursors and low lymphocyte

counts. Immunocheckpoint inhibitors may be active when effector cells are infil-

trating at tumor sites and when the tumor cells express a counterpart ligand of the

immunocheckpoint molecules. If a patient’s immune system is in a depressed

condition, a conditioning regimen may be necessary to modulate host immunosup-

pression. The use of such an irStaging system may enhance tumor responses with a

concomitant survival benefit, resulting in the establishment of very effective per-

sonalized cancer immunotherapy.

1.8 Conclusions

As an important option for cancer treatment, cancer immunotherapy has come of

age. It may be necessary to seek the best way to orchestrate cancer treatment with

immunotherapy and other treatment modalities in order to identify the most effec-

tive cancer treatment for each patient. This will certainly contribute to cancer

patients’ survival and cure. We already have effective weapons and knowledge in

the field of cancer immunotherapy. To paraphrase the recent Nobel Peace Prize

speech by Miss Malala Yousafzai [35], I would say now that one lymphocyte, one

dendritic cell, one antigen, and one drug can change the cancer treatment, immu-

notherapy, together.

Table 1.5 Candidate factors for immune-related staging toward personalized cancer immuno-

therapy development

Site

Biomarkers

Positive Negative

Locoregional CD8 T-cell infiltration Treg, MDSCs

PD-L1 on tumor

Systemic Lymphocyte count≧1,000 Lymphocyte count<1,000

G/L≧2

CRP>0.5 mg/dl, IAP≧580 mg/dl

High tumor marker

Treg cells, MDSCs

Treg regulatory T, MDSC myeloid-derived suppressor cell, PD-L programmed death-ligand, G/L
granulocyte/lymphocyte ratio, CRP C-reactive protein, IAP immunosuppressive acidic protein
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Clark JI, Wolchok JD, Weber JS, Tian J, Yellin MJ, Nichol GM, Hoos A, Urba WJ (2010)

Improved survival with ipilimumab in patients with metastatic melanoma. N Engl J Med 363

(8):711–723

23. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, Powderly JD,

Carvajal RD, Sosman JA, Atkins MB, Leming PD, Spigel DR, Antonia SJ, Horn L, Drake CG,

Pardoll DM, Chen L, Sharfman WH, Anders RA, Taube JM, McMiller TL, Xu H, Korman AJ,

Jure-Kunkel M, Agrawal S, McDonald D, Kollia GD, Gupta A, Wigginton JM, Sznol M

(2012) Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N Engl J Med

366:2443

24. Wolchok JD, Kluger H, Callahan MK, Postow MA, Rizvi NA, Lesokhin AM, Segal NH,

Ariyan CE, Gordon RA, Reed K, Burke MM, Caldwell A, Kronenberg SA, Agunwamba BU,

Zhang X, Lowy I, Inzunza HD, Feely W, Horak CE, Hong Q, Korman AJ, Wigginton JM,

Gupta A, Sznol M (2013) Nivolumab plus ipilimumab in advanced melanoma. N Engl J Med

369:122–133

25. Sinha P, Clements VK, Ostrand-Rosenberg S (2005) Reduction of myeloid-derived suppressor

cells and induction of M1 macrophages facilitate the rejection of established metastatic

disease. J Immunol 174(2):636–645

26. Hoos A, Eggermont AM, Janetzki S, Hodi FS, Ibrahim R, Anderson A, Humphrey R,

Blumenstein B, Old L, Wolchok J (2010) Improved endpoints for cancer immunotherapy

trials. J Natl Cancer Inst 102(18):1388–1397

27. Yamaguchi Y, Yamaue H, Okusaka T, Okuno K, Suzuki H, Fujioka T, Otsu A, Ohashi Y,

Shimazawa R, Nishio K, Furuse J, Minami H, Tsunoda T, Hayashi Y, Nakamura Y, Commit-

tee of Guidance for Peptide Vaccines for the Treatment of Cancer, The Japanese Society for

Biological Therapy (2014) Guidance for peptide vaccines for the treatment of cancer. Cancer

Sci 105(7):924–931

28. Wolchok JD, Hoos A, O’Day S, Weber JS, Hamid O, Lebbé C, Maio M, Binder M,
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Part II

BRMs and Crude Agents



Chapter 2

Bacterial Preparations

Junichi Sakamoto, Michitaka Honda, and Toru Aoyama

Abstract From the era of Coley’s toxin back in the beginning of the twentieth

century, it was well known that certain acute bacterial infection might lead to the

regression of malignant tumors in some cases. Many types of bacteria either in its

crude form or with special preparation have been reported to possess immuno-

therapeutic activity against cancers. To date, experimental studies and clinical impli-

cations of those tumor immunotherapies have become more widely examined with

more sophisticated methodology, utilizing activation of the two types of human

immune system, i.e., innate and adaptive. In this chapter, various bacterial prepar-

ations that have been applied for tumor immunotherapy will be introduced, together

with the new detailed mechanism of action of those two immune systems that have

recently been elucidated. Of note, the efficacies of OK-432, a preparation derived

from streptococcus pyogenes, are discussed by a tabulated data and individual patient
data meta-analyses of randomized trials of adjuvant immunochemotherapy for

lung and gastric cancers.

Keywords Bacterial preparation • Tumor immunity • Innate immune system •

Adaptive immune system • Adjuvant immunochemotherapy clinical trials of OK-432

2.1 Everything Started from Coley’s Toxin: Recent
Findings Elucidating Mechanisms of Its Antitumor

Activity

Spontaneous regressions of various types of cancer have been reported in the

history of medical science. Regression is more commonly associated with groups

of tumors like the embryonal tumors in children, breast cancer, chorioepithelioma,
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malignant melanoma, neuroblastoma, sarcomas, bladder cancer, skin cancer, and

renal cancer [1, 2]. These phenomena are sometimes associated with infection,

vaccine therapy, and incomplete surgical removal of the tumor [3, 4]. In line with

those findings, presence of autologous cancer-specific antigens was enthusiastically

pursued in melanoma and renal cancer patients in the 1970s and 1980s. Although

scientifically intriguing, those studies could not have lead to any successful clinical

implication [5, 6].

On the other hand, despite the assumption and fact that chronic infection may

lead to cancer, it is presumed that acute infection, on the contrary, could have

beneficial effects and often contributes to complete eradication of cancers even with

a large tumor burden. In this regard, the use of microbial vaccines for immuno-

therapy is still being reexamined. This therapeutic concept is based on the early

work of Coley, who reported infection-associated tumor regression over a century

ago [7]. Inspired by the findings, he injected his first patients with vital Strepto-

coccus pyogenes, a gram-positive organism causing erysipelas. By that attempt,

although tumor shrinkage was observed, lethal systemic infections occurred. Thus,

Coley modified his treatment regimen using a mixture of heat-inactivated Strepto-

coccus pyogenes and Serratia marcescens. The inoculation of this bacterial vaccine,

later known as “Coley’s toxin” (CT), marked the origin of modern immunotherapy,

and thus Coley is also referred to as “father of cancer immunotherapy” [8].

Recent comprehensive discoveries have deepened more precise understanding

of the immune system. Coley himself believed that the effect of his bacterial

mixture was based on the release of toxins affecting tumor but sparing normal

cells [9]. In fact, CT activates the innate as well as the adaptive immune system by

binding toll-like (TLR) and other pattern recognition receptors. With regard to the

bacterial nature of CT, this mixture contains unmethylated cytosine phosphodiester

guanine complex (CpG), lipoteichoic acid, and lipopolysaccharide (LPS), acting

agonistic with several TLRs [10]. Engagement of TLRs induces an inflammatory

cascade resulting in cytokine secretion and immune cell activation [11]. This

proinflammatory milieu together with high fever breaks the tumor-induced immune

tolerance and changes it to an antitumor immunity [12–14]. However, Coley’s
original hypothesis resting on an immune reaction against a “toxin” present in the

microbial material that cross-reacts with and destroys the tumor cells fells more and

more into oblivion and up to now has only partly been reexamined [7].

In the 1960s and 1970s, commercial CT preparations were tested on small

patient cohorts. In these experiments, results were variable—presumably because

of relatively short treatment courses. Also, most of the patients were immuno-

compromised due to prior or coadministered chemotherapy [15, 16]. Besides,

plenty of immune mediators relevant for the inflammatory process were used as

single agents in cancer immunotherapy [17–19]. But most of them failed to prove

clinical efficiency.

Indeed, the benefit of CT treatment is supposed to be based on the chronological

sequence of single immune mediators to induce an optimal antitumor immune

response. These facts strengthen the usefulness of a comprehensive analysis regard-

ing the therapeutic potential of the toxin, generated from the original protocol.
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In 2005, a Canadian company (MBVax) started to produce CT and rekindle

Coley’s pioneer work. Since then, promising results for different tumor entities

were obtained. These findings are an inducement for further investigations on the

antitumor effect of CT.

Analysis of the potential of CT to affect tumor cell growth both in vivo and

in vitro was implemented, taking advantage of its intrinsic immunestimulatory

properties [20]. Examination of a direct impact on cell growth, proliferation, and

viability was also performed. Of note, proapoptotic molecules in tumor target cells

increased upon CT treatment [21]. In vivo, repetitive local CT applications effec-

tively controlled tumor growth by stimulating immune responses.

The main objective of this chapter is to examine whether a purely microbial-

based approach, or in combination with additional chemo- or targeted therapies, can

cure non-immunogenic tumors. Picking up the historical idea of using Coley’s toxin
(CT), a complex mixture of gram-positive and gram-negative bacterial components

as an active antineoplastic agent could be centered as a basis of immunotherapy or

immunochemotherapy for cancers using bacterial preparations.

For potential clinical application of microbial-based vaccines, several require-

ments need to be complied. These include (I) reducing non-specific toxicity to

normal cells, (II) preserving antitumor and tolerance-breaking immunostimulatory

potential, and (III) applying a standardized treatment protocol. As for the latter, no

such standardization was done in the past. Hence, Coley’s work came under

criticism, because at that time, 13 different preparations and various administration

routes (i.v., i.m., and i.t.) existed, and some of these were more effective than others

[9, 22]. This may explain why Coley’s results could not be reproduced by others.

In order to overcome this obstacle, CT should have been designed under constant,

standardized conditions according to the original protocol.

Results of recent studies have demonstrated that this preparation acts as a potent

antitumor and immune-activating agent. In a series of in vitro experiments, induc-

tion of cell death in tumor target cells was observed despite different susceptibility

of cancer cells toward CT was demonstrated. In one of those studies, while AsPC-1

cells responded with substantial cell death, other cell lines were less affected. As

central mechanisms of CT-induced growth alteration, an upregulation of p21waf

gene expression and loss of G2/M phases, both indicative for cell cycle arrest, were

reported [21]. In line with the established capacity of bacteria to induce apoptosis as

well as necrosis in target cells, both kinds of cell death were observed. Proteins (i.e.,

LPS, Flagellin) delivered by S. marcescens may thus have preferentially induced

necrosis, while factors provided by S. pyogenes (i.e., streptokinase, streptolysin,

and lipoteichoic acid) led to apoptosis [7, 23, 24]. Accordingly, caspase 3/7

activation and DNA fragmentation were also detected in CT-treated tumor cells.

In addition to the capacity of directly compromising tumor viability, CT was

also described as being a strong immune stimulator [9, 25–27]. The bacterial DNA

(CpG ODN) present in this complex mixture may here be one of the best-known

immune-activating candidates. CpG ODNs have been found to improve antigen-

presenting cell functions and boost humoral as well as cellular Th1-directed

immune responses. They have shown promising results as adjuvants for vaccines
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and in combination with radio- or immunotherapy [10, 12, 28]. Several CpG

ODN-based agents were already included into clinical trials for exploring their

safety and efficacy in hematological and solid cancers [28–30] [http://www.

clinicaltrials.org/]. The underlying mechanism is due to activating TLRs, the

most important innate immune receptors [12–14]. TLR signaling in immune cells

is crucial for regulating innate and adaptive immune responses, such as DC

maturation and antigen presentation as well as CD8þ T cell toxicity [31, 32].

6#CT-stimulated leukocytes from healthy donors could be effectively activated

and responded with upregulation of TLR 2, 5, and 9. Likewise, CD25 expression

was significantly and sustainably induced in these short-time-mixed leukocyte

cultures, suggesting a stimulation of γ/δ T cells [33]. Besides, secretion of Th1

and other proinflammatory cytokines (e.g., IFN-γ, IL12, and TNF-α) by immune

cells belonging to both the innate and adaptive arm can also be anticipated. Hence,

this mixture of TLR agonists likely stimulates a complex cascade, each of which

plays a unique and vital role in orchestrating immune responses [34]. A boost of

antitumor effects with a massive decrease in tumor cell numbers was also observed

together with CT. That boosted antitumor effects could rather be dependent from

tumor-specific than from the allotransplanted lymphocyte. T3M4 and BxPC-3

could be effectively killed by CT and leukocytes. However, comparable results

were not obtained for AsPC-1 cells, which had been shown to be highly susceptible

toward CT-mediated lysis alone. This can be attributed to a kind of tumor-escape

mechanism. These cells probably secrete immunosuppressive factors (IL10,

TGF-β), thereby preventing leukocyte stimulation and immune-mediated lysis.

In a subsequent syngeneic in vivo tumor model, CTs’ potential to impact solid

tumors was examined. Efficacy for a non-immunogenic tumor was examined

although it is clearly established that low immunogenic tumors respond worse

than their immunogenic counterpart [9]. As a result, in immunecompetent mice-

bearing syngeneic tumor, strong oncopathic effects were demonstrated after repe-

titive challenge of CT. Of particular interest was the finding that maximal tumor

growth control was obtained after six injections. Increasing the number of injec-

tions did not further boost therapeutic responses.

Hence, CT may thus be best combined with other (antineoplastic) drugs rather

than used as a single agent. However, before further exploring such combinatorial

approaches, possible intolerable toxic side effects (e.g., cardiac, gastrointestinal,

and hematological toxicity, anorexia, neuropathy, arthralgia, and myalgia) have to

be excluded or at least minimized. Additional to identifying the optimal nontoxic

dose, a proper application route (i.e., systemic versus local), an appropriate and

feasible time schedule (simultaneous versus consecutive therapy), and potential

synergistic or antagonistic effects of selected combinations have to be evaluated.

All in all, CT might still be worth being employed for cancer immunotherapy due to

its direct antitumoral as well as indirect immunostimulatory capacity.
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2.2 Various Bacterial Preparations for Cancer Therapy

and Two Different System of Antitumor Activity

Role of bacterial infection involving immunotherapy of cancers has been investi-

gated and reported. The most prominent agent is Mycobacterium bovis bacillus

Calmette-Guérin (BCG). Molecular and cellular mechanisms of BCG involved in

immunotherapy of cancers have been discovered in the past decades, and the details

of the study will be precisely described in Chap. 4 of this book.

Although BCG has been widely used in experimental and clinical immuno-

therapy, in view of the problems associated with the use of a viable organism, more

defined, nonliving mycobacterial products need to be examined. In this regard,

various bacterial preparations have been examined for its efficacy as immuno-

therapeutic agents in experimental animals and in clinical studies (Table 2.1).

As listed on Table 2.1, infection of many types of bacteria, either in its crude

form or with special preparation, has been reported to have immunotherapeutic

activity against various cancers [35–69]. However, despite strenuous efforts of

physicians and investigators, very few have actually been examined in clinical

trials for humans [37, 38, 41, 44, 47, 50, 55, 56, 59, 62, 68, 69], and furthermore,

most of those clinical studies so far could not have shown definitive effect of

immunotherapy with bacterial preparation to date. In reality, therefore, the inherent

inefficiency of the immune system has given rise to numerous and highly expensive

cytotoxic cancer therapies over the past few decades with almost no real benefits

translated to the patient such as a cure or decreasing the chances of patient dying

from cancer [70].

The human immune system can be broadly divided into two parts, the innate and

the adaptive. The evolutionarily older innate immune system reacts within minutes

after the invading pathogens are encountered. The adaptive system, which employs

evolutionarily younger and more customized tools, takes longer time from days to

weeks to generate specialized antibodies and T cells to attack threats [71]. The

innate system consists of natural anatomical barriers, such as skin and mucous

membranes, and physiological barriers like elevation of temperature and acid in the

stomach to digest harmful bacteria as well as the cells of first defense. Innate

immunity is effective against a variety of infectious agents that have common

features recognized by phagocytic cells but has no immunological memory against

previous exposure and is antigen independent [72].

The innate system is composed mainly of natural killer (NK) cells, polymorpho-

nucleocytes (PMN) and macrophages, and is most directly involved in tumor

immunology. These cells also participate in the adaptive response and form an

important and vital bridge between the two arms of the immune system [71]. It

recognizes nonself molecules according to a specific pattern. Another feature of the

innate immune system is the complement, a group of inactive proteins in the blood

which are activated in the presence of pathogens and nonself cells and cause cell

lysis [73]. Attenuated inactivated bacteria as nonspecific tumor immunotherapeutic

agents have been investigated for centuries [74]. Among those, Clostridium
perfringens, Streptococcus pyogenes, and Mycobacterium bovis (will be described
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in Chap. 4) were considered to be the most active agents to induce tumor regres-

sions for human tumors. Since we have already mentioned about the efficacy of

Coley’s vaccine in the previous paragraph, the other prominent nonspecific

immunopotentiator OK-432, derived from Streptococcus pyogenes, will be intro-

duced and discussed in the next paragraph [67–69].

Table 2.1 Bacterial preparations investigated for immunotherapy of cancers (excluding BCG)

Bacteria Target cancer Model References

Corynebacterium parvum Mastocytoma Mouse [35]

Melanoma Mouse [36]

Lung cancer Human [37]

AML Human [38]

Nocardia rubra Fibrosarcoma Rat [39]

Melanoma Mouse [40]

Lung cancer Human [41]

Serratia marcescens Fibrosarcoma Mouse [42]

Sarcoma Mouse [43]

Malignant astrocytoma Human [44]

Lactobacillus casei Lung cancer Mouse [45]

Fibrosarcoma Mouse [46]

Cervical cancer Human [47]

Staphylococcus aureus Breast cancer Mouse [48]

Ehrlich ascites tumor Mouse [49]

Malignant tumors Human [50]

Listeria monocytogenes Breast cancer Mouse [51]

Melanoma Mouse [52]

Review [53]

Mycobacterium smegmatis Bladder cancer Mouse [54]

Melanoma Human [55]

Lung cancer Human [56]

Mycobacterium vaccae Non-small cell lung cancer Human [57]

Melanoma Human [58]

Renal cancer Human [59]

Salmonella typhimurium Plasmacytoma Mouse [60]

Review [61]

Pancreatic cancer Human [62]

Clostridium perfringens Sarcoma Mouse [63]

Leukemia Mouse [64]

Clostridium novyi Colon cancer Mouse [65]

Colon cancer Mouse [66]

Streptococcus pyogenes Leukemia Mouse [67]

Sarcoma Mouse [68]

Mammary cancer Rat [69]

Lung cancer Human [70]

Uterine cervical cancer Human [71]
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The adaptive or acquired immunity is antigen specific, slower, and possesses

immune memory against future attacks. The adaptive response follows the innate

response and is dependent on specific recognition of antigen by antigen receptors

present on the cell surface. The two types of adaptive immunity are cell-mediated

immunity and humoral immunity. T lymphocytes are responsible for cell-mediated

immunity and B lymphocytes for humoral immunity. B cells play a role in

destroying tumor cells by complement-mediated lysis and facilitating antibody-

dependent cell-mediated cytotoxicity [75]. The cytotoxic T cells (CTC) and the

natural killer T (NKT) cells are two important T cells which are involved in lysis of

tumor cells. The CTC kill and target cells with MHC–antigen complex on the cell

wall, while the NKT cells actively search and kill tumor cells and play a crucial role

in preventing metastasis of cancer. Affected cells which do not display MHC–

antigen complex are targeted by the NK cells [76, 77]. Linking the innate and

adaptive immune systems are dendritic cells that hugely play an important role in

restraining cancer. Dendritic cells migrate and are found patrolling below and

within the epidermis and mucous membranes in the mouth, nose, ear, and colon.

These cells produce antigens from ingested pathogens and cell debris, carry them to

the lymph nodes, and display them on their surfaces to T cells. Thus, the T cells and

B cells are stimulated to customize their immune attacks [73, 74] (Fig. 2.1). Briefly,

Fig. 2.1 Schematic representation of bacterial immunotherapy’s mode of action
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intratumoral bacteria or bacterial components sensitized by the innate immune cells

like NK cells, macrophages, and neutrophils, followed by secretion of proinflam-

matory cytokines and chemokines, attracting immature dendritic cells (DC) into the

focus of infection. DCs take up bacterial material together with tumor fragments,

mature while migrating to draining lymph nodes, where DCs present tumor anti-

gens in addition to bacterial antigens to T cells. Those activated T cells infiltrate the

tumor microenvironment and kill tumor cells, whereby the patient benefits from an

active and powered immune response that fights the infection as well as the cancer.

To be functionally active, DCs need certain danger signals to activate them, such as

the pathogen-associated molecular patterns (PAMPs) that are present on bacteria

and viruses but are absent on the cancer cells; that is clearly a situation of dual

advantage [12]. Long-lasting antitumor immunity having the potential to control

micro metastasis will be established when part of these T cells becomes memory

cells.

2.3 OK-432, an Immunopotentiator Derived from

Streptococcus pyogenes: Innate and Adaptive Function

OK-432, a preparation derived from Streptococcus pyogenes has been used for the

treatment of curatively resected non-small cell cancers, and relatively favorable

responses have been reported [68]. However, various clinical trials performed to

assess the benefit of immunochemotherapy including OK-432 have not shown a

significant benefit on survival of the cancer patients. Sakamoto et al. have collected

results from randomized trial evaluating the superior effect of immuno-

chemotherapy over chemotherapy alone. Meta-analysis to review all the relevant

trials is considered to give rise to the best methods with a reasonable chance of

detecting small, but humanly worthwhile, clinical benefits for lung cancer patients.

In their meta-analysis, 1520 patients enrolled in 11 randomized clinical trials were

examined comparing standard chemotherapy with the immunochemotherapy using

the same chemotherapy regimen plus OK-432, the Streptococcus pyogenes prepar-
ation [78]. The 5-year survival rate was 51.2 % in the in the immunochemotherapy

group versus 43.7 % in the chemotherapy-alone group. The odds ratio (OR) for

5-year overall survival was 0.70 (95 % CI¼ 0.56-0.87, p¼ 0.001) (Fig. 2.2).

In other meta-analysis, efficacy of OK-432 immunochemotherapy over

chemotherapy-alone treatment was examined in 1522 patients enrolled in six

clinical trials for curatively resected gastric cancer [79]. By this meta-analysis,

the 3-year overall survival rate was 67.5 % in the immunochemotherapy group

versus 62.6 % in the chemotherapy-alone group (OR; 0.81, 95 % CI; 0.65–0.99,

p¼ 0.044) showing borderline effect of immunochemotherapy (Fig. 2.3).

Although the above mentioned two reports seem to have demonstrated the

definite benefits of the addition of OK-432 for conventional chemotherapy, the

possibility of bias due to several prognostic factors could not be excluded, since the
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study was performed based on the tabulated data from a meta-analysis of the

randomized trials.

In recent years, new aspects of OK-432 treatment have been investigated since

the beginning of the twenty-first century, and multiple lines of evidence for the

effects of OK-432 have been reported. With the increased attention on OK-432

therapy, a detailed reevaluation of the results of cancer therapy using OK-432 in

previous clinical trials was determined to be important. In this regard, collection of

Fig. 2.2 Survival odds ratios of non-small cell lung cancer patients in individual trials and overall.

The overall test for treatment effect was significant ( p¼ 0.001)

Fig. 2.3 Survival odds ratios of curatively resected gastric cancer patients in individual trials and

overall. The overall test for treatment effect showed borderline significant benefit of the addition of

OK-432 ( p¼ 0.044)
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the individual patients’ data that were enrolled in eligible randomized trials and

reexamination of the precise effects of immunotherapy using OK-432 in an adju-

vant setting should be imperative. Since the current standard of treatment for

patients with stage I or II gastric cancer after curative resection does not necessarily

involve adjuvant chemotherapy, stage III or IV curatively resected gastric cancers

have become the new target of the analysis. This reanalysis was important in order

to clarify the immunological effects of OK-432, which has become widely utilized

as a new immunotherapy and vaccine therapy for various cancers.

One thousand nine hundred and fifteen individual patients’ data from 14 clinical

trials were provided, and robust results showing a significant effect of OK-432

for locally advanced stage (III and IV) gastric cancers was confirmed and

published [80].

Turning into the twenty-first century, more meticulous and diverse modes of

action for OK-432 were investigated. Okamoto et al. precisely investigated the

components of OK-432 and found that a lipoteichoic acid-related molecule is an

active component of OK-432 stimulating TLR4/MD2 complex and Á-interferon

production [81]. They have also reported that DC maturation and Th-1 cytokine

stimulation by OK-432 are highly reliant on the expression of TLR4 and MD2

genes [82]. They have also shown the TLR4 expression-dependent anticancer

immunity both in an OK-432-immunotherapy model using the TLR4- deficient

mouse and in the OK-432 treatment of patients with head and neck cancer [83].

Taken together, these findings strongly suggest that the expression of TLR4,

probably with MD2 on ascites cells could essentially be required for TNF induction

in order to obtain positive clinical responses for locoregional immunotherapy with

OK-432 to malignant ascites from gastric cancer.

Another aspect of antitumor effect of OK-432 has also been highlighted. Results

from a trial in which the cancer vaccine NY-ESO-1 was mixed with OK-432 and

Montanide® also suggested intervention in the immune tolerance system inter-

calated by PD-1 on CD4 lymphocytes [84]. Phase I clinical trials utilizing OK-432

plus HER2/neu and NY-ESO-1 have been started for the clinical implication

against esophageal, lung, stomach, breast, and ovarian cancers [85].

2.4 Summary

Bacteria, either used as direct anticancer agent or as a vehicle for cytotoxic agents,

mediate strong pro-inflammatory reactions that have beneficial effects for tumor

therapy. In an acute phase, bacteria massively activate the immune system initiating

an unspecific, often neutrophil-directed reaction that is followed by a Th1- or

cytotoxic T cell-directed cellular response, eventually providing long-term protec-

tive immunity.

Bacteria and their components, mainly defined as TLR ligands or PAMPs, can be

safely applied in humans with limited adverse side effects and are thus established
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in the clinic as immunestimulatory adjuvants. Combination therapies are also being

investigated for potential future applications.

Those recent findings have been able to provide a ready basis for further

expanding the concept of cancer immunotherapy for the clinical setting.
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Chapter 3

Polysaccharides

Yasuyuki Sugiyama

Abstract Three kinds of polysaccharides, namely, polysaccharide kureha (PSK),

lentinan (LNT), and schizophyllan (SPG), have been approved as anticancer drugs

against several kinds of cancer in Japan. All of them are derived from mushrooms,

and about 25 years has passed since their clinical approval. Since their mechanisms

of action have become elucidated basically and clinically by many investigators,

they are discussed here from an immunological point of view. Generally speaking,

the immunological mechanisms of polysaccharides are as follows: (1) augmentation

of the effect of either chemotherapy or radiotherapy, (2) direct actions on tumor

cells, (3) modulation of both innate and acquired immune system, and (4) recovery

from immune escape state in tumor-bearing hosts.

Even though polysaccharides might play an important role in immunomo-

dulation under innate or acquired immune system of tumor-bearing host, the

understanding of clinical oncologists in regard to polysaccharides is considerably

poor. Alternatively the advances in molecular biology and tumor immunology have

made a progress in immunotherapy against malignancy, especially in the field of

immunological targeting therapy by use of monoclonal antibodies related to

immune checkpoint pathway. It is no exaggeration to say that now is the chance

for improving both specific and nonspecific immunotherapy against malignancies.

Keywords Biological response modifiers • Polysaccharides • Polysaccharide

kureha • Lentinan • Schizophyllan

3.1 Introduction

In spite of considerable improvement in survival rates, prognosis of either advanced

stage cancer or recurrent malignancies remains still poor. For the purpose of

eradication, surgical resection, chemotherapy, and radiotherapy are main strategies

against malignancy of relatively early stages, while they might be powerless against

advanced systemic cancers. On the other hand, substantial number of oncologists,

indeed, believes that so-called old immunotherapy might be one of unconventional
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anticancer therapies, and especially the nonspecific immunotherapy by use of

polysaccharides, which belong to one category of biological response modifiers

(BRMs), has been sometimes described as complementary and alternative medicine

because of inappropriate early-phase trial development [1]. Recently, however, the

mechanisms of action of polysaccharides have become elucidated basically and

clinically by many investigators. Consequently immunotherapy by use of poly-

saccharides should be still thought one of the feasible strategies against malignancy.

Three kinds of polysaccharides, namely, polysaccharide kureha (PSK), lentinan

(LNT), and schizophyllan (SPG), have been approved as anticancer drugs against

several kinds of cancer in Japan (Table 3.1). All of them are derived from mush-

rooms, and about 25 years has passed since their clinical approval.

In this chapter, such polysaccharides are focused basically and clinically from an

immunological point of view. Although it has been reported that antitumor activity

of polysaccharides differs depending on the solubility in water, molecular weight,

branching ratio, chemical structure, and chain combination, the details of structure-

activity relationship should be discussed elsewhere [2].

3.2 Polysaccharide Kureha (PSK)

PSK is an extract from the fungus Colorius versicolor, and the molecular weight is

approximately 100 kDa including 28–38 % of protein. Clinical use of PSK was

approved in Japan on May, 1977, and reevaluation was done on December, 1989.

Thereafter PSK has been used against either gastric cancer or colorectal cancer as

postoperative adjuvant immunotherapy in combination with chemotherapy. It has

also been used against small-cell lung cancer in combination with chemotherapy.

Table 3.1 List of polysaccharides approved for cancer treatment in Japan

Name Raw material Indications Dosage Administration Others

PSK Coliorus

versicolor

Gastric ca. 3.0 g/

day

Oral After curative resection

Colorectal

ca.

3 times In combination with

chemotherapy

Small-cell

lung ca.

In combination with

chemotherapy

LNT Lentinus

edodes

Gastric ca. 1 mg/

body�
2/W or

2 mg/

body/W

Intravenous In combination with che-

motherapy

(tegafur:600 mg (400 mg/

m2)/day

SPG Schizophyllum

commune

Uterine

cervical

ca.

20 mg/

body�
2/W or

40 mg/

body/W

Intramuscular In combination with

radiotherapy (Discontinu-

ance of production at the

end of March, 2011)
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3.2.1 Basic Experiment and Translational Research

PSK showed various effects on immune cells and their cytokine production. When

the lymphocytes derived from gastric cancer patients were cultured with PSK

in vitro, the cytotoxicity against K562 and KATO-3 (human gastric cancer cell

line) was augmented [3]. Culturing either peripheral blood mononuclear cells

(PBMC) or tumor-infiltrating lymphocytes (TIL) with PSK in vitro induced autol-

ogous killing activity in human cancer patients [4]. In the induction of killer cells by

interleukin-2 (IL-2), which is called lymphokine-activated killer cells (LAK), PSK

enhanced the proliferation of LAK and their cytotoxic activity and inhibited the

action of TGF-beta on LAK by blocking its receptors [5]. PSK was useful for

maturation of dendritic cells derived from human PBMC [6], whereas it overcame

defective maturation of dendritic cells exposed to tumor-derived factors in in vitro

experiment of human gastric cancer model [7]. In murine experiment, it was

demonstrated that PSK could augment IL-2 production from CD4+ T cell by

modulating T cell receptor signaling [8]. Also PSK induced gene expression and

production of immunomodulating cytokines in human peripheral blood lympho-

cytes (PBL) [9]. In addition, PSK was able to correct the Th1/Th2 imbalance shifted

to Th1 dominant, followed by augmentation of antitumor immunity [10, 11]. Alter-

natively the fact that PSK directly enhanced immunoglobulin production in the

human B cell line BALL-1 indicated that PSK might play some roles in humoral

immunity [12].

In terms of antimetastatic effects of PSK, Kobayashi et al. overviewed precisely

[13] the PSK-suppressed metastasis induced by hepatic ischemia and reperfusion

injury in rat colon cancer model, in which the suppression of angiogenesis by PSK

was thought to be one of the mechanisms of the inhibition of hepatic metastasis

[14]. Indeed it was previously reported that inhibition of angiogenesis by direct

binding of PSK with basic fibroblast growth factor (bFGF) could result in suppres-

sion of bFGF-induced proliferation of endothelial cells [15].

Since surgical stress should reduce the antitumor mechanisms to a certain extent,

PSK could recover the immunosuppression [16]. When PSK was administered

postoperatively to the patients with curatively resected stage III gastric cancer in

combination with chemotherapeutic agent tegafur-gimeracil-oteracil potassium

(TS-1), PSK partially prevented apoptosis of circulating T cells induced by TS-1

[17]. PSK might improve overall survival of the patients with stage III gastric

cancer by decreasing the proportion of CD57+ suppressor T cells in their peripheral

blood [18]. Administration of PSK in combination with chemotherapeutic agents

(low-dose cisplatin and tegafur/uracil (UFT)) to the patients with advanced colo-

rectal cancer for 2 months reduced the serum concentration of soluble receptors for

interleukin-2 (sIL-2R) and the production of IL-10 by phytohemagglutinin (PHA)-

stimulated PBMC [19].

As for direct action of PSK on tumor cells, PSK could induce apoptosis of tumor

cells [16], but the mechanism seems different depending on the type of tumor

[20]. In addition, PSK could augment the expression of HLA on human colon
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cancer cell line [21]. Furthermore PSK induced the alteration of gene expression in

the experiment, in which the human colorectal cancer cell line was treated in vitro

by PSK [22]. PSK inhibited the nuclear factor-kappa B activation by docetaxel

when either human pancreatic cancer cell line or human gastric cancer cell line was

treated with those two agents at the same time [23, 24].

3.2.2 Clinical Data

Nakazato et al. [25] assessed the efficacy of PSK in addition to standard chemo-

therapy (intravenous mitomycin C (MMC) plus oral fluorouracil) in 1980s. A total

of 262 patients, who had undergone curative gastrectomy in Japan, were randomly

assigned standard treatment alone or with PSK and were followed up for at least

5 years. PSK significantly improved the 5-year survival (73.0 % vs 60.0 %,

p¼ 0.044) and 5-year disease-free rate (70.7 % vs 59.4 %, p¼ 0.047). In this

randomized controlled trial (RCT), toxic effects were slight, and there were no

significant differences between the treatment groups. In order to clarify the survival

benefits of immunochemotherapy for patients with curative resections of gastric

cancers, a meta-analysis to evaluate the effect of immunochemotherapy on survival

in those patients was performed [26]. In this study 8,009 patients from eight RCTs

after central randomization were included, and the results of chemotherapy and

immunochemotherapy using PSK were compared. The result was that adjuvant

immunochemotherapy with PSK improved the survival of patients after curative

resection.

In regard to colorectal cancer, three RCTs were performed in Japan. Mitomi

et al. reported the result of RCT on adjuvant immunochemotherapy with PSK in the

patients who undergone macroscopic curative resection against stage III and stage

IV colorectal cancer [27]. A total of 448 patients were randomly assigned either

chemotherapy plus PSK or chemotherapy alone and were followed up for 5 years.

PSK significantly improved the 5-year survival (78.5 % vs 69.7 %, p¼ 0.0325) and

5-year disease-free rate (72.3 % vs 63.2 %, p¼ 0.0302). Ito et al. reported the result

of RCT on adjuvant immunochemotherapy with PSK in the patients who undergone

curative resection against macroscopic Dukes’ C colon cancer [28]. A total of

446 patients were randomly divided into two groups, the one was the group of

alternating administration of 5-fluorouracil or PSK and the other was 5-fluorouracil

alone, and were followed up for 7 years. PSK significantly improved the 7-year

cancer death-free survival rate (83.4 % vs 78.5 %, p¼ 0.019). In addition, Ohwada

et al. reported the result of RCT on adjuvant immunochemotherapy with PSK in the

patients who undergone curative resection against stage II or III colorectal cancer

[29]. A total of 205 patients were randomly assigned either UFT plus PSK or UFT

alone and were followed up for 5 years. PSK significantly improved the 5-year

disease-free survival rate (73.0 % vs 58.8 %, p¼ 0.016). For the purpose of

evaluating the effect of immunochemotherapy by use of PSK on survival in the

patients with curatively resected colorectal cancer, a meta-analysis was performed
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[30]. In this study 1,094 patients from three RCTs after center randomization were

included, and the survival of chemotherapy and that of immunochemotherapy using

PSK was compared. The result was that adjuvant immunochemotherapy could

improve both survival and disease-free survival of patients with curatively resected

colorectal cancer.

As for lung cancer, Konno et al. reported the result of RCT on chemotherapy

with vincristine, cyclophosphamide, and MMC in combination with PSK in

patients with small-cell carcinoma [31]. A total of 93 patients were randomly

assigned either chemotherapy plus PSK or chemotherapy alone. PSK significantly

prolonged the median response duration (25 weeks vs 13 weeks, p¼ 0.042).

3.3 Lentinan (LNT)

LNT is isolated and purified from Lentinus edodes (the fruit body of shiitake

mushroom) and a high molecular weight polysaccharide (400–800 Kda) containing

a strictly purified beta-1,6: beta-1,3-glucan, the active component of which is beta-

1,3-glucan. Clinical use of LNT was initially approved on November 1985 in Japan,

and reappraisal was performed in 1994. LNT has been used against either

unresectable or recurrent gastric cancer in combination with chemotherapeutic

agent tegafur.

3.3.1 Basic Experiment and Translational Research

While LNT by itself has no direct cytocidal effect on tumor cells, it induced

apoptosis of human gastric cancer cell line in vitro [32].

Antitumor effect of LNT was reported in 1969 for the first time [33]. Thereafter

many investigators demonstrated the inhibitory effects of LNT alone on tumor

growth in animal experiments and in vitro studies. LNT inhibited the growth of

sarcoma 180 implanted subcutaneously in mice without any sign of toxicity [34]. In

murine syngeneic and autochthonous hosts, LNT showed both antitumor activity

and suppressive effect on 3-methylcholanthrene-induced carcinogenesis [35]. LNT

also inhibited significantly the growth of peritoneal carcinomatoses in a model of

colon cancer in rat [36]. Likewise multiple pathways had been described for the

effects observed in the immune system, including upregulation of T cell, increased

production of various kinds of bioactive serum factors associated with immunity,

and so on [37].

On the one hand, LNT activated the alternative pathway of complement system,

in which C3b should be the essential component, and induced cytotoxic peritoneal

exudate cells in vivo [38]. In in vitro and in vivo analysis of human leukocytes,

LNT showed activation of complement 3b, followed by formation of lentinan-C3b

complex, thereafter the complex bound to monocyte. This binding of LNT to
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human monocytes could initiate the influence of LNT on the immune system and

might differ between individuals [39]. Also LNT showed the augmentation of

antibody-dependent cell-mediated cytotoxicity (ADCC) [40].

The combination of LNT and IL-2 were more effective than either one alone for

treatment of spontaneous pulmonary metastases in C57BL/6N mice model [41]. In

addition synergistic antimetastatic effects of LNT and IL-2 with pre- and postop-

erative treatments were demonstrated in mice model [42]. Interestingly, combined

administration of LNT and IL-2 was found to augment the endogenous LAK

activity in tumor-bearing mice, whereas addition of LNT during culture in vitro

did not augment LAK activity induced by IL-2 [43]. Experimentally LNT has

proved prolongation of survival when it was administered in combination with

TS-1, in which dendritic cells were thought to be one of key factors for eliciting

antitumor effect by chemoimmunotherapy in vivo [44]. On the other hand Hamuro

et al. reported the dual effects in the induction of resistance to immunochem-

otherapy by use of lentinan [45].

When human PBMC were cultured in vitro with LNT, natural killer cells were

activated, whereas the generation of cytotoxic macrophages was noted by cultiva-

tion of macrophages separated from the spleens of gastric cancer patients [46]. Clin-

ically single intravenous administration of LNT in dose of 2 mg to the patients with

gastric cancer significantly augmented the LAK activity induced by in vitro acti-

vation of PBMC with IL-2 [47]. Moreover, when PBMC of either nine healthy

volunteers or seven cancer patients were cultured with IL-2 and LNT, the expres-

sion of CD25 antigen, the alpha chain of the IL-2 receptor on the activated killer

cells, was increased by LNT, followed by augmentation of killer activity against

both autologous tumor and K562 cells [48]. Alternatively, LNT regulated the

production of cytokine by PBMC derived from gastric cancer patients, such as

tumor necrosis factor (TNF)-alpha, IL-1-alpha, and IL-1-beta [49].

In terms of macrophage, the oxidative macrophage could be dominant in cancer

microenvironment, and these macrophages induced the production of cytokines,

such as TNF-alpha, IL-6, and IL-10, which brought about the increase of malignant

potential of tumor cells. Both oxidative type macrophages and tumor cells produced

prostaglandin E2 and inflammatory cytokines and caused immunosuppressive state

in host. LNT bound to macrophage and converted the redox status of macrophages,

indexed by intracellular content of glutathione. Actually LNT induced reductive

macrophages, which increased the production of IL-12 and nitrogen oxide

(NO) resulting in skewing the Th1/Th2 imbalance to Th1 predominant state

[50]. In digestive cancer patients, it is noted that LNT regulated the Th1/Th2

balance [51].

3.3.2 Clinical Data

Phase I trial of LNT was conducted in Japan in 1979, and thereafter Phase II and

Phase III trials were performed. In terms of Phase III trial against unresectable
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gastric cancer, it was first RCT in Japan, the primary end point of which was overall

survival (OS). The result was reported that OS of immunochemotherapy group with

chemotherapy (FT plus MMC) in combination with LNT was significantly better

than the group with that of chemotherapy alone [52]. Thereafter individual patient

data (IPD) meta-analysis of LNT for advanced gastric cancer was performed

[53]. In this study, a total of 650 IPD from five trials were available, and it was

shown that LNT prolonged significantly the overall survival ( p¼ 0.011). The result

was that the addition of LNT to standard chemotherapy offered a significant

advantage over chemotherapy alone as to survival for patients with advanced

gastric cancer.

It is noteworthy that LNT showed significant improvement of the general

condition, symptoms and signs, and QOL when it was used in combination with

chemotherapeutic agents in esophageal cancer patients [54]. On the one hand, TS-1

is recently the key drug in the chemotherapy against advanced gastric cancer, but

there had been no RCT as to the combination of TS-1 with LNT. However, the pilot

study of TS-1 combined with LNT in patient with unresectable or recurrent

advanced gastric cancer was conducted by Nimura et al. [55]. In this study, a

total of 19 patients from four institutes were eligible. In TS-1 plus LNT group,

TS-1 was administered orally at the dose of 80 mg/m2/day (bis in die) for 28 days,

followed by 14-days rest, and LNT was administered intravenously at the dose of

2 mg/body in a week. This regimen was repeated four cycles and the median

survival time was 400 days. The response ratio was 37.5 % and no toxicity of

grade IV was observed. Based on this result, randomized phase III study of TS-1

alone versus TS-1 plus LNT in advanced or recurrent gastric cancer was planned in

order to investigate the superiority of a combination of TS-1 and LNT compared to

TS-1 in terms of survival benefit. This trial was kicked off on January, 2007 and a

total of 309 patients were enrolled and completed in June, 2012 [56]. The result is,

however, unpublished yet.

Since only intravenous administration of LNT was approved for its clinical use

as a pharmaceutical product and LNT is commonly used as an adjuvant solely for

treatment of advanced gastric cancer in Japan, superfine dispersed LNT was

developed as food supplement for the purpose of easy availability and wider

contribution to cancer immunotherapy. Several numbers of clinical trials were

performed by using this supplement. The survival rates of patients with

unresectable or recurrent hepatocellular carcinoma, who were administered super-

fine dispersed LNT-containing food supplements, were significantly improved

[57]. In this trial, LNT-binding CD14 positive monocytes played an important

role in clinical benefit. In addition, superfine dispersed LNT improved both the

survival rate and the quality of life of pancreatic cancer patients [58]. Interestingly

nutritional grade LNT improved the survival rates of the rats with acute myeloid

leukemia when it was used in conjunction with chemotherapeutic agents [59]. Even

though there were a lot of case reports and nonrandomized studies in Japan, they

were thought to be sufficient to warrant further large-scale, quality trials [60]. On

the other hand, oral administration of shiitake mushroom extract did not show any

therapeutic effect in the case of prostatic cancer [61].
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3.4 Schizophyllan

A polysaccharide schizophyllan (SPG) is derived from Schizophyllum commune

and consisted of three beta-1, 3-linked glucoses and one beta-1, 6 glucose side chain

linked at the every third main chain glucose. The molecular weight of SPG is

450 kDa. Clinical use of SPG was approved in Japan on June, 1986, and it had been

used as an enhancer of radiotherapy against uterine cervical cancer. As a matter of

fact, however, SPG is not available now because of discontinuation of its produc-

tion at the end of March, 2011.

3.4.1 Basic Experiment and Translational Research

Bioactivities of SPG had been studied in the fourth quarter of the twentieth century,

and the promising immunological antitumor activities were elucidated. In experi-

mental studies SPG showed host-mediated antitumor effect against different kinds

of tumor [62]. Because SPG did not show any antitumor effect against sarcoma

180 in in vivo experiment when T cell was suppressed by cyclosporin A, T cell

component should be necessary for induction of anti-tumor activity [63]. In addi-

tion SPG showed antitumor effect by stimulating cooperative role of T lymphocytes

and macrophages in mice [64]. Furthermore SPG increased the cytokine produc-

tion, such as IL-2 and interferon (IFN)-gamma by the mitogen-stimulated human

PBMC [65]. Tsuchiya et al. also reported the cytokine-related immunomodulation

by SPG [66]. Moreover SPG potentiated single or fractionated x-ray treatment

against murine B-16 melanoma [67].

Recently Kobiyama K et al. reported a novel agent, a nanoparticulate cytosine-

phosphodiester-guanine oligodeoxynucleotide (CpG ODN) (K3) wrapped by the

nonagonistic Dectin-1 ligand SPG (K3-SPG) [68]. K3-SPG could increase the

production of types I and II IFN by human PBMC, followed by induction of

cytotoxic T cells in innate immunity. It is well known that SPG binds to Dectin-1

[69] and triggers a signaling cascade leading to the CARD9-dependent activation of

NF-kappa B and MAP kinases [70]. Therefore K3-SPG is thought to be one of

promising adjuvants for induction of both humoral and cellular immune responses.

3.4.2 Clinical Data

Clinical trial of SPG with chemotherapy, in which MMC and tegafur or 5-FU were

used, was conducted against a total of 367 recurrent or inoperable gastric cancer

patients, and a significant prolongation of life span was noticed without serious side

effects in spite of no influence on tumor size [71]. In head and neck cancer patients,

the cumulative 5-year survival rate was 86.7 % in the SPG-treated group and 73.4 %
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in the control group, and SPG quickly recovered the cellular immunity damaged by

radiation, chemotherapy, and surgical procedure in SPG-treated group

[72]. Concerning about uterine cervical cancer, SPG in combination with radio-

therapy against stage II patients showed the significant prolongation of both the

survival time and the time to recurrence in the randomized controlled trial, whereas

in stage III patients such clinical effect was not noted [73]. In addition, a random-

ized controlled study of adjuvant immunotherapy by use of SPG for the patients

with Stage II or III uterine cervical cancer was conducted, and time to recurrence

and 5-year survival rate in 99 patients in the SPG group were significantly longer

than in 96 patients in the control [74]. Even though Miyazaki et al. reported the

usefulness of SPG in combination with surgery, radiotherapy, and chemotherapy

against locally advanced uterine cervical carcinoma in a prospective, randomized

clinical study, to which a total of 312 patients were enrolled [75], treatment

protocols were too many to ensure the meaningfulness of the obtained results.

However, this study demonstrated that SPG decreased the ratio of activated CD8+

cells/total CD8+ cells, while the disease progression of uterine cervical cancer was

severe in proportion to that ratio, and radiotherapy should augment that ratio.

Alternatively the ratio of activated CD4+ cells/total CD4+ cells was also the

important factor for prolongation of survival time by SPG.

3.5 Conclusion

Three kinds of polysaccharides are discussed here from an immunological point of

view. Generally speaking, the immunological mechanisms of polysaccharides are

as follows: (1) augmentation of the effect of either chemotherapy or radiotherapy,

(2) direct actions on tumor cells, (3) modulation of both innate and acquired

immune system, and (4) recovery from immune escape state in tumor-bearing

hosts (Fig. 3.1).

Even though there were many prospective randomized controlled trials in Japan,

the understanding of clinical oncologists in regard to polysaccharides is consider-

ably poor. Regrettably, none of the cancer treatment guidelines published in Japan

has described the old immunotherapy at all. Notwithstanding relatively smaller part

of investigators has continued to elucidate their antitumor mechanism in detail.

Alternatively the advances in molecular biology and tumor immunology have made

a progress in immunotherapy against malignancy, especially in the field of immu-

nological targeting therapy by use of monoclonal antibodies related to immune

checkpoint pathway. It is no exaggeration to say that now is the chance for making

the progress in both specific and nonspecific immunotherapy against malignancies.

Since polysaccharides might play an important role in immunomodulation under

innate or acquired immune system of tumor-bearing host, it is urged that the

identification of biomarkers in order to determine which type of patients and disease

state could allow polysaccharides to perform their optimal effects.
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Chapter 4

BCG

Yoichi Mizutani

Abstract Intravesical instillation therapy is currently being used in the manage-

ment of non-muscle-invasive bladder cancer (NMIBC) and carcinoma in situ (CIS).

Its main objectives constitute of treatment of existing or residual cancer, prevention

of tumor recurrence, prevention of disease progression, and prolongation of sur-

vival. The initial clinical stage and grade of bladder cancer remains the main

determinant factors in survival, irrespective of the treatments. Intravesical chemo-

therapy has shown a decrease in short-term tumor recurrence rates, but has had no

positive impact on disease progression or prolongation of survival.

Bacillus Calmette-Guerin (BCG) immunotherapy remains the most effective

treatment and prophylaxis modality for NMIBC and CIS and results in a positive

outcome on tumor recurrence, disease progression, and prolongation of survival.

Although intravesical treatment with BCG instillation is widely accepted as the

therapy of choice, the development of BCG-resistant bladder cancer remains a

major setback. Thus, there is an urgent need for a major effective therapy for

bladder cancer patients who are unresponsive to BCG immunotherapy. This chapter

summarizes briefly the recent highlights and advances in BCG immunotherapy

against NMIBC and CIS.

Keywords BCG • Bladder cancer • Intravesical instillation
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NMIBC Non-muscle-invasive bladder cancer

PC Prostate cancer

RCC Renal cell carcinoma

TUR Transurethral resection

4.1 Introduction

BCG was originally introduced as a vaccine for tuberculosis in 1921. Approxi-

mately a half century later, BCG started to be used as an immunotherapeutic agent

especially for bladder cancer [1]. At present, intravesical BCG immunotherapy is

the most effective treatment against non-muscle-invasive bladder cancer (NMIBC)

and carcinoma in situ (CIS) [2, 3], especially for aggressive NMIBC. However, the

current major problems are BCG-resistant bladder cancer and adverse events of

BCG therapy. This review summarizes the history and development of BCG

immunotherapy and its future direction.

4.2 Bacillus Calmette-Guerin (BCG)

Most of adults in the nineteenth century were infected with tuberculosis. Approxi-

mately one in seven deaths in the period was attributed to tuberculosis. A lot of

scientists searched for effective vaccines for tuberculosis. Dr. Nocard isolated

Mycobacterium bovis from the milk of an infected heifer. This strain was transferred

to Dr. Calmette and Dr. Guerin. The primary strain was very virulent. However, the

strain became avirulent by successive passages over a bile-potato medium for

13 years. The bacillus of the strain was named “bacillus Calmette-Guerin” [4].

4.3 History of BCG as an Anticancer Agent

BCG was first used as an antitumor drug for gastric cancer in 1935 [5]. After that, a

lot of basic and clinical studies of BCG against various cancers such as leukemia

and melanoma were performed [6, 7]. However, most of these clinical reports were

uncontrolled studies, and controlled trials failed to demonstrate significant efficacy

of BCG against various cancers.

4.4 Bladder Cancer

Bladder cancer accounts for approximately 4 % of all cancers worldwide. The

incidence steadily continues to increase [8]. About 60 % of newly diagnosed

bladder cancers consist of NMIBC. Half of stage Ta bladder cancer and 70 % of
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stage T1 bladder cancer recurred within 3 years after transurethral resection (TUR)

[9]. The incidence of recurrence is also dependent on tumor grade. In addition,

tumor multiplicity has been correlated with increased recurrence rates too [10]. -

One-year recurrence rates of 31 %, 30 %, and 39 % were for bladder cancer less

than 1 cm, 1–2 cm, and greater than 2 cm, respectively [11]. Other factors related to

increased recurrence rates include the persistence of positive urinary cytology and

the presence of dysplasia of the urothelium.

It has been reported that 4 % of Ta bladder cancer progressed to muscle-invasive

bladder cancer (MIBC), while 30 % of T1 bladder cancer progressed [9]. Further-

more, tumor grade was also associated with increased progression rate.

The natural history of CIS is not as well defined as that of stage Ta and T1

bladder cancer. CIS has been demonstrated to be an aggressive form of superficial

bladder cancer with rapid progression. A small focus of CIS may remain asymp-

tomatic without for years, however, diffuse symptomatic CIS is likely to be related

to tumor invasion [12, 13].

4.5 Basis of Treatment of Bladder Cancer with BCG

Success of BCG immunotherapy for cancers depends on fulfilling several criteria

which are summarized in Table 4.1 [1, 3]. Patients with NMIBC seem to be suited

to meet the criteria [1, 14]. Alternatively, when all these criteria are not met,

intravesical BCG immunotherapy against bladder cancer is less effective, and

bladder cancer develops resistance to BCG immunotherapy.

4.6 The Mechanisms Responsible for the Anticancer Effect

of BCG

The major mechanism underlying the antitumor effect of BCG seems to be medi-

ated by immunological responses. BCG shows little direct cytotoxic activity against

cancer cells. However, BCG stimulates cytotoxic cells such as cytotoxic T lym-

phocytes (CTL), natural killer (NK) cells, and macrophages [15, 16].

Table 4.1 Criteria for successful BCG immunotherapy against a variety of cancers

1. Local administration of adequate number of viable BCG

2. Relatively small tumor burden

3. Close contact between BCG and cancer cells

4. Ability to develop an immune response to mycobacterial antigens

5. Good tolerance
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4.7 Selection of Patients for Intravesical BCG

Immunotherapy

The potential benefit of a particular intervention has to be weighed against the risks

of the therapy itself. Treatments that are nontoxic and inexpensive may be appro-

priately administered, even when the risks of tumor recurrence and progression are

not low. However, intravesical BCG immunotherapy should not be given to patients

who are at low risk of tumor recurrence and progression, adverse events of

intravesical BCG instillation therapy are relatively heavy [17, 18]. On the other

hand, patients with a high risk of tumor recurrence and progression such as CIS,

stage T1, high grade, or positive urine cytology should be treated with intravesical

BCG immunotherapy. Patients who cannot be classified as those who are at high

risk or at low risk are considered to be an intermediate risk group. A common

consensus on the optical therapy of these patients has not been reached. However, it

has been agreed that some patients in this intermediate risk group require

intravesical BCG instillation therapy.

4.8 Intravesical Immunotherapy with BCG for Bladder

Cancer

BCG is currently the most effective intravesical agent known for the prevention of

tumor recurrence and progression of NMIBC [2, 3]. A lot of studies have

established that prophylaxis by intravesical BCG treatment, following transurethral

resection (TUR) of bladder cancer, significantly reduces tumor recurrences and

prolongs the tumor-free interval in comparison to TUR alone [17, 18]. A 32–65 %

reduction in tumor recurrence was achieved in prospective and controlled studies

that compared TUR in combination with intravesical BCG treatment to TUR alone.

Ninety-one percent of patients with T1 bladder cancer treated with TUR and

intravesical BCG instillation were free of tumor recurrence with a mean follow-

up of approximately 5 years [19].

Several studies showed the effect of BCG on preventing tumor progression. The

time to progression to muscle invasion or metastasis was significantly prolonged

following intravesical BCG treatment [20]. Stage progression occurred in 35 % of

controls and 28 % in patients treated with intravesical BCG instillation in this

report. The mortality rate was reduced from 32 % to 14 % with the use of

intravesical BCG, and radical cystectomy was required in 42 % of controls, while

only in 26 % in patients treated with intravesical BCG. The other report compared

the treatment between BCG and adriamycin (ADR) [21]. An increase in stage or

extent of bladder cancer occurred in 15 % patients treated with intravesical BCG, as
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compared with 37 % patients treated with intravesical ADR. Another report dem-

onstrated progression to stage T2 or higher to occur in 4 % of patients treated with

intravesical BCG, compared with 17 % of control patients [22]. All of the above

reports demonstrate significant reduction in tumor progression with the use of BCG,

with the mean rate of progression being 14 % for patients receiving intravesical

BCG and 28 % for control patients.

Intravesical BCG instillation is also effective for CIS. The average complete

response rates were about 70 % [23, 24]. Furthermore, the overall complete

response rates were increased to 87 %, when an additional 3-week course of

intravesical BCG instillation at 3 months was performed. At present, intravesical

BCG therapy is regarded as the first choice treatment for CIS, instead of

cystectomy.

Randomized comparisons of intravesical BCG immunotherapy with intravesical

chemotherapy have demonstrated that BCG is superior to chemotherapeutic agents.

Significant decrease in tumor recurrence was observed with intravesical BCG,

compared to intravesical thiotepa, ADR, or mitomycin C (MMC) [15, 20]. In

addition, intravesical BCG immunotherapy improves the long-term therapeutic

outcomes, compared with intravesical chemotherapy.

4.9 Strategies to Overcome Resistance of NMIBC

to Intravesical BCG Immunotherapy

A lot of studies tried to increase the efficacy of intravesical BCG immunotherapy

and to reduce the toxicity of BCG therapy as follows:

1. High doses of BCG

High doses of BCG might be more effective for NMIBC than standard doses

of BCG. However, BCG at high concentrations inhibited NK activity [25]. In

addition, the other study showed that high doses of BCG unfavorably influenced

its anticancer effect on bladder cancer [26].

2. Low doses of BCG

A phase III randomized controlled trial compared a low dose (Pasteur strain of

BCG: 75 mg) versus a standard dose (150 mg). This trial showed that response

rates were better in patients submitted to a low dose of BCG administration than

a standard dose [27]. In addition, most of common adverse events obtained with

a standard dose of BCG were significantly reduced with a low dose of BCG.

However, no significant difference in progression rate was seen between a low

dose and a standard dose of BCG. In contrast to the above finding, another

manuscript showed that no significant difference was observed between low and

standard doses BCG immunotherapy in recurrence and progression rates

[28]. However, the safety of intravesical BCG immunotherapy was improved.
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3. Additional BCG immunotherapy

When patients with NMIBC failed the 6-week BCG induction course, an

additional 6-week course showed additional response [27]. The other paper

demonstrated that 69 % of the prophylaxis group and 50 % of the therapy

group in patients underwent an additional course achieved complete

response [29].

4. Maintenance intravesical immunotherapy with BCG

Maintenance intravesical BCG immunotherapy improved long-term results.

Complete response at 6-months post-therapy was increased from 73 to 87 %with

three additional instillations given at three monthly intervals in patients with CIS

treated with intravesical BCG immunotherapy [23]. Maintenance BCG given in

a series of 3 weekly therapy at 3 months, 6 months, and every 6 months for

3 years significantly decreased tumor recurrence in patients with NMIBC,

compared to a single 6-week course [30]. In addition, this maintenance immu-

notherapy demonstrated significant improved survival, when compared to induc-

tion therapy alone. Eighty-six percent survival at 4 years in patients with

induction BCG therapy was improved to 92 % in patients with maintenance

BCG therapy in a randomized study [31].

5. Combination with high doses of vitamins

In NMIBC patients treated with a suboptimal maintenance BCG therapy,

there was a significant reduction in tumor recurrence in patients randomized to

high doses of vitamins A, B6, C, and E, compared with recommended daily

allowance vitamins [32]. Vitamins were most effective in patients with

low-grade/stage NMIBC. High-dose vitamins may improve immune systems

such as enhancing NK activity.

6. Combined therapy with anticancer chemotherapeutic agents

To improve the efficacy of BCG immunotherapy, a lot of studies on BCG in

combination with antitumor chemotherapeutic drugs or other immunotherapeu-

tic agents have been largely unsuccessful [31]. Combined sequential use of

MMC and BCG for CIS showed as effective as BCG alone [33]. However,

combined therapy with MMC and BCG produced a few adverse events, com-

pared with BCG monotherapy.

4.10 BCG for Other Cancers

1. Renal cell carcinoma (RCC)

Several studies support BCG immunotherapy for RCC. Twenty patients with

metastatic RCC who received intradermal BCG was compared with 36 historical

controls in a nonrandomized study [34, 35]. All control patients died within

4 years. However, 35 % of RCC patients treated with BCG were alive up to

5 years after the therapy. In addition, complete response and long-term survival

were observed in 10 % of patients treated with BCG; in contrast, no complete
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response was seen in control patients. A randomized study demonstrated that

48 and 60.5 % survival were noted in control patients and patients with BCG

immunotherapy [36, 37]. Since molecular-targeted therapeutic agents are rela-

tively effective against RCC at present, the role of BCG in RCC therapy might

be adjuvant.

2. Prostate cancer (PC)

Direct injection of BCG into PC induced a granulomatous response related to

tumor necrosis [38, 39]. However, adverse events such as fatal septic shock were

heavy. Percutaneous BCG immunotherapy prolonged survival in patients with

PC [40]. A randomized controlled study confirmed the above results in patients

with advanced PC treated with hormonal therapy [41]. Since sample size in these

reports are small, larger trials are needed.

4.11 Future Directions of BCG Immunotherapy

Several tumor-associated genes such as MAGE-1, MAGE-3, and BAGE on mela-

noma cells have been characterized and demonstrated to be recognized by autolo-

gous CTL. These antigens are also expressed on bladder cancer [40, 41]. Therefore,

immunotherapy to generate CTL for these antigens might be useful for BCG

therapy against on melanoma cells.

The present management of NMIBC consists of two complementary but separate

treatment goals: treatment of existing bladder cancer and prevention of recurrence

and progression of bladder cancer. Intravesical BCG instillation therapy has been

used for more than 40 years. However, optimal doses, schedules, strains, and

mechanisms of action are still now being evaluated. In addition, innovative thera-

peutic approaches are necessary to improve prognosis.

4.12 Conclusions

Currently, there are important unresolved questions on BCG immunotherapy

against NMIBC: [1]. Does BCG immunotherapy for NMIBC affect overall sur-

vival? [2]. What is the optimal concentration of BCG, time of exposure, and

duration of BCG therapy? [3]. What is the appropriate therapy for BCG-resistant

bladder cancer? These issues should be explored in the near future. Furthermore, it

is hopeful to identify high-risk patients, to select the best protocol for each patient,

and to use alternative strategies for patients with BCG-resistant bladder cancer.

Thus, additional research and clinical trials are necessary to identify more effective

and less toxic BCG immunotherapy. These innovative approaches will lead to

further improvement in the management of NMIBC.
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Part III

Adoptive Cell Therapy



Chapter 5

αβ-T Cells

Atsushi Aruga

Abstract Adoptive cell therapy using autologous αβ-T cells is one of the most

effective treatments for various cancers and has minimal side effects. αβ-T cells

have the ability to recognize the cancer antigens that present with human leukocyte

antigen (HLA) molecules on the cancer cells and kill them by secreting several

granules, such as perforin, granzyme, or granulysin. Several clinical effects have

been defined in clinical trials, but standardized treatment approaches have not been

established. Because of the difficulty of dealing with several regulations and the

high costs, there have been very few large clinical trials. Even so, recent technical

advances in such fields as genetic engineering may make it possible to cure various

cancers using new candidates for αβ-T-cell therapy. It is expected that safe and

effective αβ-T-cell therapy will be developed as a standard cancer therapy in the

near future.

Keywords Adoptive transfer • Immunotherapy • TIL • CTL • ATVAC

5.1 Introduction

There has been a revival of interest in the field of cancer immunotherapy in recent

years, and adoptive cell therapy is one of the most important approaches [1, 2]. In

particular, it is expected that adoptive cell therapy will be developed for several

malignant diseases which have very few treatment options [3, 4]. In humans, both

“innate immunity” and an “acquired immunity” can be present. Components of

innate immunity include natural killer cells (NK cells; Chap. 8), natural killer T

cells (NKT cells; Chap. 7), and γδ-T cells (Chap. 9), and all these cells show

nonspecific immunity which is present at birth. The acquired immunity is derived

from αβ-T cells that have αβ-T-cell receptors (TCRs), which can recognize antigen-
derived peptides within human leukocyte antigen (HLA) molecules (Fig. 5.1).

Numerous cancer antigens have been discovered in the last decade and have
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enabled progress in cancer antigen-specific cell therapies. In this chapter, adoptive

cell therapy using αβ-T cells is discussed.

5.2 Recognition of Cancer Antigens by αβ-TCR

αβ-TCRs consist of an α chain and a β chain and recognize antigen-derived peptides
displayed in the HLAmolecules of antigen-presenting cells (APC) such as dendritic

cells, resulting in the induction of antigen-specific T cells (Fig. 5.2). When the

TCRs combine with the HLAs presenting on cancer cells, several granules, includ-

ing perforin, granzyme, and granulysin, are released from CD8-positive T cells and

kill the cancer cells (Fig. 5.3). This cytotoxicity is mainly shown by CD8-positive T

cells that are called cytotoxic T lymphocytes (CTLs). CD4-positive T cells may

assist the CTLs by releasing Th1 cytokines such as interleukin-2 (IL-2) and

interferon-γ (IFN-γ). Cancer antigens are categorized into cancer-testis antigens,

cancer-related gene-derived antigens, tissue-specific antigens, oncofetal antigens,

overexpressed antigens, and virus-related antigens (Table 5.1). Cancer antigen-

derived epitope peptides exist within HLA molecules and become a target of

CTLs. To date, many cancer antigens have been identified, and some of them are

expected to be useful tools for cancer immunotherapy [5].

Induction of cancer antigen-specific CTLs would be expected to be one of the

most important issues in the field of adoptive cell therapy and is now becoming a

clinical reality.

Cancer

Antigen-presenting cells
(dendritic cells)

Capture of cancer cell lysates

Migration to lymph nodes
or spleen

Cytotoxic  reactivity by
cytotoxic T lymphocytes (CTLs)

Induction of antigen-specific ab-T cells

Fig. 5.1 Acquired immunity for cancer by αβ-T cells in human
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5.3 Adoptive Cell Therapy of αβ-T Cells

To date, six types of protocol to induce αβ-T-cell activation have been reported

(Table 5.2). All the methods require ex vivo activation or stimulation to expand the

cell number. In vivo or ex vivo sensitization of αβ-T cells with cancer cells has

generally been required for the induction of cancer antigen-specific immunity.

Recently, cancer vaccines composed of dendritic cells (see Chap. 15), peptides

Nucleus

HLA class II

Phagosome

CD4-positive ab-T cells
(helper)

Phagocytosis

Lysosome

Proteasome

Cross-presentation

HLA class I

ER
Golgi

TCR

Cancer Antigens

CD28
CD137(4-1BB)
CD40L
(co-stimulatory molecules)

CD80/ 86
4-1BBL
CD40

CD8-positive ab-T cells
(killer)

Antigen presenting cells
(dendritic cells)

Fig. 5.2 Induction of cancer antigen-specific CD8-positive αβ-T cells and CD4-positive αβ-T
cells with antigen-presenting cells

Nucleus

Proteasome

HLA  class I

CD8-positive 
ab-T cells
(cytotoxic T 

lymphocytes)

ER Goldi TCRCancer 
antigens

Peptides from cancer antigens

Cancer cells

Perforin
Granzyme A, B
Granulysin

Fig. 5.3 Recognition of cancer antigens expressed on cancer cells and release of cytotoxic

granules by CD8-positive αβ-T cells
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(see Chaps. 11, 12, and 13), or proteins (see Chap. 14) have been expected to induce

strong antigen-specific immunity in vivo.

5.3.1 TILs (Tumor-Infiltrating Lymphocytes)

Tumor-infiltrating lymphocytes (TILs) are mechanically collected from autologous

cancer tissues followed by ex vivo expansion with interleukin-2 (IL-2). Adoptive

transfer of TILs has demonstrated some clinical effects in melanoma, lung cancer,

and other diseases [6–9]. However, despite these clear clinical effects, the tech-

niques are difficult and limited to a few specific carcinomas, which have hindered

the diffusion of TIL therapy. Thus, while TIL has long been investigated, there is

currently no approved product by the FDA or EMA.

5.3.2 CTLs (Cytotoxic T Lymphocytes)

Induction of cancer antigen-specific T cells can be induced ex vivo by using a

mixed culture of αβ-T cells and cancer cells in some cases [10–12]. The expression

of HLA molecules and co-stimulatory molecules is needed to induce antigen-

specific T cells in ex vivo culture. However, some cancer cells lack the expression

of HLA molecules, and most of them do not express the co-stimulatory molecules

Table 5.1 Categorization of cancer antigens

Categorization Antigens

Cancer-testis antigen MAGE A1, MAGE A3, NY-ESO-1, LY6K

Cancer-related gene-derived antigen Ras, p53, bcr-abl, HER2, WT1

Tissue-specific antigen MART1, MelanA, gp100, PSA, PSMA, TRP-2

Oncofetal antigen AFP, CEA

Overexpressed antigen MUC1, EpCAM, mesothelin, survivin

Virus-related antigen HPV E6, HPV E7, LMP2

Table 5.2 Designation and activation protocol of effector cells

Designation Activation protocol References

TIL Harvest from cancer tissues followed by IL-2 expansion [6–9]

CTL Ex vivo stimulation with cancer cells plus IL-2 [10–12]

PDAK/DCAT Ex vivo stimulation with antigen-presenting DCs [13]

CAT/CD3-

LAK/T-LAK

Ex vivo stimulation with anti-CD3 mAb plus IL-2 (optional

addition: IFN-γ, retronectin, fibronectin)
[14–19]

VPLN Harvest vaccine-primed LNs followed by anti-CD3/IL-2

expansion

[20, 21]

ATVAC Combination with dendritic cell vaccine plus T-cell transfer [22–29]
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such as CD80 or CD86. This is why the mixed cultures of cancer cells and T cells

can only rarely induce antigen-specific CTLs in practice.

5.3.3 PDAK (Peptide-Pulsed Dendritic Cell-Activated Killer)/
DCAT (Dendritic Cell-Activated T Cells)

It is efficient and effective to use antigen-presenting cells (APCs) for the induction

of antigen-specific CTLs, because the APCs can express both HLA molecules and

co-stimulatory molecules such as CD80, CD86, and CD40 [13]. The use of APCs

such as dendritic cells would be ideal, but the protocol for the ex vivo culture of

dendritic cells is cumbersome and expensive. For this reason, there have been no

large trials using this technique.

5.3.4 CAT/CD3-LAK/T-LAK

αβ-T cells could be activated and expanded by the immobilized anti-CD3 mono-

clonal antibody (mAb) plus recombinant interleukin-2 (rIL-2) ex vivo. These anti-

CD3 mAb activated T cells (CAT) have been used in some clinical trials and

showed some clinical effects. Clinical effects in the recurrence-free survival of

patients with hepatocellular carcinoma (HCC) are well known [18], and other

reports have described cases of clinical effects on tumor regression. This protocol

is more convenient for the activation and expansion of T cells for adoptive transfer.

These cells are also termed CD3-LAK (lymphocyte-activated killer), T-LAK, or

activated T cells and have been used in several clinical trials. Recently, the

refinement of culture conditions with IFN-γ [14], retronectin [15], and fibronectin

[16] has been attempted. Activation with not only anti-CD3 mAb but anti-CD28/

CD137 mAbs might be a good idea [17]. While CAT has a distinct advantage in

terms of its clinical simplicity because it does not require antigen stimulation, its

antigen-specific cytotoxicity is limited. It is therefore not expected that this modal-

ity will achieve an excellent response, but an increase in the number of T cells after

adoptive transfer would be helpful for patients with immunosuppression caused by

leukopenia or for type 2 dominant hosts [19] in order to improve the host immune

condition.

5.3.5 VPLNs (Vaccine-Primed Lymph nodes)

In vivo sensitization of T cells with cancer antigens is one method for inducing

antigen-specific T cells and followed by activation ex vivo with anti-CD3 mAb plus

5 αβ-T Cells 67



rIL-2. The patients are first treated with irradiated autologous cancer cells, and then

the vaccine-primed lymph nodes are removed for activation with anti-CD3 mAb

followed by expansion in rIL-2. Activated T cells are administered intravenously

and result in some clinical effects. These activated T cells show cancer-specific

IFN-γ release to autologous cancer cells in an HLA class I-restricted manner

[20, 21].

5.3.6 ATVAC (Adoptive Transfer of T Cells Plus Dendritic
Cell Vaccine)

Recently, new types of cancer vaccines have been under increasing study. One of

the most anticipated candidates is the dendritic cell vaccine (see Chap. 15). In vivo

vaccination of antigen-pulsed dendritic cells could induce antigen-specific CTLs

in vivo, and some clinical effects have been reported in clinical trials. However, it

has often been suggested that the leukopenia in patients with advanced cancer

would counteract the effect of cancer vaccines. An increase in the number of T

cells in vivo is needed to ensure the efficacy of cancer vaccines. On the other hand,

dendritic cell vaccines could induce antigen-specific CTLs in vivo, and this would

be a good way to induce ex vivo activation in a large number of antigen-specific T

cells. The combination of dendritic cell vaccine and activated T-cell transfer should

be the best way to treat cancer with immunotherapy [22]. We have reported the

clinical utilization of an adoptive transfer of T cells plus dendritic cell vaccine

(ATVAC) in patients with intrahepatic cholangiocarcinoma (ICC) [23] and hepa-

tocellular carcinoma (HCC) [24]. Postoperative ATVAC could improve both

recurrence-free survival (RFS) and overall survival (OS). In order to assess the

effect of ATVAC immunotherapy, further randomized control trials are needed.

There have been several similar trials using a combination of cancer vaccine plus

adoptive T-cell transfer [25–29], and all of these trials showed an improved

outcome.

5.4 Future Perspectives of Adoptive αβ-T-Cell Transfer

Several refinements will be needed for the clinical trials to succeed, such as the use

of irRC [30] (see Chap. 25), suitable statistical methods [31], or suitable

immunomonitoring (see Chap. 24). Therefore, we will next consider various

means of achieving optimum therapeutic results using adoptive αβ-T-cell therapy.
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5.4.1 Improvement of Immunosuppression

To date, the enhancement of immunity has been tended to search for a desirable

response. However, it is becoming known that the improvement of immunosup-

pression is more important (Fig. 5.4). The use of immunocheckpoint blockades

actually could result in remarkable progress in the field of cancer immunotherapy

and might influence adoptive cell therapy in the near future (see Chaps. 19, 20, and

21). The combination of immunocheckpoint blockades and adoptive cell therapy

would be expected to demonstrate a beneficial effect. In addition, the reduction of

regulatory T cells (Treg cells) (see Chap. 22) or myeloid-derived suppressor cells

(MDSCs) (see Chap. 23) might be effective to enhance the clinical responses of

cancer immunotherapy. Trafficking of activated T cells to the cancer site is also an

important issue to be solved [32].

5.4.2 Artificial Manipulation of TCRs

CTL would be the most efficient method in cancer immunotherapy, but the induc-

tion is often difficult. The artificial manipulation of TCRs has recently been studied

intensively with the goal of making a large number of cancer antigen-specific

CTLs. Genetically engineered T cells bearing chimeric antigen receptors (CARs)

[33] or recombinant TCR technology [34] are expected to be candidates for future

immunotherapy (see Chap. 10).
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Fig. 5.4 New approaches to relieve immunosuppression in cancer patients
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5.4.3 Combination with Bispecific Antibody

CAT has been shown to have poor antigen specificity, and therefore, a new

approach to acquire the antigen specificity by using the bispecific antibody has

been investigated [35–37]. The bispecific antibody has two antigen-specific sites,

one is a receptor for CD3 molecules on T cells and the other accepts cancer-specific

antigens. The combination of treatment with a bispecific antibody could enable T

cells to respond to the cancer antigen in specific manner. Although the construction

of the bispecific antibody might be technically difficult, advances in techniques

could lead to an improved ability to treat cancers.

5.4.4 Regeneration of T Cells or Dendritic Cells from iPS

In the distant future, T cells or dendritic cells might be regenerated from induced

pluripotent stem cells (iPS) or embryonic stem cells (ES). At this time, the regen-

eration of antigen-specific T cells from iPS derived from mature CD8-positive T

cells and dendritic cells has already been succeeded [38, 39]. CTLs with standard-

ized quality will be safely and easily mass produced for widespread use by such

generations.

5.5 Conclusions

The approval of adoptive cell therapy has been minimal because of the difficulty in

maintaining the quality of the treatment. Several criteria should be considered when

using adoptive cell therapy that are not considered when using pharmaceutical

drugs. In Japan, a new governmental regulatory system for stem cell-based thera-

pies has just established [40]. The new law regulates not only regenerative medicine

but also adoptive cell therapy for cancer patients. Physicians who handle human

cells for medicine are required to report to the Ministry of Health, Labour and

Welfare (MHLW) after the approval of a particular committee. On the other hand,

the new law will shorten the approval process in some cases. To date, many clinical

studies have been performed by using αβ-T cells. It is hoped that a safe and

effective αβ-T-cell therapy will be developed as a standard therapy for cancer as

soon as possible.
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Chapter 6

NKT Cell-Based Immunotherapy

Shinichiro Motohashi

Abstract CD1d-restricted invariant natural killer T (NKT) cells are a specialized

innate lymphocyte subset that recognizes a glycolipid antigen via the invariant T-

cell receptor. Ligand-activated NKT cells display direct antitumor activities against

various tumors. In addition, NKT cells are spontaneously poised to display the rapid

effector function, which enables them to produce a wide variety of cytokines

expeditiously following activation and to modulate the function of other immune

cells, including those responsible for antitumor immunity. Numerical and/or func-

tional changes in the numbers of NKT cells have been observed in patients with

various malignant diseases, which correlate with a patient clinical outcome. There-

fore, the restoration of the NKT cell system in tumor-bearing patients would be a

rational treatment for malignant disease. This chapter summarizes the results of our

recent passive or active immunotherapy aimed at augmenting the NKT cell function

in vivo in patients with non-small cell lung cancer and discusses the role of NKT

cell-induced immune responses.

Keywords NKT cell • α-Galactosylceramide • Antigen-presenting cell • Clinical

trial • Non-small cell lung cancer

6.1 Introduction

Cancer immunotherapy has been investigated to mobilize the immune system to

control tumor growth and provide a survival benefit. Early clinical trials of active

immunotherapeutic, such as those employing dendritic cells (DCs) or adoptive cell

therapy, including tumor-infiltrating lymphocytes or genetically engineered T cells,

provided a proof of concept that therapeutic immunity can be elicited and lead to

some clinical benefit [1–5]. In 2010, the US Food and Drug Administration (FDA)

approved Provenge (sipuleucel-T) as the first active cellular immunotherapy

derived from autologous antigen-presenting cells for the treatment of advanced

prostate cancer [6, 7]. Another dramatic development in the field of cancer
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immunotherapy was the results of recent clinical trials using immune checkpoint

inhibitors such as anti-cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) or

anti-programmed cell death protein-1 (PD-1) antibodies, which showed an obvious

survival benefit [8, 9]. The anti-CTLA-4 antibody or anti-PD-1 antibody blocks the

inhibitory signals of T cells and modulates the endogenous T-cell response [10].

The most important point is that these molecules are expressed on T cells, not on

tumor cells, and the mechanism underlying the clinical benefits is the existence of

an endogenous immune system that substantively acts as an anticancer drug.

Invariant (or type I) natural killer T (NKT) cells are a unique innate lymphocyte

subpopulation, characterized by a unique T-cell receptor (TCR)-α chain (Vα14-
Jα18 in mice and Vα24-Jα18 in humans) paired with a restricted number of TCR-β
chains, mostly with a Vβ11 in humans. Unlike conventional T cells, which recog-

nize peptide antigens, NKT cells recognize a glycolipid antigen presented by the

major histocompatibility complex (MHC) class I-like CD1d molecules expressed

a-GalCer

NKT

TCR:

Tumor cells

NK

IFN-g IFN-g

DC

IL-12

CD8+ T

Va24/Vb11

Fig. 6.1 NKT cell-mediated antitumor immune responses induced by α-GalCer activation. α-
GalCer-presenting APCs such as immature DCs activate NKT cells. Activated NKT cells exhibit

various kinds of direct and indirect effects, including maturation of DCs, activation and recruit-

ment of NK cells, and cytotoxic CD8+ T cells to eradicate malignant tumors
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on antigen-presenting cells (APC). The first glycolipid antigen identified for NKT

cells was α-galactosylceramide (α-GalCer, KRN7000) [11]. α-GalCer was origi-

nally extracted from the marine sponge Agelas mauritianus, and the potent

antitumor effects were demonstrated in several mouse models after treatment

with this compound [12]. After activation with α-GalCer, NKT cells show the

potential to produce or express cytotoxic molecules, such as perforin, granzymes,

Fas ligand and TNF-related apoptosis-inducing ligand (TRAIL), and directly dis-

rupt malignant tumor cells [13–15]. At the same time, activated NKT cells

promptly produce an enormous amount of cytokines such as IFN-γ, which exerts

indirect antitumor activities mainly through the subsequent activation of down-

stream immune effector cells, including NK cells, CD8+ CTLs, B cells, and DCs

(Fig. 6.1) [16–19]. Therefore, NKT cells play a key role in the immune regulation

that links the innate and adaptive immune responses [20, 21]. Several ligands for

invariant NKT cells have now been identified from microbial pathogens or syn-

thetic screening studies; however, α-GalCer is currently only antigen used for

clinical trials of NKT cell-targeted cancer immunotherapy [22–25].

This chapter summarizes the results of NKT cell-targeted clinical studies of not

only adoptive cell therapy such as adoptive transfer of ex vivo-activated NKT cells

but also active immunotherapy including injection of ligand-loaded antigen-

presenting cells for non-small cell lung cancer (NSCLC). The progress of the latest

ongoing clinical trial is also described in detail.

6.2 NKT Cell-Based Immunotherapy for NSCLC

Lung cancer is the most common and lethal cancer worldwide [26]. The number of

newly diagnosed lung cancer cases each year is increasing, and NSCLC accounts

for 80 % of the total cases. NSCLC is classified according to the histological

findings, including mainly adenocarcinoma, squamous cell carcinoma, and large

cell carcinoma, and it is treated based on this classification. Cytotoxic chemother-

apy remains the standard treatment for inoperable advanced or recurrent NSCLC

and is associated with an absolute increase in the median survival of 1.5 months

[27]. The median survival time (MST) after first-line chemotherapy is around 8–

12 months, which is not considered satisfactory by patients.

Intravenously injected α-GalCer-pulsed DCs effectively activated endogenous

murine NKT cells in the lung parenchyma and inhibited tumor metastasis in a

murine lung metastatic model [28, 29]. These murine experimental findings

suggested that similar antitumor effects of NKT cells activated with α-GalCer-
pulsed DCs might be expected in patients with lung cancer. Moreover, a complete

inhibition of B16 melanoma metastasis in the liver was obtained even by delayed

treatment with α-GalCer-pulsed DCs. Based on these in vivo effects of α-GalCer-
pulsed DCs, we considered performing a clinical trial using α-GalCer-pulsed
autologous DCs in patients with lung cancer.
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6.2.1 The Preparation of APCs for NKT Cell Stimulation

We explored the autologous APC preparation method that would best present the

glycolipid antigen to NKT cells, thereby inducing efficient activation of NKT cell-

specific immune responses. We established an alternative APC preparation proce-

dure that maintained the ability to activate NKT cells in vivo [30]. Briefly, periph-

eral blood mononuclear cells (PBMCs) were collected and cultured with

granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin-2

(IL-2) for 1 or 2 weeks, and then all cultured cells were loaded with α-GalCer
and used as antigen-presenting cells. These α-GalCer-pulsed whole PBMCs cul-

tured with GM-CSF and IL-2 are referred to as “α-GalCer-pulsed APCs” through-

out the rest of this article.

These α-GalCer-pulsed APCs could induce superior expansion and activation

capacity of NKT cells compared to the monocyte-derived DCs developed with IL-4

and GM-CSF. The TNF-α produced by CD3+ T cells in the culture induced DC

maturation during the culture period, and these matured DCs exerted potent stim-

ulatory activity on NKT cells that enabled them to preferentially produce IFN-γ.
Moreover, the cell preparation is simple, since discarding non-adherent cells or

purification of CD14+ monocytes is not required, which leads to minimum cell loss

during the cell preparation. Therefore, the use of α-GalCer-pulsed APCs may be an

ideal method for producing active NKT cell-targeted immunotherapy.

6.2.2 Induction of Active Immunotherapy
with α-GalCer-Pulsed APCs

We have started a phase I study of α-GalCer-pulsed APCs in patients with

unresectable NSCLC at Chiba University Hospital, Japan [31]. In this early clinical

study, patients with no other therapeutic options after the standard treatments were

enrolled (Table 6.1). Four intravenous infusions of α-GalCer-pulsed APCs were

carried out with three doses, including 50 million cells (level 1), 250 million cells

(level 2), and 1 billion cells (level 3)/m2/injection. We first administered α-GalCer-
non-pulsed APCs to test the effects of APCs themselves. No severe adverse events

were observed in any of the patients, and some grade 1 or 2 adverse events were

recorded. The number of circulating NKT cells number and the expression level of

IFN-γ mRNA in the circulating NKT cells were enhanced after the injections of α-
GalCer-pulsed APCs in one patient in the level 3 dosing group. This patient showed

long-term stable disease with lung and plural metastases for more than 2 years

without additional chemotherapy and survived for 59 months. The number of

circulating NKT cells was modestly increased in the remaining two cases at the

level 3 dose. Nine cases were clinically evaluable. Five cases had stable disease,

and four cases had disease progression at the end of the study period.
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A phase I–II study of α-GalCer-pulsed APCs was performed in patients with

NSCLC in 2004–2007 [32]. The cell dose was 1 billion cells/m2/injection, based on

the results of the previous study. In this study, advanced or recurrent NSCLC

patients refractory to standard treatment, with no other therapeutic options, were

enrolled, and 17 patients completed the four injection of α-GalCer-pulsed APCs

(Table 6.1). A severe adverse event occurred in one patient, who needed hospital-

ization to undergo anticoagulant therapy due to the exacerbation of deep vein

thrombosis, which was estimated to have no clear relationship with the cell therapy

by the Chiba University Quality Assurance Committee on Cell Therapy. In other

patients, only minor adverse events occurred.

The peripheral blood NKT cell number was increased in six patients, and the

number of α-GalCer-specific IFN-γ-producing cells in PBMCs detected by an

enzyme-linked immunospot (ELISPOT) assay was elevated in ten patients. The

IFN-γ producers were NKT cells and NK cells, which are subsequently stimulated

by in vivo-activated NKT cells [33]. The median overall survival time of the

elevated IFN-γ production group (good responder group) was significantly better

than that of the IFN-γ non-elevated group (nonresponder group) (29.3 months

Table 6.1 The summary of NKT cell-based immunotherapy for NSCLC

Clinical stage

Number

of

patients

Treatment

(number

of

injection)

Immunological responses

(number of patients)

Antitumor

effects

(number of

patients) References

Non-

resectable

c-stage IIIB,

IV, recurrence

11 APC only

(1)

NKT cell expansion in

PBMC (3)

SD (3) [28]

α-GalCer
APC (4)

Elevated IFN-γ spot-
forming cell number (1)

Non-

resectable

c-stage IIIB,

IV, recurrence

17 α-GalCer
APC (4)

NKT cell expansion in

PBMC (6)

SD (5) [29]

Elevated IFN-γ spot-
forming cell number (10)

Recurrence 6 α-GalCer
activated

NKT cell

(2)

NKT cell expansion in

PBMC (2)

SD (2) [38]

Elevated IFN-γ spot-
forming cell number (3)

Resectable

stage IIB,

IIIA

4 α-GalCer
APC (1)

NKT cell expansion in

PBMC (2)

SD (4) [31]

Elevated IFN-γ spot-
forming cell number (1)

NKT cell accumulation and

elevated IFN-γ spot-
forming cell number in the

tumor (4)

Non-resect-

able c-stage

IIIB, IV,

recurrence

35 α-GalCer
APC (4)

Ongoing trial, under

evaluation

Under

evaluation

–
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vs. 9.7 months, p¼ 0.0011, log-rank test) (Fig. 6.2a). Based on this result, the

number of IFN-γ-producing cells might be useful as a marker to predict the clinical

outcome in response to α-GalCer-pulsed APC treatment.

0

.2

.4

.6

.8

1.0
Su

rv
iv

al
 P

ro
ba

bi
lit

y

0 12 24 36 48 60
months

pre-treatment post-treatment

a

b

.7

.5

.3

.1

.9

c TIL/normal lung ratio

a-GalCer/APC 
injection group

0 20 40 60

control group

Fig. 6.2 Clinical trial outcomes in NKT cell-based immunotherapy. (a) The overall survival curve

of 17 patients who received an intravenous injection of α-GalCer-pulsed APCs four times. Bold
line overall survival of all 17 cases. Dashed line overall survival of good responders (n¼ 10) with

increased IFN-γ-producing cells. Thin line overall survival of poor responders (n¼ 7) without

increased IFN-γ production. (b) Chest computed tomography of a NSCLC patient who received

four times of α-GalCer-pulsed APCs. An intrapulmonary tumor (red arrow) is depicted. (c) The
ratio of NKT cells in the tumor-infiltrating lymphocytes to NKT cells in the normal lung

mononuclear cells
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The MST of all enrolled patients was found to be around 17 months (Fig. 6.2a).

This raised the possibility that the MST of all patients was superior to that of

patients treated with standard chemotherapy and/or radiotherapy. These data are

being confirmed by special interim study as “highly advanced medical technology”

before the treatment will receive approval from the Japanese pharmaceutical affairs

system.

Under this system, we have started a phase II clinical study of NKT cell-

targeting immunotherapy, called Chiba-NKT, in patients with NSCLC. The aim

of the study is to establish a novel second-line treatment for unresectable NSCLC.

We set the investigation of overall survival time as a predefined primary end point.

Thirty-five patients who are diagnosed to have advanced or recurrent NSCLC and

have already received one regimen of chemotherapy are enrolled (Table 6.1). More

than 30 patients have been deemed to meet the inclusion criteria and thus have

already been registered. We intravenously injected α-GalCer-pulsed APCs a total of
four times and some clinical responses were observed (Fig. 6.2b). This clinical

study will be finished within 3 years, including a 2-year observation period.

A pilot study of α-GalCer-pulsed APCs in patients with advanced but resectable
NSCLC was performed to explore the NKT cell-specific immune responses more

precisely at the tumor site [34]. Four patients received 1 billion cells/m2/injection of

α-GalCer-pulsed APCs 1 week before surgical resection (Table 6.1). As a result,

tumor-infiltrating lymphocytes spontaneously contained relatively high proportion

of NKT cells in the non-injected control group. A dramatic accumulation of NKT

cells in the tumor-infiltrating lymphocytes (TIL) was observed in all four patients

who received single α-GalCer-pulsed APC injection in comparison to the control

group (Fig. 6.2c). Moreover, single injection of α-GalCer-pulsed APCs induced

enhanced IFN-γ production by tumor-infiltrating NKT cells. These results clearly

indicated that α-GalCer-pulsed APCs provoked the accumulation of activated NKT

cells in the tumor microenvironment even though the number of peripheral blood

NKT cells seemed to low and to predict a poor response.

6.2.3 Adoptive Transfer of Ex Vivo-Activated NKT Cells

NKT cells constitute a small population with relatively high variation in human

peripheral blood. Numerically and functionally decreased NKT cells have been

observed in patients with several malignant diseases [35, 36]. In addition, a

decrease in NKT cells was correlated with poor clinical outcome in patients with

head and neck carcinoma, and NKT cell accumulation in the tumor microenviron-

ment was correlated with a better survival of colorectal cancer and neuroblastoma,

suggesting their important role in the control of tumor growth [37–39]. On the other

hand, regardless of the changes in the absolute NKT cell number, the ability of NKT

cells to produce IFN-γwas preserved in cancer patients, and even a small number of

residual NKT cells might still have the potential to produce enough IFN-γ to

antitumor responses [35]. Therefore, an intervention to recover the NKT cell
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number or function directly with the use of ex vivo-expanded NKT cells could

potentiate the antitumor immunity against NSCLC. In addition, it has been shown

that treatment with the use of specific ligands, autologous PBMCs and IL-2, can

allow for the expansion of large numbers of NKT cells in vitro [40].

A dose escalation study of the adoptive transfer of ex vivo-expanded NKT cells

was conducted in patients with recurrent NSCLC [41]. PBMCs from six eligible

patients were collected by apheresis and were cultured with α-GalCer and IL-2 and
then restimulated with α-GalCer-pulsed autologous PBMCs weekly (Table 6.1).

After 2 and 3 weeks of cultivation, the entire collection of cultured cells containing

expanded NKT cells was harvested, and they were injected intravenously. The

number of NKT cells administered was ten million cells (level 1) or five million

cells (level 2) per injection. As a result, the NKT cells originated from advanced

cancer-bearing patients could be expanded sufficiently with a 1,290-fold expansion

for 2 weeks and 2,380-fold for 3 weeks, and the fold expansion partially depended

on the number of NKT cells presented in the pre-cultured PBMCs. The absolute

number of circulating NKT cells increased in two of three cases that received a

level 2 dose. IFN-γ production (mainly from NKT cells and NK cells) was aug-

mented in all three cases that received a level 2 dose, and two of these patients

showed stable disease for 9 and 12 months and survived for 2.8 and 6.3 years,

respectively.

6.3 Future Perspectives

This chapter summarized the results of NKT cell-based immunotherapy for NSCLC

and demonstrated the novel immunological responses and clinical benefits obtained

during these studies. Notably, it is quite encouraging that an intravenous injection

of α-GalCer-pulsed APCs induced the accumulation of activated NKT cells in the

TIL, since the poor effector cell migration into the solid tumor is one of the major

obstacles that need to be overcome in cancer immunotherapy. In the trial of

preoperative injection of α-GalCer-pulsed APCs in patients with NSCLC, the

correlation between clinical effects and immunological responses was not clear at

present. Meanwhile, the increased NKT cell number in the TIL was clearly asso-

ciated with tumor reduction in patients with head and neck cancer who received the

combination therapy of ex vivo-activated NKT cells and α-GalCer-pulsed APCs

before surgical resection [42]. It is expected that current ongoing clinical study for

NSCLC will identify the role of NKT cell-based immunotherapy in prolonging the

overall survival, which may also correlate with the NKT cell-specific immune

responses.

As a new concept of adoptive cell therapy using NKT cells, Heczey et al.

demonstrated that chimeric antigen receptors (CAR)-expressing NKT cells showed

potent antitumor activity against a model of GD2-positive neuroblastoma [43].

Chimeric antigen receptors are composed of the single-chain variable fragment of

the tumor-recognizing antibody with human T-cell signaling domains, such as
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CD3ζ, CD28, or CD137 (4-1BB), to mimic the TCR activation and co-stimulation

[5]. Recent clinical studies have demonstrated that the adoptive transfer of conven-

tional T cells engineered to express CARs that target CD19 antigen can be highly

effective, as well as toxic, in patients with chronic lymphocytic leukemia or acute

lymphoblastic leukemia [44–47]. NKT cells could therefore be a potentially supe-

rior CAR carrier against some solid cancers, since NKT cells could infiltrate into

some tumors, including lung cancer, as our pilot study showed, in addition to colon

cancer and neuroblastoma as has been previously reported. In addition, CAR-

transduced invariant NKT cells might also provide some advantages, such as posing

a lower risk of graft vs. host disease induction, and these aspects must be investi-

gated more precisely.

Another aspect of future immunotherapy is combination therapy. Immune

checkpoint inhibitors have a potential to suppress the immunosuppressive environ-

ment [48, 10]. Anti-CTLA4 or anti-PD-1 therapy strongly enhances the amplitude

of the antitumor responses in many poorly immunogenic tumor models. On the

other hand, PD-L1 expression on tumor cells has been shown to increase in

response to a strong endogenous antitumor immune response, such as IFN-γ
production [10]. This phenomenon suggests that immunotherapy fails to show

any clinical benefit if a simple PD1-pathway blockade is performed without

preexistence of an antitumor immune response in the patient. Clinically meaningful

efficacy might therefore only be achieved when a PD1-pathway blockade is applied

with another therapy that could primarily provoke novel antitumor immune

responses. From this point of view, NKT cell-based immunotherapy might be a

good approach to provoke the immune responses against tumors, since the NKT

cells could be a powerful IFN-γ producer in the tumor microenvironment [29]. To

successfully induce NKT cell-based immunotherapy, overcoming the immunosup-

pressive tumor environment, a combination therapy with immune checkpoint

inhibitors is thus considered to be an optimal candidate and we have now found

sufficient concrete evidence to plan the performance of clinical trials in the near

future.
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Chapter 7

Natural Killer Cells

Satoshi Kokura

Abstract In recent years, roles of the immune system in immune surveillance of

cancer have been explored. And natural killer (NK) cells are considered to be

critical players in anticancer immunity. However, cancers are able to develop

mechanisms to escape NK cell attack or to induce defective NK cells.

In this review, I mentioned the role of NK cell receptors, therapeutic NK cells,

and NK cell modulation in order to enhance anticancer immunity. Namely, I discuss

on some of the implications of the various findings with respect to possible

therapeutic approaches.

Keywords Natural killer cell • CD56 • NKG2D

7.1 Natural Killer (NK) Cells

NK cells are lymphocytes in the innate immune system that are an important

component both in early infection control and in the body’s defense mechanism

against tumors (Fig. 7.1). NK cells lack the antigen-specific receptor characteristic

of T and B cells but control the responses of these cells by regulating the balance

between activating and inhibitory signaling via a group of receptors belonging to

the immunoglobulin (Ig)-like receptor family and C-type lectin receptor family.

Recent research has identified important molecular groups involved in the recog-

nition mechanisms of NK cells, as well as ligands of these groups expressed on the

surface of target cells. Following activation by these recognition mechanisms, NK

cells destroy tumors and virus-infected cells by stimulating cytokine production,

cytolytic granule release, and cytotoxic ligand expression as well as other effector

functions, thereby contributing to host immune surveillance.

As with other lymphocytes, intricate mechanisms control the production and

differentiation of NK cells. NK cell differentiation involves the interplay of stroma

cells with IL-15, IL-2, IL-7, and other common gamma-chain cytokines, as well as

with certain key transcription factors (id2, E4BP4).
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7.1.1 Functional NK Cell Subsets

As with T and B cells, NK cells have functional subsets. Recent investigations have

revealed groups of markers that differentiate these subsets. An early discovery was

that subsets of NK cells, called CD56bright and CD56dim NK cells, can be

differentiated by their level of CD56 expression. The two cell types function

differently. CD56bright NK cells constitute a subset preferentially producing cyto-

kines and are found primarily in lymph nodes and secondary lymph tissues, where

they play an immunomodulatory role. CD56dim NK cells have very high cytotoxic

activity that makes them ideal as effector cells to destroy tumors and virus-infected

cells in the early immune response. In humans, most NK cells in the peripheral

circulation are CD56dim NK cells. These two NK subsets can be delineated based

on the relative intensity of the CD56 stain when analyzed by flow cytometry.

CD56dim cells comprise the majority of circulating NK cells in the blood. These

cells are highly cytotoxic but produce fewer cytokines compared with CD56bright

NK cells. Furthermore, nearly all CD56dim NK cells express the killer cell

immunoglobulin-like receptors (KIRs) as well as the Fcγ receptor, CD16. These

receptors contribute to the high cytotoxicity of CD56dim NK cells by making them

sensitive to targets with low-MHC expression or to cells bound with antibody.

Conversely, CD56 bright NK cells make up a small proportion of circulating NK

cells in the blood but are found in greater abundance in the lymph nodes. When

stimulated, CD56bright cells are weakly cytotoxic but produce high amount of

cytokines, especially IFNγ. These cells also lack expression of CD16 and KIR,

which may contribute to their lower cytotoxic potential. Due to their presence in the

lymph nodes and their high cytokine production, CDbright cells are believed to play

Fig. 7.1 Supplied by Prof. A Kishi (Louis Pasteur Center for Medical Research), K562 tumor

cells destroyed by NK cells were observed by confocal microscopy. K562 tumor cells were stained

with 3,30-dioctadecyloxacarbocyanine perchlorate (DiO). DiO-labeled K562 cells and NK cells

were incubated in the medium containing propidium iodide (PI) for 2 h and then observed by

confocal microscopy. [Right panel] DiO-labeled K562 cells emit a green fluorescence, while
PI-stained compromised cells emit a red fluorescence. Right cell, a K562 cell without the attack of
NK cell was still alive and stained with a green fluorescence. Left cell, when K562 cells were

destroyed by NK cells, PI could enter through the membrane of K562 cells and conjugated with

nucleic acid. A compromised K562 cell was stained with both green and red fluorescence. Left
panel shows differential interference contrast (DiC) images of identical cells
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an important role in shaping immune responses by regulating DCs and T cell

priming toward Th1.

7.1.2 The Role of NK Cells as Effector Cells in the Antitumor
Immune Response

Natural killer cells earned their name when researchers discovered they could kill

cancer cells without prior sensitization. Many years of focused research, however,

were needed to elucidate the recognition mechanism of NK cells that allows them to

differentiate cancer cells from normal self cells. The recent discovery of several

molecules involved in this recognition mechanism has shown that the response of

NK cells to targets depends on the balance between activating and inhibitory

receptors. There is a balance between activating signals produced following the

recognition by activating receptors of certain ligands in a group of molecules

known as stress ligands and inhibitory signals produced following recognition via

inhibitory receptors of self-markers of MHC class I. Cancer cells and virus-infected

target cells upregulate activating ligand expression and downregulate self-MHC

expression, provoking an NK cell response. Activated NK cells destroy cancer cells

and virus-infected cells by activating other effector mechanisms with their immu-

nomodulatory ability. Activated NK cells also cause direct damage with perforin,

granzyme, and other cytolytic granules; Fas ligand, TRAIL, and other death

ligands; and interferons and other cytokines.

7.1.3 The Role of NK Cells in Tumor Immunosurveillance
and the Importance of Activating Receptors

Research using many experimental models has shown that NK cells are important

effector cells in tumor immunosurveillance. Investigations with Rag (-1 or -2)-

deficient mice, which lack acquired immunity, experimentally validated the

hypothesis that NK cells can control tumorigenesis and the growth and metastasis

of established cancer cells. When activated by cytokines or toll-like receptor

ligands, NK cells can trigger an antitumor immune response. The previous section

noted the identification of many receptor molecules involved in NK cell activation.

NKG2D, one such receptor, is expressed on NK and T cells; in the former, NKG2D

plays a critical effector role by recognizing stress ligands. The expression of the

NKG2D ligand in response to DNA damage and cellular stress related to tumori-

genesis, and the presence of this ligand in cancer cell lines, suggest the importance

of NKG2D ligand in allowing NK cells to recognize cancer cells. Studies have

shown that NKG2D-mediated recognition is important for immunosurveillance for

tumors by NK cells.
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Cancer appears to be able to progress because certain cancer cells can avoid

detection by NK cells and other components of host immunity. The survival of

many cancer cells despite the watchful eye of NK cells indicates that these cells can

avoid NKG2D-mediated recognition. Researchers have identified various mecha-

nisms used by cancer cells to avoid the antitumor immune response of NK cells.

One example is the constant expression of NKG2D ligand, which downregulates

NKG2D in NK cells, thereby avoiding recognition. Some cancer cells produce the

human NKG2D ligand MIC as soluble MIC (sMIC), made soluble by proteolytic

cleavage. As with the constant expression of NKG2D ligand on the cell surface,

sMIC downregulates NKG2D, thereby suppressing NK cell activity. Finally, reg-

ulatory T cells, which suppress the antitumor immune response, control both the

antigen-specific immune response of T and B cells and the activation of NK cells.

7.1.4 Inhibitory Receptors

Human NK cells recognize MHC-I (human HLA-ABC) molecules via the killer cell

immunoglobulin-like receptor (KIR) family. Receptors in this family of molecules

are stochastically expressed on mature NK cells and bind to HLA in a manner

independent of the antigen presented by each MHC-I molecule. Viruses or tumors

may decrease HLA expression in order to evade CTL detection; however, NK cells

coevolved to become more sensitive to cells in these states. KIR/HLA interactions

primarily send an inhibitory signal to the NK cell via intracellular tyrosine-based

inhibitory motifs (ITIMs) on the cytoplasmic domain of inhibitory receptors or

coreceptors. Therefore, cells which display lower levels of HLA will be more likely

to be lysed by the NK cell. Although structurally distinct from the KIR receptors,

the CD94/NKG2A receptor binds the MHC-Ib molecule, HLA-E, and sends a

similar inhibitory signal via an ITIM pathway.

Overall responsiveness to activation signals is linked to the expression pattern of

inhibitory receptors on each NK cell. NK cells expressing inhibitory receptors

capable of binding self-MHC become fully responsive, while those not expressing

these markers remain hyporesponsive [1]. However, this hyporesponsive state can

be overridden upon activation, and therefore, unlicensed NK cells can contribute to

antitumor or antiviral responses under certain conditions [2].

For example, KIR3DL1 binds HLA-A or B molecules mimicking the Bw4

epitope, even though a given person may not possess this epitope [3]. Therefore,

KIR3DL1-expressing NK cells in an individual lacking the Bw4 epitope may be

prone to an autoimmune response since these cells lack an effective “turn off”

signal. However, if these cells do not encounter a self-antigen during development,

they remain hyporesponsive and thus prevent autoreactivity. This process, termed

“licensing” [1], “arming” [4], or “NK education” [5], is believed to be the mech-

anism through which NK cells achieve self-tolerance, much like the development of

T cells in the thymus or B cells in the bone marrow. Licensing has been extensively

characterized in the mouse [4].
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7.1.5 Activation Receptors

While the expression patterns of inhibitory receptors are stochastic, activation

receptors are more ubiquitously expressed, especially on CD56dim NK cells.

NKG2D and the natural cytotoxicity receptors (NCRs: NKp30, NKp44, NKp46)

are believed to be the key receptors involved in sending an activation signal when

NK cells encounter a target cell in an immune synapse. However, other activation

receptors, such as DNAM-1, NKG2C/CD94, 2B4, and a class of activating KIR

receptors, also play a role in the activation of NK cells. In contrast to inhibitory

receptors, coreceptors associated with the above proteins express immunoreceptor

tyrosine-based activation motifs (ITAMs) to convey an activation signal. The

ligands for many NK activation receptors are MHC-Ib molecules which are

upregulated during times of cellular stress. For example, the NKG2D ligands

MICA/B as well as the UL16-binding protein (ULBP) family can be upregulated

during rapid proliferation [6]. The ligands for NKp30, BAT-3, and B7-H6 are

expressed on stressed or transformed cells. NKp30 also recognizes the CMV

pp65 protein. NKp44 has been shown to bind West Nile and dengue virus envelope

glycoproteins [7], and NKp46 has been found to bind vimentin on the surface of

mycobacterium tuberculosis-infected cells [8]. Both NKp44 and NKp46 have been

shown to bind influenza hemagglutinin (HA); however, further ligands have not

been identified. Experiments in which these NCRs are blocked result in a decrease

in cytotoxicity against tumor cells not expressing influenza HA, suggesting tumors

express yet unidentified NCR ligands [9].

Perhaps the most potent stimulator of NK cells is the CD16 FcγRIIIA. CD16
signals through ITAMs present on the accessory CD3ζ cytoplasmic accessory

protein, which transmits a powerful activation signal [10]. Recognition of IgG

antibodies bound to target cells allows NK cells to lyse these antibody-coated

cells through a process called antibody-dependent cellular cytotoxicity (ADCC).

NK cells, along with the complement system, therefore act as the final mediators to

eliminate pathogenic cells recognized by the humoral immune response.

7.2 Therapeutic Uses of NK Cells

The therapeutic uses of NK cells fall into four categories:

1. By releasing cytoplasmic granules containing perforin and granzymes that lead

to tumor cell apoptosis by caspase-dependent and caspase-independent path-

ways. Cytotoxic granules reorient toward the tumor cell soon after NK-tumor

cell interaction and are released into the intercellular space in a calcium-

dependent manner; granzymes enter tumor cells by perforin-induced membrane

perforations, leading to apoptosis.

2. By death receptor-mediated apoptosis. Some NK cells express tumor-necrosis

factor (TNF) family members, such as FasL, or TNF-related apoptosis-inducing
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ligand (TRAIL). These ligands can induce tumor cell apoptosis by interacting

with their respective receptors, Fas and TRAIL receptor (TRAILR), on tumor

cells. TNF-α produced by activated NK cells can also induce tumor cell

apoptosis.

3. By secreting various effector molecules, such as IFNγ, that exert antitumor

functions in various ways, including restricting tumor angiogenesis and adaptive

immunity. Cytokine activation or exposure to tumor cells is also associated with

nitric oxide (NO) production, whereby NK cells kill target tumor cells by NO

signaling.

4. Through antibody-dependent cellular cytotoxicity (ADCC) by expressing CD16

to destroy tumor cells. The antitumor activity of NK cells can be further

enhanced by cytokine stimulation, such as by IL-2, IL-12, IL-18, and IL-15, or

cytokines that induce IFN production.

7.3 Therapeutic NK Cells Derived from Several Sources

7.3.1 Autologous NK Cells

Early studies at the National Cancer Institute with lymphokine-activated killer

(LAK) cells essentially consisted of infusions of expanded polyclonal T cells

only containing a small fraction of NK cells [11]. A number of uncontrolled trials

reported the infusion of selected autologous NK cells usually combined with higher

doses of IL-2 [12]. Although no side effects (except those expected from IL-2) were

seen, no clear benefit of the NK cell infusions was noted. A group at the National

Heart, Lung, and Blood Institute treated patients with various malignancies with

increasing doses of autologous expanded NK cells (after CD3 depletion and CD56

enrichment) with the use of EBV-transformed feeder cells. After infusion of the NK

cells, IL-2 (2 Mill units/m2) was administered twice daily for 1 week. Except for the

typical side effects of IL-2 (constitutional symptoms, thyroiditis), the infusions

were well tolerated. However, no clear responses were noted in this phase I study.

In a recent study [13], autologous PBMC was depleted of CD3 cells and

expanded on a feeder layer of autologous PBMC in the presence of IL-2. Seven

patients with progressive, advanced melanoma or renal cancer received the cells

after lymphodepleting chemotherapy (cytoxan/fludarabine), followed by adminis-

tration of a high dose of recombinant IL-2 (720,000 IU/kg every 8 h). No clinical

responses were noted, but the adoptively transferred NK cells persisted in the

patient’s circulation and were still capable of mediating ADCC with rituximab or

antiHER2/neu antibody. This study is relevant because it shows that even a fairly

elaborate treatment protocol involving lymphodepleting chemotherapy, extensive

ex vivo NK cell expansion, and high doses of IL-2 after infusion will not necessarily

result in a clinically meaningful response to infusion of unmanipulated autologous

NK cells. Also, detecting NK cells in the blood circulation after infusion does not

necessarily mean that they provide antitumor activity.
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7.3.2 Allogeneic NK Cells

Alloreactive NK cells with KIR mismatch have been shown to demonstrate greater

tumor-killing activity and the ability to better control AML relapse [14, 15]. Based

on the effectiveness of NK cell alloreactivity in this and other studies, specific

criteria for selecting mismatched donors have been established. Indeed, strategies

using adoptively transferred human-mismatched (haploidentical) allogeneic NK

cells have been more successful for cancer immunotherapy, including against

leukemia and solid cancers, and have been shown to be a safe therapy causing

minimal toxicity. Adoptively transferred human-mismatched allogeneic NK cells

have also been shown effective in patients with various malignancies, including

metastatic melanoma, renal cell carcinoma, Hodgkin’s disease, and poor-prognosis
AML [16]. Adoptive transfer of allogeneic NK cells that were activated and

expanded with IL-15/HC in vitro has been demonstrated to be safe and potentially

effective in a phase I clinical trial when used in combination with standard

chemotherapy in patients with advanced non-small cell lung cancer [17]. A disad-

vantage to this approach is that using KIR mismatched allogeneic NK cells even-

tually led to immune-mediated rejection due to MHC mismatch.

7.3.3 NK Cell Lines (NK-92 Cell Line)

This cell line was established in 1994 from the peripheral blood of a 50-year-old

male patient with rapidly progressive non-Hodgkin’s lymphoma and has a CD56

+CD2+CD57+CD3- phenotype [18, 19]. The growth of NK-92 cells is dependent

on the presence of recombinant IL-2. NK-92 cells express a large number of

activating receptors including NKp30, NKp46, 2B4, NKGD/E, and CD28 and

high levels of molecules associated with cytotoxicity such as perforin, granzyme,

FasL, TRAIL, TWEAK, and TNF-α, while expressing few inhibitory receptors and

lacking almost all of the inhibitory KIRs [20]. Therefore, NK-92 cells exhibit the

characteristics of activated NK cells and are cytolytic toward a wide array of

malignant cells [21].

Studies of NK-92 cells for tumor immunotherapy were carried out in mouse

models and clinical trials. Immunotherapy treatment of malignant melanoma with

NK-92 cells was first demonstrated in an SCID mouse model. NK-92 cells were

highly cytotoxic to human melanoma cells, including MEWO melanoma cells and

the WM1341 cell line, both in vitro and in vivo. NK-92 cells reduced the WM1341

primary tumor size by 40–90 % and the MEWO tumors by 30–75 % in xenografted

SCID mice. Following mouse studies and ex vivo applications such as purging of

leukemia, lymphoma, and CML, the NK-92 cell line has been directly infused into

patients [22]. NK-92 cells are FDA approved for testing in patients with advanced

malignant melanoma and renal cell carcinoma in the United States [23, 24]. This

therapy is safe and has demonstrated antitumor effects toward advanced renal cell

7 Natural Killer Cells 93



carcinoma and malignant melanoma. Irradiation of NK-92 cells with 5 Gy [16]

prevents further cell division, and substantial tumor cytotoxicity can be maintained

with up to 10 Gy irradiation for 48 h in vitro. No toxicity against nonmalignant

allogeneic cells has been reported. Data from these trials suggest that infusion with

NK-92 cells may be safe and potentially beneficial, making these cells an excellent

candidate for adoptive cellular immunotherapy. To date, NK-92 is the only NK cell

line that has entered clinical trials. The NK-92 cell line will serve as a platform for

the future study of NK cell-based tumor immunotherapy.

7.4 ADCC

Antibody-targeting agents for cancer have been used in the clinic for many years

and have a well-respected pedigree. Two common examples are trastuzumab for

HER2 breast cancer and rituximab for CD20 lymphoma and leukemia. These

therapies use both compliment-mediated cytotoxicity and ADCC to lyse

antibody-coated cells. The contribution of NK cells to antitumor effects has been

clearly demonstrated in trials where IL-2 was combined with rituximab in tumors

previously resistant to rituximab. Therapies combining NK cells and antibody

targeting have the added advantage of locally activated NK cells at the tumor site

via CD16 activation. Interestingly, unlicensed NK cells were shown to be the

predominant subset of NK cells responsible for potent ADCC due to their lack of

inhibitory receptors for self. Recent studies further attempted to locally activate NK

cells by conjugating NK-activating cytokines to the Fc region of humanized

antibodies. For example, conjugations of both IL-2 and IL-12 to an anti-CD30

antibody for Hodgkin’s lymphoma have shown efficacy in mouse models. These

therapies may also expand NK cells at the tumor site, which may be particularly

important in solid tumors where NK infiltrates are rare.

7.5 Indirect NK-Mediated Antitumor Immunity

NK cells act as regulatory cells when reciprocally interacted with DCs, macro-

phages, T cells, and endothelial cells by producing various cytokines (IFN-γ,
TNF-α, and IL-10), as well as chemokines and growth factors. By producing

IFN-γ, activated NK cells induce CD8+ T cells to become cytotoxic T lymphocytes

(CTLs) and also help to differentiate CD4+ T cells toward a Th1 response to

promote CTL differentiation [25]. NK cell-derived cytokines might also regulate

antitumor antibody (Ab) production by B cells [26]. In addition, cancer cells killed

by NK cells could provide tumor antigens for DCs, inducing them to mature and

present antigen. By lysing surrounding DCs that have phagocytosed and processed

foreign antigens, activated NK cells also could provide additional antigenic cellular

debris for other DCs. Thus, activated NK cells promote antitumor immunity by
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regulating DC activation and maturation, as these DCs can facilitate the generation

of antigen-specific CTL responses through their ability to cross-present tumor-

specific antigens (derived from NK cell-mediated tumor lysis) to CD8+ T cells.

7.6 NK Cell Modulation

As mentioned previously, the use of cytokines alone has a potent effect on the

cytolytic ability of NK cells. As such, many NK cell-activating cytokines have been

administered clinically with the hopes of improving endogenous NK cell recogni-

tion and lysis of malignant cell types. IL-2 has been FDA approved to treat renal

cell carcinoma and melanoma and has been shown to increase NK cell numbers in

the periphery, NK cell cytotoxicity, and overall survival [27]. Although IL-2 as a

single agent has provided encouraging responses, it presents several issues. First,

repeated administration of high doses of IL-2 leads to a number of morbidities,

including vascular leak syndrome, which severely limit the duration of IL-2 admin-

istrations and thus the longevity of the transferred NK cells [11, 28]. Second, IL-2

selectively expands the less cytotoxic CD56bright population of NK cells since

these cells, rather than CD56dim NK cells, more highly express the CD25 high-

affinity IL-2 receptor [29]. Third, IL-2 is known to expand and activate T regulatory

cells (Tregs) which also constitutively express high-affinity IL-2Rα and can

outcompete NK cells for IL-2. This Treg expansion can nullify any enhanced

antitumor effects from NK cells since NK cells are highly sensitive to Treg-

produced inhibitory cytokines, namely, TGF-β and IL-10. Thus, a likely therapeutic
strategy involves depleting Treg cells prior to the administration of IL-2 to prevent

Treg expansion and thus maximize antitumor effects. In mouse models, we showed

that this approach led to a greater expansion of NK cells and greater cytotoxicity

when compared with IL-2 administration alone.

IL-15 is an attractive candidate for activating NK cells in vivo as it apparently

does not expand Tregs but can potently activate NK cells and expand memory CD8

T cells. Also, unlike IL-2, IL-15 equally activates CD56dim and CD56bright NK

cells and leads to the expansion of both populations. Primate models have not

reported severe toxicities with IL-15, and Phase I clinical trials are well underway.

Lastly, several immunomodulators have been shown to increase the sensitivity

of tumor cells to NK therapies. Bortezomib, a proteasome inhibitor, is FDA

approved for use against multiple myeloma and mantle cell lymphoma. Bortezomib

prevents the degradation of IκB from NF-κB and thus prevents the translocation of

NF-κB into the nucleus to initiate transcription. This nonspecific regulation of

NF-κB has direct effects on tumor proliferation and survival [30]. However,

bortezomib is also associated with an upregulation of the death receptors Fas and

DR5, both of which may be triggered by an NK cell to initiate an apoptotic cascade.

Furthermore, disrupting the proteasome limits the availability of peptides which

may be presented on MHC-I molecules. This effectively decreases the amount of

MHC-I expressed on the tumor cell and further increases its susceptibility to NK
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cell attack. However, bortezomib is highly toxic to NK cells, which necessitates

careful timing when administering it along with an NK-based therapy. Also, there

are several reports that NK cell numbers and their function in vivo can be affected

by certain drugs. Aside from requiring confirmation in clinical trials, these obser-

vations alert us to several possible interactions: Dasatinib can increase NK cell

numbers in vitro and in vivo [31], and imatinib can activate NK cell function

through dendritic cells [32]. Furthermore, NK cells expanded in the presence of

the histone deacetylase inhibitor depsipeptide display enhanced expression of the

activating receptor NKG2D as well as TRAIL receptor [33], which, in addition to

the perforin/granzyme system, can cause tumor cell apoptosis. Trail receptors on

NK cells can also be upregulated by bortezomib [34]. Inhibition of JAK1 and JAK2

can increase the susceptibility of tumors to being killed by NK cells

[35]. Lenalidomide also increases NK cell function, an effect that is abrogated by

concurrent dexamethasone treatment [36]. Several studies have focused on making

cancer cells more susceptible to being killed by improving synapse formation

between NK cells and tumor cells. On the other hand, NK cell function is inhibited

by sorafenib as a consequence of impaired phosphorylation of PI3K and ERK,

which directly control NK cell reactivity [37].
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Chapter 8

γδ T Cell-Based Cancer Immunotherapy

Hirokazu Matsushita and Kazuhiro Kakimi

Abstract γδ T cell-based cancer immunotherapy is attracting attention for the

treatment of various malignancies because these cells secrete Th1-type cytokines,

exert potent cytotoxicity against a variety of cancer cells irrespective of MHC class

I expression, and bridge innate and adaptive immunity. They comprise 1–5 % of

peripheral blood mononuclear cell (PBMC); the majority of them express the

Vγ9Vδ2 T cell receptor that recognizes phosphoantigens. There are two strategies

to develop γδ T cell-based cancer immunotherapy. One is in vivo direct activation/

expansion of γδ T cells in cancer patients; the other is adoptive transfer of ex vivo-

expanded γδ T cells. Both strategies have been tested in several clinical trials. We

have established a large-scale in vitro expansion method for Vγ9Vδ2 T cells using

zoledronate and interleukin-2. We found that Vγ9Vδ2 T cells from patients with

advanced cancer underwent extensive proliferation under these conditions. Such

cultured Vγ9Vδ2 T cells retained cytokine secretion capacity and mediated cyto-

toxicity against a variety of cancer cell lines. Recently, we conducted phase I

clinical studies to evaluate safety and potential antitumor effects of intravenous

injection of Vγ9Vδ2 T cells in patients with non-small cell lung cancer (NSCLC)

and intraperitoneal injection of Vγ9Vδ2 T cells for the treatment of gastric cancer

with malignant ascites. γδ T cells produced IFN-γ immediately upon recognition of

cancer cells in ascites. Measuring IFN-γ in patients’ sera might be a good prognos-

tic marker in lung cancer patients receiving γδ T cells. γδ T cell therapy trials are

being conducted at present with safety and response results already reported for

selected cases. Despite the limited number of patients in the phase I studies, the

clinical response is thus far promising and warrants further study.
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8.1 γδ T Cells

8.1.1 Characteristics

While most human peripheral blood T lymphocytes are αβ T cells expressing T cell

receptors (TCR) composed of α and β chains, 1–5 % are γδ T cells with TCR γ and δ
chains. Like αβ T cells, γδ T cells are derived from bone marrow double-negative

(DN) precursor cells; αβ/γδ lineage commitment occurs during the development of

thymocytes. While αβ T cells express either CD4 or CD8, γδ T cells generally

express neither. According to their TCR δ chain expression, human γδ T cells are

divided into two subsets, Vδ1 and Vδ2. Vδ2 T cells, usually paired with Vγ9,
constitute the majority of peripheral blood γδ T lymphocytes. The others, Vδ1+ T
cells, are found mainly within epithelia, where they function as a first line of

defense against pathogens and malignancies [1, 2]. It has been reported that the

gene expression profiles of human γδ T cells show a mixture of αβ T and NK cell

signatures [3]. Therefore, γδ T cells are “transitional” T cells sharing features of

both innate and adaptive immune systems and considered to bridge their responses.

In that respect, γδ T cells are close to natural killer T (NKT) cells expressing TCR

invariant chains (Vα24, Vβ11). The characteristics of these three types of lympho-

cytes are summarized in Table 8.1.

γδ T cells play a role in the rapid lymphoid stress-surveillance system for

mycobacteria, tissue perturbation, and transformed cells. They express not only

γδ TCR but also natural killer group 2 member D (NKG2D), DNAM-1, and toll-like

receptors (TLRs) and recognize many stress-induced ligands on the cell surface via

those receptors (Fig. 8.1). Bacteria-derived 4-hydroxy-3-methyl-but-2-enyl pyro-

phosphate (HMB-PP) [4] and host-derived isopentenyl pyrophosphate (IPP) or

triphosphoric acid 1-adenosin-50-yl ester 3-(3-methylbu-3-enyl) ester (ApppI) are

recognized by Vγ9Vδ2 TCR (Fig. 8.1) [5, 6]. IPP is an intermediate metabolite of

the mevalonate/cholesterol pathway in mammalian cells. Aminobisphosphonates

such as pamidronate and zoledronate, which are clinically used to treat osteoporosis

or bone metastasis of malignant tumors, inhibit farnesyl pyrophosphate (FPP)

synthase that mediates the conversion of IPP and its isomer dimethylallyl pyro-

phosphate (DMAPP) to FPP. Thus, inhibition of FPP synthase results in increased

accumulation of endogenous IPP and DMAPP [7]. Therefore, bisphosphonate is

used to sensitize tumor cells to γδ T cell recognition.

The issue of how phosphoantigens are presented to Vγ9Vδ2 T cells has long

been a mystery. Recently, it was discovered that phosphoantigens such as HMB-PP

and IPP bind to butyrophilin 3A1 (BTN3A1) on the cell surface [8], analogous to

MHC class I/peptide complex generation, and stimulate human γδ TCR in a

BTN3A1-restricted manner. In addition, γδ T cells can recognize stress-induced

MHC class I-related molecules A and B (MICA/B), UL16-binding proteins

(ULBPs) 1–6, and retinoic acid early transcript 1 (RAET1) on the cell surface via

NKG2D receptors. Nectin-2 (CD112) and PVR (CD155) are detected by γδ T cells

via DNAM-1 (CD226) [9]. Danger-associated molecular patterns (DAMPs) or
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pathogen-associated molecular patterns (PAMPs) are also recognized by γδ T cells

via pattern recognition receptors such as the TLRs [10]. γδ T cells produce

cytokines such as IFN-γ, IL-17, IL-5, IL-13, IL-10, IL-4, and LT-β and chemokines

like MIP-1α/β and RANTES immediately after they recognize these ligands. They

also display cytotoxicity and antibody-dependent cellular cytotoxicity (ADCC)

depending on antigen recognition. A rapid production of cytokines, chemokines,

and other factors contributes to the recruitment of other immune cells and affects

subsequent adaptive immune responses.

8.1.2 Immunosurveillance of Cancer by γδ T Cells

Lymphoid stress-surveillance responses of γδ T cells appear to be an initiation step

in cancer immunosurveillance. γδ T cells efficiently recognize transformation-

induced changes. It has been shown that mutant p53, often detected in human

cancers, transcriptionally regulates the expression of mevalonate pathway genes

and upregulates this pathway in tumor cells [11]. IPP and DMAPP accumulate in

tumor cells with mutant p53 and are thus well recognized by Vγ9Vδ2 T cells

[12]. In addition, F1-ATPase expressed on the surface of tumor cells is recognized

by Vγ9Vδ2 TCRs; MICA/B as well as ULBP 1–6 expressed by different types of

epithelial tumor cells are recognized by γδ T cells through NKG2D receptors

[13]. Thus, γδ T cells can directly recognize stress-induced molecules on cancer

Table 8.1 Comparison of αβ T cells, γδ T cells, and NKT cells

αβ T cell γδ T cell NKT cell

PBMC (%) 65–75 1–5 <1

Distribution Blood, lym-

phoid organ

Blood, epithelium, lymphoid organ Blood, bone marrow, liver,

lung

Cell surface

molecule

αβ TCR,

CD3,

CD4/CD8

γδ TCR, CD3, CD4�CD8�/
CD8αα+, NKG2D

Invariant TCR (Vα24,
Vβ11), CD3, CD4/CD8,
NK receptors

Antigen MHC/pep-

tide

complex

BTN3A1/IPP, MICA/B CD1d/glycolipid

MHC

restriction

Yes No No

TCR

diversity

Very

diverse

Relatively restricted, expression

variance dictated by tissue

localization

Restricted

Cytotoxicity Yes Yes Yes

Function Adaptive

immunity

Immune regulation, surveillance,

homeostasis

Immune regulation

TCR T cell receptor,MICA/BMHC class I-related molecules A and B, BTN3A1 butyrophilin 3A1,
IPP isopentenyl pyrophosphate, PBMC peripheral blood mononuclear cell
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cells and exert antitumor responses even on target cells with reduced or absent

expression of MHC class I.

Tumor-infiltrating lymphocytes (TILs) often include γδ T cells. It has been

reported that γδ T cells represent a sizable fraction of the TILs in approximately

mevalonate

Isopentenyl
pyrophasphate (IPP)

Farnesyl
pyrophosphate (FPP)

Squalene

Choresterol

HMG-CoA

IPP/ApppI

IPP + AMP

Statin ^
^aminobisphosphonate

NKG2D
DAP10

ULBP-1/3/4

MICA/B

DNAM-1

Nectin-2 F1-ATPase

Apo-A1

T cell receptor

LFA-1

ICAM-1

CD16

ADCC
Cytotoxicity

Perforin
Granzyme

Chemokine
MIP-1a/b
RANTES

Cytokine
IFN-g
TNF-a

Vg9Vd2 T cell 

APC
tumor cell

Choresterol/Mevalonate pathway Bacteria/DOXP pathway

GA3P+pyruvate

DOXP

MEP

HMB-PP
(HDMAPP)

Isopentenyl pyrophasphate
(IPP)

HMB-PP
(HDMAPP)

BTN3A1
PVR

Fig. 8.1 Ligands recognized by human γδ T cells. Left panel, IPP is an intermediate metabolite of

the cholesterol/mevalonate pathway in mammalian cells. Pharmacological agents such as

aminobisphosphonate block farnesyl pyrophosphate (FPP) synthesis and lead to increased intra-

cellular IPP levels. Endogenous IPP accumulation is observed in various cancer cells; IPP

metabolites can be converted into ApppI, which could then be presented at the cell surface with

much higher affinity to γδ TCR than IPP. Right panel, in pathogen-infected cells (e.g., mycobac-

terial infection), bacterial (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP) or

4-hydroxy-3-dimethylallyl pyrophosphate (HDMAPP) in bacterial DOXP pathway could be

presented. The IPP-BTN3A1 and HMB-PP-BTN3A1 complexes bind to the TCR of γδ T cells
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one fourth of lung cancers [14]. The recruitment and retention of γδ T cells in

esophageal cancer are associated with their expression of adhesion molecules

[15]. γδ T cell clones have been isolated from malignant ascites of colon cancer

patients [16]. Cordova et al. showed that γδ T cells represent the major lymphocyte

population infiltrating melanoma, and both Vδ2 and Vδ1 T cells are involved

[17]. Furthermore, a higher rate of γδ T cell infiltration and percentages of Vδ2
cells correlate with early stage development of melanoma and esophageal tumors

[18], and both Vδ1+ and Vδ2+ TILs in lung cancer killed the N592 lung cancer cell
line [14]. Furthermore, Vγ9Vδ2 T cells stimulated by the synthetic phosphoantigen

BrHPP lysed tumor cell lines [19]. These reports imply that γδ T cells may

contribute to immunosurveillance against different cancers.

8.1.3 γδ T Cells as Antigen Presenting Cells (APCs)

In addition to the features of γδ T cells as effector cells, they are known to function

as antigen-presenting cells (APCs) to cross-present microbial or tumor antigens to

CD8+ T cells [20]. Like dendritic cells (DCs), γδ T-APCs can take up and process

soluble proteins and induce proliferation, cytotoxic activity, and cytokine produc-

tion of antigen-experienced and naive CD8+ T cells. Moreover, γδ T-APCs were

shown to be more efficient than monocyte-derived DCs in antigen cross-

presentation, which was accompanied by the upregulation of costimulatory and

MHC class I molecules. Recently, it has been reported that γδ T-APCs can also

present antigens to iNKT cells, which critically depends on trogocytosis of CD1d-

containing membrane fragments from phosphoantigen-expressing cells [21]. Fur-

ther studies will be needed to explore the utilization of such properties of human γδ
T cells as APCs in cancer immunotherapy research.

8.2 γδ T Cell-Based Cancer Immunotherapy

8.2.1 Expansion of γδ T Cells In Vivo

Two different approaches are currently applied in γδ T cell immunotherapy

(Fig. 8.2): in vivo activation and expansion of γδ T cells (Table 8.2) and adoptive

transfer of ex vivo-expanded γδ T cells (Table 8.3) [22]. Fever that developed in

aminobisphosphonate-treated patients was an important indicator that γδ T cells

had probably been activated [23]. Four of ten patients given pamidronate who had

an acute-phase reaction (fever) displayed a substantial increase in the percentage of

γδ T cells in their PBMCs. Since then, strategies to activate γδ T cells by admin-

istering aminobisphosphonates such as pamidronate or zoledronate, together with

interleukin-2 (IL-2), have been developed as promising cancer immunotherapies.
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The first clinical study of intravenous infusion of pamidronate and low-dose IL-2

was performed in patients with relapsed and/or refractory low-grade non-Hodgkin

lymphoma or multiple myeloma. The activation and proliferation of γδ T cells

in vivo was observed in five (55 %), and partial responses (PRs) were observed in

three (33 %) of the nine patients for which expansion of γδ T cells was observed

in vitro [24]. Hormone-refractory prostate cancer was treated with either

zoledronate alone (n¼ 9) or zoledronate in combination with IL-2 (n¼ 9)

[25]. No severe adverse events were reported. The response rate was 22 % in the

first group and 67 % in the second group. Actual responses depended on the

expansion, number, and phenotype of stimulated γδ T cells. Furthermore, this

kind of therapy using zoledronate and IL-2 has been tested in other types of cancers

including metastatic breast cancer, renal cell carcinoma (RCC), malignant mela-

noma, and acute myeloid leukemia (AML), and some clinical benefits were

observed in patients with increased γδ T cells in peripheral blood [26–28].

Fig. 8.2 Strategies for γδ T cell-based immunotherapy. Left panel, adoptive cell transfer of

in vitro-expanded γδ T cells. Right panel, in vivo activation of γδ T cells by phosphoantigens

(e.g., BrHPP) or aminobisphosphonates and low-dose IL-2. The concomitant injection of

aminobisphosphonate leads to intracellular accumulation of IPP/ApppI in tumor cells by blocking

the mevalonate pathway, resulting in the sensitization of tumor cells to γδ T cells
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While aminobisphosphonates indirectly activate γδ T lymphocytes by inhibiting

FPP synthesis (a key enzyme of the mevalonate pathway) and increasing the

accumulation of endogenous phosphoantigens, synthetic ligands for γδ TCR that

directly activate γδ T cells have also been tested in clinical trials. The synthetic

ligand, bromohydrin pyrophosphate (BrHPP), was administered together with IL-2

[29, 30] and found to induce potent γδ T cell expansion in patients. However, the

antitumor activity of this approach was not clear. One of the disadvantages of

in vivo activation of γδ T cells is that the response to BrHPP and IL-2 is transient

and limited probably because activation-induced cell death or exhaustion of the

response is caused by repeated stimulation of γδ T cells [31].

8.2.2 Adoptive Transfer of Ex Vivo-Activated γδ T Cells

The other approach is adoptive transfer of γδ T cells expanded ex vivo with IL-2

and phosphoantigen or aminobisphosphonate. Vγ9Vδ2 T cells can be expanded

efficiently by coculturing PBMCs with γδ TCR ligands, such as 2-methyl-3-

butenyl-1-pyrophosphate (2M3B1-PP) and BrHPP. Ex vivo-expanded γδ T cells

(more than 1� 109) have been transferred to patients with metastatic renal cell

carcinoma, multiple myeloma, or non-small cell lung cancer [32–38]. Administra-

tion of γδ T cells was well tolerated, and objective clinical responses in a subset of

patients were reported. The injection of zoledronate preceding the infusion of

expanded γδ T cells might be a desirable strategy in patients with cancer, since

zoledronate accumulates intracellular IPP/ApppI in tumor cells by blocking the

mevalonate pathway, and these cells can then be recognized by Vγ9Vδ2 T cells.

However, a quite high concentration of zoledronate was required to achieve opti-

mum inhibition of FPP synthase activity in tumor cells [39]. According to the

pharmacokinetic data, the serum concentration declines rapidly after infusion and

might not be sufficient for the inhibition of FPP synthase activity after intravenous

administration of zoledronate [40].

We have established a large-scale in vitro expansion method for Vγ9Vδ2 T cells

using zoledronate and IL-2 [41, 42]. PBMC were stimulated with 5 μM zoledronate

and 1,000 IU/mL IL-2. Fourteen days later, ex vivo-expanded γδ T cells were

harvested and controlled for their sterility and purity. The percentage of

CD3+TCRVγ9+ T cells in PBMC was generally 1–5 % on day 0. The dominant

populations were CD27+CD45RA+ naive or CD27+CD45RA� central memory

phenotypes. When successfully stimulated, the frequency of γδ T cells can exceed

90 % of the cultured cells on day 14 (Fig. 8.2). The cultured γδ T cells upregulated

NKG2D and CD69 expression and displayed a CD27�CD45RA� effector memory

phenotype (Fig. 8.2). We have shown that Vγ9Vδ2 T cells from patients with

advanced cancer as well as from healthy donors undergo extensive proliferation

under these conditions, and such cultured Vγ9Vδ2 T cells produce cytokines such

as IFN-γ or TNF-α, while exerting cytotoxicity against a variety of cancer cell lines
(Fig. 8.3).
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8.3 Clinical Trials of γδ T Cell Immunotherapy

8.3.1 γδ T Cell Therapy for the Treatment of NSCLC

A phase I clinical trial was conducted to evaluate safety and potential antitumor

effects of adoptive γδ T cell immunotherapy in patients with recurrent or advanced

NSCLC [38]. Patients’ PBMCs were stimulated with zoledronate and IL-2 for

14 days. γδ T cells were given intravenously every 2 weeks without additional

IL-2, a total of six times. If some clinical benefit was observed, the treatment was

repeated until disease progression. Fifteen patients received ex vivo-expanded γδ T
cells. Adverse events were observed in five, such as influenza-like symptoms,

dyspnea, weight loss, tumor pain, elevated liver enzymes, bacterial pneumonia,

and radiation pneumonitis. However, there were no severe adverse events related to

the adoptive γδ T cell therapy.

The number of intravenous γδ T cell infusions ranged from 3 to 12. Twelve

patients completed a course of 6 injections, 3 of whom received additional infu-

sions. According to the response evaluation criteria in solid tumors, 6 patients had

stable disease (SD), whereas the remaining 6 evaluable patients experienced pro-

gressive disease (PD) 4 weeks after the sixth transfer. All patients remained alive

during the study period; median survival time was 589 days, and median

progression-free survival (PFS) was 126 days. We concluded that γδ T cell transfer

0min 15min 30min

45min 60min 120min

Fig. 8.3 γδ T cell cytotoxicity. γδ T cells kill the esophageal cancer cell line, OE-21. OE-21 cells

were treated with 50 mM zoledronate overnight, stained with calcein (green), and cultured with γδ
T cells for the indicated time periods (0, 15, 30, 45, 60, and 120 min)
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therapy is safe and feasible in patients with NSCLC refractory to other treatment. It

has been reported that median PFS was 2 months in gefitinib (250 mg/d)- or

docetaxel (60 mg/m2)-treated patients with advanced/metastatic NSCLC who had

failed 1 or 2 chemotherapy regimens [43]. Considering that the study population

receiving γδ T cell therapy for NSCLC was quite comparable to that chemotherapy

study, we conclude that the former approach is promising, although the number of

study subjects was small.

The peripheral γδ T cells gradually accumulated in patients’ circulation with

increasing numbers of infusions and maintained their function (Fig. 8.4). However,

there were no associations between increases of γδ T cells in PBMC after transfer

therapy and clinical responses. Whether γδ T cells infiltrated the tumor and exerted

any antitumor effector activity remains to be elucidated. In this clinical trial, we

found two possible biomarkers related to prognosis. An increased level of plasma

IFN-γ was a potential indicator of better prognosis in the patient, although this

association did not reach statistical significance. IFN-γ is well recognized to be a

critical cytokine in cancer immunosurveillance. In contrast, soluble MICA in

patients’ plasma was related to poor prognosis. It has been reported that MICA is

expressed by a variety of cancers including primary lung cancers, and its recogni-

tion by NKG2D contributes to cancer immunosurveillance. However, tumor cells

escape destruction by shedding MICA molecules into the serum, which are no

longer recognized by immune cells. Furthermore, soluble MICA is known to

downregulate NKG2D expression on CD8 T cells, NK cells, and γδ T cells [44].

We are currently conducting a phase II clinical trial to determine the efficacy of

adoptive γδ T cell therapy for the treatment of NSCLC in a larger population. We

are also verifying whether IFN-γ and soluble MICA can be applied as biomarkers

for better or poorer prognosis of patients under γδ T cell therapy. This will help to

determine in advance which patients would be likely to benefit from this treatment

in the future.

8.3.2 γδ T Cell Therapy for the Treatment of Malignant
Ascites from Gastric Cancer

It is difficult to evaluate whether intravenously transferred γδ T cells can infiltrate

into the tumor site and function as effector T cells, unless the tumor tissues can be

obtained by surgery or biopsy. To investigate more directly whether ex vivo-

expanded γδ T cells recognize and kill cancer cells in vivo, we conducted a phase

I clinical trial in patients with malignant ascites due to gastric cancer [40]. Recurrent

and/or advanced gastric cancers with malignant ascites are characterized by rapid

progression, resistance to chemotherapy, and a poor prognosis. Expanded γδ T cells

were administered intraperitoneally in four weekly infusions. The day before γδ T

cell injection, patients received an intraperitoneal injection of zoledronate (1 mg) to

sensitize their tumor cells to γδ T cell recognition. Seven patients were enrolled in
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Fig. 8.4 Accumulation of γδ T cells in peripheral blood mononuclear cells (PBMCs) during the

course of treatment. PBMCs were harvested before each administration and 2 weeks after the sixth

administration and were stained with anti-CD3, Vγ9, CD27, and CD45RA mAb. (a) Representa-

tive data showing the frequency and phenotype of γδ T cells in PBMC at the indicated time points.

(b) Effector function of γδ T cells (CD3+Vγ9+) and other T cells (CD3+Vγ9-) in PBMC was

evaluated in terms of IFN-γ secretion and CD107a translocation (cytotoxic granule release). (c)

The number of γδ T cells in PBMCs of patients who received γδ T cell therapy at the indicated

time points
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this study. The number of γδ T cells in each injection ranged from 0.6 to 69.8� 108

(median 59.0� 108). There were no severe adverse events related to the therapy.

Intraperitoneal injection of γδ T cells allows them access to the tumor cells in the

peritoneal cavity. Fluorescence microscopy revealed that many of the injected γδ T
cells attached to the EpCAM+ cancer cells in the ascites fluid (Fig. 8.5a). Increased

IFN-γ production was detected at each γδ T cell injection, suggesting that the

transferred γδ T cells recognized cancer cells and exerted antitumor effector

activity. By flow cytometry, the number of cancer cells in the ascites was signifi-

cantly reduced even after the first round of therapy and remained substantially

lower over the course of treatment. Computed tomography revealed a significant

reduction in the volume of ascites in two of seven patients (Fig. 8.5b). In one

individual patient, the appearance of the ascites was initially bloody but became

clear after repeated γδ T cell injections (Fig. 8.5c). Thus, injection of γδ T cells

could control local malignant ascites in patients for whom no standard therapy apart

from paracentesis is available. Of note, these observations indicated that adoptively

transferred γδ T cells did indeed recognize cancer cells and display antitumor

effector activity in vivo, when they can gain access to the cancer cells.

In this clinical trial, we found that Vγ9Vδ2 T cell injection and zoledronate

treatment showed a clear clinical benefit for the local control of malignant ascites.

However, this therapy is unlikely to impact on overall survival in such advanced

disease, especially with metastasis, probably because γδ T cells administered into

the peritoneal cavity did not migrate into the systemic circulation. Therefore,

systemic therapy should be combined with intraperitoneal γδ T cell injections to

obtain survival benefit. Combinations of this therapy with newly emerging

molecular-targeted therapy or antibody therapy targeting immune checkpoint as

well as established surgical, radiotherapy, and chemotherapy treatments are

expected to improve the survival of cancer patients in future.

8.4 Future Directions

8.4.1 Enhancement of the Effector Role of γδ T Cells

γδ TCR binding to phosphoantigen/BTN3A1 complex on tumor cells appears not to

be strong enough for efficient recognition of their presence on tumor cells and

exertion of antitumor effector functions. One strategy to overcome this problem is

to increase the accumulation of pyrophosphate antigen IPP in cancer cells by

properly timed aminobisphosphonate treatment via an appropriate injection route

to enhance binding avidity [40].

Another strategy is to transduce high-affinity TCR or chimeric antigen receptors

(CARs) specific for tumor antigens into γδ T cells. Transfer strategies for TCR or

CAR specific for tumor antigens are now being tested and are emerging as prom-

ising approaches for adoptive immunotherapy. So far, activated CD4+ and CD8+ αβ
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T cells have generally been used for gene transfer studies. However, those T cells

may produce suppressive cytokines such as IL-10 or TGF-β because activated

CD4+ and CD8+ T cells consist of heterogeneous populations, resulting in immu-

nosuppression as well as antitumor effects. On the other hand, expanded γδ T cells

Before Tx. 4 weeks after 4th Inj.

A

B C

Fig. 8.5 Clinical responses in ascites fluid and computed tomography findings on γδ T cell

therapy for the treatment of gastric cancer. (a) The ascites fluid was harvested 24 h after

Vγ9Vδ2 T cell injection; the cells were stained with anti-TCRVγ9-FITC and anti-EpCAM-APC

mAbs and examined by confocal fluorescence microscopy. The EpCAM+ tumor cells (blue) are
attached to and surrounded by Vγ9Vδ2 T cells (green) in ascites after Vγ9Vδ2 T cell injections.

Magnification is 50� on the left and 600� on the right. (b) Computed tomography findings

demonstrating retention of a large amount of ascites before treatment (left panels). The amount of

ascites was reduced 4 weeks (right panels) after four courses of Vγ9Vδ2 T cell injections. (c) The

appearance of ascites before and after four courses of Vγ9Vδ2 T cell injections (Modified from

Ref. Wada et al. [40])
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have features of a homogeneous population producing IFN-γ and TNF-α Th1

cytokines. Thus, γδ T cells may be promising effector cells for TCR or CAR

gene transfer adoptive immunotherapy. Further preclinical studies should be

conducted.

8.4.2 Regulation of Immune Suppressive Mechanisms

It is clear that immune suppression is induced in the tumor microenvironment.

Immune suppressive cells such as regulatory T cells (Tregs) and myeloid-derived

suppressor cells (MDSCs) infiltrate the tumor suppressor antitumor immune

responses. Furthermore, immune checkpoint molecules such as CTLA-4, PD-1,

TIM-3, LAG-3, etc. are induced or expressed in the tumor microenvironment and

inhibit antitumor immune responses. Therefore, to achieve effective immune

responses against cancers, such immune suppressive cells and immune checkpoint

molecules should be regulated, allowing infiltrating T cells to continue to survive,

proliferate, produce cytokines, and mediate tumor rejection [45].

In γδ T cells, immune checkpoint molecules and expression of their ligands are

not fully investigated. Dynamic changes of PD-1 and Tim-3 expression were

observed in ex vivo-expanded γδ T cells (Fig. 8.6). To develop more effective γδ
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Fig. 8.6 Dynamic changes of surface receptors and stimulatory/inhibitory molecules on γδ T

cells. γδ T cells were expanded from PBMC with zoledronate and IL-2. They express TCR Vγ9,
DNAM-1, and NKG2D receptors to recognize their cognate antigens or ligands. They also express

both stimulatory and inhibitory molecules on their surface. Their expression changes over time
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T cell-based therapy, the expression of these molecules and the corresponding

ligands should be investigated so that interactions between γδ T cells and tumor

cells or other immunosuppressive cells can be modulated. It is widely accepted that

surgery, chemotherapies, and molecularly targeted agents can remove immune

suppressive cells. Monoclonal antibodies that block immune checkpoint molecules

enhance antitumor immunity. These treatments work synergistically with γδ T cell-

based immunotherapy, making combinatorial strategies a key area of future clinical

research.

8.5 Conclusions

γδ T cells can be efficiently expanded from patients’ PBMC and infused back into

the same patient for the treatment of cancer. Some clinical benefit was demon-

strated following adoptive transfer of ex vivo-expanded γδ T cells into NSCLC

patients and those with malignant ascites. The clinical efficacy of γδ T cell transfer

therapy should be further evaluated in prospective clinical trials; however, combi-

nations with established treatments and genetically engineered γδ T cells will

augment their antitumor potential and contribute to future cancer therapies.
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Chapter 9

Genetically Engineered T Cells

Hiroaki Ikeda

Abstract Despite the long-standing expectations for the potential of the cancer

immunotherapy, it had been difficult to offer an efficient therapy for cancer patients

until recently. However, the clinical trials of immunotherapy such as immune

checkpoint inhibitor therapy or adoptive cell therapy with genetically engineered

T cells have reported their significant efficacies. Lately, immunotherapy is expected

not only to control tumor progression but even cure cancer in some patients. On the

other hand, severe adverse events associated with efficacy have frequently been

reported in clinical trials, suggesting that the assessment and control of safety will

be indispensable in the future development of the therapy. Current and near-future

challenges for the development of adoptive cell therapy of cancer using genetically

engineered T cells will include prediction and minimization of adverse events;

identification of new targets, including patient-specific mutations; improvement of

T cell persistence, memory-formation capacity, and functionality; and utilization of

allogeneic T cells.

Keywords CAR-T cell therapy • TCR-T cell therapy • Adverse events • New

targets • Allogeneic cells
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siRNA Short inhibitory RNA

TCR T cell receptor

TIL Tumor-infiltrating lymphocytes

9.1 Introduction

After the proposal of cancer immunosurveillance concept by Burnet and Thomas in

the late 1950s [1], people have interest in the potential of immune system to

recognize and eradicate cancer and expected the application of the power of

immunity to the therapy of cancer patients. However, it took more than a half

century to see the expectation come true. In the recent clinical trials, immune

checkpoint inhibitor therapy has shown its efficacy in the treatment of patients

with various types of malignancy including melanoma, non-small cell lung carci-

noma, ovarian cancer, or renal cell carcinoma. Chimeric antigen receptor (CAR)-T

cell therapy has been reported to be significantly effective in the treatment of

several types of hematopoietic malignancy. Reports of successful treatments of

cancer patients with genetically engineered lymphocytes encouraged the academia

and industry to rapidly introduce such treatments into clinical use. However, it is

becoming evident that this approach holds promise, but not without severe adverse

events. Particularly, the artificially engineered receptor needs high caution on the

unexpected cross-reactivity to normal tissue because such receptor has never gone

through the physiological checking system that excludes self-reactive T cells.

9.2 Chimeric Antigen Receptor (CAR)-T Cell Therapy

CAR-T cell therapy is a unique approach to confer T cells with tumor reactivity by

transducing an artificial receptor gene CAR that recognizes tumor cells with high

affinity [2, 3]. CAR consists of the antigen-binding region of an antibody fused with

the signal-transduction domains of CD3ζ and co-stimulatory molecules such as

CD28 or 4-1BB (Fig. 9.1). The signals through co-stimulatory molecules were

found to be indispensable for the sufficient activation and long-term in vivo per-

sistence of CAR-T cells. However, the selection and combination of co-stimulatory

molecules for the best CAR construct remains controversial. CAR-T cell therapy

aims to generate large number of tumor-reactive T cells with high affinity in

relatively short period by transducing a CAR gene into patients’ peripheral blood-
derived T cells followed by in vitro culture before infusing the resulting tumor-

reactive T cells into the patient. This approach has tested several target molecules in

clinical trials [4–17].

CD19-CAR-T cell therapy that targets CD19 molecule expressed on B cells for

the treatment of patients with B cell malignancy has been achieved and is one of the

most successful clinical responses among the tested adoptive T cell therapy.
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Specifically, a complete response (CR) rate around 90 % and sustained remission

with 6-month event-free survival rate of 67 % (95 % confidence interval [CI],

51–88) and an overall survival rate of 78 % (95 % CI, 65–95) in relapsed or

refractory acute lymphocytic leukemia (ALL) in children and young adults were

reported [16]. The persistence of infused cells was observed in the patients with

response, suggesting that the infused CAR-T cells contributed to the surveillance

and control of the tumor for long period [16]. FDA recently designated this

approach as a “breakthrough therapy.” In clinical trials for patients with chronic

lymphocytic leukemia or B cell lymphoma, the reported CR rate of CD19-CAR-T

cell therapy were lower than those in ALL, but were still highly impressive [13, 14].

The success of CD19-CAR-T cell therapy for hematological malignancy encour-

ages the development of an effective CAR-T in the treatment of solid tumors.

However, there is a critical question which target (tumor-specific molecules or

molecules on the dispensable cell types for survival of patients) can be useful in the

CAR-T cell therapy for solid tumors. The improvement of infiltration of CAR-T

cells into solid tumor is an important issue. Recent report suggested the superiority

of CAR-T cells engineered to express heparanase that degrades an extracellular

matrix, heparan sulfate proteoglycan, in the capacity to promote tumor T cell

infiltration and antitumor activity [17]. An interesting approach to improve

in vivo survival of infused CAR-T cells was reported in the clinical trial to treat
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Fig. 9.1 Chimeric antigen receptor (CAR)-T cell therapy. Patients receive the T cells that are

genetically engineered to express CAR gene that consists of the antigen-binding region of an

antibody fused with the signal-transduction domains of CD3ζ and co-stimulatory molecules
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patients with brain tumor using the CAR-T cells generated by the transduction of

GD2-specific CAR into Epstein-Barr virus (EBV)-specific T cells [15]. By the EBV

vaccination after the infusion of the CAR-T cells, the CAR-T cells received

physiological stimulation through endogenous T cell receptor (TCR) and were

reported to gain improved in vivo survival.

CAR-T cell therapy takes advantage of reactivity of an antibody, and therefore,

the target is limited to the cell surface molecules in general. On the other hand,

CAR-T cell therapy has its advantage in (1) the possibility to endow tumor

reactivity not only in CD8+ T cells but also in CD4+ T cells and non-T cells,

(2) the MHC-independent recognition, and (3) high binding affinity originated from

interaction between an antibody and its ligand.

9.3 T Cell Receptor (TCR)-T Cell Therapy

Another approach to create tumor-reactive T cells by genetic engineering has been

achieved by transducing patients’ lymphocytes with TCR genes derived from

tumor-specific T cell clones [18, 19] (Fig. 9.2). Rosenberg et al. in National Cancer

Institute treated metastatic melanoma patients with lymphocytes genetically

engineered to express a MART-1-specific TCR by retroviral vector and reported

tumor regression in 2 out of 17 patients according to the Response Evaluation

Criteria in Solid Tumors (RECIST) criteria in 2006 [20]. A subsequent study, in

which patients were treated with lymphocytes engineered to express a MART-1-

specific TCR of higher affinity, reported long-term persistence of infused cells in

patients and tumor regression in 6 (30 %) of 20 patients [21]. They also observed

tumor regression in 3 (19 %) of 16 patients who received mouse-derived, high-

affinity gp100-specific TCR. Another study using artificially modified, high-affinity

TCR recognizing NY-ESO-1 antigen demonstrated objective clinical responses in

4 (60 %) of 6 patients with synovial cell sarcomas and 5 (45 %) of 11 patients with

melanoma [22]. Regarding the patients with epithelial cancers, a clinical trial with

CEA (carcinoembryonic antigen)-specific TCR for the treatment of colorectal

cancer [23] and a trial with MAGE-A4-specific TCR for the treatment of esopha-

geal cancer [24] have been reported.

The existence of endogenous TCR in lymphocytes has been reported to reduce

the expression of transduced TCR and cause the assembly of mispaired TCR

between endogenous and transduced TCR α and β subunits that produces TCR

with unexpected specificity including self-reactive TCR [25]. To solve this issue,

introduction of an additional disulfate bond in TCR constant region [26], replace-

ment of human Cα and Cβ domains with corresponding murine C domains [27], or

introduction of short inhibitory RNA (siRNA) specific for endogenous TCR in

retrovirus vector have been proposed [28]. The genome-editing technology such as

zinc finger nucleases was reported to work for the same purpose [29].

TCR-T cell therapy has an advantage being able to target intracellular antigens.

On the other hand, it depends on the expression of restricted MHC molecule on the
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target cells. In addition, it may be critical to use a TCR with appropriate affinity.

The low-affinity TCR (such as the majority of the reported TCRs for self-antigen)

may not be strong enough to eradicate tumor cells. However, very high-affinity

TCR is suggested to induce activation-induced cell death or anergy in T cells.

Moreover, artificially generated, high-affinity TCR needs high caution on the

possibility of cross-reactivity to self-tissues as discussed below.

9.4 Tumor-Infiltrating Lymphocytes (TIL) Therapy

Long before the development of CAR-T cell therapy or TCR-T cell therapy, there

has been an attempt to isolate tumor-infiltrating lymphocytes (TIL) from tumor

sample followed by the stimulation by tumor cells or tumor antigen in vitro to

generate large number of tumor-reactive T cells to be infused into cancer patients

[18, 19]. Identification of human tumor antigens recognized by lymphocytes started

in the early 1990s and accelerated the development of adoptive immunotherapy

using tumor-reactive lymphocytes [30]. Rosenberg et al. treated metastatic mela-

noma patients with patient’s TIL and reported a 49–72 % response (CR+PR) ratio

according to the RECIST criteria [18, 19, 31]. Adoptive immunotherapy with TIL
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Fig. 9.2 T cell receptor (TCR)-T cell therapy. Patients receive the T cells that are genetically

engineered to express TCR α and β genes derived form a T cell clone that specifically recognizes a

tumor-associated antigen
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has almost exclusively treated patients with malignant melanoma, with very few

exceptions, because of the difficulty of isolating and expanding preexisting tumor-

reacting T cells from patients with most tumor types.

9.5 Issues on the T Cell Persistence, Memory-Formation

Capacity, and Functionality

In the process to develop an effective adoptive cell therapy with TIL, the procedure

was improved to incorporate the pretreatment of patients with lymphodepleting

chemotherapy and/or total body irradiation [18, 19]. These pretreatments are

considered to reprogram the immunosuppressive environment of cancer patients

and can induce homeostatic proliferation in infused lymphocytes. The in vitro

culture became shorter to avoid the exhausted and senile phenotypes of the cultured

T cells [18, 19]. These tips in developing an effective TIL therapy have been

applied to the recent cell therapy with genetically engineered T cells. The improve-

ment of T cell surviving and memory-formation capacities of the engineered T cells

was reported by the addition of IL-21 or IL-15 in the in vitro culture [32, 33]. It will

be important in the future development of genetically engineered T cells to find the

methods to avoid T cell exhaustion by the combination with checkpoint inhibitors.

Intensive genetic engineering may offer an effective means to enhance T cell

functionality and persistence in the future adoptive cell therapy. Introduction of

cytokines or chemokines to enhance cytotoxic T cell function, differentiation, or

tumor-homing capacity are the typical examples of this challenge [34, 35]. Introduc-

tion of molecules that cancel negative signals such as co-inhibitory signals includ-

ing PD-1/PD-L1 axis has been proposed [36]. Enforced expression of heparanase

that degrades an extracellular matrix was proposed to promote T cell infiltration

into solid tumor as discussed above [17].

9.6 Adverse Events with Genetically Engineered

Lymphocytes

Although significant clinical responses have been frequently observed in therapies

using adoptive cell therapy with tumor-specific T cells, adverse events have

observed with a high frequency in many trials. The vitiligo observed in the TIL

therapy targeting melanocyte-differentiating antigens is one typical example. This

is a type of adverse event caused by the antigen reactivity of the infused cells. This

type of the adverse event was reported with higher severity and frequency when

artificially modified high-affinity TCR or animal-derived high-affinity TCR were

used. Specifically, patients treated with lymphocytes with MART-1- or gp100-

specific, high-affinity TCR exhibited severe histological destruction in normal
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tissues where melanocytic cells were present, such as skin, eyes, and inner ears

[21]. Patients with metastatic colorectal carcinoma treated with CEA-specific high-

affinity TCR showed severe inflammatory colitis [23]. In these cases, the adverse

events could be attributed to T cell reactivity against normal tissue where the target

protein was expressed. In a trial where melanoma patients were treated with

HLA-A2-restricted, MAGE-A3-specific, high-affinity TCR, three out of nine

patients exhibited mental disturbance and two of them died of leukoencephalopathy

[37]. In this trial, cross-reactivity of the MAGE-A3-specific TCR to MAGE-A12,

which contains the same epitope sequence, was considered to be responsible. In a

trial using another MAGE-A3-specific, high-affinity TCR (HLA-A1-restricted),

two patients died from cardiac shock [38]. A peptide derived from titin, expressed

in cardiac muscle, was found to cross-react with the TCR. Surprisingly, the titin-

derived peptide possessed limited sequence similarity (five out of nine amino acids)

to the MAGE-A3-derived epitope peptide.

In CD19 CAR trials, nearly all patients with response experienced adverse

events that were largely mediated by cytokine release syndrome, macrophage

activation syndrome, and/or tumor lysis syndrome [4–10, 12–14, 16]. In most

cases, the adverse events were controllable; however, deleterious outcomes (includ-

ing death) have been reported. Effectiveness seems to correlate with appearance of

adverse events. In addition, long-term depletion of normal B cells has been

observed in many patients with response.

When high-affinity TCRs were established by genetic modification of TCR

sequences or by immunizing HLA transgenic mice, the resultant TCRs have

never experienced thymic negative selection in human bodies and therefore have

not gone through “inspection” for cross-reactivity to normal tissues. These recep-

tors need high caution on the cross-reactivity to normal tissues. To reduce the risk in

utilizing these receptors, it is critical to develop a preclinical study strategy for

predicting the adverse effects. To predict cross-reactivity, it would be informative

to combine database search, core sequence analysis based on amino acid substi-

tutions, reactivity screening of a panel of normal cells, and use of complex tissue-

organ cultures. It is also important to select appropriate antigens. A strategy for

monitoring patients, early detection, and treatment such as administration of anti-

interleukin-6 receptor antibody should be established. Development of the techno-

logy that controls the fate of the infused cells including the incorporation of a

suicide gene will be useful [39].

9.7 Search for New Targets

Although CAR-T cell therapy targeting CD19 has achieving a remarkable success,

the search for new targets for effective cell therapy is a critical challenge. It has

been difficult to find cell surface molecules that are strictly tumor specific. A

surface molecule expressed in dispensable cell/tissue that represents another cate-

gory for candidate targets has not been easy to find either. As discussed above, it is a
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critical challenge to select targets that can be used in the CAR-T cell therapy for

solid tumors. It will be useful to develop a CAR-T cell therapy that can target

intracellular antigens by establishing antibodies that selectively bind to MHC

molecule complexed with peptide from intracellular proteins, similar to the binding

manner of TCR.

The clinical responses of TIL therapy for melanoma patients were comparable

to, or sometimes even higher than, those of immunotherapy with lymphocytes

transduced with tumor-reacting, high-affinity TCRs [18, 19]. Moreover, far fewer

adverse events have been observed in TIL therapy compared to TCR gene therapy.

It has been discussed that the observation might be explained by the presence of T

cells in TIL that specifically recognizes mutated proteins unique to individual tumor

[40, 41]. Because the mutated antigens are nonself neo-antigens, the T cells that are

reactive to them can sustain high avidity. Moreover, non-engineered native TCRs

against neo-antigen are less likely to possess the cross-reactivity to normal self-

tissues. Tran et al. reported that adoptive transfer of neo-antigen-specific CD4+ T

cells that were generated from TIL induced regression of lung and liver metastasis

in a patient with cholangiocarcinoma [41]. Supported with advancing technology in

next-generation sequencing, future development of adoptive cell therapy using T

cells specific to unique mutations may open a new door to effective and safe cancer

immunotherapy.

9.8 Development of Adoptive Cell Therapy with Allogeneic

T Cells

If we can utilize allogeneic lymphocytes for the adoptive T cell therapy, it will offer

an off-the-shelf cell product that can be applied to the patients timely when required

to be infused with quality-controlled manner. Recent significant progress in

genome-editing technology has suggested the possibility of reducing the induction

of Graft-versus-host disease (GvHD) that is caused by the alloreactivity of the

infused lymphocytes against host tissues and inhibiting the rejection of the infused

cells by host immune system, by the deletion of the molecules critical to the

immunological recognition of allogeneic targets [29]. Induced pluripotent stem

cells (iPS cells) will also be useful to generate allogeneic T cell products [42],

although several critical issues including the risk of tumorigenicity need to be

controlled. We utilized the siTCR vector that silences the expression of endogenous

TCR in the genetically engineered T cells by siRNA sequences to develop TCR

gene therapy using allogeneic T cells because it might reduce the capacity of

allogeneic cells to induce GvHD [43]. These T cells will be applicable to donor

lymphocyte infusion (DLI) therapy following allogeneic hematopoietic stem cell

transplantation (HSCT) for the treatment of hematological malignancy (Fig. 9.3).
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9.9 Conclusion

After a long controversy regarding the existence of immunosurveillance of tumors,

we can now confidently discuss the efficient and safe application of tumor immu-

nity to control and even cure the cancer. Future subjects for scientific and regulatory

challenges include minimization and prediction of adverse events; the regulatory

harmonization in handling of personalized cell products; identification of the new

target molecules for effective and safe CARs and TCRs (including T cells against

patients’ unique mutation-derived neo-antigen); strategies for enhancing surviving

capacity, memory formation, and functionality of the infused T cell products; and

the development of allogeneic or cell line-based T cell therapy. When these

challenges are overcome, we envisage that genetically engineered lymphocytes

will become an indispensable tool for the effective treatment of multiple types of

cancer.

“siTCR” retrovirus vector

Pa�ents with 
leukemia/lymphoma

HSCT donor

Relapse a�er HSCT

Malignant cells

Vector that silences endogenous TCR

Gene modified lymphocytes :
Express tumor-specific TCR only

Donor lymphocytes :
Express polyclonal TCR

A�ack

Gene�c 
modifica�on

HSCT

Reduce GvHD

Endow 
tumor specificity

Fig. 9.3 Efficient and safe donor lymphocyte infusion by the transduction of tumor-specific TCR

with siTCR vector. A siTCR vector encodes α and β chains of TCR genes of interest and siRNA

sequences targeting the constant regions of endogenous TCR. TCR genes for transduction are

codon optimized to avoid the influence of the siRNA. The leukemia/lymphoma patient who

relapsed after HSCT will receive donor lymphocyte infusion therapy with reduced capacity to

induce GvHD and enhanced specificity to tumor antigen by the use of genetically engineered T

cells with siTCR vector
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Part IV

Vaccine Therapy



Chapter 10

Peptide Vaccine

Koji Kono

Abstract Although induction of antitumor immune responses through cancer

vaccine is theoretically promising and would be straightforward, it is currently

difficult to prove the clinical benefits of cancer vaccine except for one phase III trial

that has documented improved overall survival with the vaccine, Sipuleucel-T. In

contrast, immune checkpoint blockade with anti-CTLA4 mAb and anti-PD-1 mAb

has demonstrated clear evidence of objective responses including improved overall

survival and tumor shrinkage, driving renewed enthusiasm for cancer immunother-

apy in multiple cancer types. We are now facing new era of cancer immunotherapy

with a great hope for the anticancer therapy.

10.1 Introduction

Recent approval of Sipuleucel-T, which is cancer vaccine consisting of PSA-based

antigens with activated antigen presenting cells (APCs) and lymphocyte mixture for

hormone-refractory prostate cancer, paved the way to antigen-specific cancer

immunotherapy [1]. Moreover, immune checkpoint blockade with therapeutic

mAbs such as anti-CTLA4 mAb and anti-PD-1 mAb for melanoma implicates a

new era of the immunotherapy in the anticancer strategy [2, 3]. Due to recent

advances in molecular and cellular immunology, it has been reported that several

immunogenic tumor antigens expressed by tumor cells are identified, and the

characterization of tumor-specific cytotoxic T lymphocytes (CTLs) in cancer

patients was successfully performed [4, 5]. These observations have attracted the

interest of researchers and clinicians in the use of vaccines as one of antitumor

interventions. In this chapter, recent advances in cancer vaccine with peptides will

be discussed.
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10.2 Current Status of Cancer Vaccine

A number of investigations have generated in-depth insights into the molecular and

cellular mechanisms to induce antitumor immune responses. Cancer vaccines are

attractive approach to control cancer through activation of patient’s antitumor

immunity. The recent FDA approval of Sipuleucel-T, which is cancer vaccine

consisting of PSA-based antigen with activated APCs for hormone-refractory

prostate cancer, heralds a new era of immunotherapy as anticancer treatment

[1]. Therefore, if one could identify the specific peptides that are presented in the

context of HLA molecules expressed by tumor cells and recognized by the immune

system, it could be possible to activate the cognate cytotoxic T lymphocytes (CTLs)

by peptide vaccination, leading to anticancer killing (Fig. 10.1). Identification of

immunogenic tumor antigens and the characterization of tumor-specific CTLs in

cancer patients [4, 5] could attract an enormous interest in translational research,

which leads to several clinical trials of cancer vaccine. Although this field is

progressing quickly and several clinical trials using cancer vaccines have been

performed in various types of cancer, clinical success has so far been limited.

Currently, a panel of preparations for cancer vaccine has been tested for their

ability to elicit tumor-specific immune responses and induce antitumor effects

in vivo. There are a number of possibilities of cancer vaccine preparations [6–9]:

(1) synthetic tumor-associated antigens (TAAs), in the form of either short peptides

or full-length proteins, which can bind MHC molecules on the surface of APCs or

rely on the uptake and processing by APCs; (2) tumor lysates, containing TAAs
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Fig. 10.1 Scheme of cancer vaccine. HLA, human leukocyte antigens
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alone or complexed with chaperones; (3) TAA-encoding vectors, in the form of

naked DNA or RNA; and (4) DC-based vaccines, including DCs loaded with TAAs

ex vivo as well as fusion proteins that allow the selective delivery of TAAs to DCs

in vivo.

Among them, only one cell-based vaccine, Sipuleucel-T (Provenge®), has been

clinically approved for the treatment of patients with metastatic hormone-refractory

prostate cancer in 2010 [1]. No other vaccines based on synthetic TAAs or

DNA-based preparation are currently approved for clinical use for malignant

tumors, with exceptions of Cervarix® and Gardasil®, two multivalent vaccines

that have been approved as prophylactic measures against HPV-infection-related

cervical cancer [10, 11]. Thus, cancer vaccine has been straggling to show a clinical

evidence in terms of improvement of patient’s survival. There are several reasons to
explain the difficulties in the development of effective cancer vaccines [12, 13]

(Table 10.1): (1) poor antigenicity of tumor antigen, (2) heterogenic expression of

tumor antigen, (3) no optimal way of vaccine administration schedule and route as

well as the presence and type of adjuvants, and (4) immunosuppressive status at

both local and systemic levels.

Thus, in order to prove the safety and feasibility as well as immunogenicity and

clinical benefits of cancer vaccine, several clinical trials with different antigens as

well as different preparations are ongoing (Table 10.2).

10.2.1 Multi-peptide Vaccine

Several phase II and III clinical trials have recently demonstrated the promising and

the therapeutic potentials of cancer vaccination [1, 14–17]. However, most of them

are performed with single antigen-based vaccination with several modifications,

and the clinical benefit seems to be very limited. In order to further improve the

clinical responses of cancer vaccine, it is necessary to consider the application of a

combination of multiple vaccines derived from the different target molecules,

because it may overcome the issue of heterogeneity of tumor cells and also avoid

the escape of tumor cells from peptide-specific immune response by loss of antigen

expression [18, 19]. In general, the preferable characteristic of the target molecules

for development of cancer vaccines are (1) high immunogenicity, (2) common

expression in cancer cells, (3) specific expression in cancer cells, (4) homogeneous

expression in cancer cells, and (5) essential molecules for cell survival to avoid loss

of expression (Table 10.3).

Table 10.1 Difficulties in cancer vaccine

1. Poor antigenicity of tumor antigen

2. Heterogenic expression of tumor antigen

3. No optimal way of administration (schedule, route, and type of adjuvants)

4. Immunosuppression at both local and systemic levels
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We have been shown that three novel HLA-A24-restricted immunodominant

peptides, which are derived from three different cancer-testis antigens, TTK protein

kinase (TTK), lymphocyte antigen 6 complex locus K (LY6K), and insulin-like

growth factor (IGF)-II mRNA-binding protein 3 (IMP-3), are promising targets for

cancer vaccination for esophageal squamous cell carcinoma (ESCC) patients

[15, 20, 21]. This is due to the findings: limited expression in tumor tissue and

highly frequent expression (>95 %) of ESCC, homogenous expression within

ESCC, and essential molecules for survival and proliferation of tumor cells.

Moreover, it has shown that these peptides could stimulate CTL that recognized

and killed ESCC cells endogenously expressing these antigens in vitro. Therefore,

we had performed a phase I clinical cancer vaccination trials with a combination of

multiple peptides that were derived from TTK, LY6K, and IMP3 for the HLA-

Table 10.2 Recent clinical trials of cancer vaccine with processed TAAs or peptides

Indications Phase Antigen preparation Antigens

Melanoma I Full-length TAAs,

peptides

NY-ESO-1

I HSP-TAA complexes gp100

I Phosphopeptides BCAR3, IRS2

I/II Peptides MAGE-A3.A1

NA17.A2

NSCLC I/II Peptides MUC1

I/II Peptides TERT

III Protein MAGE-A3

Prostate cancer I/II Peptides TERT

Beast II Peptides HER2

CIN I Fusion proteins E7

GBM I/II Peptides Multiple

II HSP-TAA complexes Multiple

MPM II Peptides WT1

Multiple myeloma I Peptides Multiple

Hematological malignancy (AML,

CML, etc.)

I Fusion proteins NY-ESO-1

Hematological malignancy (AML,

CML, etc.)

I/II Fusion proteins MAGE-A10, WT1

TAA tumor-associated antigen, NSCLC non-small cell lung carcinoma, CIN cervical intraepithelial

neoplasia, GBM glioblastoma multiforme, HSP heat-shock protein, MPM malignant pleural

mesothelioma, AML acute myeloid leukemia, CML chronic myeloid leukemia

Table 10.3 Ideal targets for cancer vaccine

1. High immunogenicity

2. Frequent expression in cancer cells

3. Specific expression in cancer cells

4. Homogeneous expression in cancer cells

5. Essential molecules for cell survival (to avoid loss of expression)
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A*2402 (+) patients with advanced ESCC, and the evidence in the phase I trial

supported a recommendation moving forward to the phase II trial [21]. In the

following phase II trial, 60 ESCC patients who failed the standard therapy were

enrolled [15]. All enrolled patients had received the vaccination without knowing

HLA-A type, and the HLA type were key-opened at analysis point, and then, the

endpoints were evaluated between HLA-A*2402 positive (24(+)) and

HLA-A*2402 negative (24(�)) group in subgroup analysis. As a result, the OS in

the 24 (+) group tended to be better than that in the 24(�) group. The PFS in the 24

(+) group was significantly better than that in the 24(�) group. The patients having

LY6K-, TTK-, and KOC1-specific CTL responses revealed the better OS in com-

parison to those not having CTL responses, respectively. We reported that the phase

II clinical trial of cancer vaccination demonstrated the immune response induced by

the vaccination could induce the better prognosis in advanced ESCC.

Another promising phase I/II trial of cancer vaccine with multiple antigenic

peptides, which consist of HLA class I- and II-binding peptides, is reported [22]. A

total of 96 renal cell cancer patients were treated with multi-peptide vaccine in

combination with cyclophosphamide. The trial showed the combination of multi-

peptide vaccine with cyclophosphamide could provide clinical survival benefits and

better induction rates of antigen-specific T cell responses. Therefore, a randomized

phase III trial is currently ongoing in Germany. In the report, authors concluded that

there was a significant role of cyclophosphamide to reduce a number of regulatory

T cells, leading to appropriate levels of antigen-specific T cell responses, and that

vaccination with multiple antigenic peptides with HLA class I- and II-binding

capacities played an important role in inducing clinical benefits.

10.2.2 MAGRIT Trial (MAGE-A3 Vaccine)

It is generally believed that MAGRIT trial (the phase III trial of cancer vaccine with

MAGE-A3 against non-small cell lung cancer) is a promising clinical trial to show

the clinical benefit of cancer vaccine. The reasons are (1) the trial is performed as an

adjuvant setting for patients with curatively resected tumors, (2) MAGE-A3 is a

well- characterized tumor antigen, and (3) the preceding phase II trial was shown to

have a promising result.

MAGE-A3 is a well-characterized cancer-testis antigen [23] that is selectively

expressed on tumor cells, but not expressed in normal cells except for the testes,

where MHC molecules are not expressed. Immunogenicity of MAGE-A3 was

extensively evaluated at both peptide and cellular levels in vivo as well as

in vitro. In lung cancer, MAGE-A3 expression increases with tumor stage; the

antigen is expressed in approximately 35 % of lung tumors [24]. The pharmaceu-

tical company, GlaxoSmithKline (GSK), has been developing a cancer vaccine

strategy using MAGE-A3 protein with several combinations of adjuvants, which

can stimulate DCs and enhance antigen uptake by DCs. In the phase II study of the

MAGE-A3 vaccine, 182 patients with curatively resected, MAGE-A3-positive
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NSCLC tumors (stages IB and II) were randomly assigned to receive MAGE-A3

vaccine or placebo at 2:1 ratio. Although the primary end point of the trial, disease-

free survival, was not significantly different between the two groups (HR 0.74,

95 % CI 0.44–1.2, P¼ 0.107), there was a promising tendency of better disease-free

survival in the vaccine group (data not published and available in the meeting

proceeding). Of note, a tumor gene-expression profile was investigated in this phase

II clinical trial and revealed a 43 % relative risk reduction for recurrence in the

vaccine-treated group in patients with a favorable gene-signature profile (HR 0.57,

95 % CI 0.25–1.34, P¼ 0.99). These data supported the design and initiation of a

large phase III trial, called MAGRIT.

In the MAGRIT trial, 2,270 patients with curatively resected tumors expressing

MAGE-A3 were randomly assigned to receive either vaccine or placebo setting as

same as the previous phase II trial, but with some modification of adjuvant.

Notably, this trial is the largest interventional study of cancer vaccine, attracting

a huge interest in immunotherapy all over the world. Disappointedly, the prelimi-

nary results from the MAGRIT trial has just been released (March 2014), where

cancer vaccine did not significantly extend the disease-free survival compared to

the placebo group (only available in the press release). More detail analysis relating

to the favorable gene-signature profile is waiting.

10.3 Combination Therapy of Peptide Vaccine

with Immune Checkpoint Blockade

Modern engineering technologies enabled to generate mAbs specific for certain

target molecules, and recent breakthrough results from therapeutic mAbs inhibiting

immune checkpoints such a CTLA4 and PD-1 could pave the way to a new field of

cancer immunotherapy. Of note, animal and preclinical data suggested that there

was a strong synergy between tumor vaccines and inhibition of immune check-

points [25]. Anti-CTLA4 and anti-PD-1 mAbs strongly enhance the amplitude of

vaccine-induced antitumor responses in many poorly immunogenic tumor models

[25, 26]. However, in contrast to animal models, there was no synergistic effect

between cancer vaccine and anti-CTLA4 mAb in a pivotal phase III RCT, in which

combination of gp100 peptide vaccine with anti-CTLA4 mAb did not show any

survival benefits compared to the group with anti-CTLA4 mAb alone [27]. Optimal

strategies to enhance the synergistic effect between antigen-specific immunother-

apy and immune checkpoint blockade are desirable in clinical settings.
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10.4 Conclusion and Future Prospective

To prove clinical benefits of cancer vaccine is currently difficult, except for one

phase III trial that has documented improved overall survival with the vaccine,

Sipuleucel-T, although induction of antitumor immune responses through cancer

vaccine is theoretically promising. In contrast, immune checkpoint blockade with

anti-CTLA4 mAb and anti-PD-1 mAb has demonstrated clear evidence of objective

responses, driving renewed enthusiasm for cancer immunotherapy in multiple

cancer types. It would be ideal to combine antigen-specific immunotherapy such

as cancer vaccine with immune checkpoint blockade.
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Chapter 11

Personalized Peptide Vaccine

Masanori Noguchi

Abstract Selection of suitable peptide vaccines for individual patients based on

the preexisting host immunity before vaccination could induce potent antitumor

responses that provide clinical benefit to cancer patients. We have developed a

novel immunotherapeutic approach of personalized peptide vaccination (PPV) in

which a maximum of four human leukocyte antigen (HLA) class IA-matched

peptides are selected for vaccination among pooled peptides on the basis of both

HLA class IA type and the preexisting host immunity before vaccination. We

conducted a series of phase I and phase II clinical trials of PPV, which have

shown better antigen-specific immune responses and promising clinical outcomes

in patients with various types of advanced cancers. Further randomized phase III

trials would be recommended to prove the clinical benefits of PPV. In addition,

novel biomarkers for selecting patients who would benefit most from PPV remain

to be identified.

Keywords Immunotherapy • Personalized peptide vaccine • Cancer vaccine •

Advanced cancer • Biomarker • Clinical trial

11.1 Introduction

Since the identification of tumor-associated antigens (TAA) in different tumor

histological types, many cancer vaccination strategies have been investigated,

including peptide-based vaccines, recombinant DNA- or protein-based vaccines,

and cell-based vaccines. Results from early trials, although demonstrating the

feasibility and the good toxicity profile of this approach, provided evidence of

clinical activity in only a minority of patients [1]. However, there have recently

been noteworthy advances in the clinical application of immunotherapy. In 2010,

sipuleucel-T (Provenge; Dendreon Corporation, Seattle, WA), an autologous cel-

lular immunotherapy product designed to stimulate T-cell immune responses

against human prostatic acid phosphatase (PAP), was first approved for patients
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with castration-resistant prostate cancer (CRPC) by the US Food and Drug Admin-

istration (FDA) [2]. In addition, another immunotherapeutic agent, ipilimumab, an

anti-cytotoxic T-lymphocyte antigen (CTLA)-4 monoclonal antibody, was also

approved for melanoma patients by the FDA in 2011 [3]. Despite these significant

advances, however, most other randomized clinical trials of immunotherapies have

so far failed to show beneficial therapeutic effects in patients compared to existing

treatments [4]. The failure of recent clinical trials has raised several issues that need

to be addressed for the successful development of cancer vaccines. We describe

here a novel immunotherapeutic approach, “personalized peptide vaccination

(PPV),” in which a maximum of four human leukocyte antigen (HLA) class

IA-matched peptides are selected for vaccination from a pool of peptides on the

basis of both HLA class IA type and the preexisting host immunity before vacci-

nation. This strategy may confer several advantages, such as the possibility of

bypassing both immunological diversity and tumor heterogeneity. For example,

“personalized” antigens with preexisting immunity, which are designed to stimulate

antigen-specific memory T cells, could be expected to induce rapid and strong

secondary immune responses. For example, we previously reported that PPV

quickly induced infiltration of CD45RO+ memory T cells, rather than naı̈ve T

cells or B cells, into cancer tissues [5]. In addition, selection of multiple epitopes for

PPV could reduce the risk of tumor escape through existence and/or induction of

antigen-negative clones escaping peptide-specific immune responses. Indeed, it

would be relatively rare that tumor cells escape from peptide-specific immune

responses by simultaneously losing all of multiple antigens selected for

vaccination.

11.2 Personalized Peptide Vaccine (PPV)

A large number of tumor-associated antigens (TAA) have been identified by several

different approaches, including complementary DNA (cDNA) expression cloning

[6], serologic analysis of recombinant cDNA expression libraries (SEREX) [7], and

a reverse immunological approach. Since 1995, when Hu et al. reported the first

clinical trial of the vaccination of a peptide derived from melanoma antigen gene-1

(MAGE-1) [8], many clinical trials of peptide vaccines have been reported

[9, 10]. In earlier stages of clinical trials of peptide vaccines, one to several HLA

class I-restricted peptides emulsified with Montanide ISA51, a clinical grade of

Freund’s incomplete adjuvant, were employed. Although the early-phase clinical

trials demonstrated the feasibility and good toxicity profile of this approach, most of

the late-phase randomized trials, other than few exceptions [11], failed to show

beneficial therapeutic effects in patients compared to existing treatments

[9, 10]. Therefore, a variety of new types of peptide-based vaccines, including

PPV, multiple-peptide vaccine, hybrid peptide vaccine, and long peptide vaccine,

have been developed [12, 13].
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Cancer patients possess antitumor immunity, which may depend strongly on

both the tumor cell characteristics and the immunological status of the host [14–

17]. The antitumor immunity might differ widely among individuals, since the

tumor cell characteristics and the host immune cell repertoires are quite diverse and

heterogeneous among patients, even among those with identical HLA types and the

same pathological types of cancer. Nevertheless, before patients are enrolled in

clinical trials of cancer vaccines, the expressions of vaccine antigens in tumor cells

are sometimes confirmed, but the immunological statuses of the hosts are rarely

evaluated. Considering the complexity and diversity of the host immune cell

repertoires, it is likely that vaccine antigens that are selected and administered

without considering the host immunological status might not efficiently induce

beneficial antitumor immune responses [17]. Since, in most clinical trials of

therapeutic cancer vaccines, common antigens are employed for vaccination inde-

pendently of the immunological status of patients [9, 10], the low clinical efficacies

might be explained at least in part by mismatches between the vaccine antigens and

the host immune cell repertoires. To evaluate the host immune cell repertoires, we

examine patients’ preexisting immunity to a panel of vaccine candidates before

vaccination and select appropriate vaccine antigens with immunological memory in

each patient [18]. Vaccine antigens, to which patients already possess antigen-

specific immunological memory, are expected to cause quick and strong secondary

immune responses after vaccination (Fig. 11.1). In contrast, vaccinations with

inadequate antigens without immunological memory could not easily provide

clinical benefits, especially in advanced cancer patients who show higher disease

progression [19]. In light of this, it would be quite reasonable to select vaccine

antigens on the basis of the preexisting immune cell repertoires in each patient.

Conventional  peptide 
vaccine

Personalized peptide 
Vaccine (PPV)

Common antigens

Pre-existing  immunity (-) 

Antigen-specific memory cells (-)

Pre-existing  immunity (+)

Antigen-specific memory cells (+)

Pre-selected antigens

Slow and weak primary 

Immune response

Quick and strong secondary 

Immune response

Cancer cells

Fig. 11.1 Concept of personalized peptide vaccination. Patients who have an immunological

memory to vaccine antigens are expected to show quick and strong immune responses to them. In

contrast, patients with no immunological memory against vaccine antigens would take more time

to develop effective antitumor immune responses because several rounds of repeated vaccinations

might be required to prime antigen-specific naı̈ve T cells to functional effector cells
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11.2.1 Rationale for PPV

Cancer cells can develop various mechanisms to accelerate malignant behavior

[14]. For example, it has been well recognized that cancer cells might escape the

host’s immunological surveillance. After the interaction/competition between

tumor cells and host immune cells, tumor cell variants resistant to the immunolog-

ical pressure often emerge through the selection of mutants with reduced antige-

nicity [14]. Therefore, the selection and administration of multiple vaccine antigens

could reduce the risk of tumor escape through the existence and/or induction of

antigen-negative variants escaping antigen-specific immune responses [15, 20],

since it would be rare for tumor cells to simultaneously lose all of the multiple

antigens selected for vaccination.

Collectively, our new concept of “personalized” cancer vaccine formulation,

where multiple peptide antigens are selected for vaccination by the preexisting host

immunity from a list of vaccine candidates, may confer several advantages, includ-

ing the possibility of bypassing both immunological diversity and tumor

heterogeneity.

11.2.2 PPV Procedures

For PPV, a maximum of four peptides are selected based on the results of HLA

typing and the preexisting immune responses specific to each of the 31 HLA class

I-restricted cytotoxic T lymphocyte (CTL) epitope peptides with minimal optimal

lengths (9-mer or 10-mer): 12 peptides for HLA-A2, 14 peptides for HLA-A24,

9 peptides for HLA-A3 supertype (A3, A11, A31, or A33), and 4 peptides for

HLA-A26 (Table 11.1). These peptides were identified mainly through the cDNA

expression cloning method with tumor-infiltrating T-lymphocyte lines [18, 21–

27]. The safety and potential immunological effects of these vaccine candidates

have been demonstrated in clinical studies [18, 28, 29]. It should be noted that we

currently employ these 31 CTL epitopes, which are also shown to induce antigen-

specific B-cell immune responses, as vaccine antigen candidates for PPV, since it

has been suggested that a CTL peptide with the ability to induce antigen-specific

B-cell responses could provide more effective immune responses than a CTL

peptide without it [30, 31].

Although short peptide epitopes with minimal optimal lengths have been

reported to bear the potential to induce immune tolerance rather than activate

antigen-specific immune responses [32–34], our PPV formulation with short epi-

topes has been demonstrated to efficiently induce antigen-specific IFN-γ-producing
CD8+ T cells but not tolerance to them, possibly because only immunogenic

epitopes are selected in each patient by screening before vaccination. Although

long synthetic peptides have shown excellent immune responses and promising
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Table 11.1 Peptide candidates used for personalized peptide vaccines (PPV)

Original

protein

Peptide

name

Position of

peptide

Amino acid

sequence HLA restriction

Cyclophilin B CypB-129 129–138 KLKHYGPGWV A2, A3sup

p56 lck Lck-246 246–254 KLVERLGAA A2

p56 lck Lck-422 422–430 DVWSFGILL A2, A3sup

ppMAPkkk MAP-432 432–440 DLLSHAFFA A2, A26

WHSC2 WHSC2-103 103–111 ASLDSDPWV A2, A3sup, A26

HNRPL HNRPL-501 501–510 NVLHFFNAPL A2, A26

UBE2V UBE-43 43–51 RLQEWCSVI A2

UBE2V UBE-85 85–93 LIADFLSGL A2

WHSC2 WHSC2-141 141–149 ILGELREKV A2

HNRPL HNRPL-140 140–148 ALVEFEDVL A2

SART3 SART3-302 302–310 LLQAEAPRL A2

SART3 SART3-309 309–317 RLAEYQAYI A2

SART2 SART2-93 93–101 DYSARWNEI A24

SART3 SART3-109 109–118 VYDYNCHVDL A24, A3sup,

A26

p56 lck Lck-208 208–216 HYTNASDGL A24

PAP PAP-213 213–221 LYCESVHNF A24

PSA PSA-248 248–257 HYRKWIKDTI A24

EGFR EGFR-800 800–809 DYVREHKDNI A24

MRP3 MRP3-503 503–511 LYAWEPSFL A24

MRP3 MRP3-1,293 1,293–1,302 NYSVRYRPGL A24

SART2 SART2-161 161–169 AYDFLYNYL A24

p56 lck Lck-486 486–494 TFDYLRSVL A24

p56 lck Lck-488 488–497 DYLRSVLEDF A24

PSMA PSMA-624 624–632 TYSVSFDSL A24

EZH2 EZH2-735 735–743 KYVGIEREM A24

PTHrP PTHrP-102 102–111 RYLTQETNKV A24

SART3 SART3-511 511–519 WLEYYNLER A3sup

SART3 SART3-734 734–742 QIRPIFSNR A3sup

p56 lck Lck-90 90–99 ILEQSGEWWK A3sup

p56 lck Lck-449 449–458 VIQNLERGYR A3sup

PAP PAP-248 248–257 GIHKQKEKSR A3sup

A3sup HLA-A3 supertype (A3, A11, A31, or A33), EGFR epidermal growth factor receptor,

EZH2 enhancer of zeste homolog 2, HNRPL heterogeneous nuclear ribonucleoprotein L,

ppMAPkkk partial putative mitogen-activated protein kinase kinase kinase, MRP3 multidrug

resistance-associated protein 3, PAP prostatic acid phosphatase, PSA prostate-specific antigen,

PSMA prostate-specific membrane antigen, PTHrP parathyroid hormone-related peptide, SART2
squamous cell carcinoma antigen recognized by T cells 2, SART3 squamous cell carcinoma

antigen recognized by T cells 3, UBE2V ubiquitin-conjugated enzyme variant Kua, WHSC2
Wolf-Hirschhorn syndrome candidate 2
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clinical results in some clinical trials [35, 36], we do not currently use long peptides

for PPV, since they may contain undesirable T-cell epitopes that activate other

immune cells, such as T helper two cells and/or regulatory T cells [37, 38], which

could negatively affect beneficial antigen-specific immune responses.

11.3 Clinical Trials of PPV for Advanced Cancers

To date, a series of phase I, I/II, and II clinical trials of PPV have been conducted in

the past several years for various types of advanced cancer patients. We have

summarized the observed immune and clinical responses in advanced cancer

patients induced by the PPV (Table 11.2). In the following sections, we provide a

more detailed account of these studies, categorized by the different cancer types.

11.3.1 Castration-Resistant Prostate Cancer (CRPC)

Most prostate cancer-related deaths occur in patients with advanced CRPC. Che-

motherapy plays only a palliative role in the treatment of prostate cancer, although

two docetaxel-based randomized clinical trials demonstrated a survival benefit of

only 2.4 months compared with those with mitoxantrone and prednisone in CRPC

patients. A large number of agents and treatment strategies including immunother-

apy are currently under investigation for various stages of CRPC. Indeed, several

immunotherapy strategies for advanced CRPC, such as single-peptide-based vac-

cine, multiple-peptide-based vaccine, cell-based vaccine, viral vaccine, antibody-

based therapy, and their combination with other therapies, have been evaluated. In

phase I studies of PPV for advanced CRPC, we have reported the increase in

cellular and humoral immune responses and decrease in PSA levels in some

patients [39–41]. Phase I dose-escalation study of PPV for CRPC with 1, 3, and

5 mg/peptide injection showed that a dose of 3 mg/peptide injection was better than

those of 1 and 5 mg/peptide injections in terms of the induction of cellular immune

responses to peptides, although the maximum tolerated dose (MTD) was not

estimated [39]. In a phase I/II study, 58 patients with HLA-A2+ or HLA-A24+

with CRPC were treated with a combination of PPV and low-dose estramustine

phosphate (EMP) [42]. As a result, the majority (76 %) of patients showed a

decreased serum PSA level, along with a median survival time (MST) of 17 months

(95 % confidence interval: 95 % CI, 12–25 months). In addition, this study showed

that a small number of lymphocytes, a negative immunological response after PPV,

and poor performance status were independent predictors of disease-related death.

In this study, long MST with the combination therapy supports the hypothesis that

this combination with a low-dose cytotoxic drug produces additional antitumor

effects with minimum immunosuppression. Sequentially, we conducted a random-

ized, crossover, phase II trial of PPV plus low-dose EMP comparing standard-dose
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EMP in HLA-A2+ or HLA-A24+ patients with CRPC [43]. Median progression-free

survival (PFS) was 8.5 months in the PPV group and 2.8 months in the EMP group

with a hazard ratio (HR) of 0.28 (95 % CI, 0.14–0.61; log-rank p¼ 0.0012), and the

MST for the PPV plus low-dose EMP group was 22.4 months, while the MST for

the standard-dose EMP group was 16.1 months (95 % CI, 8.0–13.4 months)

(P¼ 0.0328). The HR for overall survival was 0.3 in favor of the PPV plus

low-dose EMP group. These results suggest that PPV is well tolerated and active

in CRPC patients. In another phase II study, we compared the MST in docetaxel-

based chemotherapy (DBC)-resistant CRPC patients treated by PPV (n¼ 20) with a

historical control (n¼ 17) [44]. MST from the first day of progressive disease

(PD) was 17.8 and 10.5 months in DBC-resistant CRPC patients receiving PPV

and those with no PPV, respectively. These encouraging preliminary study results

suggested that PPV warrants further study as a novel therapy for CRPC patients

with PD after DBC. Now, a phase III randomized clinical trial of PPV is under way

in DBC-resistant CRPC patients.

11.3.2 Glioblastoma Multiforme (GBM)

Although immunotherapy is theoretically attractive due to the discovery of TAAs

and peptides capable of inducing specific immunity in patients with GBM, previ-

ously conducted immunotherapy trials failed to provide evidence of any definite

clinical benefit in patients with GBM. One of the potential hurdles hindering the

development of effective immunotherapy for the treatment of GBMs is the blood-

brain barrier, but recent studies have shown that it does not always function in cases

involving recurrent GBMs. We previously showed the feasibility of vaccination

with PPV for advanced GBM patients in a phase I study [45]. Twenty-one patients

received more than six vaccinations, and clinical responses were 5 cases of partial

response (PR), 8 of stable disease (SD), and 8 of PD with MST of 20.7 months in

this study. More importantly, significant levels of peptide-specific IgG were

detected in the postvaccination tumor cavity or spinal fluid of all of the tested

patients who showed favorable clinical responses. Another clinical study showed

the safety and increased immune boosting with potential clinical benefits in cases of

recurrent or progressive GBM, even in temozolomide-refractory settings [46]. On

the basis of these promising results, double-blind randomized phase III trials are

currently underway in GBM patients.

11.3.3 Pancreatic Cancer and Biliary Tract Cancer

We have conducted a phase I trial of PPV in 13 HLA-A2+ or HLA-A24+ patients

with advanced pancreatic cancer, where the patients were treated by PPV at three

different doses (1, 2, or 3 mg/peptide) in combination with gemcitabine (GEM)
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[47]. This combination therapy was well tolerated, and 11 of 13 patients (85 %)

showed reduced tumor sizes and/or levels of tumor markers. Peptide-specific CTL

responses were augmented at each dose level, and the increment of peptide-specific

IgG antibodies was dependent on the peptide dose. These findings suggested that

GEM did not inhibit the immune responses induced by PPV. Subsequently, we

conducted a phase II trial of PPV in combination with GEM to evaluate the safety,

clinical efficacy, and antigen-specific immune responses as a frontline therapy for

21 HLA-A2+ or HLA-A24+ nonresectable patients with advanced pancreatic cancer

[48]. This combination therapy was also well tolerated, and the best clinical

responses were PR in 7, SD in 9, and PD in 5 patients. The MST of all 21 patients

was 9 months with a 1-year survival rate of 38 %, which was better than that

reported for GEM alone (MST of 5.7 months with a 1-year survival rate of 18 %)

[49]. Importantly, the MST was 15 months in patients who showed immunological

responses to vaccine peptides. We also conducted a phase II clinical trial of PPV in

25 HLA-A2+ or HLA-A24+ chemotherapy-resistant patients with advanced biliary

tract cancer [50]. When two to four vaccine peptides selected by preexisting

immunity were administered to the patients in this study, humoral and/or T-cell

responses specific to the vaccine antigens were substantially induced in a subset of

the patients without severe adverse events. Greater numbers of selected and vacci-

nated peptides were significantly favorable factors for overall survival

(HR¼ 0.258, 95 % CI¼ 0.098–0.682, P¼ 0.006) in this study.

11.3.4 Colorectal and Gastric Cancer

We reported previously that SART3 is expressed in the majority of colorectal

cancers and that two to three SART3-derived peptides are present in the majority

of cancer patients with HLA-A24+ and HLA-A2+ [21, 51–53]. In a phase I clinical

trial of PPV on ten patients with advanced colorectal cancer, we observed one PR

and one SD continuing for more than 6 months [53]. These PR and SD cases were

vaccinated with three kinds of SART3- and p56lck-derived peptides, suggesting that

the combination of these peptides might constitute a promising vaccine strategy for

advanced colorectal carcinomas. In addition, a phase I/II clinical trial of PPV in

combination with oral administration of a 5-fluorouracil derivative (TS-1) in

advanced gastric or colorectal cancer patients indicated that administration of the

standard dose of TS-1 in combination with PPV does not necessarily impede

immunological responses in these cancer patients and actually maintains or aug-

ments them [54]. Another phase I clinical trial of PPV in 13 patients with advanced

gastric cancer demonstrated prolonged survival and cellular and humoral immune

responses to the vaccinated peptides in the postvaccination samples, including

those of all four patients with the scirrhous type [55]. Even though only a small

number of selected patients were treated, the encouraging clinical response war-

rants further studies of PPV in colorectal and gastric cancers.
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11.3.5 Lung Cancer

The prognosis of advanced lung cancer patients remains very poor with a median

survival time of around 6–10 months. Phase I and II studies of PPV in a small

number of patients with refractory non-small cell lung cancer (NSLC) showed

longer survival (MST of 10.1–15.2 months) [56, 57] than in previous reports. A

clinical study of advanced small-cell lung cancer (SCLC) showed the feasibility of

PPV since there were higher rates of peptide-specific immunological boosting after

PPV [58]. In order to identify potential biomarkers for predicting overall survival in

advanced lung cancer patients, we retrospectively analyzed pre-vaccination clinical

findings and laboratory data. In patients with refractory NSLC, a higher C-reactive

protein (CRP) level before vaccination and a low frequency of CD3+CD26+ cells

after vaccination were significant predictors of unfavorable overall survival [57]. In

patients with refractory SCLC, the number of previous chemotherapy treatments

and the frequency of CD3+CD26+ cells in PBMCs before vaccination were poten-

tial prognostic predictors in patients who received PPV [58]. These findings

demonstrate that less inflammation may contribute to better responses to the PPV,

suggesting that evaluation of the inflammatory factors before vaccination could be

useful for selecting appropriate cancer patients for PPV.

11.3.6 Other Cancers

We have also conducted phase I clinical trials for other advanced cancers including

metastatic renal cell carcinoma (RCC), malignant melanoma, gynecologic cancers,

and bladder cancer [59–62]. All of these studies demonstrated that PPV was safe

and well tolerated with no major adverse effects and that more immune responses

were observed in the majority of patients after PPV than with the predesignated

peptide vaccination. Some patients treated by PPV showed objective clinical

responses evaluated by the Response Evaluation Criteria in Solid Tumors with

boosted immune responses: CR in one patient with chemotherapy-resistant

advanced bladder tumor and PR in two patients with cervical cancer

[59, 62]. These results indicate that PPV can be applied in further clinical trials

aimed at the treatment of these cancers.

11.3.7 Biomarkers for PPV

Recent clinical trials of cancer immunotherapies, including peptide-based cancer

vaccines, have demonstrated that only a subset of patients show clinical benefits.

Furthermore, unexpectedly, some large clinical trials in the past several years have

demonstrated that cancer vaccines might sometimes show worse clinical outcomes
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[4, 63]. It would thus be important to identify predictive biomarkers that could

accurately assess antitumor immune responses and predict patient prognosis fol-

lowing the administration of cancer vaccines. In some clinical trials, several

postvaccination biomarkers, including CTL responses, Th1 responses, delayed-

type hypersensitivity (DTH), and autoimmunity, have been reported to be associ-

ated with clinical responses [64–67]. However, there are currently no validated

biomarkers for cancer vaccines in widespread use.

To identify biomarkers for PPV, we statistically reviewed 500 advanced cancer

patients undergoing PPV from October 2000 to October 2008 [29]. Both lympho-

cyte counts before vaccination (P¼ 0.0095) and increased IgG response

(P¼ 0.0116) to the vaccine peptides after vaccination, along with performance

status (P< 0.0001), were well correlated with overall survival. In CRPC patients

treated with PPV (n¼ 40), a comprehensive study of soluble factors assessed by

multiplexed bead array in plasma and gene expression profiles by DNA microarray

in PBMC demonstrated that higher IL-6 level and granulocytic myeloid-derived

suppressor cells (MDSC) in the peripheral blood before vaccination were closely

related to poorer prognosis in the vaccinated patients [68]. By multivariate Cox

regression analyses in patients with refractory NSCLC (n¼ 41), higher C-reactive

protein (CRP) level before vaccination was a significant predictor of unfavorable

overall survival (HR¼ 10.115, 95 % CI¼ 2.447–41.806, P¼ 0.001) [57]. In addi-

tion, in refractory biliary tract cancer patients (n¼ 25), multivariate Cox regression

analyses showed that higher IL-6 and lower albumin levels before vaccination were

significantly unfavorable factors for overall survival [HR¼ 1.123, 95 %

CI¼ 1.008–1.252, P¼ 0.035; HR¼ 0.158, 95 % CI¼ 0.029–0.860, P¼ 0.033,

respectively] [50].

Collectively, these findings suggested that less inflammation may contribute to

better responses to PPV, indicating that the evaluation of inflammatory factors

before vaccination could be useful for selecting cancer patients who are appropriate

for PPV. An early-phase clinical trial is under way to reveal whether or not the

blockage of IL-6-mediated inflammatory signaling with a humanized anti-IL-6

receptor monoclonal antibody, tocilizumab, would be beneficial for enhancing the

immune and/or clinical responses after PPV in advanced cancer patients who show

higher plasma IL-6 levels [69, 70].

11.4 Conclusions

The field of immunotherapy has advanced dramatically during the past 20 years, but

there have remained several issues to be addressed in order to achieve successful

cancer vaccine development. In view of the complexity and diversity of the

immunological characteristics of tumors and the immune cell repertoires of hosts,

selection of suitable peptide vaccines for individual patients based on the

preexisting host immunity before vaccination could induce potent antitumor

responses that provide clinical benefit to cancer patients. We have shown promising
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results of PPV as a new treatment modality for patients with various types of

advanced cancer. Further randomized phase III clinical trials are essential to

prove the clinical benefits of PPV. In addition, novel biomarkers for selecting

patients who would benefit most from PPV remain to be identified.

Disclosure Statement The author indicated no potential conflict of interest.
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Chapter 12

WT1 Peptide Vaccine for the Treatment

of Malignancies: Its Development, Recent

Progress, and Future Perspectives

Yoshihiro Oka, Akihiro Tsuboi, Hiroko Nakajima, Fumihiro Fujiki,

Sumiyuki Nishida, Soyoko Morimoto, Jun Nakata, Yoshiki Nakae,

Satoshi Takashima, Naoya Tatsumi, Naoki Hosen, Yusuke Oji,

and Haruo Sugiyama

Abstract Wilms’ tumor gene (WT1) possesses oncogenic functions and is

expressed in various hematological malignancies and solid cancers, and the gene

product WT1 protein is highly immunogenic, which indicates that WT1 should be a

promising target antigen for cancer immunotherapy. The identification of human

WT1 cytotoxic T lymphocyte (CTL) epitopes and the demonstration using a mouse

model that WT1 could serve in vivo as a target antigen for cancer immunotherapy

were reported in 2000. Based on these findings, clinical trials for WT1 peptide
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vaccine were started. The early clinical trials demonstrated that the WT1 peptide

vaccination could induce WT1-specific immunological response such as an

increase in WT1-specific CTL frequency, resulting in occurrence of clinical

response such as a decrease in leukemia/solid tumor load, which strongly suggested

the therapeutic potential of the WT1 peptide vaccine for the treatment of malig-

nancies. A review article published in 2009 in a prestigious journal gave WT1 the

highest ranking as a target antigen for cancer immunotherapy. Now, cases which

showed immunological and/or clinical responses with treatment by WT1 peptide

vaccine are being accumulated. Some of the recent clinical trials showed note-

worthy results, such as the demonstration that WT1 peptide vaccination may lead

acute myeloid leukemia patients with minimal residual disease to a cure and that the

vaccination may prevent relapse of patients with hematological malignancies who

have received allogeneic hematopoietic stem cell transplantation but are at high risk

of relapse. In addition, clinical usefulness of the WT1 peptide vaccine combined

with chemotherapy drugs or molecular target-based drugs was also suggested.

Continuing progress of WT1-targeting immunotherapy, a translational research

based on basic research, should lead to innovative development of cancer immuno-

therapy. Furthermore, comprehensive analysis of the samples obtained from the

patients treated with the WT1-targeting immunotherapy, a reverse-translational

research, should contribute to the elucidation of cancer immunity mechanisms.

Keywords WT1 • Immunotherapy • Cancer vaccine • Peptide vaccine • Cancer

antigen

12.1 WT1 as a Prime Target Antigen for Cancer

Immunotherapy: The Highest Ranking as the Target

Antigen Has Been Given to WT1

In a review article of a prestigious journal, Clinical Cancer Research, published in

2009, Wilms’ tumor gene (WT1) product, WT1 protein, was rated as the most

promising target antigen for cancer immunotherapy among many such target anti-

gens identified until then [1]. Its primacy was determined based on results of a

series of investigations, some of which are referred to in this article. Although the

ratings of the target antigens may vary depending on how the authors weigh criteria

for evaluation, it has become clear that WT1 is one of the prime target antigens for

cancer immunotherapy [1–3].

One of the crucial reasons for this highest ranking is that WT1 possesses an

essentially appropriate character so that the gene product WT1 could serve as a

target antigen for cancer immunotherapy. The crucial character of the gene is that it

plays important roles in maintaining oncogenic function of cancer cells [3–5]. In

view of the gene’s character, it seems unlikely that cancer cells escape from

immunological attack when WT1 is used as a target antigen for immunotherapy

[3]. Another advantage of WT1 is that it is expressed in various neoplasms,
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including hematological malignancies such as leukemia and many kinds of solid

cancers, for which we can apply WT1-targeting immunotherapy [2, 6–8]. Further-

more, it was reported that acute myeloid leukemia (AML) stem cells expressed

WT1, which suggested that WT1-directed immunotherapy could target leukemia/

cancer stem cells [9]. In addition, it was reported that not only cancer cells

themselves but also tumor vessels express WT1, indicating the possibility that

tumor vessels could also become a target for WT1-directed immunotherapy [10].

Besides oncogenic function of WT1 gene and its expression in various kinds of

cancer and tumor vessels, the high immunogenicity of WT1 protein, which was

demonstrated in a series of investigations and is described later in this chapter, is

also an advantageous character of WT1 to become a prime target antigen for cancer

immunotherapy.

12.2 Identification of WT1 CTL Epitopes, Which Is Really

the Start for the Invention and Development

of WT1-Targeting Cancer Immunotherapy

To activate WT1-specific cytotoxic T lymphocytes (CTLs) in patients, we perform

intradermal or subcutaneous injection of WT1 CTL epitope peptides with

immunoadjuvant. Therefore, identification of WT1 protein-derived peptides that

are able to induce WT1-specific CTLs, i.e., WT1 CTL epitopes, is essential for

development of WT1 peptide vaccine. And, the successful identification of the

WT1 CTL epitopes indicates that WT1 is a tumor-associated antigen (TAA), a

target antigen for cancer immunotherapy.

The principle of WT1 peptide vaccination is as follows [11]. We inject WT1

CTL peptides with an adjuvant into the skin. The adjuvant activates dendritic cells

(DCs) present in the skin, and the injected peptides bind to HLA class I molecules

on the surface of the DCs. The activated DCs with the CTL peptides then move to

lymph nodes, where the DCs activate the “WT1 CTL peptide/HLA class I mole-

cule” complex-specific T cell receptor (TCR)-bearing CD8+ T cells, which become

the WT1 peptide-specific CTLs with the restriction of the HLA class I type. On the

other hand, since WT1 protein, a target antigen, in tumor cells is divided to small

pieces of peptides, followed by presentation of the peptides with HLA class I

molecules on the cell surface of the tumor cells, the WT1-specific CTLs are able

to attack the tumor cells through recognition of the “WT1 peptide/HLA class I

molecule” complex on the cell surface.

Identification of human WT1 CTL epitope was first reported independently by

three groups, including ours, in 2000 (Table 12.1). In 2000, we, Oka et al., reported

on identification of two WT1 CTL epitopes, the 9-mer WT1-126 and WT1-187

peptides, with the restriction of HLA-A*02:01, which is one of the most common

HLA class I types [12]. For example, about 50 % of Caucasians and 20 % of

Japanese, respectively, possess HLA-A*02:01. Soon after the publication of our
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study, Gao et al. also reported on identification of WT1-126 peptide as an

HLA-A*02:01-restricted CTL epitope, using allo-restricted CTL approach that

should be independent of immunologic tolerance, in which they showed that

WT1-126 peptide-specific CTLs with HLA-A*02:01 restriction could be generated

from HLA-A*02:01-negative donors [13]. It was afterward confirmed by another

group that both WT1-126 and WT1-187 could serve as CTL peptides in humans

[14]. As for HLA class I types other than A*02:01, Ohminami et al. reported, also in

2000, identification of a WT1 CTL epitope, 9-mer WT1-235 peptide, with the

Table 12.1 Identification of WT1 cytotoxic T lymphocyte (CTL) epitope peptides

Human

HLA-A*02:01 restriction

Publication

year

Peptide namea Peptide sequence References

2000 WT1-126b RMFPNAPYL Oka et al. [12] and Gao et al. [13]c

2000 WT1-187d SLGEQQYSV Oka et al. [12]

2005e WT1-37 VLDFAPPGA Rezvani et al. [18]e

2006 WT1-126

modified

YMFPNAPYLf Pinilla-Ibarz et al. [21]

HLA-A*24:02 restriction

2000 WT1-235g CMTWNQMNL Ohminami et al. [15]

2002 WT1-235

modified

CYTWNQMNLh Tsuboi et al. [16]

2002 WT1-417 RWPSCQKKF Azuma et al. [17]

HLA-A*01 restriction

2006 WT1-317 TSEKRPFMCAY Asemissen et al. [20]

Mouse

H-2Db restriction

2000 WT1-126b RMFPNAPYL Oka et al. [35]

H-2Kb restriction

2007 WT1-330i CNKRYFKL Ramirez et al. [38]
aPeptide names in this table are based on positions of the starting amino acids (N terminus) of each

peptide and the nomenclature in the original articles (reference papers)
bRMFPNAPYL is a common sequence between human and mouse, while anchor residues are

located at different positions between A*02:01of human and H-2Db of mouse
cGao et al. identified WT1-126 using allogeneic experimental system (see details in the text and

Ref. [13])
d
A*02:06 restriction was also shown by Li et al. later in 2008 [24]
eRezvani et al. referred to ASH meeting in 2001 (Smithgall et al. [19])
fUnderlined amino acid (Y: first) is the modified one
g
A*02:01 restriction was also shown by Bellantuono et al. later in 2002 (allogeneic experimental

system) [22] and by Li et al. in 2005 [23], respectively
hUnderlined amino acid (Y: second) is the modified one
iRamirez et al. identified WT1-330 using allogeneic experimental system (see details in the text

and ref. [38])

Besides WT1 peptides shown in this table, identification of immunogenic WT1 peptides based on

peptide mapping was recently performed. See details in the reference papers [25–27]
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restriction of HLA-A*24:02, which is the most frequent (50–60 %) HLA class I

type in Japanese, while a considerable proportion (about 20 %) of Caucasians

possess this HLA class I type [15]. Subsequently, we, Tsuboi et al., found that a

modified WT1-235 peptide (CYTWNQMNL) generated by a single amino acid

substitution at one of the two anchor positions of the natural WT1-235 peptide

(CMTWNQMNL) was able to induce a more robust WT1-specific CTL response

with the restriction of HLA-A*24:02, which was reported later in 2002 [16]

(Table 12.1). These WT1 CTL peptides, WT1-126, WT1-235, and modified

WT1-235, became prototypes of WT1 CTL epitope peptides used for clinical trials

of the WT1 peptide vaccine and analyses of WT1-specific CTL responses. Besides

them, other WT1 CTL peptides have also been identified [17–21], and furthermore,

some of WT1 CTL peptides were shown to cross-react to other HLA class I

molecules [22–24] (Table 12.1). Recently, the results of epitope mapping-based

analysis of immunogenic WT1 epitopes were also reported [25–27].

12.3 Evidence for High Immunogenicity of WT1 Protein/

Peptide in Humans

A series of investigations demonstrated that humoral and cellular immune response

against WT1 is naturally generated in patients with malignancies, thus indicating a

high immunogenicity of WT1.

We, Elisseeva et al., reported the detection of anti-WT1 antibodies of IgG as

well as IgM type more frequently in peripheral blood (PB) of patients with hemato-

logical malignancies than in that of healthy donors [28]. This finding indicated that

not only WT1-specific humoral immune response but also WT1-specific cellular

immune response, which is needed to induce immunoglobulin class switch from

IgM to IgG, was generated in these patients. Our subsequent investigation showed

that the IgG type WT1-directed humoral immune response in patients with hemato-

logical malignancies was Th1 biased, which is essentially important for

WT1-targeting immunotherapy [29]. More recently, we, Oji et al, demonstrated

that non-small cell lung cancer (NSCLC) patients with stages I–III who showed

elevation of IgG type anti-WT1 antibody had longer disease-free survival than

those who did not show the elevation. This finding suggested that WT1-directed

immunity was elicited in patients with NSCLC, and furthermore, that such

WT1-directed immunity might perform an important role in suppression of tumor

growth in this disease [30]. Another group, Gaiger et al., also reported on the

detection of anti-WT1 antibody in leukemia patients [31].

A series of investigations demonstrated spontaneous induction of a

WT1-directed cellular immune response, i.e., CTL response, in patients with malig-

nancies [2, 32–34]. It is noteworthy that it was also found that WT1-specific CTLs

may contribute to induction of the graft-versus-leukemia (GVL) effect after hemato-

poietic stem cell transplantation (HSCT) [33, 34]. This prompted us to perform
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WT1 peptide vaccination after HSCT to enhance the GVL effect, as is described

later in this chapter.

12.4 Mouse Models That Suggested In Vivo Efficacy

of WT1 Peptide Vaccination

To examine whether WT1 can serve as a target antigen for cancer immunotherapy,

mouse in vivo models are crucial. In 2000, we, Oka et al., demonstrated that

C57/BL6 mice, which had MHC class I H-2Db, vaccinated with H-2Db-restricted

WT1 peptide could reject the transplanted H-2Db+ tumor cells withWT1 expression
[35] (Table 12.1). The mouse WT1 peptide identified in this study was WT1-126

[35], which happens to have the same amino acid sequence as HLA-A*02:01-

restricted humanWT1-126, although mouse H-2Db and human HLA-A*02:01 have

different anchor positions for peptide binding. This mouse study [35], the study of

identification of humanWT1-126 CTL peptide reported by us [12], and the study of

identification of human WT1-235 CTL peptide reported by Ohminami et al. [15],

all of which were published in 2000, demonstrated the possibility that immuniza-

tion of patients with “the patient-bearing HLA class I-restricted WT1 CTL peptide”

could break tolerance to self-antigen WT1, thus leading to induction of

WT1-specific anticancer effect (Table 12.1).

In addition, in this in vivo mouse experiment, it is noteworthy that WT1-
expressing normal tissues, including kidney, were not damaged, even though

WT1-specific CTLs were induced by immunization of mice with the WT1 peptide,

leading to rejection of WT1-expressing tumor. This result strongly suggested that

WT1 peptide vaccination would not damage normal tissues in clinical settings,

either. Results of a subsequent series of in vivo mouse experiments for WT1 peptide

(WT1-126) vaccine further demonstrated that WT1 peptide vaccination damaged

tumors but not normal organs with WT1 expression, including kidney and bone

marrow (BM) progenitor cells [36, 37].

As a mouse CTL epitope besides WT1-126, Ramirez et al. identified H-2Kb-

restricted WT1-330, which could induce allo-MHC-restricted CTLs, while the

authors did not show the in vivo killing activity [38].

In some investigations, immunodeficient mice were used as a vehicle to examine

in vivo activity of human WT1-specific CTLs [14, 39]. In such an experimental

setting, human WT1-expressing tumor cells and human WT1-specific CTLs with

restriction of the tumor’s HLA class I type were transplanted into the immuno-

deficient mice, followed by examination of the CTL activity. For example,

Doubrovina et al. demonstrated that WT1-specific CTLs with restriction of

HLA-A*02:01 were accumulated in HLA-A*0201-positive tumor sites, leading to

regression of the tumor [14].
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12.5 Early and the Subsequent Clinical Trials That

Demonstrated the Therapeutic Potential of the WT1

Peptide Vaccine: “Proof of Concept” for the WT1

Peptide Vaccine

12.5.1 The First Case Reports of Clinical Response-Positive
WT1 Peptide Vaccination for Patients with Common
HLA Class I Types

In 2003, we, Oka et al., reported two HLA-A*24:02-positive myelodysplastic

syndrome (MDS)-related cases which showed reduction of leukemic cells and/or

WT1 mRNA levels, a marker of leukemic cell load, with the treatment by WT1

peptide vaccine composed of HLA-A*24:02-restricted modified WT1-235 peptide

and Montanide ISA51 adjuvant [40]. This report in 2003 was the first study that

clearly demonstrated the vaccine’s therapeutic potential in clinical setting

(Table 12.2). In this report, not only the successful reduction of leukemic cell

load but also leukocytopenia was observed. It was interpreted that most of the

blood cells in these patients with the MDS-related disease were derived fromWT1-
expressing abnormal hematopoietic stem or progenitor cells, and therefore, hemato-

poiesis of the patients was mainly sustained by these abnormal blood cells, which

were attacked by the vaccination-activated WT1-specific CTLs, thus resulting in

the leukocytopenia. The leukocytopenia could therefore be regarded as a reflection

of the vaccine’s clinical effect, as well as a side effect specific to MDS.

As for HLA-A*02:01 type, Mailänder et al. reported for the first time an

WT1-126 peptide-treated AML case in 2004, in which a reduction of blast cells

and the subsequent long-lasting complete remission (CR) by the treatment with an

HLA-A*02:01-restricted WT1 peptide (WT1-126) vaccine were shown [41]. The

two abovementioned reports are the first description of the clinical courses of the

patients with HLA-A*24:02 and the patient with HLA-A*02:01, respectively, in

which the WT1 peptide vaccine was shown to have the therapeutic potential

(Table 12.2). The vaccination-associated immunological response, such as an

increase in frequencies of WT1-tetramer+ CD8+ T cells, was also observed.

12.5.2 Accumulation of Clinical Studies with Positive
Results, Including Those That Show “Proof
of Concept” for WT1 Peptide Vaccine

In order to confirm that the clinical response observed after the WT1 peptide

vaccination is actually induced by the vaccination, it is essential to ascertain the

occurrence of the vaccination-induced immunological response and, furthermore, a

correlation between the immunological and the clinical response, which would lead
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lä
n
d
er

et
al
.
[4
1
]

2
0
0
4

L
u
n
g
ca
n
ce
rc

In
cr
ea
se

in
W
T
1
sp
ec
ifi
ca
ll
y

IF
N
γ-
se
cr
et
in
g
C
D
8
T
ce
ll
s,

en
h
an
ce
m
en
t
o
f
W
T
1
-s
p
ec
ifi
c

D
T
H

R
ed
u
ct
io
n
o
f
tu
m
o
r
m
ar
k
er
,

w
h
ic
h
w
as

m
ai
n
ta
in
ed

d
u
ra
b
ly

A
*
2
4
:0
2

W
T
1
-2
3
5

T
su
b
o
i

et
al
.
[4
8
]

2
0
0
4

M
D
S
-r
el
at
ed

d
is
ea
se
s,

A
M
L
,
lu
n
g
ca
n
ce
r,
b
re
as
t

ca
n
ce
r

In
cr
ea
se

in
W
T
1
-s
p
ec
ifi
c
C
T
L
s,

a
co
rr
el
at
io
n
b
et
w
ee
n
im

m
u
n
o
-

lo
g
ic
al

re
sp
o
n
se

an
d
cl
in
ic
al

re
sp
o
n
se

R
ed
u
ct
io
n
o
f
b
la
st
an
d
/o
r
W
T
1

m
R
N
A

le
v
el
s
in

A
M
L
,
tu
m
o
r

re
d
u
ct
io
n
an
d
/o
r
d
ec
re
as
e
in

tu
m
o
r
m
ar
k
er

in
so
li
d
tu
m
o
r

A
*
2
4
:0
2

W
T
1
-2
3
5

O
k
a

et
al
.
[4
2
]d

W
T
1
-2
3
5
m

2
0
0
6

V
ar
io
u
s
so
li
d
ca
n
ce
r

N
o
t
ev
al
u
at
ed

C
o
n
fi
rm

at
io
n
th
at

th
e
to
x
ic
it
y

le
v
el

o
f
W
T
1
p
ep
ti
d
e
v
ac
ci
n
e
is

ac
ce
p
ta
b
le

A
*
2
4
:0
2

W
T
1
-2
3
5
m

M
o
ri
ta

et
al
.
[5
7
]

2
0
0
7

M
D
S

In
cr
ea
se

in
W
T
1
-s
p
ec
ifi
c
C
T
L
s

w
it
h
v
er
y
lo
w
d
o
se

o
f
W
T
1

p
ep
ti
d
e
v
ac
ci
n
e

R
ed
u
ct
io
n
o
f
ab
n
o
rm

al
ce
ll
s

w
it
h
v
er
y
lo
w
d
o
se

o
f
W
T
1

p
ep
ti
d
e
v
ac
ci
n
e

A
*
2
4
:0
2

W
T
1
-2
3
5
m

K
aw

ak
am

i

et
al
.
[4
6
]

2
0
0
7

R
en
al

ca
n
ce
r

In
cr
ea
se

in
W
T
1
-s
p
ec
ifi
c
C
T
L
s,

in
d
u
ct
io
n
o
f
W
T
1
p
ep
ti
d
e-

sp
ec
ifi
c
D
T
H

L
o
n
g
-t
er
m

S
D
(s
ta
b
le

d
is
ea
se
)

A
*
2
4
:0
2

W
T
1
-2
3
5
m

Ii
y
am

a

et
al
.
[4
9
]

2
0
0
7

M
u
lt
ip
le

m
y
el
o
m
a

In
cr
ea
se

in
C
D
1
0
7
+
ce
ll
s
in

W
T
1
-t
et
ra
m
er

+
C
D
8
T
ce
ll
s

R
ed
u
ct
io
n
o
f
m
y
el
o
m
a
ce
ll
an
d

M
p
ro
te
in
,
im

p
ro
v
em

en
t
in

b
o
n
e

sc
in
ti
g
ra
p
h
ic

ex
am

in
at
io
n

A
*
2
4
:0
2

W
T
1
-2
3
5
m

T
su
b
o
i

et
al
.
[4
7
]

2
0
0
8

A
M
L
,
M
D
S

In
cr
ea
se

in
W
T
1
-s
p
ec
ifi
c
C
T
L
s

R
ed
u
ct
io
n
o
f
W
T
1
m
R
N
A
le
v
el
s

A
*
0
2
:0
1

W
T
1
-1
2
6

R
ez
v
an
i

et
al
.
[4
3
]

166 Y. Oka et al.



2
0
0
8

G
B
M

N
o
d
et
ec
ti
o
n
o
f
im

m
u
n
o
lo
g
ic
al

re
sp
o
n
se

af
te
r
th
e
v
ac
ci
n
at
io
n

(h
ig
h
fr
eq
u
en
ci
es

o
f

W
T
1
-s
p
ec
ifi
c
C
T
L
s
b
ef
o
re

th
e

v
ac
ci
n
at
io
n
)

P
R
(p
ar
ti
al

re
sp
o
n
se
),
S
D
,

lo
n
g
-t
er
m

S
D
,
su
g
g
es
ti
o
n
th
at

W
T
1
v
ac
ci
n
e
is
ac
ti
v
e
fo
r
th
e

tr
ea
tm

en
t
o
f
G
B
M

A
*
2
4
:0
2

W
T
1
-2
3
5
m

Iz
u
m
o
to

et
al
.
[5
5
]

2
0
0
9

R
h
ab
d
o
m
y
o
sa
rc
o
m
ae

(c
h
il
d
h
o
o
d
)

In
cr
ea
se

in
W
T
1
-s
p
ec
ifi
c
C
T
L
s

D
is
ap
p
ea
ra
n
ce

o
f
b
o
n
e

m
et
as
ta
si
s

A
*
2
4
:0
2

W
T
1
-2
3
5
m

O
h
ta

et
al
.
[5
6
]

2
0
0
9

A
M
L
,
M
D
S

E
m
er
g
en
ce

o
f
W
T
1
-s
p
ec
ifi
c

C
T
L
s

R
ed
u
ct
io
n
o
f
b
la
st
in

A
M
L
,

im
p
ro
v
em

en
t
o
f
an
em

ia
in

M
D
S

A
*
2
4
:0
2

W
T
1
-2
3
5

Y
as
u
k
aw

a

et
al
.
[4
5
]

2
0
0
9

A
M
L
,
M
D
S

In
cr
ea
se

in
W
T
1
-s
p
ec
ifi
c
C
T
L
s

R
ed
u
ct
io
n
o
f
b
la
st
,
re
d
u
ct
io
n
o
f

m
o
le
cu
la
r
d
is
ea
se

m
ar
k
er

su
ch

as
tr
is
o
m
y
8
,
d
is
ea
se

st
ab
il
iz
a-

ti
o
n
,
n
eu
tr
o
p
h
il
re
sp
o
n
se

in

M
D
S

A
*
0
2
:0
1

W
T
1
-1
2
6

K
ei
lh
o
lz

et
al
.
[4
4
]

2
0
0
9

G
y
n
ec
o
lo
g
ic
al

ca
n
ce
r

E
m
er
g
en
ce

o
f
W
T
1
-s
p
ec
ifi
c

D
T
H

R
ed
u
ct
io
n
o
f
tu
m
o
r
si
ze

o
r

m
ar
k
er

A
*
2
4
:0
2

W
T
1
-2
3
5
m

O
h
n
o

et
al
.
[5
0
]

2
0
1
0

A
M
L

In
cr
ea
se

in
W
T
1
-s
p
ec
ifi
c
C
T
L
s,

in
cr
ea
se

in
W
T
1
sp
ec
ifi
ca
ll
y

IF
N
-s
ec
re
ti
n
g
T
ce
ll
s,
in
d
u
ct
io
n

o
f
W
T
1
-s
p
ec
ifi
c
C
D
4
T
ce
ll

re
sp
o
n
se
,
in
d
u
ct
io
n
o
f

W
T
1
-s
p
ec
ifi
c
D
T
H

D
if
fi
cu
lt
to

b
e
ev
al
u
at
ed

A
*
0
2
:0
1

an
d

o
th
er
s

W
T
1
-1
2
6
m
,

D
R
-b
in
d
in
g

p
ep
ti
d
es

M
as
la
k

et
al
.
[5
8
]

2
0
1
0

S
ar
co
m
a,
A
L
L
(c
h
il
d
h
o
o
d
)

In
cr
ea
se

in
W
T
1
-s
p
ec
ifi
c
C
T
L
s

C
R
in
rh
ab
d
o
m
y
o
sa
rc
o
m
a,
S
D
in

li
p
o
sa
rc
o
m
a

A
*
2
4
:0
2

W
T
1
-2
3
5
m

H
as
h
ii

et
al
.
[5
9
]

2
0
1
0

M
es
o
th
el
io
m
a,
lu
n
g
ca
n
ce
r

In
d
u
ct
io
n
o
f
W
T
1
-s
p
ec
ifi
c
C
D
8

T
ce
ll
re
sp
o
n
se
,
in
d
u
ct
io
n
o
f

W
T
1
-s
p
ec
ifi
c
C
D
4
T
ce
ll

re
sp
o
n
se

D
if
fi
cu
lt
to

b
e
ev
al
u
at
ed

A
*
0
2
:0
1

an
d

o
th
er
s

W
T
1
-1
2
6
m
,

D
R
-b
in
d
in
g

p
ep
ti
d
es

K
ru
g

et
al
.
[6
0
]

2
0
1
1

S
al
iv
ar
y
g
la
n
d
ca
n
ce
r

D
if
fi
cu
lt
to

b
e
ev
al
u
at
ed

S
ta
b
il
iz
at
io
n
o
f
tu
m
o
r
g
ro
w
th

A
*
2
4
:0
2

W
T
1
-2
3
5
m

S
as
ab
e

et
al
.
[5
2
]

(c
o
n
ti
n
u
ed
)

12 WT1 Peptide Vaccine for the Treatment of Malignancies: Its Development. . . 167



T
a
b
le

1
2
.2

(c
o
n
ti
n
u
ed
)

P
u
b
li
ca
ti
o
n

y
ea
r

D
is
ea
se

Im
m
u
n
o
lo
g
ic
al

re
sp
o
n
se

C
li
n
ic
al

re
sp
o
n
se

(o
r
u
se
fu
ln
es
s,

si
g
n
ifi
ca
n
ce
)

H
L
A

cl
as
s
I

P
ep
ti
d
e

R
ef
er
en
ce
s

2
0
1
1

O
v
ar
ia
n
ca
n
ce
rf

N
o
t
ev
al
u
at
ed

D
is
ap
p
ea
ra
n
ce

o
f
p
le
u
ra
l
ef
fu
-

si
o
n
,
re
d
u
ct
io
n
o
f
tu
m
o
r
si
ze
,

lo
n
g
-t
er
m

S
D

A
*
2
4
:0
2

W
T
1
-2
3
5
m

D
o
h
i

et
al
.
[6
1
]

2
0
1
2

A
M
L
,
A
L
L
(C
R
g
af
te
r

al
lo
g
en
ei
c
H
S
C
T
h
b
u
t
at

h
ig
h
ri
sk

o
f
re
la
p
se
)

(c
h
il
d
h
o
o
d
)

In
cr
ea
se

in
W
T
1
-s
p
ec
ifi
c
C
T
L
s

D
ec
re
as
e
in

W
T
1
o
r
A
M
L
/M

T
G
8

m
R
N
A
,
p
er
si
st
en
ce

o
f
C
R
fo
r

m
o
re

th
an

2
y
ea
rs

in
2
o
f
th
e

3
p
at
ie
n
ts
,
w
h
ic
h
su
g
g
es
te
d
a

cu
re

A
:2
4
:0
2

W
T
1
-2
3
5
m

H
as
h
ii

et
al
.
[6
2
]

2
0
1
2

S
al
iv
ar
y
g
la
n
d
ca
n
ce
r

In
cr
ea
se

in
W
T
1
-s
p
ec
ifi
c
C
T
L
s,

em
er
g
en
ce

o
f
W
T
1
-s
p
ec
ifi
c

D
T
H

S
ta
b
il
iz
at
io
n
o
f
tu
m
o
r
g
ro
w
th

A
*
2
4
0
2

W
T
1
-2
3
5
m

S
h
ir
ak
at
a

et
al
.
[5
3
]

2
0
1
2

M
el
an
o
m
a

E
m
er
g
en
ce

o
f
W
T
1
-s
p
ec
ifi
c

D
T
H
,
in
fi
lt
ra
ti
o
n
o
f
C
D
8
T
ce
ll
s

in
a
tu
m
o
r
si
te

S
ta
b
il
iz
at
io
n
o
f
tu
m
o
r
g
ro
w
th

A
*
2
4
:0
2

W
T
1
-2
3
5
m

N
is
h
io
k
a

et
al
.
[5
4
]

2
0
1
2

A
M
L
(C
R
af
te
r
ch
em

o

th
er
ap
y
b
u
t
at

h
ig
h
ri
sk

o
f

re
la
p
se
)

In
cr
ea
se

in
W
T
1
-s
p
ec
ifi
c
C
T
L
s,

em
er
g
en
ce

o
f
fu
n
ct
io
n
al

W
T
1
-s
p
ec
ifi
c
C
T
L
s

R
ed
u
ct
io
n
o
f
W
T
1
m
R
N
A
,
p
er
-

si
st
en
ce

o
f
C
R
fo
r
m
o
re

th
an

8
y
ea
rs

in
3
o
f
th
e
8
p
at
ie
n
ts
,

w
h
ic
h
su
g
g
es
te
d
a
cu
re

A
*
2
4
:0
2

W
T
1
-2
3
5
,

W
T
1
-2
3
5
m

T
su
b
o
i

et
al
.
[6
3
]

2
0
1
2

V
ar
io
u
s
so
li
d
ca
n
ce
r

N
o
t
ev
al
u
at
ed

S
af
et
y
o
f
ad
d
it
io
n
o
f
G
M
-C
S
F
o
r

C
p
G
-O

D
N
to

W
T
1
p
ep
ti
d
e

v
ac
ci
n
e

A
*
0
2
:0
1

W
T
1
-1
8
7
,

W
T
1
-2
3
5
m

O
h
n
o

et
al
.
[6
4
]

A
*
0
2
:0
6

A
*
2
4
:0
2

168 Y. Oka et al.



2
0
1
3

G
y
n
ec
o
lo
g
ic
al

m
al
ig
n
an
ci
es

E
m
er
g
en
ce

o
f
W
T
1
-s
p
ec
ifi
c

D
T
H

A
ss
o
ci
at
io
n
o
f
em

er
g
en
ce

o
f

W
T
1
-s
p
ec
ifi
c
D
T
H
an
d
o
v
er
al
l

su
rv
iv
al

A
*
2
4
:0
2

W
T
1
-2
3
5
m

M
iy
at
ak
e

et
al
.
[5
1
]

2
0
1
3

A
M
L
,
A
L
L
(a
ft
er

al
lo
g
e-

n
ei
c
H
S
C
T
)

In
cr
ea
se

in
W
T
1
-s
p
ec
ifi
c
C
T
L
s

R
ed
u
ct
io
n
o
f
W
T
1
o
r
M
L
L
/A
F
4

m
R
N
A
le
v
el
s,
p
er
si
st
en
ce

o
f
C
R

in
se
v
er
al

p
at
ie
n
ts

A
*
2
4
0
2

W
T
1
-2
3
5
m

M
ae
d
a

et
al
.
[6
5
]

A
b
b
re
v
ia
ti
o
n
s
fo
r
d
is
ea
se

n
am

es
,
M
D
S
m
y
el
o
d
y
sp
la
st
ic

sy
n
d
ro
m
es
,
A
M
L
ac
u
te

m
y
el
o
id

le
u
k
em

ia
,
A
L
L
ac
u
te

ly
m
p
h
o
b
la
st
ic

le
u
k
em

ia
,
G
B
M

g
li
o
b
la
st
o
m
a

m
u
lt
if
o
rm

e

T
h
es
e
ca
se
s
w
it
h
M
D
S
-r
el
at
ed

d
is
ea
se
sa

an
d
w
it
h
lu
n
g
ca
n
ce
rc
w
er
e
u
se
d
in

R
ef

[4
2
]d
fo
r
th
e
fu
rt
h
er

an
al
y
si
s

b
M

m
o
d
ifi
ed

p
ep
ti
d
e.
S
ee

te
x
t
fo
r
d
et
ai
ls

e
T
h
e
cl
in
ic
al

co
u
rs
e
o
f
th
is
ca
se

is
al
so

sh
o
w
n
in

R
ef

[5
9
]

f T
h
is
ca
se

is
o
n
e
o
f
th
e
ca
se
s
th
at

ap
p
ea
re
d
in

R
ef

[5
0
]

g
C
o
m
p
le
te

re
m
is
si
o
n

h
H
em

at
o
p
o
ie
ti
c
st
em

ce
ll
tr
an
sp
la
n
ta
ti
o
n

12 WT1 Peptide Vaccine for the Treatment of Malignancies: Its Development. . . 169



to establishment of “proof of concept” for the vaccine’s therapeutic potential. In

2004, we, Oka et al., reported a positive correlation between the WT1 vaccination-

induced immunological response, i.e., an increase in the frequencies of

WT1-specific CTLs in PB, and the emergence of clinical response of the patients

with AML, MDS, breast cancer, and lung cancer [42]. This finding clearly demon-

strated the potential capability of the WT1 peptide vaccine to induce WT1-specific

immunological response and the resultant clinical response.

Subsequently, the induction of WT1 peptide vaccination-induced immunologi-

cal and/or clinical response for a number of patients with hematological malig-

nancies, AML and MDS, was reported by Rezvani et al. and Keilholz et al.,

respectively [43, 44]. In the former, of note, an increase in WT1-specific CTL

numbers in PB was shown to be associated with a decrease in a minimal residual

disease (MRD) marker of the patients, which provided further evidence that WT1

peptide vaccination is able to induce WT1-specific immunological response, lead-

ing to emergence of clinical response, which, in addition to our work mentioned

above, should also form a “proof of concept” for the WT1 vaccine’s therapeutic
potential [42, 43]. In the latter, the study reported by Keilholz et al., among the

cases reported, a clinical course of an especially interesting case with secondary

AML from MDS was described [44]. Treatment of this patient by the WT1 peptide

vaccine resulted in the disappearance of trisomy 8, a molecular marker of the

disease, which was associated with an improvement of anemia. It seems likely

that the vaccination reduced the abnormal hematological clones, which subse-

quently led to the recovery of normal hematopoiesis, resulting in the improvement

of anemia. Such disappearance of a disease-specific molecular marker, other than

WT1 mRNA level, in association with WT1 peptide vaccination should establish

solid evidence for the therapeutic potential of the vaccine. In consistence with the

clinical course of this case, Yasukawa et al. also reported an improvement of

anemia in MDS patient treated with WT1 peptide vaccine [45].

To summarize, WT1 peptide vaccination-induced clinical response was first

reported in patients with MDS-related diseases in 2003, followed by accumulation

of clinical studies in which the WT1 peptide vaccination as a monotherapy, not

combination therapy with other anticancer agents, could induce WT1-specific

immunological and/or clinical response. The promising results of these clinical

studies provided us with evidence for the WT1 peptide vaccine’s therapeutic

potential.

In addition to the findings of the clinical studies mentioned above, interesting

clinical results obtained from monotherapy with WT1 peptide vaccine have been

accumulated steadily. One of the noteworthy findings among them is the clinical

course of an MDS patient treated with a reduced dose of WT1 peptide vaccine

[46]. As we experienced, when MDS cases, in which hematopoiesis is mainly

sustained by abnormal hematological clones, are treated by WT1 peptide vaccine,

leukocytopenia, as well as reduction of leukemic blast cells, may be induced

[40]. To avoid such a too rapid reduction of the WBC counts, we treated a patient

with chronic myelomonocytic leukemia, a type of MDS, with a very low dose of the

WT1 peptide vaccine, which produced a successful result, showing a gradual
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decrease in leukocyte and monocyte counts in association with an increase in

frequencies of WT1 tetramer+ CD8+ T cells in PB [46]. This outcome indicated

that low-dose WT1 peptide vaccination may be a safe and promising treatment for

MDS patients. For hematological malignancies other than AML and MDS, we

reported a multiple myeloma case that showed the vaccination-associated clinical

response consisting of a reduction of myeloma cells in BM and that of M protein, as

well as a decrease in the abnormal uptake of the myeloma lesion in a bone

scintigram examination [47].

Besides the abovementioned reports, a considerable numbers of investigations

showed the therapeutic potential of the WT1 vaccine for various kinds of tumors,

such as lung cancer [48], renal cancer [49], gynecological malignancies including

ovarian cancer [50, 51], salivary gland cancer [52, 53], malignant melanoma [54],

malignant glioma [55], and rhabdomyosarcoma [56]. Importantly, WT1 peptide

vaccine therapy for childhood patients was already reported in 2009 [56]. To

summarize, representative clinical trial results of the WT1 peptide vaccine as a

monotherapy, including those that were not yet referred to here [57–65], are listed

in Table 12.2, although some of the studies focused on verification of the vaccine’s
safety and analyses of WT1-specific immunological response. As shown in

Table 12.2, patients treated by WT1 peptide vaccine as a monotherapy are still

being accumulated. Among those listed in Table 12.2, the WT1 vaccine therapies

aiming at long-term survival (or a cure) [62, 63, 65], which have been performed

recently as “the next stage” of the WT1 vaccine trial, are referred to later in 12.7 of

this chapter.

It should be noted that emergence of WT1 peptide-specific delayed-type hyper-

sensitivity (DTH) reaction, as well as ex vivo/in vitro immunological response such

as an increase in WT1 tetramer+ CD8+ T cells, after the vaccination was suggested

to be associated with clinical response [49, 51, 53, 54]. In addition, as an evidence

for WT1 peptide vaccination-associated immune response, CD8+ T cell infiltration

in the metastatic lesion after the vaccination was detected [54].

12.6 Strategies to Enhance the Efficacy and Clinical

Usefulness of the WT1 Peptide Vaccine

As mentioned above, since WT1 CTL epitope peptides were identified (Table 12.1),

WT1 peptide-based clinical trials have been performed to treat various kinds of

malignancies, which clearly demonstrated the therapeutic potential of the WT1

peptide vaccine. However, its efficacy is still limited, which prompted us to devise

strategies for enhancement of the clinical effectiveness and usefulness of this

vaccine (Table 12.3).

It seems obvious that the lower the tumor load is, the more effective a cancer

vaccine becomes [3]. Therefore, although we treated only advanced stage cancer

patients by WT1 peptide vaccine in the early clinical trials because the primary aim
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was to determine its safety, it is expected that WT1 peptide vaccination for patients

in relatively good condition and with a relatively low tumor load after prior

treatments will yield better clinical outcomes. The immune-recovering phase

after HSCT should also be a candidate of favorable situations for the WT1 peptide

vaccination. Patients who have received HSCT have MRD, thus not a high tumor

load, so that the WT1 peptide vaccine may give clinical usefulness to such patients

who have received HSCT but are still at high risk of relapse [3, 66]. Transient

lymphopenia is induced after HSCT by irradiation or chemotherapeutic regimens,

and this situation should allow expansion of leukemia antigen-reactive T cells

without exhaustion that might be induced by the T cells’ long-term exposure to

abundant leukemic cells, because the T cells educated by the WT1 peptide vacci-

nation are derived from the healthy donors without leukemia. If leukemia antigen-

associated peptides are presented to the proliferating T cells during the period of

lymphopenia and the subsequent T cell recovery, the host may be repopulated with

T cells that contain a considerable proportion of leukemia-reactive T cells [66].

WT1-targeting vaccination after allogeneic HSCT can therefore be expected to

enhance the GVL effect while minimizing graft-versus-host disease (GVHD).

For patients with a high tumor load, monotherapy with the WT1 peptide vaccine

does not seem to be strong enough to durably suppress tumor growth. To solve this

problem, WT1 peptide vaccine therapy combined with chemotherapy or molecular

target-based drugs is thought to be more useful [11]. In fact, recent investigations

Table 12.3 Strategies that are expected to enhance clinical usefulness of WT1 peptide vaccine

WT1 peptide vaccination at MRDa state

After operation, chemotherapy, radiotherapy

After allogeneic HSCTb with or without low-dose immunosuppressive agents to prevent

GVHDc

WT1 peptide vaccination in combination with other modalities other than immune-related ones

With chemotherapy, including gemcitabine

With molecular target-based drugs, including tyrosine kinase inhibitors

WT1 peptide vaccination in combination with other immune-related modalities

<cancer antigen specific>

WT1-specific helper peptide vaccine

Other tumor-associated antigen-targeting cancer vaccine

After allogeneic HSCTb

<cancer antigen independent>

Immuno-checkpoint modulators targeting CTLA-4, PD-1, PD-L1, etc.

Cytokines, including interferons

Novel immunoadjuvant, including CpG-ODN

After allogeneic HSCTb

aMRD minimal residual disease
bHSCT hematopoietic stem cell transplantation. Patients after allogeneic HSCT are generally in

MRD state, and HSCT itself is also immunotherapy targeting various antigens such as cancer

antigens, including WT1, and minor histocompatibility antigens. See details in the text
cGVHD graft-versus-host disease
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showed that some chemotherapy drugs, including gemcitabine, are advantageous

when combined with immunotherapy [67].

Combined therapy using two different kinds of immunotherapy is also promis-

ing. The following two strategies seem to be particularly worth mentioning here.

First is a combination therapy consisting of WT1 CTL peptides and WT1 helper

peptides. After the identification of WT1 CTL epitope peptides, we and others

identified WT1 protein-derived peptides that could induce WT1-specific CD4+

helper T cell response, i.e., WT1 helper epitope peptides [68–74]. The represent-

ative WT1 helper peptides were listed in Table 12.4. In addition, as mentioned in

12.2, the results of epitope mapping-based analysis of immunogenic WT1 epitopes,

including those with HLA class II restriction, were also reported [26, 27]. Combined

administration of WT1 CTL peptides and WT1 helper peptides is expected to

induce a more robust WT1-specific CTL response than can be attained with

administration of WT1 CTL peptides alone, as shown in in vitro experiments

[72]. It is of note that many of helper peptides are able to bind to multiple HLA

class II types, i.e., promiscuous [73, 75, 76]. Furthermore, such a combined

administration may induce more WT1-specific memory-type CTLs [77], which

leads to a more long-term effect.

Another noteworthy combination therapy is a therapy consisting of “cancer

antigen-specific” immunotherapy, which includes the WT1 peptide vaccine, and

“cancer antigen-independent” immunotherapy, which includes immuno-checkpoint

modulators. Recently, monoclonal antibodies that inhibit CTLA-4 or PD1/PD-L1

signals, known as immuno-checkpoint inhibitors, were developed [78–80]. Freeing

T cells from their immunologically suppressive state by means of these immuno-

checkpoint inhibitors, that is, a “cancer antigen-independent” immunotherapy, may

enhance the efficacy of WT1 peptide vaccination, that is, a “cancer antigen-spe-

cific” immunotherapy.

Besides, cytokines, including interferons [37, 81], and novel immunoadjuvants

[36, 54, 64, 82], including CpG oligodeoxynucleotides [64], may enhance the

efficacy of the peptide vaccine.

12.7 Recent Clinical Trials, Including Noteworthy Ones

That Show Us the Future Directions

The abovementioned early clinical trials, including the earliest one reported by Oka

et al. in 2003 [40], of the WT1 peptide vaccination demonstrated its therapeutic

potential. WT1-targeting immunotherapies other than WT1 peptide-based therapy,

such asWT1 mRNA-based DC therapy [83], also induced robust clinical as well as

immunological response, further indicating the superiority of WT1 as a target

antigen for cancer immunotherapy. Following a series of these investigations that

demonstrated the therapeutic potential of the WT1 peptide vaccine, we proceeded
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to the next stage of clinical trials to further enhance the vaccine’s clinical useful-
ness, based on the strategies listed in Table 12.3.

To maximize the potency of the WT1 peptide vaccine in clinical settings, the

effector (CTLs)/target (tumor cells) ratio, or E/T ratio, should be as high as

possible. This can be best realized for patients with a low tumor load, including

MRD state after surgery, chemotherapy, radiotherapy, or HSCT [3, 66, 84].

Recently, we reported on the results of WT1 peptide vaccination performed in

twoMRD settings, one for patients with MRD of AML after chemotherapy [63] and

another for those with MRD of AML and acute lymphoblastic leukemia (ALL) after

HSCT [62]. As for the former state, MRD following chemotherapy, Tsuboi

et al. showed that long-term vaccination with the WT1 peptide might lead AML

patients with MRD, who were at high risk of hematological relapse, to long-term

CR [63]. In this paper, three among the eight AML patients maintained their

hematological CR for more than 8 years due to continuous treatment with the

WT1 peptide vaccine, and theWT1mRNA levels in PB, which reflect the leukemia

load, finally decreased to normal levels, thus indicating molecular CR. This result

suggested that the WT1 peptide vaccine had the potential to lead AML patients with

MRD to molecular CR and, furthermore, possibly to eradication of the disease or a

cure. As for the latter state, MRD following HSCT, Hashii et al. showed that

favorable clinical courses could be realized for pediatric patients with hematolog-

ical malignancies, who had received allogeneic HSCT but possessed the molecular

MRD marker, and therefore were treated with the WT1 peptide vaccine to prevent

relapse [62]. In terms of the short-term antileukemia effect, WT1 mRNA levels, a

molecular MRD marker, showed reduction after the vaccination in all the three

patients, indicating the vaccine’s antileukemia effect for ALL as well as AML.

Besides, in an AML patient who had AML/MTG8 transcripts as an MRD marker,

the AML/MTG8 levels also decreased after the vaccination, further indicating

antileukemia effect of the WT1 peptide vaccine. In terms of the long-term effect,

two of the three patients, all of whom were at high risk of relapse, sustained long-

term remission, suggesting that the WT1 peptide vaccine might be able to enhance

the GVL effect [62]. Very recently, in consistence with the study by Hashii et al.,

Maeda et al. also showed promising results of WT1 peptide vaccination for adult

patients with hematological malignancies who had received HSCT but were at high

risk of relapse [65]. These investigations about WT1 peptide vaccination for

patients after HSCT showed the potential of the WT1 peptide vaccine to provide

patients (children and adults) after HSCT with clinical usefulness, that is, preven-

tion of relapse, leading to long-term maintenance of CR and possibly a cure.

For patients with cancer at advanced stages, combined therapy of the WT1

peptide vaccine and chemotherapy should be promising, because it was reported

that some chemotherapy drugs, including gemcitabine, might affect antitumor

immunity favorably [67]. Kaida et al. reported on the result of a clinical trial for

pancreas cancer patients with advanced stages treated by gemcitabine and WT1

peptide vaccine, which showed the safety of the combined therapy [85]. More

recently, we, Nishida et al., also reported on the result of a clinical trial using a

combination therapy of the WT1 peptide vaccine and gemcitabine for patients with
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advanced stages of pancreatic cancer [86]. In this clinical study, a significant

association was observed between longer survival and occurrence of DTH to

WT1 peptide after the vaccination. Such an occurrence of the DTH after the

vaccination may reflect the development and persistence of WT1-specific mem-

ory-type immunity [86, 87]. Consistent with this observation, longer-term survivors

featured higher proportions of WT1-specific CTLs with memory phenotype before

and after this combined therapy. Taken together, these findings suggested that

memory-type cellular immunity to WT1 might contribute considerably to longer

survival of the patients. In addition, of note, histopathologic examination of a tumor

site could be performed in one case with a favorable clinical course, in which

infiltration of a considerable numbers of WT1-specific CTLs was suggested [86].

Not only conventional chemotherapy drugs but also molecular target-based

drugs should be the promising partners for the WT1 peptide vaccine in combination

therapy. In fact, chronic myeloid leukemia patients treated with a combination of

imatinib and WT1 peptide vaccine showed favorable clinical courses in association

with induction of WT1-specific immunological responses [88, 89].

These WT1 CTL peptide-based clinical trials suggestive of future directions are

also listed with other WT1 peptide vaccine trials in Table 12.2 (for monotherapy)

and Table 12.5 (for combined therapy).

12.8 WT1 Peptide-Based DC Therapy That Shows

the Primacy of WT1 as the Target Antigen

We perform intradermal or subcutaneous injection of WT1 peptide for the peptide

vaccine therapy, using the resident DCs of the patients’ skin as antigen-presenting

cells, while injection of the WT1 peptide-pulsed DCs that were obtained through

manipulation from the patients’ blood is also able to induce the WT1 peptide-

specific CTL response. So far, promising results of DC therapies targeting WT1, as

well as the WT1 peptide vaccine therapies, have been reported. The interesting

result of WT1 mRNA-based DC therapy was already referred to in 12.7 of this

chapter [83]. The results of clinical trials for WT1 peptide-based DC therapies that

showed the primacy of WT1 as a target antigen for cancer immunotherapy were

also reported [90–92]. Particularly, of note, in the recent clinical study of TAA

peptide-based DC therapy for patients with NSCLC, multivariate analyses revealed

that the use of WT1 CTL peptides favorably affected the overall survival of the

patients [91]. Another study suggested the usefulness of the use of DCs co-pulsed

with WT1 CTL peptide and WT1 helper peptide in combined therapy of DC and

gemcitabine for patients with pancreas cancer [92]. Representative WT1 peptide-

based DC therapies that showed the primacy of WT1 antigen/peptide were listed in

Table 12.6.

TAA-targeting DC therapies are described in detail elsewhere in this book.
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12.9 Conclusion and Future Perspectives

After identification of WT1 CTL epitopes for humans and demonstration using a

mouse experiment that WT1 protein/peptide could serve in vivo as a target antigen

for cancer immunotherapy, both of which were reported in 2000 (Table 12.1),

clinical trials for WT1-targeting cancer immunotherapy, a translational research

based on the basic research, have been started and are now growing. Early clinical

trials, which were summarized in this article, demonstrated that WT1 CTL epitope

peptide-based vaccination had the therapeutic potential for patients with malignan-

cies, because the vaccination undoubtedly induced WT1-specific CTL responses,

resulting in the emergence of clinical response in some proportions of the patients

[2, 3]. Recent novel findings, including WT1 expression in leukemia stem cells [9],

and WT1’s important role in tumor angiogenesis [10, 93], also support the primacy

of WT1 as a target antigen for cancer immunotherapy. Now, the next stage of

clinical trials has been started aiming at enhancement of the vaccine’s efficacy,

resulting in more evident clinical usefulness. WT1 peptide vaccination that is

scheduled to be performed for patients with MRD, such as those who have

undergone chemotherapy, radiotherapy, surgery, or HSCT, is expected to prevent

relapse of the diseases, leading to long-term remission or possibly a cure. On the

other hand, the WT1 vaccine therapy combined with chemotherapy may provide

cancer patients at advanced stages with additive efficacy, compared with chemo-

therapy alone. Regarding these topics, some recent clinical studies have shown

promising results. Furthermore, combination therapies of the WT1 CTL peptide-

based vaccine and other immunological modulators, such as WT1 helper peptide

and immuno-checkpoint inhibitors, also seem to be promising. In the future, further

development of the WT1 peptide vaccine in the various kinds of clinical settings

may thus yield innovative change for cancer immunotherapy, while issues to be

solved, including optimization of peptide dose and vaccination interval, choice of

immunoadjuvant, and injection method (intradermal or subcutaneous), remain [94].

We and others have provided evidence that the WT1 peptide vaccine has

therapeutic potential for the treatment of patients with malignancies and currently

the patients who have shown the vaccination-associated clinical responses are

further being accumulated. Intensive and comprehensive analysis of the clinical

samples obtained from responders and nonresponders, which is known as a reverse-

translational research, should be very useful for elucidation of cancer immunity

mechanisms in humans. In fact, some interesting findings about WT1-specific

CTLs were reported recently [95–97]. Of note, very recently, we observed an

interesting phenomenon that WT1-specific CTLs with effector memory phenotype

(WT1-EM cells) were divided into molecularly defined two different populations, a

population of “quiescent” state and that of “activated” state, in the WT1 peptide-

vaccinated AML patients, and that the WT1-EM cells in responders shifted to

“quiescent” state and those in nonresponders shifted to “activated” state, respec-

tively, after the vaccination [97]. Further novel findings about cancer immunity are

expected to be obtained, because the clinical samples obtained from the
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WT1-targeting immunotherapy are being accumulated in each institute,

including ours.

Continuing progress of translational and reverse-translational research regarding

WT1-targeting immunotherapy should lead to further development of cancer

immunotherapy and elucidation of cancer immunity mechanisms.
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Chapter 13

Protein Vaccine

Shinichi Kageyama

Abstract Antigen proteins have potentials for multi-epitope vaccines, without

restriction of HLA types in patients’ eligibility. Since exogenous soluble protein

antigens are in general hardly processed by MHC class I pathway, combination with

suitable antigen delivery systems and/or adjuvants is required for efficient CD8+

and CD4+ T-cell inductions for the clinical development of protein vaccine.

Several protein vaccine types have been studied for their safety and immune

responses. Among them, NY-ESO-1 antigen has been the most investigated and

the antigen-specific CD8+ and CD4+ T-cell responses were shown. As indicated in

a single report in a NY-ESO-1 protein trial, caution should be taken about the

possibility of antigen-specific regulatory T-cell induction by protein vaccines. The

evidence-based clinical benefit of protein cancer vaccine as a single agent has not

yet been demonstrated. Improvement of vaccination such as coadministration of a

suitable immunoadjuvant should be made to break any possible anergy to antitumor

immune responses. In addition, combination of an immune-checkpoint inhibitor

and/or an effector T-cell therapy would be the further stage of clinical development

of protein cancer vaccines.

Keywords Cancer vaccine • Protein vaccine • Antigen delivery system •

NY-ESO-1

13.1 Protein-Based Cancer Vaccine

Cancer vaccines can be given in various forms and by using various administration

methods. The administration will then activate the cancer antigen-specific immune

responses of effector cells, mainly CD8+ T cells and CD4+ T cells, both of which

are key players in adaptive immune responses, through antigen processing and

presentation by host immune systems. For molecularly identified target antigens,

vaccine antigens can be the forms of short peptides, long peptides, proteins,

carbohydrate antigens, mRNA, or DNA. It is important for enhanced
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immunogenicity of vaccines to administer vaccine antigens in combination with a

delivery system for appropriate antigen transport and/or with immuno-potentiates,

i.e., adjuvants, stimulating immune responses against vaccine antigens in the course

of immune responses.

This chapter describes cancer vaccine using antigen proteins that are mole-

cularly identified as tumor antigen.

13.2 Protein as an Immunogen for Cancer Vaccine

Antigen proteins that are molecularly identified are manufactured by recombination

methodology. CD8+ T-cell epitopes that are already identified and still unidentified

are included inside the proteins. For example, full-length protein of NY-ESO-1

antigen contains multiple HLA class I and class II epitope peptides between the

49th and 170th amino acid (Fig. 13.1) [1]. In this full-length protein, epitopes that

can bind to Fab portion of monoclonal antibody are included [2]. Therefore, it is

reasonable to use antigen protein to cover multiple epitopes for induction of not

N-terminus

amino acid 
#1 

amino acid
#180 

157-165
A*02:01

87-111
DRB1*0101, *0401, *0701, *1101
DRB1*0401, 0402

108-119
DP4

121-132
DR4

145-156
DR4

92-100
Cw3

80-88
Cw6

158-166
A*24:02

49-72
DQ7(DQB1 03011)

125-134
DRB1*08:03

119-143
DRB1*0401

80-109
DRB1*0701

91-101
A*24:02

92-102
B*35:01

96-104
B*52:01/B*12:02

157-170
DP4/DRB1*0401/0402

NY-ESO-1 full-length protein

Fig. 13.1 NY-ESO-1 full-length protein

Identified epitopes derived from NY-ESO-1 antigen that were previously published: amino acid

(AA) 157-170 for HLA-DP4 [28]; AA 87-111 for HLA-DP4, including HLA-DRB1*0101,

HLA-DRB1*0401, HLA-DRB1*0701, and HLA-DRB1*1101 and HLA-DPB1*0401 and

HLA-DPB1*0402 [29]; AA 157-165 for HLA-A*02:01 [30]; AA 80-88 for HLA-Cw6 and AA

92-100 for HLA-Cw3 [31]; AA 125-134 for HLA-DRB1*08:03 [32]; AA 158-166 for

HLA-A*24*02 [33]; AA 49-72 for HLA-DQ7 (DQB1 03011) [34]; AA 91-101 for

HLA-A*24:02, AA 92-102 for HLA-B*35:01, AA 96-104 for HLA-B*52:01, and AA 96-104

for HLA-C*12:02 [35]; AA 80-109 for DRB1*0701, AA 108–119 for HLA-DP4, and AA

121–132 and 145–156 for HLA-DR4 [36]; AA 119–143 for HLA-DRB1*0401 [37, 38]
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only CD8+ T cell but also CD4+ T cells and antibody, which can be called as

polyvalent cancer vaccine.

In contrast to short peptide vaccines, antigen proteins can be incorporated into

the antigen-presenting cells. In the process of peptide selection and its presentation

to MHC class I and class II molecules, the peptides derived from the immunized

protein are presented in the same way with peptides derived from tumor cells. In

this sense, protein vaccines can select antigen-derived peptides through endogenous

processing.

13.3 Protein Vaccine Comparing Other Types of Vaccine

Formulations

NY-ESO-1 antigen has been most extensively investigated as cancer vaccine for

protein, peptide, and DNA. As summarized in Table 13.1, in a case of NY-ESO-1

antigen, the vaccines which can induce antigen-specific immune responses are

categorized as (1) epitope peptide (short peptide), (2) long peptide, (3) DNA, and

(4) protein. Cytotoxic T-cell (CTL) epitope peptides are usually 8–10 mer peptides

that are recognized by CD8+ T cells. In some clinical studies, they are combined

with class II epitope peptides that can be recognized by CD4+ T cells. The epitope

peptides are often mixed with incomplete Freund’s adjuvant (IFA). The mixed

emulsion is administered subcutaneously. The short peptides are easily bound to

MHC class I molecules, which are abundantly distributed not only on antigen-

presenting cells (APCs) but also other non-APCs like B cells and non-hematopoi-

etic cells. It should be cautiously considered that peptides binding MHC class I

without co-stimulatory signals can induce immune tolerance and anergy. In clinical

trials of NY-ESO-1 short peptide, HLA-A*02:01 binding peptide, 157–165, is often

used [3]. In some studies, the CTL peptide was combined with HLA class II peptide

[4]. NY-ESO-1-specific T-cell responses were induced in response to the peptide

administered. In a clinical trial, the melanoma patient who clinically responded

to the peptide vaccine developed anti-NY-ESO-1 antibody [3]. This could be

explained that the peptide vaccine induced tumor lysis by CTL, and then sequent

antigen-specific humoral immune responses took place. HLA types that restrict

CTL or CD4+ helper epitopes were required for the patients’ selection.
Recently, peptide vaccines called long peptide that are longer than 9–11 mer

peptide and compassing the minimum epitope sequences have been studied for

cancer vaccine [5–7]. They are usually unable to directly bind to MHC class I

molecules; thus, they should be internalized to the cytoplasm and degraded in

APCs to be presented to MHC class I. In this sense, long peptide vaccines can

present T-cell epitopes through selected endogenous processing. It also can avoid

induction of immune tolerance and anergy. In the NY-ESO-1 long peptide vaccine

study, overlapping peptides covering the full length of 180 amino acid sequences,
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NY-ESO-1-specific CD4+ T cells, CD8+ T cells, and antibodies were induced [5–

7]. In both of the types of peptide vaccines, IFA are often used as an adjuvant, but a

concern has been raised that the oil adjuvant works as a local depot so that the

specific T cells are locally activated and the induced T-cell apoptosis might happen

at injection sites [8].

DNA vaccines for NY-ESO-1 antigen are used in clinical trials, which included

naked DNA and viral vector of vaccinia/fowl pox [9–11]. In both trials, antigen-

specific CD8+ and CD4+ T cells were induced, while the antibodies were not

induced in naked DNA vaccine. It has been considered that viral vector vaccines

were more immunogenic than other vaccine formulations, but that the immune

reactions to vector viruses limited the repeated vaccinations.

Protein vaccines of NY-ESO-1 have been studied, which included the whole

naked NY-ESO-1 protein and the NY-ESO-1 protein combined with antigen

delivery systems, such as ISCOMATRIX and cholesteryl pullulan (CHP) [12–

16]. Valmori et al. reported that NY-ESO-1 protein was given with CpG in IFA

Table 13.1 Vaccine formulation of NY-ESO-1 antigen

Epitope peptide Long peptide DNA Protein

Vaccine

formulation

HLA class I peptide Overlapping

peptides

Naked DNA Full-length recombi-

nant protein

(A*02:01 157-165) (79–108,

100–129,

121–150,

142–173)

Viral vector

(vaccinia/

fowl pox)

HLA class I peptide 20 mer

peptide

(A*02:01

157-165 V)

(91–110)

HLA class I pep-

tide (A*02:01)/

HLA class II pep-

tide (DR4, DP4)

Delivery sys-

tem, adjuvant

Montanide Montanide/

poly-ICLC

None ISCOMATRIX

Montanide/CpG-

DNA

Montanide/

OK-432

Cholesteryl pullulan

Montanide/

resiquimod

Montanide/CpG-

DNA

Preconditioning – – – Low-dose

cyclophosphamide

Immune

response

Antibody, CD4+ T

cell, CD8+ T cell

Antibody,

CD4+ T cell,

CD8+ T cell

Antibody

(in case of

viral vector),

CD4+ T cell,

CD8+ T cell

Antibody, CD4+ T

cell, CD8+ T cell

References [3, 4] [5, 7] [9–11] [12], [13], [14, 15]
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emulsion and that CD4+ T-cell responses and antibody responses were dominantly

induced first. Subsequently, NY-ESO-1-specific CD8+ T cells were induced, which

means that primary immune reactions induced by protein vaccine are CD4+ T cells,

and CD8+ T cells are reacted by the in vivo cross-priming mechanism [12]. Using

ISCOMATRIX and CHP of protein-delivery systems, NY-ESO-1-specific CD8+ T

cells were induced at the same timing as the CD4+ T cells and antibody reactions.

One of the things we should consider about the protein vaccine is the possibility of

regulatory T-cell (Treg) induction that is specific to tumor antigen. Ebert et al.

reported that in the advanced melanoma patients vaccinated with full-length NY-

ESO-1 protein/ISCOMATRIX complex, antigen-specific regulatory T cells were

induced or boosted [17]. Additionally, the Tregs recognized the same peptide for

the effector T cells, NY-ESO-1157–170 for HLA-DP4 [17]. As this is only a single

report, it is not fully determined the possible Treg generation with the same peptide.

Still, it should be an issue to think about the inhibition of Treg in designing protein

vaccine.

For manufacturing GMP-grade vaccine products for clinical trials, proteins are

produced by plasmid DNA technology in microorganisms, and it takes multiple

processes for extraction and purification of the protein, while peptides that have

nine to ten amino acids are simpler and less costly to produce.

13.4 Protein Antigen Delivery System

Protein-based cancer vaccine can potentially activate both CD8+ T cells and CD4+

T cells by presenting multiple epitopes. Although exogenous soluble protein anti-

gens incorporated by APCs are in general efficient in sensitizing CD4+ T cells, they

are inefficient in sensitizing CD8+ T cells because these proteins are hardly

processed by MHC class I pathway. A protein antigen delivery system consisting

of cholesteryl pullulan (CHP) nanogels complexed with soluble protein molecules

has been developed, in an attempt to present peptides that can bind both MHC class

I and class II molecules in APCs [18]. The other antigen delivery systems, such as

liposome and ISCOMATRIX, have also been reported [19, 20]. Liposome is a

delivery nanoparticle consisting of bilayer phospholipid, which is broadly used as

various drug delivery systems. Liposome vaccine that carries idiotype protein and

adjuvant cytokines for follicular lymphoma was developed [19]. Another antigen

delivery device is ISCOMATRIX with a diameter of 50 nm. It has been reported

that protein/ISCOMATRIX complex induced significant CD8+ and CD4+ T-cell

responses not only to viral antigens, including influenza virus, hepatitis C virus, and

human papillomavirus, but also to tumor antigen, NY-ESO-1 antigen [21]. The

similarity of these protein-based vaccines to CHP vaccine in terms of antigen

delivery capacity is still unknown, although they are all able to present MHC

class I and class II peptides, inducing antigen-specific CD8+ and CD4+ T cells.
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13.5 Clinical Trials of Protein Vaccine

Recent publications of the clinical trials using recombinant protein are listed in

Table 13.2. MAGE-A3 protein vaccine with an adjuvant AS02B for resected non-

small cell lung cancer (NSCLC) patients was studied in a phase II trial. It was a

randomized placebo-controlled study, and no significant difference of disease-free

survival nor overall survival was seen [22]. The study was further developed as a

phase III pivotal study, which unfortunately failed to detect the clinical benefit.

Recombinant protein of epidermal growth factor was given to advanced NSCLC

patients as a second-line therapy, which was conducted as a phase II randomized

controlled trial [23]. Some trend of survival benefit was observed, and no serious

adverse events were seen. NY-ESO-1 protein combined with ISCOMATRIX was

studied for advanced melanoma, in which poor immunogenicity and clinical out-

come were observed, and this negative effect was possibly due to Treg induction by

the protein vaccination. Thus, they added low-dose cyclophosphamide to deplete

Treg in the further cohort in the phase II study [13]. Although they did not detect

clear Treg declines with addition of cyclophosphamide, NY-ESO-1-specific CD4+

T-cell responses were seen [13]. Another report showed that naked NY-ESO-1

protein was immunized with CpG-motif DNA and IFA, where CD4+ T-cell and

antibody responses were induced and later CD8+ T-cell reactions took place [12].

CHP is an antigen delivery system, as described elsewhere. Recombinant pro-

teins of NY-ESO-1, MAGE-A4, and HER2 were complexed with CHP, respec-

tively, and they were immunized to therapy-resistant cancer patients [15, 16, 24–

27]. The NY-ESO-1 and HER2 protein CHP complexed-vaccines induced CD8+ T-

cell responses as well as CD4+ T-cell and antibody responses. This demonstrated

that protein vaccine with a suitable antigen delivery system can be endogenously

processed, and their CTL epitope peptides can be presented through MHC class I

pathway in APCs. These CHP antigen protein vaccines have been studied as phase I

trial, and further trials for estimating clinical effects are still underway.

13.6 Summary and Perspectives

Protein of tumor antigen as vaccine component is one of the efficient vaccines,

since the protein is incorporated and processed in APCs, and multiple epitopes can

be presented to MHC class II molecules, as well as class I. As soluble proteins are

usually incorporated to APCs as exogenous antigens, improvements to promote

cross-priming to MHC class I and II pathway are recommended, which include

antigen delivery systems as described and suitable adjuvants. Several clinical trials

using tumor antigen proteins demonstrated the multiple immune reactions that were

induced. However, it is still underway to estimate clinical benefit and setting as a

cancer treatment.
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It could be further developed using suitable combination with potential

immunoadjuvant and/or a combined therapy with an immune-checkpoint inhibitor

or an effector T-cell therapy.
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9. Jäger E, Karbach J, Gnjatic S, Neumann A, Bender A, Valmori D et al (2006) Recombinant

vaccinia/fowlpox NY-ESO-1 vaccines induce both humoral and cellular NY-ESO-1-specific

immune responses in cancer patients. Proc Natl Acad Sci U S A 103:14453–14458

10. Gnjatic S, Altorki NK, Tang DN, Tu SM, Kundra V, Ritter G et al (2009) NY-ESO-1 DNA

vaccine induces T-cell responses that are suppressed by regulatory T cells. Clin Cancer Res 15:

2130–2139. doi:10.1158/1078-0432.CCR-08-2632

11. Odunsi K, Matsuzaki J, Karbach J, Neumann A, Mhawech-Fauceglia P, Miller A et al (2012)

Efficacy of vaccination with recombinant vaccinia and fowlpox vectors expressing NY-ESO-1

antigen in ovarian cancer and melanoma patients. Proc Natl Acad Sci U S A 109:5797–5802.

doi:10.1073/pnas.1117208109

12. Valmori D, Souleimanian NE, Tosello V, Bhardwaj N, Adams S, O’Neill D et al (2007)

Vaccination with NY-ESO-1 protein and CpG in Montanide induces integrated antibody/Th1

responses and CD8 T cells through cross-priming. Proc Natl Acad Sci U S A 104:8947–8952

13. Klein O, Davis ID, McArthur GA, Chen L, Haydon A, Parente P et al (2015) Low-dose

cyclophosphamide enhances antigen-specific CD4(+) T cell responses to NY-ESO-1/

194 S. Kageyama

http://dx.doi.org/10.1016/j.molimm.2013.01.014
http://dx.doi.org/10.1073/pnas.220413497
http://dx.doi.org/10.1073/pnas.220413497
http://dx.doi.org/10.1158/2326-6066.CIR-13-0089
http://dx.doi.org/10.1158/2326-6066.CIR-13-0089
http://dx.doi.org/10.1097/CJI.0000000000000017
http://dx.doi.org/10.1097/CJI.0000000000000017
http://dx.doi.org/10.1002/ijc.25955
http://dx.doi.org/10.1002/ijc.25955
http://dx.doi.org/10.1038/nm.3105
http://dx.doi.org/10.1158/1078-0432.CCR-08-2632
http://dx.doi.org/10.1073/pnas.1117208109


ISCOMATRIX™ vaccine in patients with advanced melanoma. Cancer Immunol Immunother

64:507–518. doi:10.1007/s00262-015-1656-x

14. Sabado RL, Pavlick A, Gnjatic S, Cruz CM, Vengco I, Hasan F et al (2015) Resiquimod as an

immunologic adjuvant for NY-ESO-1 protein vaccination in patients with high-risk mela-

noma. Cancer Immunol Res 3:278–287. doi:10.1158/2326-6066.CIR-14-0202

15. Uenaka A, Wada H, Isobe M, Saika T, Tsuji K, Sato E et al (2007) T cell immunomonitoring

and tumor responses in patients immunized with a complex of cholesterol-bearing

hydrophobized pullulan (CHP) and NY-ESO-1 protein. Cancer Immun 7:9–19

16. Kageyama S, Wada H, Muro K, Niwa Y, Ueda S, Miyata H et al (2013) Dose-dependent

effects of NY-ESO-1 protein vaccine complexed with cholesteryl pullulan (CHP-NY-ESO-1)

on immune responses and survival benefits of esophageal cancer patients. J Transl Med 11:

246–255. doi:10.1186/1479-5876-11-246

17. Ebert LM, MacRaild SE, Zanker D, Davis ID, Cebon J, Chen W (2012) A cancer vaccine

induces expansion of NY-ESO-1-specific regulatory T cells in patients with advanced mela-

noma. PLoS One 7:e48424. doi:10.1371/journal.pone.0048424

18. Ikuta Y, Katayama N, Wang L, Okugawa T, Takahashi Y, Schmitt M et al (2002) Presentation

of a major histocompatibility complex class 1-binding peptide by monocyte-derived dendritic

cells incorporating hydrophobized polysaccharide-truncated HER2 protein complex: impli-

cations for a polyvalent immuno-cell therapy. Blood 99:3717–3724

19. Neelapu SS, Baskar S, Gause BL, Kobrin CB, Watson TM, Frye AR et al (2004)

Human autologous tumor-specific T-cell responses induced by liposomal delivery of a lym-

phoma antigen. Clin Cancer Res 10:8309–8317

20. Davis ID, Chen W, Jackson H, Parente P, Shackleton M, Hopkins W et al (2004) Recombinant

NY-ESO-1 protein with ISCOMATRIX adjuvant induces broad integrated antibody and CD4

(+) and CD8(+) T cell responses in humans. Proc Natl Acad Sci U S A 101:10697–10702

21. Sanders MT, Brown LE, Deliyannis G, Pearse MJ (2005) ISCOM-based vaccines: the second

decade. Immunol Cell Biol 83:119–128

22. Vansteenkiste J, Zielinski M, Linder A, Dahabreh J, Gonzalez EE, Malinowski W et al (2013)

Adjuvant MAGE-A3 immunotherapy in resected non-small-cell lung cancer: phase II random-

ized study results. J Clin Oncol 31:2396–2403. doi:10.1200/JCO.2012.43.7103

23. Neninger Vinageras E, de la Torre A, Osorio Rodrı́guez M, Catalá Ferrer M, Bravo I, Mendoza
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Chapter 14

Dendritic Cell-Based Vaccine for Cancer

Masato Okamoto

Abstract Although cancer vaccines could not show the evidence of their thera-

peutic effects in phase III clinical trials, two dendritic cell (DC)-based vaccines,

sipuleucel-T (Provenge®) and DCVax®-Brain, are approved in the USA and Swit-

zerland, respectively. Furthermore, pivotal randomized phase III trials of several

DC vaccines are ongoing in the USA and Europe. The promising data are also

shown in retrospective as well as prospective clinical studies by using Japanese DC

vaccine Vaccell® that we are engaged in development; therefore, its large-scale

prospective clinical trial is now preparing. In this chapter, I introduce the results of

representative clinical trials including sipuleucel-T and DCVax® and the process of

Vaccell® development, consider the advantages of the DC vaccine for conventional

vaccine, and discuss the problems and future prospects of the DC vaccine.

Keywords Specific immunotherapy • Cancer vaccine • Dendritic cells • OK-432 •

Clinical trial

14.1 Introduction

Although cancer vaccine that is one of the antigen-specific immunotherapies has

been expected for the patients with malignancies resistant to standard treatment, the

therapeutic effect has not been evidenced. Even the certain cancer vaccines which

showed clinical effects in early phase clinical studies [1–4] have not demonstrated

clear clinical benefits in pivotal phase III trials. On July 16, 2007, the Swiss Institute

of Public Health has approved the world’s first therapeutic vaccine for brain cancer
DCVax®-Brain (Northwest Biotherapeutics, Inc.), and on April 29, 2010, the US

Food and Drug Administration (FDA) has approved sipuleucel-T (Dendreon Corp.)

which is a cancer vaccine for the treatment of hormone-refractory prostate cancer.

Sipuleucel-T is the only vaccine approved so far by the US FDA to treat cancer.

Interestingly, both vaccines are antigen-presenting cell (APC) (mainly dendritic

cell (DC))-based cancer vaccine. “Why is it DC vaccine?”
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14.2 DCs and DC Vaccine

14.2.1 DCs, T-Cell Response, and Clinical Outcome

DCs are potent APCs which play a central role in initiating adaptive and innate

immune responses. In most tissues, DCs are present in an immature state. The

immature DCs (iDCs) are unable to stimulate T cells but are extremely well

equipped to capture antigens. The iDCs are matured by the stimulation associated

with capturing antigens such as bacteria, viruses, and apoptotic cancer cells and by

other stimulating agents including inflammatory cytokines such as tumor necrosis

factor (TNF)-α, interleukin (IL)-1β, CD40 ligand, and several conserved microbial

molecules such as lipopolysaccharide (LPS), lipoprotein, CpG DNA, and double-

stranded RNA [5–8]. In the primary tumor sites, iDCs phagocytize antigens from

apoptotic tumor cells and the appropriately matured antigen-bearing DCs that result

strongly expressing CD80, CD83, CD86, CD40, and MHC class I and MHC class

II; migrate to the paracortical T-cell-rich area of the draining lymph nodes; present

antigens to CD8+T cells via MHC class I and to CD4+T cells via MHC class II; and

induce tumor-specific cytotoxic T lymphocytes (CTLs) as well as helper T cells to

exhibit antitumor effects. The details about the cytology of DCs entrust it to other

basic articles.

To generate cancer antigen-specific CTLs and to elicit anticancer effects, iDCs

should be matured appropriately to derive helper T-cell type I (Th1) because it is

much significant for inducing CTLs that the antigens are presented to T cells under

Th1-dominant condition in cytokine balance (Fig. 14.1) [9–15]. Immunologically

suppressive conditions such as Th2, Th17, and regulatory T cells (Tregs), but not

Th1, may be induced in many cancer-bearing hosts. Although controversial find-

ings have been reported in the role of Th17 in antitumor immunity, such an

inhibitory condition causes the dysfunction of DCs as well as the induction of

tolerogenic DCs; therefore, CTLs may not be induced, and it is also possible that the

immunological tolerance even may cause the tumor progression and poor

prognosis.

Actually, it has been reported that the survival of the advanced melanoma

patients who received an allogeneic cancer vaccine (Canvaxin™) developed from

three melanoma cell lines was shorter than that of the patients who received placebo

[16, 17]. In stage III melanoma patients, the 5-year survival was 59 % for those

receiving Canvaxin™ and 68 % for the untreated patients. In the stage IV mela-

noma patients, the median survival was 32 months for the patients treated with

Canvaxin™ and was 39 months for control patients. In addition, phase III trial using

a cell-based gene-transduced multi-antigen vaccine GVAX® (Cell Genesys, Inc.)

showed that overall survival (OS) was shorter in the GVAX arm with median

survival of 12.2 versus 14.1 months in the placebo arm (P¼ 0.0076) [18]. Cancer

progression by peptide vaccine has been reported also in mouse model via induction

of apoptosis of CD8+T cells [19]. These reports strongly suggest the possibility that

the cancer vaccines become harmful when they do not work appropriately.
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14.2.2 Advantages of DC Vaccine

In the conventional cancer vaccines in which only antigens such as peptides,

proteins, nucleic acids, etc. or antigens plus immunoadjuvants are administered,

we cannot reject the following possibilities that (1) the number of APCs (mainly

DCs) in the patients’ bodies is too small to induce antigen-specific CTLs for

eliminating cancer cells, (2) the administered antigens are not presented on HLA

molecules on DCs, (3) DCs do not mature appropriately, and (4) DCs differentiate

into tolerogenic type. These may be the reasons why cancer vaccines could not

show anticancer effect and why several vaccine protocols induced cancer progres-

sion and poor prognosis as described above.

DC vaccines were developed to clear these problems. DCs are cultured in large

scale, are certainly pulsed with antigens, and are matured appropriately into

Th1-inducing type ex vivo. DC vaccine is the only method at present to be able

to control artificially the Th1-type host immune response that can be promising for

eliciting antitumor effects (Fig. 14.1). Actually, advanced melanoma patients who

received Melapuldencel-T, which is an autologous tumor-pulsed DC vaccine,

showed a much prolonged survival time as compared with those who received

only autologous tumor vaccine (see Sect. 14.3).

Naïve CD4+T cell

Th1 Th2 Th17 Treg

Immature DC

Various types of stimuli

Various types 
of DCs

IL-12
IFN-g

IL-4,
IL-10

IL-6, IL-21,
IL-23,TGF-b IL-10

TGF-b

CTL induction and anti-cancer effects

Fig. 14.1 Effects of various DCs in CD4+ T-cell differentiation. Immature DCs which received

various stimuli including bacterial components and inflammatory or anti-inflammatory cytokines,

differentiate into several types of DCs which induce Th1, Th2, Th17, or Treg. It is important for

making a therapeutic DC vaccine to prepare the DCs which can induce a Th1 immune response
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14.2.3 Several Types of DC Vaccines

14.2.3.1 Source of DCs

Although a number of basic examinations for DC induction from CD34+ hemato-

poietic stem cells, for expansion of peripheral blood DCs such as myeloid DCs and

plasmacytoid DCs, for use of allogeneic DCs, etc. [20–24] have been done, these

strategies could not be standard methods so far for clinical applications of DC

vaccine. Most of DCs whose safety is established and which are used for large-scale

clinical trials are autologous peripheral blood monocyte-derived DCs as described

in Sects. 14.3 and 14.4.

14.2.3.2 Antigens Which Are Loaded Ex Vivo into DCs for Human Use

Here, I briefly describe about cancer antigens for the vaccines. Please make other

chapters reference about the details.

Although several types of antigens such as apoptotic bodies, tumor lysates, or

mRNAs derived from autologous or allogeneic tumors and peptides, proteins, or

mRNAs for purified tumor-associated antigens (TAAs) to be pulsed into DCs for

therapeutic vaccine have been reported [25–30], each type of antigens has some

problems as well as advantages as shown in Table 14.1. For example, although

patient-derived whole tumors include all of their TAAs, the key TAAs which are

required for inducing CTLs and for eliminating cancer cells are limited. Possibly,

the amounts of the key TAAs included in whole tumor cells in each patient may be

too small to work for eliciting anticancer effects. If we would find key TAAs for

Table 14.1 Antigen types which are ex vivo loaded into DCs for therapeutic vaccines

Antigen type Advantage Problem

1. Autolo-

gous tumor

Apoptotic

body

They may adapt to variety

and the change of the

antigens

Quantities of the key antigen may

be too small

Tumor

lysate

They may include suppressive

components

mRNA

2. Alloge-

neic tumor

Apoptotic

body

They may adapt to variety

and the change of the

antigens

Quantities of the key antigen may

be too small

Tumor

lysate

They may include suppressive

componentsHigh CTL-inducing activity

by allogeneic antigens Adverse allogeneic reactionmRNA

3. Purified

TAA

Peptide High amounts of key antigens

can be used

They may not adapt to variety and

the change of the antigens profileProtein

mRNA

CTL cytotoxic T lymphocyte, TAA tumor-associated antigen key antigens: antigens required for

inducing CTLs and for eliminating cancer cells
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each patient, the synthetic peptides, proteins, or nucleic acids for the key TAAs are

able to be effectively used.

In 2009, Cheever et al. have reported the prioritization of cancer antigens as

vaccines for cancer patients [31]. In my opinion, the significant points as an antigen

for therapeutic vaccine are that the antigen(s) (1) are overexpressed in cancer cells

but not in normal cells, (2) have high activity for inducing CTLs, (3) are expressed

on cancer stem cells (cancer stemlike cells, cancer-initiating cells), and (4) have a

function to be critical for cancer cells to survive. Especially, (3) and (4) are

important in vaccine therapy to prevent cancer cells from escaping out of

immunosurveillance. Recently, lots of investigators including our group are trying

to find the cancer antigen(s) that satisfied the above requirements (most equally to

“key TAAs”) to develop more effective cancer vaccine; therefore, in the near

future, multi-peptides (or proteins or nucleic acids) for TAAs may become the

main antigens for the therapeutic DC vaccine (also see Sect. 14.4.3), although

autologous tumors have been mainly used for large-volume clinical trials so far

(see Sect. 14.3 and Table 14.2).

In addition, we have reported most recently that the vaccination with vascular

progenitor cells derived from induced pluripotent stem (iPS) cells elicits antitumor

immunity targeting vascular and tumor cells in basic examination [32]. Such a

strategy also will be carried out with the progress of the science for regenerative

medicine.

14.3 Development of Therapeutic DC Vaccines

It was much difficult for the investigators to conduct a large-scale clinical trial of

the DC vaccine because the cell processing process should be required to make the

therapeutic DC vaccine. Therefore, the evidence for the anticancer effect of the DC

vaccine has not been provided even if there are a lot of reports from relatively

small-size clinical trials. However, recent progress of cell processing system under

the GCP management has made DC vaccine to be provided to lots of patients and

the investigators to be able to conduct a large-scale, pivotal phase III clinical trial.

Here, I introduce the DC vaccines which have already been approved in the USA

or Europe or the DC vaccines whose phase III study is ongoing in the USA

(Table 14.2).

14.3.1 DCVax® (Northwest Biotherapeutics, Inc.)

DCVax®-Brain which is an autologous peripheral blood monocyte-derived DC

vaccine loaded with the patients’ own glioblastoma cell lysate has been approved

by the Swiss Institute of Public Health as the world’s first commercially available

therapeutic vaccine for brain cancer in 2007. DCVax®-Brain delayed disease
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recurrence from 6.9 to 18.1 months for newly diagnosed glioblastoma patients and

extends OS from 14.6 months to more than 33 months [33–35].

In the USA, a phase III clinical trial evaluating DCVax®-L (other names:

DCVax®-Brain, DCVax®) for the treatment of glioblastoma multiforme (GBM)

is now ongoing, authorized by the US FDA. The primary endpoint is progression-

free survival (PFS), and the secondary endpoints are OS, immune response, and

also safety.

14.3.2 Sipuleucel-T (Provenge®, Dendreon Corp.)

Sipuleucel-T is the only vaccine approved so far by the US FDA to treat cancer.

Administration of sipuleucel-T which is autologous APCs (mainly DCs) pulsed

with the fusion protein (prostatic acid phosphatase (PAP)-granulocyte-macrophage

colony-stimulating factor (GM-CSF)) extended 4.1 months in median OS compared

to the placebo control group (25.8 months vs 21.7 months) and reduced the risk of

death by 22.5 % compared to the control in phase III IMPACT trial, a 512-patient,

multicenter, randomized, double-blind, placebo-controlled study [36]. Antigen-

specific immune responses were detected in patients who received sipuleucel-T.

Further study also showed that sipuleucel-T administration elicits a recruitment of

activated effector T cells into a tumor microenvironment as well as a systemic

antigen-specific T-cell response [37].

14.3.3 Melapuldencel-T (NeoStem, Inc.)

Melapuldencel-T (also called DC-TC) is a monocyte-derived therapeutic DC vac-

cine which is loaded with irradiated, ex vivo proliferated, autologous tumor cells for

patients with malignant melanoma.

Results of phase II clinical trial that were presented at the 2014 ASCO Annual

Meeting are based on further analysis of previously published data from 170 mel-

anoma patients enrolled in three studies including (1) a single-arm phase II trial of

only irradiated, autologous tumor cells [38], (2) a single-arm phase II trial of

Melapuldencel-T [39], (3) and a randomized phase II trial comparing

Melapuldencel-T and only irradiated, autologous tumor vaccine [40]. Patients

were classified as no evidence of disease (NED) or non-NED. In all patients,

5-year OS rate was 50 % for the Melapuldencel-T group vs. 32 % for control

patients who received autologous tumor vaccine alone ( p¼ 0.004). In the subset of

NED patients, 5-year OS was 73 % for the Melapuldencel-T group vs. 43 % for

control patients ( p¼ 0.015) [41, 42]. In non-NED patients, 5-year OS rate was

higher in the Melapuldencel-T group (33 %) than in control group (20 %)

( p¼ 0.025).
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NeoStem, Inc. is initiating a phase III, randomized, double-blind, multicenter

trial of Melapuldencel-T for patients with previously treated, advanced melanoma

under a Special Protocol Assessment (SPA) agreement with the US FDA

[NCT01875653], and this DC vaccine has been granted fast-track designation by

the agency as well.

14.3.4 AGS-003 (Argos Therapeutics, Inc.)

AGS-003 is an autologous monocyte-derived DC vaccine loaded with autologous

tumor RNA and CD40 ligand RNA. On July 3, 2012, the US FDA has approved the

SPA for pivotal phase III clinical trial of AGS-003 for the treatment of metastatic

renal cell carcinoma (mRCC) [NCT01582672] based on the highly encouraging

long-term survival observed in the phase II trial. In the 21 metastatic clear-cell RCC

patients (11 intermediate risk and 10 poor risk) enrolled in this study, the median

OS was 30.2 months and the median PFS was 11.2 months. The median OS for the

intermediate risk population was 57.1 month, and 52 % of all 21 patients achieved

OS �30 months and 33.3 % of the patients were still alive at 48 months after

registration. Five of 21 patients have exceeded or are currently nearing the 5-year

plus survival mark [43, 44].

This phase III trial (ADAPT study) is now ongoing. The protocol focused on a

primary endpoint of improving OS for patients with mRCC randomized to receive

AGS-003 combined with sunitinib vs. sunitinib alone [NCT01582672] [45].

14.3.5 ICT-107 (ImmunoCellular Therapeutics, Ltd.)

ICT-107 is an autologous monocyte-derived DC vaccine pulsed with six synthetic

class I peptides from AIM-2, MAGE1, TRP-2, gp100, HER2/neu, and IL-13Ra2 for

patients with newly diagnosed GBM [46]. Results of a randomized, double-blind,

placebo-controlled phase II study were presented on the 2014 ASCO Annual

Meeting [47]. HLA-A1+ and/or HLA-A2+ resected GBM patients with residual

tumor <1 cm3 who received 6 weeks of concurrent temozolomide (TMZ) and

radiation. One hundred twenty-four patients were randomized 2:1 to ICT-107

group or control group who received unpulsed DCs in combination with TMZ. In

HLA-A2 patients with unmethylated MGMT, median OS was 15.8 months for

ICT-107 group and 11.8 months for control group, and median PFS was

10.5 months for ICT-107 group and 6.0 months for control group. Much interest-

ingly, in HLA-A2 patients with methylated MGMT, median PFS was 24.1 months

for ICT-107 group and 8.5 months for control group. In the ICT-107 group, IL-12

production and HLA-DR expression were predictive of OS ( p-values <0.05).

Both the US FDA and European National Regulatory Authorities provided

encouraging suggestions for advancing ICT-107 into phase III trial.
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14.4 Development of Japanese DC Vaccine, Vaccell®

Our group (the DC Vaccine Study Group at the Japan Society of Innovative Cell

Therapy (J-SICT)) is also developing the DC vaccine “Vaccell®” for cancer in

Japan. The original methodology using peripheral blood monocytes for making this

vaccine has been developed by Yamashita and Takahashi based on the method

reported by Banchereau, Steinman, Akagawa, Zhou, and Tedder et al. [6, 48,

49]. Then, in this vaccine, the condition for DC maturation was optimized by

Okamoto et al., the antigens pulsed into the DCs were examined and selected

also by Okamoto et al., and then, finally, the vaccine was adjusted as the product

by Yonemitsu et al. The Vaccell® whose standard operating procedure (SOP) has

been established as described above has been served to patients with various

malignancies, and not only large-scale retrospective but also prospective studies

have been done or are ongoing.

14.4.1 Phase I Clinical Trial Using the DC Vaccine Made
by Original Method

Yamashita et al. has carried out phase I clinical trial of monocyte-derived DC

vaccine pulsed with autologous tumor lysates made by their original methodology

in ten patients with stage IV advanced melanoma and six patients with advanced

thyroid cancer including five papillary and one follicular types [50–52].

The DC vaccine could be safely harvested, cryopreserved, and administrated to

patients without obvious complications. These patients were vaccinated weekly

with 107 DCs for 10 weeks and given 350–700 kIU of IL-2 three times per week. Of

the ten melanoma patients, one showed stable disease (SD), seven showed progres-

sive disease (PD), and two showed mixed response including partial tumor regres-

sion. Of the six thyroid cancer patients, disease was assessed as SD in two and as PD

in four. Tumor growth rate appeared to be reduced during DC vaccination in four

PD patients as well as two SD patients.

Although these studies showed limited clinical benefits for cancer patients, the

improvement of clinical efficacy will require further research.

14.4.2 Induction of Mature DCs by Using OK-432

In the 1990s and early 2000s, the investigators used cytokine cocktail including

tumor necrosis factor (TNF)-α to mature DCs; however, much more effective

mature DCs (mDCs) were required for therapeutic cancer vaccines. We expected

it in OK-432 (Chugai Pharmaceutical Co., Ltd, Tokyo, Japan) which is a
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Streptococcus-derived immunoadjuvant in Japan. Here, I focused on our experi-

mental findings of OK-432.

14.4.2.1 Streptococcal Adjuvant OK-432 Induces Th1 via TLRs

OK-432, a penicillin-killed and lyophilized preparation of a low-virulence strain of

Streptococcus pyogenes (group A) [53], has been successfully used as an immuno-

therapeutic agent in many types of malignancies [54–58]. We have also reported

that OK-432-based immunotherapy has a marked therapeutic effect in patients with

head and neck cancer [59–62]. OK-432 elicits antitumor effects by stimulating

immunocompetent cells such as macrophages, T cells, and natural killer (NK) cells

and by inducing multiple cytokines [63–65]. In addition, the most important

function of OK-432 is to induce IL-12 strongly and to polarize the T-cell response

to a Th1-dominant state [66].

OK-432 consists of whole bacterial bodies and contains many components. We

have reported that the agonists of Toll-like receptor (TLR) 4/MD-2 complex and

TLR9 derived from the OK-432 induce Th1-type immune response and enhance

antitumor immunity both in human and in mice [61, 67–69] (Fig. 14.2).

14.4.2.2 DC Maturation, CTL Induction, and Antitumor Effect

by OK-432

Next, we have shown that the expression of TLR4 on DCs is significant for

anticancer effect of DC-based immunotherapy in combination with OK-432

Fig. 14.2 Generation of Th1-inducing DCs by OK-432 via TLRs and antitumor effect. DCs which

were matured and differentiated into the IL-12-producing and Th1-inducing type by OK-432

stimulation present a cancer antigen to CD8+ T cells via HLA class I and to CD4+T cells via HLA

class II. CD4+T cells which recognized an antigen under IL-12 stimulation, differentiate to Th1,

and produce IFN-γ and IL-2. Antigen-recognizing CD8+T cells (CTLs) are activated by these Th1

cytokines, then kill cancer cells specifically to the cancer antigen
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[70, 71]. OK-432 as well as OK-PSA which is an agonist for TLR4 isolated from

OK-432, augmented IL-12 production as well as expression of the surface mole-

cules (HLA class I, HLA class II, CD80, CD83, CD86, CD40, etc.) on DCs, and

then DCs stimulated with OK-432 or OK-PSA markedly augmented antigen-

specific CTL activities far stronger than LPS or TNF-α. In tumor-bearing mouse

model, although OK-PSA accelerated the antitumor effect of DC therapy in wild-

type mice bearing syngeneic tumor, the OK-PSA effect on the DC therapy was not

significant in TLR4-/- mice. Interestingly, an administration of wild-type-mouse-

derived DCs plus OK-PSA exhibited a marked antitumor effect even in the TLR4-/-

mice. Similar results were obtained from another experimental model by using

original OK-432 but not isolated OK-PSA [70, 71]. OK-432/OK-PSA may be a

potent immunoadjuvant for the DC vaccine (Fig. 14.2).

14.4.3 Antigens Pulsed into DCs

So far, we mainly use WT1 and MUC1 peptides as antigen pulsed into DCs. It

appears in the article by Cheever et al. [31] about their being superior to other

antigens; however, we never stop searching for much better antigens for therapeutic

DC vaccine (see Sect. 14.2.3.2). Most recently, we have been going to use

WT1-specific MHC class II-restricted epitope combined with MHC class

I-restricted epitope for our DC vaccine (see 14.5.1).

14.4.4 Methodology for Making a Monocyte-Derived,
OK-432-Stimulated, Cancer Antigen-Pulsed DC
Vaccine, Vaccell®

According to the data described above, Vaccell® is made as follows. Peripheral

blood mononuclear cells (PBMCs) were isolated from the leukapheresis products

by Ficoll-Hypaque gradient density centrifugation. These PBMCs were placed on

tissue culture plates, and the adherent cells were cultured in a medium containing

GM-CSF and IL-4 to generate iDCs. Five days later, the DCs were stimulated with

OK-432 and PGE2 for 24 h. The DCs were then pulsed with peptide antigens

according to the HLA-A pattern. The DCs were cryopreserved and kept until the

day of administration. The phenotype CD14�/low/HLA-DR+/HLA-ABC+/CD80+/

CD83+/CD86+/CD40+/CCR7+ was taken to define mDCs. The DCs were prepared

by well-trained technical staff in each institutional cell processing center under the

SOP. Regarding release criteria, testing for sterility, mycoplasma (PCR method),

and endotoxin (Endospecy™, Seikagaku Corp., Tokyo) was done using the super-

natant or cell suspension just before the tube filling.
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14.5 Reports of Clinical Observation for Vaccell®

At the point of writing, we have published 11 articles (10 original and 1 review

papers) related to the clinical application of Vaccell®. Five articles described the

effects of Vaccell® for pancreatic cancer [72–76], two for biliary tract cancer

[77, 78], one for lung cancer [79], one for ovarian cancer [80], one for pediatric

patient with relapsed leukemia [81], and one for several types of advanced cancers

treated with radiation therapy in combination with DC vaccine [82].

14.5.1 Pancreatic Cancer

The first paper related to the clinical application of Vaccell® has reported the results

of retrospective study of the clinical and immunological evaluation of DC-based

immunotherapy in combination with standard chemotherapy in 49 patients with

advanced pancreatic carcinoma [72]. Prolongation of survival in this cohort was

highly likely (median OS: 360 days from the first vaccination). An increased

number of cancer antigen-specific CTLs and decreased Tregs were observed in

several patients during vaccination, and an increased OS tended to be associated

only with the latter.

We have conducted the next retrospective observation by expanding sample size

to 354 patients as a multicenter analysis [73]. Of 354 patients who met the inclusion

criteria, 255 patients who received standard chemotherapy combined with peptide-

pulsed DC vaccines were analyzed. The mean OS from diagnosis was 16.5 months

and that from the 1st vaccination was 9.9 months. Importantly, we found that

delayed-type hypersensitivity (DTH) reaction after vaccination was an independent

prognostic factor for better survival (Fig. 14.3a) and that OK-432 might be a good

adjuvant enhancing the antitumor immunity during DC vaccination. This is the first

report of a multicenter clinical study suggesting the feasibility and possible clinical

benefit of an add-on DC vaccine in patients with advanced pancreatic combined

with standard chemotherapy.

Next, a small-scale prospective clinical study in The Jikei University Hospital

(principal investigator: Dr. Shigeo Koido) was conducted. In this trial, we loaded

the WT1-specific HLA class II-restricted epitope in combination with HLA class

I-restricted epitope into the DCs [74–76]. Ten stage IV patients with pancreatic

ductal adenocarcinoma who showed HLA-positive for A*02:01, A*02:06,

A*24:02, DRB1*04:05, DRB1*08:03, DRB1*15:01, DRB1*15:02, DPB1*05:01,

or DPB1*09:01 were enrolled. The patients received one course of gemcitabine

followed by biweekly intradermal vaccinations and gemcitabine. WT1-specific

IFN-γ-producing CD4+T cells were significantly increased after treatment with

the DCs pulsed with both WT1 class I- and II-restricted peptides (WT1-I/II). WT1

peptide-specific DTH was detected in 4 of the 7 patients who receivedWT1-I/II-DC

and in 0 of the 3 patients who received DCs pulsed with WT1-I or WT1-II alone.
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The WT1-specific DTH-positive patients showed significantly improved OS and

PFS compared with the DTH-negative patients (Fig. 14.3b). In particular, all three

patients with strong DTH reactions had a median OS of 717 days. The decreased

neutrophil/lymphocyte ratio (NLR) and the increased expression of HLA-DR and

CD83 may be prognostic markers of longer survival. The activation of

WT1-specific immune responses by DC vaccine pulsed with WT1-I/II in combina-

tion with chemotherapy may be associated with disease stability in advanced

pancreatic cancer.

Previously, there have been some reports describing the advantage of the use of

HLA class II-restricted antigen epitope(s) [83], while it is also suggested the

possibility that HLA class II-restricted epitope may induce suppressive immune

responses such as Th2, Th17, and Tregs. Immunoadjuvant(s), such as OK-432,

should be used for inducing certain Th1. We are now planning large-scale prospec-

tive phase II/III clinical trials of the Vaccell® for pancreatic cancer patients.

Fig. 14.3 Japanese DC vaccine Vaccell® for pancreatic cancer patients. (a) Two-hundred fifty-

five patients who received standard chemotherapy combined with peptide-pulsed DC vaccines

were analyzed. DTH skin reaction after vaccination was an independent prognostic factor for

better survival. (b) Seven patients who received WT1-I/II-pulsed DCs showed a markedly longer

survival than three patients who received DCs pulsed with WT1-I or WT1-II alone. The

WT1-specific DTH-positive patients showed significantly improved OS and PFS compared with

the DTH-negative patients (These graphs and a photograph were cited from Refs. [73, 74])
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14.5.2 Lung Cancer

Takahashi et al. reported the impact of DC vaccine pulsed with WT1 peptide

antigen but not other antigens used in the current retrospective observation on the

survival of patients with advanced non-small cell lung carcinomas (NSCLC)

[79]. Sixty-two patients with previously treated inoperable or relapsed NSCLCs

were enrolled in this study. One or more antigens (peptides for WT1, MUC1, CEA,

and/or autologous tumor lysate) were pulsed into DCs according to our criteria

[79]. The median survival time was 27 months (82 % in 1 year and 54 % in 2 years)

from initial diagnosis and that was 12 months (48 % in 1 year and 22 % in 2 years)

from the first DC vaccination. Interestingly, multivariate analyses revealed that the

use of WT1 but not other antigens significantly affected the OS of the patients. DC

vaccines pulsed with WT1 may hold a significant impact to prolong the overall

survival of patients with advanced NSCLCs.

14.5.3 DC Vaccine in Combination with Radiation Therapy

Shibamoto et al. demonstrated the efficacy of DC vaccine in combination with

IMRT or other conformal radiotherapy (RT), assuming minimal immunosuppres-

sion by such RT modalities [82]. Forty patients who had recurrent, metastatic, or

locally advanced tumors were enrolled in the study. Although an additional effect

of DC vaccine in target tumors of RT remained unclear, interestingly, 55 % of

tumor control rate (22 % PR, 33 % SD) outside the RT target volume has been

shown.

Abscopal effect caused after RT is often reported, and the possibility that this

effect depends on antigen spreading induced by cancer-cell death by RT is being

discussed. Immunotherapy combined with RT such as IMRT assuming minimal

immunosuppression may be a promising strategy for the control of malignancies

resistant to standard treatment.

14.5.4 Allogeneic DC Vaccine

Saito and Shimodaira et al. reported an important case of pediatric patients with

relapsed leukemia who received allogeneic DC vaccine [81]. A 15-year-old girl

with acute lymphoblastic leukemia received allogeneic WT1 peptide-pulsed DC

vaccine after her third hematopoietic stem cell transplantation (HSCT). DC vac-

cines were generated from the third HSCT donor who was her younger sister aged

12. The patient received 14 vaccines. No vaccination-related GVHD, pancytopenia,

or other systematic adverse effects developed during the 14 sessions of vaccination.

WT1-specific CTL responses were detected after DC vaccination by both
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WT1-tetramer and ELISPOT assays. DTH reaction on injection sites also showed

good response.

After the 14th vaccination, the patient maintained complete hematological

remission with complete donor chimerism. Then, vaccination was discontinued at

the request of the patient and her parents. Unfortunately, a 4th relapse occurred

44 months after the 3rd HSCT, which was 14 months after the final DC vaccination.

This strategy is promising and may be safe, tolerable, and even feasible for

patients with a relapse after HSCT. If DC vaccine was continued, did the relapse

occur or not? We must make use of this experience in the next step.

14.6 Future Strategy for Improving Clinical Effects of DC

Vaccine

To let cancer vaccine work effectively, three critical points will be required:

(1) development of more effective and easily prepared DC vaccine, (2) canceling

an immunosuppressive condition in patients, and (3) development of predictive

biomarkers for selecting patients who are expected to obtain clinical benefit by DC

vaccine and for developing novel immunological therapeutic strategy for cancer

patients.

14.6.1 Development of More Effective and Easily Prepared
DC Vaccine

14.6.1.1 Source of DCs

Although several investigators are now trying the induction of functional DCs from

pluripotent stem cells such as iPS cells [84, 85], they are not yet the DC sources

superior to autologous peripheral blood monocytes because of the problems such as

a culture condition, a culture period, a reliability, and harmful effects including

carcinogenesis. In addition, we should also consider which source of autologous or

allogeneic cells is better for therapeutic vaccine. Healthy volunteer-derived DC

vaccines can be made as ready-to-use vaccines beforehand; however, allogeneic

reaction may be a harmful risk. The possibility of clinical application of autologous

or allogeneic PS cell-derived DCs is now being examined.

14.6.1.2 DC Expansion

Peripheral blood monocyte-derived DCs are mainly used for human study because

the number of DCs in blood is too small for therapeutic DC vaccine as well as

cannot be expanded basically. In this case, a leukapheresis should be performed for
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obtaining the monocytes of the required amount. If the leukapheresis process might

be skipped, the burdens of the patients in this therapy may be much decreased. At

the present, lots of investigators are trying to develop the methodology for

expanding the number of DCs [86, 87]. I expect it for progress of this future

technology development.

14.6.2 Combination Immunotherapy (Canceling
Immunosuppressive Condition)

As shown in a delayed separation in survival curve, it takes time (3–6 months or

more) so that vaccines elicit therapeutic effects; therefore, monotherapy of vaccine

can be recommended as postoperative adjuvant therapy. In patients with advanced

cancer, a combination immunotherapy such as an immunochemotherapy and an

immunoradiotherapy may be recommended.

On the other hand, some populations of cancer patients are difficult to respond to

cancer vaccine because an immunosuppressive state may be induced in tumor

microenvironment and in systemic environment. In such cases, the therapies for

canceling the immunosuppression for improving patients’ immune condition may

have to be combined to cancer vaccine such as DC vaccine. The methodology for

canceling immunosuppression which can be combined to DC vaccine is very

important to improve therapeutic effects of the vaccine, although I avoid describing

the details in this chapter. A summary is shown in Table 14.3.

14.6.3 Predictive Biomarker

Biomarkers which can predict the clinical outcome of the patients who received DC

vaccine before treatment or at early stage during DC vaccination are required for

the selection of patients who are expected to obtain clinical benefit by DC vaccine

and for development of novel immunological therapeutic strategy for cancer

patients.

For example, it has been reported that high serum IL-6 level was significantly

correlated with poor clinical outcomes in castration-resistant prostate cancer

patients, advanced biliary tract cancer patients, and advanced colorectal cancer

patients who received the personalized peptide vaccine [96–98]. IL-6 blockade may

cancel the immunosuppression of the patients and may improve vaccine effects.

They have already started the trial of IL-6 blockade and the peptide vaccine. This is

an excellent strategy.

In our Vaccell® study, strong DTH skin reaction, decreased Tregs, low NLR,

low CRP, and high Alb may be predictive markers for good clinical outcome of

patients with advanced pancreatic cancer. In addition, OK-432 is useful to increase
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DTH reaction [72–76]. In GBM patients who received ICT-107 vaccine, vaccine

activation markers IL-12 production and HLA-DR expression were predictive of

OS ( p-values <0.05) (see Sect. 14.3.5).

In the near future, we have to identify the evidenced biomarker from large-scale,

well-controlled prospective trials of DC vaccine.

14.7 Conclusion

I believe that there are some populations (relatively large populations) of cancer

patients who can obtain clinical benefit by DC vaccine. DC vaccine has a potential

to elicit antitumor effect, and we therefore have to make DC vaccine a standard

treatment for cancer patients.

We will be able to make the DC vaccine much more effective by expanding DC

number, by identifying more effective antigens, by developing predictive bio-

markers, and by combining with the therapies for canceling an immunosuppressive

condition as well as for tumor mass reduction.
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Table 14.3 Methodology for canceling the immunosuppressive condition in cancer patients for

improving the effects of cancer vaccines

Therapies/drugs Effects Ref.

1. Checkpoint inhibitors T-cell activation by blocking checkpoint

molecules

See other

chaptersAnti-CTLA4, anti-TIM3

Anti-PD-1, anti-LAG3

Anti-PD-L1

2. Chemotherapeutic

agents
Treg number [88, 89]

Cyclophosphamide Treg number MDSC number [72, 89, 90]

Gemcitabine
DC number WT1 expression [91, 92]

5-FU/S-1
PD-L1 expression DC function [71, 93]

3. Radiation therapy Treg number [94, 95]

Immunogenic cell death

Antigen spreading

Treg regulatory T cell, MDSC myeloid-derived suppressor cell
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Immunoadjuvants



Chapter 15

CpG Motif

Masahiro Katsuda and Hiroki Yamaue

Abstract The key feature of innate immune cells that enables them to detect and

categorize infection seems to be their repertoire of pattern recognition receptors

(PRRs). The best understood PRR family comprises the toll-like receptors (TLRs),

ten of which are known in humans. PRRs have recently been attributed with a

critical role in eliciting anticancer immune responses, raising interest in the devel-

opment of immunotherapeutic regimens based on natural or synthetic TLR ago-

nists. In contrast to viruses and other pathogens, vaccines containing recombinant

proteins or synthetic antigenic peptides usually fail to induce significant immune

responses unless they include an adjuvant. Bacterial unmethylated CpG-rich

oligodeoxynucleotides (ODNs), which bind to TLR9, are some of the most prom-

ising candidates for a cancer vaccine adjuvant and are currently being tested in

many human clinical trials. In this context, recent clinical trials using CpG-ODN for

cancer patients are summarized for consideration of the near future use and the next

generation of CpG-ODNs in creating more potent cancer vaccine adjuvants.

Keywords TLR • CpG-ODN • Vaccine adjuvant

15.1 Toll-Like Receptors

The innate immune system is activated via exposure to pathogen-associated molec-

ular patterns that are expressed by a diverse group of infectious microorganisms.

The host subsequently mounts an adaptive immune response directed against

determinants that are uniquely expressed by the pathogen. The resultant antigen-

specific immunity is characterized by the production of high-affinity antibodies and

the generation of cytotoxic T cells that provide long-lasting protection [1]. The key

feature of innate immune cells that enables them to detect and categorize infection

seems to be their repertoire of pattern recognition receptors (PRRs). The best

understood PRR family is the toll-like receptors (TLRs), ten of which are known

in humans.
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TLRs are single membrane-spanning proteins known for their ability to detect

microbe-associated molecular patterns; conserved microbial products, including

bacterial lipopolysaccharide (mixed TLR2/TLR4 agonists) [2–4]; components of

the bacterial cell wall, such as lipoteichoic acid (a specific activator of TLR2) [5];

bacterial flagellin (a pure TLR5 agonist) [6–9]; microbial DNA (a TLR9 agonist)

[10]; microbial single-stranded RNA (ssRNA, which can be detected by both TLR7

and TLR8) [11–13]; and viral double-stranded RNA (dsRNA, which specifically

activates TLR3) [14–16] (Table 15.1). TLRs that detect nucleic acids (i.e., TLR3,

TLR7, TLR8, and TLR9) are localized to the endosomal compartment, while TLRs

that mainly detect proteo-lipidic structures (i.e., TLR1, TLR2, TLR4, TLR5, TLR6,

and TLR10) are exposed on the cell surface [17, 18]. As exceptions to this general

pattern, TLR2 and TLR10 have been shown to co-localize at phagosomes.

15.2 TLR Ligands as Cancer Vaccine Adjuvants

PRRs have recently been attributed with a critical role in eliciting anticancer

immune responses, raising interest in the development of immunotherapeutic

regimens based on natural or synthetic TLR agonists. In contrast to viruses and

other pathogens, vaccines containing recombinant proteins or synthetic antigenic

peptides usually fail to induce significant immune responses unless they include an

adjuvant [19, 20]. Several recently identified TLR ligands are promising vaccine

adjuvants because of their high efficacy in increasing an immune response. Despite

the intense wave of preclinical and clinical investigation, only three TLR agonists

are currently licensed by the US Food and Drug Administration (FDA) for use in

cancer patients: bacillus Calmette-Guérin (BCG), an attenuated strain ofMycobac-
terium bovis that operates as a mixed TLR2/TLR4 agonist; monophosphoryl lipid A

(MPL), a derivative of Salmonella minnesota that functions as a potent agonist of

TLR4; and imiquimod, a synthetic imidazoquinoline that activates TLR7

(Table 15.1).

Table 15.1 Ligands and synthetic or purified adjuvants of TLRs

TLRs (PRRs) Ligands (PAMPs) Synthetic or purified adjuvants

TLR2/1 or

TLR2/6

Lipoproteins, lipopeptide,

peptide glycans

Escherichia coli heat-labile enterotoxins,
MDP, MALP2

TLR3 dsRNA Poly I:C

TLR4 LPS MDP, MPL

TLR5 Flagellin Flagellin

TLR7,8 ssRNA Imiquimod, R848, ssRNA

TLR9 CpG DNA CpG-ODNs

dsRNA double-stranded RNA, LPS lipopolysaccharide,MALPmacrophage-activating lipopeptide,

MDP muramyl dipeptide, MPL monophosphoryl lipid A, ODN oligodeoxynucleotide, PAMPs
pathogen-associated molecular patterns, PRR pattern recognition receptor, ssRNA single-stranded

RNA, TLR toll-like receptor
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15.3 CpG-ODN; TLR9 Agonist

Bacterial unmethylated CpG-rich oligodeoxynucleotides (ODNs), which bind to

TLR9, are some of the most promising candidates for a cancer vaccine adjuvant and

are currently being tested in many human clinical trials. The discovery of the CpG

motif in 1995 led to a shift in the perception of the immune-stimulatory effects of

oligodeoxynucleotides (ODN). Instead of an unwanted nonspecific effect, they

came to be viewed as a highly evolved immune defense that can be selectively

triggered for a wide range of therapeutic applications. During the last decade,

dozens of human clinical trials have been conducted with different CpG-ODNs in

thousands of humans for applications ranging from vaccine adjuvant to immuno-

therapies for allergies, cancer, and infectious diseases. Along with many positive

results have come some failures, showing the limitations of several therapeutic

approaches.

15.4 Latest Clinical Trials Using CpG-ODN for Cancer

Patients

Recently completed trials have evaluated the safety and immunostimulatory profile

of the TLR9 agonist IMO-2055 (also known as EMD1201081) [21, 22], which is

given in combination with 5-fluorouracil, cisplatin, and cetuximab as a first-line

palliative treatment to patients with recurrent/metastatic head and neck squamous

cell carcinoma [23]. Agatolimod (also known as CpG 7909, PF-3512676, and

Promune®), an unmethylated CpG-ODN that activates TLR9 [24], is also given

in combination with tremelimumab (an experimental monoclonal antibody

targeting the immune checkpoint regulator cytotoxic T lymphocyte [CTL]-

associated protein 4) [25, 26] to patients affected by advanced solid tumors

[27]. Most recently, the safety and therapeutic profile of GNKG168 (a CpG-ODN)

[28, 29], given intravenously as a stand-alone agent, was being assessed in a cohort

of relapsed acute lymphoblastic leukemia (ALL) or AML patients (NCT01743807).

This study was already terminated in 2014. As a cancer vaccine adjuvant, the

experimental formulation AS15, which is composed of the immune-stimulatory

components CpG 7909, monophosphoryl lipid, and QS-21, a plant derivative, is

being tested for its ability to boost immune responses elicited by full-length

recombinant preferentially expressed antigen in melanoma in patients with

non-small cell lung cancer (NSCLC) upon tumor resection (NCT01853878).

AS15 has also been used to boost the immunogenicity of a v-erb-b2 erythroblastic

leukemia viral oncogene homolog 2, neuro/glioblastoma-derived oncogene homo-

log (avian) (ERBB2)-targeting vaccine in patients with trastuzumab-resistant

ERBB2-overexpressing metastatic breast carcinoma [30]. In this phase I clinical
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trial, the coadministration of ERBB2-derived peptides with lapatinib was well

tolerated, triggered detectable ERBB2-specific immune responses in a majority of

the patients, and was associated with promising clinical benefits, which warranted

the initiation of phase II/III studies.

In the adjuvant setting, no improvement in progression-free survival was

observed in the phase III MAGRIT study [31]. This clinical trial summary provided

the background and rationale for a randomized trial to investigate the efficacy of

melanoma-associated antigen (MAGE)-A3 antigen-specific cancer immunothera-

peutic agents with the adjuvant AS15 in preventing cancer relapse, when adminis-

tered after tumor resection, in patients with MAGE-A3-positive stages IB, II, and

IIIA NSCLC. Results for MAGRIT, which randomized 2,272 patients with NSCLC

to a vaccine or placebo group after they had lung resections, showed no statistical

difference between the two cohorts. We need a better understanding of mecha-

nisms, but this result might suggest that the following factors are important in

determining the efficacy of a cancer vaccine with adjuvant: (1) antigen-specific

cancer immunotherapeutic agents, (2) combination agents, (3) patient status,

(4) cancer type, and (5) study design. The investigator of MARGIT is planning to

combine his vaccine with a checkpoint inhibitor, which may be the key to a

sustained therapeutic response.

We conducted a phase I/II trial for patients with advanced esophageal squamous

cell carcinoma using epitope peptides derived from novel testis cancer antigens,

LY6K and TTK, in combination with CpG 7909 [32]. This study investigated the

feasibility and toxicity of the combination as well as its induction of tumor antigen-

specific immune responses. Patients were vaccinated on days 1, 8, 15, and 22 in

each 28-day treatment cycle with peptide LY6K, peptide TTK, and CpG 7909

(level 1, 0 mg/kg; level 2, 0.02 mg/kg; level 3, 0.1 mg/kg), and all patients tolerated

the treatment. Potent LY6K- and TTK-specific T-cell responses in peripheral blood

mononuclear cells (PBMCs) were detected in levels 2 and 3. The frequency of

LY6K-177-specific or TTK-567-specific CD8þ T cells increased in patients at

levels 2 and 3 (with CpG). The vaccination with peptides and CpG 7909 increased

and activated both plasmacytoid dendritic cells (PDCs) and natural killer (NK) cells

and increased the serum level of interferon (IFN)-α. There were no complete or

partial responses; however, one of three patients at level 1 and four of six patients at

levels 2 and 3 showed stable disease. In conclusion, vaccination with LY6K-177

and TTK-567 in combination with CpG 7909 successfully elicited antigen-specific

CD8þ T-cell responses and enhanced the innate and acquired immunity of patients

with advanced esophageal squamous cell carcinoma [32].
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15.5 Next Generation of CpG-ODN to Enhance Adjuvant

Effects

15.5.1 Selection of CpG-ODN Type

In numerous murine models, TLR9 activation enhances antigen-specific cellular

responses to a wide variety of antigens. The mechanism that contributes to the

potent adjuvant activity of CpG-ODNs is maturation and differentiation of dendritic

cells, which results in a strong induction of CTLs, even in the absence of CD4

T-cell help [33]. However, the cellular patterns of TLR expression vary between

different species [28, 34]. B cells, monocytes, and all DC subsets express TLR9 in

mice; however, only PDCs and B cells express TLR9 in humans [35–38]. Conse-

quently, the murine immune system responds differently in comparison with human

systems when exposed to CpG-ODN, and extrapolating the experimental results to

humans is impossible. Furthermore, little is known about the mechanism by which

CpG-ODNs augment acquired cellular immunity in humans, although substantial

evidence shows that systemically administered CpG-ODNs augment the activity of

antitumor immunity in human clinical cancer vaccine trials.

Three distinct classes of CpG-ODNs have been identified on the basis of

differences in their structures and immune-stimulating effects [33, 39–

41]. CpG-A (also known as D-type) induces the production of high levels of

IFN-α from PDCs, with relatively little B-cell stimulation. In contrast, CpG-B

(also known as K-type) induces low-level production of IFN-α but profound

B-cell activation. CpG-C has intermediate immune effects with excellent in vivo

stability and ease of formation (Table 15.2). To date, mostly CpG-B has been

applied for clinical treatments of cancer patients; however, the class of

CpG-ODNs that would be the most useful as adjuvants for a human cancer vaccine

remains unknown.

We examined the activity of these three types of CpG-ODNs in enhancing the

induction of human peptide-specific CTLs [42]. We also used tumor antigen

epitope peptide-specific CTL clones to elucidate the effect of CpG-ODNs and

investigate their adjuvant mechanism in peptide vaccine therapy. Our data showed

that PDCs activated by CpG-ODNs augmented the induction of peptide-specific

CTLs, and CpG-A was superior to CpG-B and CpG-C in terms of the augmenting

effect. CpG-A induced a much larger amount of type-1 IFNs than CpG-B and

CpG-C. Moreover, we showed that type-1 IFNs produced by PBMCs stimulated by

CpG-ODNs directly augmented the proliferation and cytotoxicity of peptide-

specific CTL clones. Augmentation of cytotoxicity was induced through the

upregulation of granzyme B. IFN-α is proposed as one of the key molecules

enabling CpG-ODNs to induce adjuvant effects in peptide vaccine therapy. In

addition, type-1 IFNs induced the maturation of antigen presenting cells (APCs)

and activation of NK cells (Fig. 15.1). Finally, we concluded that CpG-Amight be a

more effective cancer vaccine adjuvant than CpG-B or CpG-C because of its

production of a large amount of type-1 IFNs [42]. However, it is difficult to make

a GMP-compliant material of CpG-A, because CpG-A is not soluble in phosphate-

15 CpG Motif 227



Table 15.2 Features of each type of CpG-ODNs

CpG-A (D-type) CpG-B (K-type) CpG-C

ODN

backbone

Typically consisted of one pal-

indromic CpG motif with PO

backbone and PS poly-G tail

Consisted of PS back-

bone and

non-palindromic multi-

ple CpG motifs

Consisted of PS

backbone and one

palindromic

sequence

High-

order

structure

G-tetrads Linear Duplex

Examples D35, ODN 2216 K3, CpG 7909 CpG 10101, ODN

2395

Main tar-

get cells

PDCs B cells B cells and PDCs

Actions IFN-α IL-6, PDC maturation IFN-α, IL-6 (inter-

mediate between

the A and B type)

Solubility

(in PBS)

Aggregation Soluble Soluble

IFN interferon, IL interleukin, ODN oligodeoxynucleotide, PBS phosphate-buffered saline, PDC
plasmacytoid dendritic cell, PO phosphodiester, PS phosphorothioate

CpG-ODN as an adjuvant for a cancer vaccine

TumorPep�de

APC

CD8+ T cell

CTL

CpG

CTL induc�on↑

PDC
TLR9 Cytotoxicity↑

CTL prolifera�on↑

NK ac�va�on

APC matura�on

NK

Lesional lymph node

Fig. 15.1 CpG-ODN as an adjuvant for a cancer vaccine. Type-1 IFNs produced by the stimu-

lation of CpG-ODNs directly augmented the proliferation and cytotoxicity of peptide-specific CTL

to induce adjuvant effects in peptide vaccine therapy. In addition, type-1 IFNs induced the

maturation of APCs and activation of NK cells
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buffered saline and agglutinates (Table 15.2). We need to overcome this problem to

apply CpG-A for clinical use.

15.5.2 Delivery of CpG-ODN Toward Peritumoral Site

The analysis of the tumor microenvironment indicates that the lytic activity of CTL

and NK cells is suppressed by regulatory T lymphocytes (Treg), myeloid-derived

suppressor cells (MDSCs), and/or M2 macrophages surrounding the tumor

[43, 44]. Thus, it appears that successful immunotherapy will require both the

amplification of tumor-specific immunity and reversal of tumor-associated immune

suppression.

The antitumor activity of TLR agonists has generally been explored by deliver-

ing them systemically. For example, CpG-ODN administered in combination with

vaccines promotes the induction of tumor-specific cellular and humoral immune

responses [45–47]. However, a growing body of evidence suggests that the efficacy

of TLR agonists might be improved by injecting them directly into the cancerous

tissue [48, 49]. Local delivery of TLR agonists appears to interfere with the

function of suppressive cells in the tumor microenvironment (Fig. 15.2). In a

Tumor

Draining LN

Adjuvant effect
↓

CTL up-regulate

Tumor microenvironment
immunosuppression

↓

CpG

CTL
T-reg

iDC

MDSC

TAM

Systemic CpG- ODN Intratumoral CpG- ODN

Tumor

Th1

Mature DC

Macrophage

CTL

Change
Not effective

CpG

Tumor microenvironment
Immunosuppression

Effective

Fig. 15.2 Systemic CpG-ODN, intratumoral CpG-ODN. Intratumoral CpG-ODN changes

peritumoral immunological microenvironment and induces increased levels of tumor-specific T

cells, which can subsequently exert systemic antitumor control
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mouse model, intratumoral injection of CpG-ODN reduced the number of tumor-

infiltrating MDSCs and their suppressive activity [49].

In clinical trials, addition of systemic administration with CpG-ODN to chemo-

therapy has not improved clinical outcomes versus chemotherapy alone so far, even

though some papers showed increasing toxicity [50]. However, intratumoral or

peritumoral injection with CpG-ODN alone for patients with basal cell carcinoma

[51], metastatic melanoma [51], and recurrent glioblastoma [52] showed clinical

benefits including tumor regression. Moreover, local administration of CpG-ODN

increased systemic tumor-specific CD8þ T-cell frequencies as well as effector NK

cell rate in melanoma patients [53]. In addition, intratumoral injection of

CpG-ODN combined with local radiation against mycosis fungoides [54] and

B-cell lymphoma [55] induced systemic tumor regression. In these studies, the

systemic tumor-reactive memory CD8þ T cells were induced [54] and Tregs were

reduced at the immunized sites [55]. Recently, the intratumoral administration of

SD-101 (a phosphorothioate CpG-ODN) [28] is being evaluated as a means to

enhance the antineoplastic effects of local irradiation in subjects bearing Hodgkin

and non-Hodgkin lymphoma (NCT01745354).

These results indicate that intratumoral injection of CpG-ODN changes

peritumoral immunological microenvironment and induces increased levels of

tumor-specific T cells, which can subsequently exert systemic antitumor control.

Therefore, local administration of CpG-ODN might be a novel systemic cancer

treatment strategy. Moreover, the development of a drug delivery system toward

peritumoral site with CpG-ODN could not only be a new generation anticancer drug

but also a potent vaccine adjuvant.
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Chapter 16

Pattern Recognition by Dendritic Cells

and Its Application to Vaccine Adjuvant

for Antitumor Immunotherapy

Tsukasa Seya, Masahiro Azuma, and Misako Matsumoto

Abstract Dendritic cells (DCs) initiate the maturation to a specific stage in

response to stimuli with microbial pattern molecules (PAMP) and trigger activation

of host immune response together with antigens (Ags). Recently, subsets of den-

dritic cells have been subdivided with surface markers into DCs with high Ag-

presenting capacity and those with less capacity. These DC subsets have been found

to induce various effectors in response to their different compositions of pattern

recognition receptors (PRRs). In human, the best Ag-presenting cell is CD141þ
DC, while in the mouse the best one is CD8aþ DC. In this paper, we describe the

properties of PRRs in host DC subsets and outline the induction mechanism of

effector cells. PAMP is usually called “adjuvant” in the field of tumor immunology.

I will explain the recent launch of the obvious mechanisms by which the DC-

dependent NK activation and antitumor CTL induction are promoted by adjuvants.

Keywords Antigen-presenting dendritic cell (CD8αþ DC, CD141þ DC) • Pam2

lipopeptide • Poly(I:C) • NK cell activation • Toll-like receptor • INAM • Antitumor

immunotherapy
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IRAK IL-1 Receptor–associated Kinase

T. Seya (*) • M. Azuma • M. Matsumoto

Department of Microbiology and Immunology, Graduate School of Medicine, Hokkaido

University, Kita 15, Nishi 7, Kita-ku, Sapporo, Hokkaido 060-8638, Japan

e-mail: seya-tu@pop.med.hokudai.ac.jp

© Springer Japan 2016

Y. Yamaguchi (ed.), Immunotherapy of Cancer,
DOI 10.1007/978-4-431-55031-0_16

235

mailto:seya-tu@pop.med.hokudai.ac.jp


IRF interferon-regulatory factor

Mal/TIRAP TIRAP toll-interleukin 1 receptor (TIR) domain containing

adaptor

MALP macrophage-activating lipopeptide

MAVS mitochondrial antiviral signaling protein

qPCR quantitative PCR

TICAM Toll-IL-1R homology domain-containing adaptor molecule

TRAM TRIF-associated adaptor molecule

16.1 Introduction

Adjuvant has been used for a long time in immunization. Oil adjuvants (Freund’s
complete adjuvant (FCA), Freund’s incomplete adjuvant (FIA)) and aluminum

hydroxide (alum) have been frequently used for an antigen conjugate that was

expected to enhance antigenicity. The mechanism of potential action of adjuvant

has not been clearly demonstrated in alum and oil until recently, considering the

antigen “dirty” that enhance the immune function in those cases. Microbial con-

stituents (pattern molecules) with immune-potentiating abilities have been isolated

as the adjuvant components based on the functional studies and agonist search for

innate immune receptors, which we called pattern recognition receptors (PRRs),

and it was found that these components were agonists for PRRs such as toll-like

receptors (TLRs). The impact of this finding is that the pattern molecules rather

than Ags in microbes endow directionality to the immune system, which we call

innate immunity (pattern sensing in dendritic cells) [1]. Reexamination to the basic

concept of the immune system is carried out with this concept, and the current

concept for the antitumor immunity also is in the transconversion. Crystals of alum

and urea stimulate the Nod-like receptor (NLR) inflammasome system in the

cytoplasm, and NLR activation induces IL-1β and IL-18 in myeloid cells. These

cytokines have been found to trigger the activation of MyD88 in DC via the

receptor NLR [2]. FCA includes dead mycobacteria; thus, CpG DNA, peptidogly-

can (PGN), and lipoproteins are known to function as ligands for TLR9, TLR2/

TLR4, and TLR2, respectively [3]. Analogs of double-stranded RNA (polyI:C) and

single-stranded RNA (ssRNA) that are produced during the replication of viruses

act as agonists for TLR3 and TLR7/TLR8, respectively. A flagella protein flagellin

of Gram-negative bacteria and lipopolysaccharide (LPS) are ligands for TLR5 and

TLR4, respectively. These led to identification of the characteristics of DC matu-

ration inducers. Here, we summarize the properties of these adjuvants and their

derivatives as DC maturation inducers (Table 16.1).

The cytokine-inducing profiles of these adjuvants and their derivatives have

been clarified over a decade. However, their roles in antitumor immunity are just

starting, including the mechanism of immune enhancing, effector inducibility, and

dendritic cell maturation. Toxicity problem has not been always deeply considered

in practical use, and the criteria for therapeutic application of adjuvant to patients

have not been determined for clinical trials. Current alum and oil (Montanide)
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therapy do not have high immune-enhancing ability, but they are activators for a

standard NLR system. BCG-CWS (TLR2/TLR4), polyI:C/poly-L-lysine (TLR3),

and monophospholipid A (MPLA) (TLR4) are agonists of the TLR and appear

superior to alum but harbor toxicity such as inflammation symptoms and skin

erosion, which would be significant side effects. Furthermore, there are some

cases that cause lethal shock, disseminated coagulation, and interstitial pneumonia.

Development of adjuvants to overcome these problems is being expected. In this

paper, we will review the molecular mechanisms of DC maturation and effector

activation by TLR agonistic adjuvants.

16.2 DC Maturation by TLR Agonists

The fact that the TLR agonists possess a maturation effect on DC has been shown

early since TLR was discovered [4, 5]. There appear two major pathways, MyD88

pathway and TICAM-1 (TRIF) pathway, in enhancing Ag-presenting ability to

mature myeloid dendritic cells (mDC) (Fig. 16.1). MyD88 constitutes a different

signaling pathway from TICAM-1 as an adapter to assemble an activation platform

[6]. MyD88 binds the Mal/TIRAP as a bridge in mDC TLR2/TLR4 and directly

activates signal to the transcription factor NF-κB in TLR5 [6]. IL-1 receptor also

recruits MyD88 to signal for the activation of NF-κB. In plasmacytoid (p)DC,

TLR7 and TLR9 recruit MyD88 to activate the transcription factor IRF7 [7]. On

the other hand, TICAM-1 is an adapter that only TLR3 and TLR4 can take [6].

TLR3 directly and TLR4 indirectly bind TICAM-1 via TICAM-2 (TRAM) [6].

Only TLR4 can take both MyD88 and TICAM-1 as adapters (Fig. 16.1). A typical

example that both pathways are activated is endotoxin shock by LPS [8]. In this

case, Gram-negative bacteria activate the TLR4/TICAM-1 pathway to induce type I

IFN, which in turn activates IFNAR. IFNAR signal promotes production of caspase

Table 16.1 Adjuvants for activation of MyD88 or TICAM-1

Human

TLR Ligands Adjuvants

TLR1 Pam3 TAN33

TLR2 Pam2, Pam3,

PGN

M161Ag (MALP-2, MALP-2s) TAN33, SMP105, OM-174,

K12PGN, 0111:B4PGN

TLR3 dsRNA poly(I:C), poly(I:C12U), poly(I:C)LC, (poly(A:U))

TLR4 LPS, RSV F Lipid A, MPLA

TLR5 Flagellin sTLR5

TLR6 Pam2 M161Ag (MALP-2, MALP2s), SMP105, PM-174

TLR7 ssRNA imiquimod, poly-U

TLR8 ssRNA imiquimod, poly-U

TLR9 CpG DNA CpG-ODN, hemozoin

TLR10 ? ?
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11. The NALP3/ASC/procaspase 1 complex, named NALP3 inflammasome, turns

active by caspase 11, where procaspase 1 is converted to the active form. On the

other hand, production of NALP3 and preform of IL-1β/IL-18 are upregulated by

MyD88 signaling of TLR4. The caspase 1 initiates active IL-1β/IL-18 production.

Thus, the mechanism of LPS endotoxin shock has been known to be complex as has

been expected in humans. It is necessary to select a safe adjuvant for activating

either pathway.

Fig. 16.1 MyD88 pathway and TICAM-1 pathway. TICAM-1 is the adapter that only TLR3 and

TLR4 participate in. In contrast, MyD88 is an adapter that all of TLRs except TLR3 use for signal.

TICAM-1 activates the transcription factor IRF3/IRF7 and NF-κB, to a little late compared with

MyD88. This figure refers to as an example of TLR3 and TLR4. On the other hand, MyD88 in pDC

activates the pathway that primarily activates the IRF7 or NF-kB. The examples are TLR9 as for

IRF7 activation and TLR4 as for MyD88 activation. TLR2 possesses only the MyD88 pathway in

the examples of TLR4. Also, TLR5 binds directly to MyD88 without TIRAP. TLR7 adopts a

similar MyD88 pathway to TLR9. Each TLR responses to different ligands (Table 16.1)
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The MyD88 and TICAM-1 pathways both induce maturation of mDC, but their

modes are different from each other. IL-12 and type I interferon (IFN) are induced

depending on the TICAM-1 pathway [9]. NK activation of mDC is also activated by

TICAM-1 (described below). Type I interferon (IFN) induction of MyD88 is seen

only in pDC [7]. MyD88 of mDC is a strong inducer of inflammatory cytokines

such as IL-1β, IL-6, and TNF-α [9]. Both MyD88 and TICAM-1 confer the cross-

presentation ability on mDCs, but the molecular mechanism of this DC maturation

remains to be determined.

16.3 TLR Expression in DC Subsets

For mice, bone marrow-derived DC (BMDC, representatives of mDC) and

plasmacytoid DC (pDC) are prepared from bone marrow cells using GM-CSF or

Flt3 ligand, respectively. Langerhans cells are prepared by treatment of bone

marrow cells with GM-CSF, IL-4, and TGF-β. Additional DC subsets are separated

from the spleen and intestine using FACS sorter. For humans, monocyte-derived

DC (Mo-DC) is used as mDC, and they show significantly different properties from

the CD141þ (PDCA3) DC subset, a representative APC, in peripheral blood. On

the other hand, peripheral blood pDC can be separated using the PDCA4 [1, 9, 10].

Distribution of TLRs in each human DC subset is shown in Table 16.2, where the

TLR proteins were determined using antihuman TLR antibody. Mouse TLRs in

terms of protein expression have not been addressed with mouse BMDC or pDC,

since no good mAbs are available for their assessment. However, PCR analyses

suggest that mouse BMDC express TLR7 and TLR9 as in pDC, which properties

entirely differ from those of human Mo-DC or CD141þ DC. Human CD141þ DC

of APC do not express TLR7 or TLR9. Although mouse CD8αþ DC express

minimal TLR4 and TLR5, human CD141þ DC do not express them. Human and

mouse APC commonly express high levels of TLR2 family [1, 2, 6] and TLR3.

Table 16.2 TLR expression profile in human DCs

Freshly isolated In vitro-differentiated cells

Monocyte mDC (CD141þ) pDC (BDCA4þ)

Monocyte-derived DC

macrophages

TLR1 þþ þ � þ þþ
TLR2 þþ þþ � þþ þþ
TLR3 � þþ � þþ þ
TLR4 þþ � � þ þ
TLR6 þþ þ � þ þ
TLR7 � � þ � �
TLR8 þ þ � þ þ
TLR9 � � þ � �
þ, �: TLR7 and TLR9 are results of qPCR; others are the results of FACS
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pDC generally express TLR7 and TLR9. Human but not mouse mDC express TLR8

[11]. CpG has low immune-enhancing function due to this reason that human APC

DCs exert limited TLR9 compared to the mouse. The in vivo immune-enhancing

function of CpG may be supported by pDC with TLR9.

16.4 DC Subsets and Effector Induction

Effector cells can be evaluated by the antigen-dependent activation of T cells, CTL,

Th1, Th2, Th17, and Treg, and antigen-independent NK activation (Fig. 16.2). NK

cells are activated by (1) NK activating ligand (a mDC side factor) and the

combination of NK receptors and (2) cytokines such as IL-2, IL-15, IFN-α/β, and
IL-12 (mDC side factors) [11]. CTL is the result of activation of CD8αþ T cells

which process is promoted via class I presentation by mDC. Other effector is a

result of the activation of CD4þ T cells by class II presentation by mDC. CD4 T

cells are classified into subsets, Th1, Th2, Th17, Treg, etc. The master transcription

factors to each Th1, Th2, Th17, and Treg are T-bet, GATA-3, RORgt, and FOXP3,

respectively [12].

The mechanism by which DC selectively induces various effectors remains

unclear. Certain DC subsets seem to associate with preferential induction of a

IFN-α/β

DAMP TNF-α

MHC 
Class I 
High/low 

Fig. 16.2 Induction of various effectors by TLR agonists. A variety of TLR agonists (PAMP)

induces unique staged dendritic cell maturation to drive different effector cells. The adapter

molecule downstream of TLRs activates the transcription factors in dendritic cells. The NK

activation and CTL induction are specified in the signal in DC. Adjuvant is believed to express

molecules that execute effector induction. When dendritic cells stimulated with PAMP are

adoptively transferred to mice around the tumor, you can assess effector functions against the

tumor
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particular effector. If the root which imparts directionality to the immune system is

a dendritic cell, antigen per se does not decide the strategy but determines the object

for the activated immune cells. The strategy is reflected in the induced effector,

such as antibody, NK, CTL, Th17, and Treg. In fact, murine splenic CD8αþ DC

likely to induce Treg [13] and NK cells [14]. Lamina propria pDC in the mouse

intestinal tract promote IgA production [15]. CD70þ/CD11cþ DC induce Th17

cells by ATP of intestinal bacteria [16]. BMDC can activate NK cells through the

TICAM-1 pathway in DC [17].

16.5 DC-Mediated NK Cell Activation in Tumor Immunity

by Adjuvant

BMDC drive antitumor NK cell activation depending on the TICAM-1 pathway

[17]. This NK activation is attributable to cell-cell contact by BMDC and NK cells

rather than humoral factors such as cytokines, induced by DC [18]. Therefore, the

key for the mechanisms of induction of antitumor NK cells would be a membrane

molecule on DC that promotes the surface expression by the TICAM-1 pathway

(Fig. 16.3). NK activation is not due to IRF3 but due to IRF7, since NK activation is

not affected in IRF7 KO BMDC but is severely hampered in IRF3 BMDC [18].

Thus, NK induction pathway in mDC uses the transcription factor IRF3 in TICAM-

1 downstream. With screening methods of the candidate cDNA to express lentiviral

vectors in IRF3-deficient BMDC, it is possible to identify NK activation molecule

[18]. We have identified the INAM as an NK activation molecule of dendritic cells.

INAM was a specific NK activation molecule that connects BMDC with NK cells

(Fig. 16.3). This molecule strongly promoted NK activation in DC but did not

induce NK activation in a BaF3 strain which overexpresses INAM. INAM is a

membrane protein similar to tetraspanin of molecular weight 45,000 and had a

sugar chain with posttranslational modification. INAM is mainly distributed to the

spleen and lymph tissue. INAM is expected to make a loop-like structure in two

locations on the cell surface from the predicted sequence [18].

INAM is presumed to be involved in the configuration of the immune synapse of

the BMDC-NK inter-surface. When the BMDC overexpressing INAM are adop-

tively transferred to tumor-bearing mice, regression of NK-sensitive tumor occurs

rapidly [19]. If NK cells are removed from the mice by NK1.1 Ab, tumor regression

no longer occurs [18]. This suggests that INAM is a direct factor that drives the

induction of antitumor NK cells.
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16.6 DC-Mediated CTL Induction by Adjuvant

Adjuvants usually target dendritic cells (DC) for immune enhancing. Human

CD141þ DC specifically express TLR2 and TLR3 but do not express TLR4,

TLR5, TLR7, and TLR9 (Fig. 16.1). TLR2 recognizes bacterial lipopeptides and

peptidoglycan and activates the MyD88 pathway [1]. TLR3 recognizes the stem-

structured RNA and activates the TICAM-1 pathway [20]. Therefore, we explain

the differences in cross-priming response of these two pathways in dendritic cells.

Some adjuvants primarily promote antibody production, while others evoke cellular

immunity in antitumor immunity. The latter adjuvants are preferable when tumor

antigens are taken up in DC. Proteins and long-chain peptide are good as tumor-

associated antigens (TAAs), since they have multivalent epitopes involving CD4

activation. It is TLR2 and TLR3 to strongly promote the antigen presentation [21].

Endosome 

Poly I:C 
dsRNA 

RIG-I 

Mitochondria 

Cardif 

dsRNA 

MDA5 

TICAM1/TRIF 

IFN-α/β/

IKKε/TBK1 NF-κB 

RIP-1 TRAF6 

TRAF3 

FADD 

apoptosis 

NAP1, SINTBAD 

NF-κB

p p 

IRF3 IRF7 

NK activation INAM 
IL-15 

? 

? 

Dendritic cells

Fig. 16.3 The molecular mechanism of dendritic cell maturation by polyI:C. NK cell activation

by polyI:C. TLR3 is localized in the endosome of dendritic cells and activates IRF3 in response to

polyI:C. TLR3-TICAM-1 signal induces to express membrane proteins, including INAM on the

dendritic cell surface. INAM also expressed in NK cells, by promoting synapse formation and NK

cells and promoting NK activation. PolyI:C also activates the MAVS pathway, which causes

endotoxin-like toxicity. It is desirable to activate a single adapter (TICAM-1 or MAVS) for the

development of nontoxic RNA derivatives. TICAM-1 selective activation is feasible for this

purpose. Monophospholipid A (MPLA), a TLR4 agonist, barely activates the MyD88 pathway,

which is an alternative candidate for the adjuvant. Indeed, MPLA is a TLR4 agonist, but it

preferentially activates TICAM-1 without robust activation of MyD88
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The immunostimulatory function of TLR3 adjuvant is to induce inflammatory

cytokines/chemokines, high expression of MHC, upregulation of costimulatory

molecules, promotion of cross-presentation, production of type I interferon (IFN),

and production of IL-12 (Fig. 16.4). IFN induces T cell proliferation and releases

the exhaustion of CD8 T cell to confer long live on T cells. Type I IFN further

activates CD4 helper and NK cells [17]. These lymphocytes generally maintain the

activity by type I IFN or IL-12, and IL-12 is important for the exertion of cytotox-

icity in tumor [22]. A good activation marker of lymphocytes is IFN-γ. IFN-γ
reflects the active behaviors of multiple lymphocytes, which is influenced by the

type of adjuvant. IL-12 is produced depending on the BATF3-TLR3 signaling

(TICAM-1 pathway) [21, 22].

TLR2 evokes cross-presentation secondary to activation of the MyD88 pathway.

The MyD88 pathway is a fundamental pathway involved in inflammation. Thus,

TLR2 ligand induces inflammation, including inflammatory cytokines with

IFN-α/β
IRF-3/7

TICAM-1

MAVS

mitochondria

endosome
PolyI:C

TLR3MDA5
RIG-I

CD141+ DC
CD8+ T (CTL)

MHC I TCR

IL-12
BATF3

B7
PD-L1

CD28
PD-1

+-

CD4+T cell
helper T cell)

Cross-presentation

Exogenous Ag

Fig. 16.4 CD141þ DC mature in response to polyI:C. CD141þ DC possess cytoplasmic sensors

(RIG-I/MDA5) and TLR3 in endosome. Viral RNA or polyI:C is recognized intracellularly in

cytoplasm, whereas extracellular RNA is recognized by TLR3. TLR3 mainly participates in cross-

presentation and IL-12 production, where BATF3 is required. Efficient MHC class I presentation

occurs in DC to cross-prime T cells. These responses link the CTL proliferation. CD4þ T cells are

activated in response to exogenous antigens presented on MHC class II. Production of type I IFN

and upregulation of MHC and B7 molecules are also induced. Robust inflammatory cytokines are

produced via MAVS in response to RNA
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maturation of dendritic cells (Fig. 16.1). A typical ligand of TLR2 is Pam2

lipopeptides including MALP-2 [23]. This adjuvant does not induce IL-12 or type

I IFN but induce high levels of inflammatory cytokines, as well as activation of

IRAK. It has been reported that an effective example of clinical trials using MALP-

2 is pancreatic cancer [24].

PD-1 is expressed in CD8 T cells. Notably, PD-1 is upregulated by IL-12 but not

by type I IFN. Effective cases of PD-1/PD-L1 are nearly 30 % in the solid tumors

[25]. In case of tumor regression, lymphocytes with low PD-1 expressions infiltrate

in tumor nests [26]. It was shown from the ineffective cases that tumor regression

cannot be expected in patients without lymphocyte infiltration in the tumor. A

question is whether the combination of chemokines or adjuvants resolves the

properties of tumor-infiltrating lymphocytes.

16.7 Perspectives for Adjuvant Immunotherapy

We have analyzed the mechanism about how adjuvant-mediated dendritic cell

maturation is necessary to separately drive immune effector cells with a focus on

innate immunity. The pattern recognition is essential for the maturation of dendritic

cells, while tumor-infiltrating macrophages become a trigger to convert precancer-

ous cells to malignant cells [27]. Some examples include that BCG is highly

effective in superficial cancer that has no basal layer invasion, such as bladder

cancer (transitional cell carcinoma) [28]. However, a fundamental reason why

tumor immunity is not so effective in solid cancer would be an issue of the myeloid

cell ambivalence in tumor microenvironment [27]. This tumor-immune cell abnor-

mality has neither been dissolved nor in general been made even a grasp of this

basic molecular situation. In addition, the tumor-bearing state is a special immune

modulatory state. When the tumor is surgically excised from the patients, many

manifestations are diminished as the reflection [29]. Currently, proving that the

cause of these anomalies is due to the innate immune-modulating molecules known

collectively as DAMP from cancer cells, many researchers want to identify DAMPs

in patients with cancer (Fig. 16.2).

So far, antitumor immunotherapy has been diagnosed the prognosis from regres-

sion effect of cancer mainly through the peptide vaccine therapy. According to

Rosenberg’s report, the effective rate of the peptide vaccine therapy was about

2.6 % against melanoma [30]; there is a need to develop highly effective adjuvant

and therapeutic way for raising immune potential. Since inflammation sometimes

promotes carcinogenesis and tumor cell invasion, a method for selective stimula-

tion of dendritic cells has been adopted. However, this is not convenient and not

amenable to health care. On the other hand, you can develop a molecular targeting

therapy if you identify a pathway and molecules that are specifically expressed in

tumor-infiltrating macrophages and dendritic cells. This kind of therapy will reduce

side effects and contribute to establishment of evidence-based treatment. By con-

sidering the orientation of the dendritic cells, you could selectively use an
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appropriate adjuvant that promotes immune cell activation without carcinogenesis

or inflammatory signals [31]. If you identify functional molecules related to induc-

ing antitumor effector in the dendritic cells, the research results could be immedi-

ately applicable to cancer treatment. What you need for patients is a simple

immunotherapy cure.
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Chapter 17

Novel Adjuvants

Burcu Temizoz, Etsushi Kuroda, Kouji Kobiyama, Taiki Aoshi,

and Ken J. Ishii

Abstract Several clinical trials suggested that one promising immunotherapeutic

approach is cancer vaccines, containing novel adjuvants capable of stimulating

innate immunity to result in breakage of immunotolerance in the tumor micro-

environment and development of potent antitumor immune responses. In particular,

agonists for TLR and STING are actively investigated adjuvants due to their high

potential for induction of antitumor immune responses. Moreover, recent efforts to

improve the efficacy of TLR9 agonist as adjuvants by coupling with delivery mole-

cules and nanoparticle and/or by mixing with other innate immune stimuli such as

STING agonists revealed novel cancer vaccine adjuvants with high efficacy. In this

review, we introduce recent advances in the development of novel adjuvants for

cancer immunotherapy.

Keywords Innate immunity • TLR9 • CpG ODN • K3-SPG • STING • DMXAA

B. Temizoz • E. Kuroda

Laboratory of Vaccine Science, WPI Immunology Frontier Research Center (iFReC),

Osaka University, Osaka, Japan

K. Kobiyama

Laboratory of Adjuvant Innovation, National Institutes of Biomedical Innovation, Health and

Nutrition (NIBIOHN), Osaka, Japan

T. Aoshi

Laboratory of Vaccine Science, WPI Immunology Frontier Research Center (iFReC),

Osaka University, Osaka, Japan

Laboratory of Adjuvant Innovation, National Institutes of Biomedical Innovation, Health and

Nutrition (NIBIOHN), Osaka, Japan

K.J. Ishii (*)

Laboratory of Vaccine Science, WPI Immunology Frontier Research Center (iFReC),

Osaka University, Osaka, Japan

Laboratory of Adjuvant Innovation, National Institutes of Biomedical Innovation, Health and

Nutrition (NIBIOHN), Osaka, Japan

6F IFReC Research Building, Osaka University, 3-1 Yamada-oka, Suita, Osaka 565-0871,

Japan

e-mail: kenishii@biken.osaka-u.ac.jp

© Springer Japan 2016

Y. Yamaguchi (ed.), Immunotherapy of Cancer,
DOI 10.1007/978-4-431-55031-0_17

247

mailto:kenishii@biken.osaka-u.ac.jp


17.1 Introduction

Cancer immunotherapy aims at modulating the immune system so that it becomes

capable of recognizing and destroying the tumor cells. Tumors usually interfere

with the development of antitumor immune responses by providing an immuno-

suppressive microenvironment via several different mechanisms. Therefore, the

challenge for cancer immunotherapy is to find the optimal approaches to overcome

this immunosuppression for generating effective antitumor immune responses

without serious side effects.

With the expanding knowledge of various tumor-associated antigens, cancer

immunotherapy has become one of the most promising approaches for treating

cancer, being used as an alternative or together with the well-known treatment

approaches of surgery, chemotherapy, and radiotherapy [1]. Among the cancer

immunotherapy approaches, including cell-based therapies, antibody therapies,

and cytokine therapies, cancer vaccines have attracted great attention, especially

after US Food and Drug Administration (FDA) approved the first therapeutic cancer

vaccine Provenge, which was designed by using the dendritic cells from the self-

peripheral blood to fight against the cancerous cells in prostate cancer patients, in

2010 [2]. Despite the promising results using the cancer vaccine Provenge,

according to the results from large-scale clinical trials using cancer peptide vac-

cines, such as the Rosenberg et al.’s cancer vaccine trials, effectiveness rates were
as low as 2.6 %, due to the lack of potent adjuvants or improper selection of the

antigens [3]. Thus, one key component of the cancer vaccines for establishing

cancer immunotherapy as an efficient treatment is a potent adjuvant, which is

strong enough to overcome the immunosuppression provided by the tumor micro-

environment. In this review, we will focus on the novel adjuvants which are used

either in the therapeutic cancer vaccines or as immunotherapeutic agents for cancer.

17.2 Innate Immunity and Tumor Immunity

Innate immune cells, such as natural killer (NK) cells, dendritic cells (DCs), and

macrophages, provide the first line of defense against pathogens and other types of

threats faced by the host [4]. Detection of the infection or danger by the innate

immune cells is accomplished by the sensing of damage-associated molecular

patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs), such as

viral/bacterial nucleic acids and bacterial cell wall components (e.g., lipopoly-

saccharide), via the various kinds of pattern-recognition receptors (PRRs) expressed

on innate immune cells [5]. PRRs include toll-like receptors (TLRs), RIG-1-like

receptors (RLRs), C-type lectin receptors (CLRs), AIM2-like receptors (ALRs),

and NOD-like receptors (NLRs) (Table 17.1) [4, 5]. Once the PAMPs are detected

by innate immune cells, in addition to acting directly on the infected or stressed

cells, innate immune cells also interact with adaptive immune cells to generate
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robust immune responses against intracellular pathogens as well as cancer [4, 5].

Immune system can also destroy tumor cells by recognizing tumor-specific antigens

[6]. However, formation of potent antitumor immune responses requires antigen-

presenting cells that can induce development of T-helper 1 (Th1) cells, which can

produce the tumoricidal cytokine (also Th1 cytokine) IFNγ and aid in effector

functions and activation of CD8+ cytotoxic T lymphocytes (CTLs) [6, 7]. Moreover,

NK cells contribute to antitumor immunity by producing the tumoricidal cytokines

IFNγ, TNF-α, in addition to exerting natural or antibody-dependent cytotoxic

activities via the mechanisms, such as antibody-dependent cell-mediated cyto-

toxicity (ADCC) [8]. Therefore, one reasonable approach for enhancing the efficacy

of cancer vaccines would be to include adjuvants, which can function either as an

immunostimulatory agent or as a drug delivery system that can enhance antigen-

specific immune responses through efficient delivery of the antigens into APCs

(Table 17.2).

17.2.1 Cancer Vaccine Adjuvants

17.2.1.1 QS-21

QS-21 is a saponin-based adjuvant with low toxicity and the ability to stimulate

antigen-specific Th1, CTL, and antibody responses. Clinical trials using QS-21 as a

cancer vaccine adjuvant revealed that QS-21 provided immunogenicity in several

patients with different types of tumors [9, 10]. Currently, QS-21 or combinations of

QS-21 with different adjuvants are under investigation as potential vaccine adju-

vants for different types of vaccines [11].

17.2.1.2 Immunostimulating Complex (ISCOM)

ISCOM is another saponin-based adjuvant composed of saponin, phospholipid,

and cholesterol. ISCOMs form 40-nm cage-like particles, in which the antigen is

captured, allowing efficient delivery of the antigen into the cells and promoting

antigen-specific humoral and cellular immune responses [12]. Furthermore,

clinical trials in patients with NY-ESO-1-positive tumors (including melanoma)

showed that the vaccine, composed of ISCOMATRIX adjuvant and recombinant

NY-ESO-1, is safe and potently immunogenic [13, 14].

17.2.1.3 Liposomes

Liposomes are synthetic vesicles, are composed of a phospholipid bilayer, and can

be used as antigen or adjuvant delivery agents [15]. Although they are shown to

promote antigen-specific humoral and cellular immune responses in experimental
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vaccines, concerns about the stable production of vaccine-grade liposomal adju-

vants limited their use for human applications [16, 17].

17.2.1.4 Mineral Salt

Alum is a widely used vaccine adjuvant in many different human vaccines, such as

vaccines against hepatitis A virus, diphtheria, pertussis, tetanus, polio virus, human

papilloma virus (HPV), or Haemophilus influenzae type B [18]. Nevertheless, the

mechanisms mediating the adjuvant effect of alum are not fully understood. It is

believed that at the injection site, aluminum salts form a depot, which allows

gradual release of the antigen to provide long-term exposure of immune cells,

which results in enhanced antigen-specific T- and B-cell responses to provide

long-term protection. Alum is capable of enhancing antigen-specific antibody

production [19], and alum-containing combination adjuvants, like AS04, have

been reported to induce a mixed Th1/Th2 response against protein antigens in

humans [20].

In addition, our group previously showed that adjuvant activity of alum is medi-

ated by the host DNA release, which occurs upon alum-induced cell death. Our

studies also showed that subsequent host DNA signaling induces interferon res-

ponse factor 3 (IRF3)-dependent IgE and IRF3-independent IgG1-type antibody

responses, which are Th2-type antibody responses. Thus, alum-induced cell death

causes the release of host DNA, which mediates the adjuvant activity of alum

by acting as a DAMP [21]. However, as it usually fails to induce potent cellular

immune responses, which are considered protective against cancer, the use of alum

as a cancer vaccine adjuvant is limited [18].

Table 17.2 Adjuvants with their modes of action

Adjuvants Mode of action

Type of immune

response

Saponins: Quil-A, QS-21, tomatine,

ISCOM, ISCOMATRIX

Immunostimulants Ab, Th1, Th2, CTL

[77, 78]

TLR ligands: CpG ODN, poly I:C,

MPLA, imiquimod

Immunostimulants (via TLR

receptors)

Ab, Th1, Th2, CTL,

NK [23, 36]

Mineral salt: alum, AS04 Drug delivery systems (depot

formation)

Th1, Th2 [20]

Emulsions: IFA, AS02, MF59,

Montanide, QS-21

Drug delivery systems (antigen

delivery to APCs)

Th1, Th2 [22]

Liposomes Drug delivery systems (antigen

delivery to APCs)

Th1 [15, 16]

Virosomes Drug delivery systems (antigen

delivery to APCs)

Th1, Th2 [79]
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17.2.1.5 Emulsions

Emulsion adjuvants, such as CFA, Montanide, and MF59, involve both water-in-oil

and oil-in-water emulsion adjuvants, and, similar to alum, they function by forming

a depot at the site of injection, allowing gradual release of the antigen over a

long period of time to enhance antibody production by plasma cells [22]. On the

other hand, some emulsion adjuvants, like CFA, cause severe inflammatory reac-

tions at the injection site in humans, thereby limiting their application to animal

vaccines, only [23].

17.2.1.6 Montanide

Montanide adjuvants are emulsion adjuvants, consisting of various different types

of emulsion adjuvants, like ISA 51 VG and ISA720, which are water-in-oil adju-

vants prepared by using mannide monooleate family surfactants [24, 25]. Although

Montanide adjuvants, like ISA 206 and 50 V, have been used only as animal

vaccine adjuvants, ISA 720 and 51 have been used in clinical trials, which reported

that Montanide is an efficacious adjuvant for many cancer vaccines [26, 27].

17.2.1.7 MF59

MF59 is another oil-in-water emulsion adjuvant, prepared on the basis of squalene

by using Tween 80 and Span 85 as surfactants for the emulsification. It forms stable

nanodroplets of less than 250 nm diameter, and it has been used as an adjuvant for

flu vaccines in Europe (Fluad) [23]. MF59 was shown to enhance antigen-specific

antibody and balanced Th1/Th2 responses, providing protection against flu both in

children and elderly [28]. Although it is rarely tested in cancer vaccines because it

can also induce Th2-type responses in addition to Th1-type responses, an experi-

mental cancer vaccine using a combination of MF59 with the TLR9 ligand, CpG

oligodeoxynucleotide (CpG ODN), as an adjuvant was shown to confer protection

against melanoma in explanted mouse tumor model [29].

17.2.1.8 TLR Ligands

TLRs function as the PRRs of the innate immune system, recognizing conserved

microbial structures and danger signals to start an immune response for elimination

of intracellular pathogens or tumors [5]. TLR stimulation leads to the breakage of

the immunotolerance in the APCs, to the tumor antigens by promoting the produc-

tion of proinflammatory cytokines and upregulating costimulatory molecules,

resulting in the generation of innate as well as adaptive immune responses against

tumor [30, 31]. Especially, type I IFN production, resulting from TLR stimulation
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(TLR3, TLR4, TLR7, TLR8, TLR9), has been shown to enhance antitumor immu-

nity [32, 33]. Several TLR ligands demonstrated promising immunotherapeutic

potential as a potent inducer of antitumor immune responses [6, 33].

17.3 Impact of TLR9 Ligand on Tumor Immunotherapy

TLR9 ligand, CpG ODN, is a synthetic single-stranded DNA molecule, resembling

to microbial genomes due to its unmethylated CpG motifs, making it immuno-

stimulatory [34, 35]. Once the TLR9 binds to CpG ODN, a signal is conveyed

through the adaptor molecule MyD88 to induce production of type I IFNs in an

IRF7-dependent manner while inducing proinflammatory cytokines in an NF-κB-
dependent manner [36]. Moreover, in vivo, CpG ODNs have been shown to trigger

a Th1-type response, being potential Th1 vaccine adjuvants for cancer vaccines

[36]. Particularly, D-type CpG ODN has the ability to induce type I and type II IFN

production but not B-cell activation [36, 37]. K-type CpG ODN (e.g., K3 CpG) is a

weak inducer of type I and type II IFNs, but it is a potent inducer of B-cell

activation to result in IL-6 and antibody production. Furthermore, CpG ODN that

is available for the clinical use is K-type CpG ODN as D-type CpG ODN forms

aggregates [36, 37].

CpG ODNs have shown some promising results by suppressing tumors and

extending survival in clinical trials using peptide vaccines, cell vaccines, and

chemotherapy [38, 39]. Despite these promising results, it is not known yet whether

CpG ODNs can outperform the immunosuppression in cancer patients.

17.4 Modified CpG

Recently, efforts have been made to increase the efficacy of CpG ODN both as a

vaccine adjuvant for various types of vaccines and as an immunotherapeutic agent

for cancer. In addition to combinatorial use of CpG ODNs with other adjuvants,

such efforts include chemical conjugation of CpG ODNs to the antigens or nano-

particles in order to achieve efficient delivery of both the antigen and the adjuvant

to APCs. For instance, mouse studies showed that conjugation of CpG ODN to

tumor antigen or nanoparticles showed superior efficacy as a cancer vaccine

compared to non-modified CpG ODN [40, 41]. Furthermore, Gungor

et al. reported that CpG ODN nanorings, prepared by using Tat(47–57) peptide of

HIV origin in order to form multimerized K-type ODN nanorings, are potential

cancer vaccine adjuvants with high efficacy in mouse tumor models [42].
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17.4.1 CpG ODN + Cyclic Guanosine Monophosphate
(cGAMP)

Cyclic dinucleotides, like cyclic guanosine monophosphate (cGAMP), known as

bacterial second messengers, are ligands for the ER resident adaptor molecule

stimulator of IFN gene (STING), which activates TBK1-IRF3 signaling axis to

stimulate type I IFN production upon ligand binding [43, 44]. Studies in mice

demonstrated that cyclic dinucleotides serve as potent vaccine adjuvants to enhance

antigen-specific antibody and T-cell responses [45]. However, according to our

previous studies, STING ligand, 5,6-dimethylxanthenone-4-acetic acid (DMXAA),

induces type 2 immune responses via the mechanisms involving STING-IRF3-type

I IFN pathway [46]. Since type 2 immune responses are considered undesirable for

induction of antitumor immunity, therapeutic potential of cyclic dinucleotides as

cancer vaccine adjuvants is limited. On the other hand, K-type CpG ODN (K3 CpG)

is a Th1 adjuvant but also a weak IFN inducer, thereby limiting its immunothera-

peutic applications. Thus, in order to overcome the limitations of K3 CpG and

cyclic dinucleotide, cGAMP, we combined these two adjuvants, simply by mixing

them, and found that TLR9 and STING agonists, K3 CpG and cGAMP, synergisti-

cally induce innate and adaptive type II IFN (IFNγ), becoming a potent type

1 adjuvant and an antitumor agent. Our in vitro studies using human PBMCs and

several different mouse cells suggested that synergistic effect between K3 CpG and

cGAMP culminated in IFNγ production by NK cells and this synergistic effect is

mediated by the cooperative action of IL-12 and type I IFNs. Our in vivo immu-

nization studies in mice revealed that combination of K3 CpG and cGAMP

functions as a potent type 1 adjuvant that can induce strong type 1 immune

(IgG2c from B cells and IFNγ from T cells) and CTL responses while suppressing

cGAMP-induced type 2 immune responses (IgG1 from B cells and IL-13 from

T cells). In addition, in mouse tumor models of thymoma (EG-7) and melanoma

(B16 F10), we showed that our combination is a strong antigen-free immunothera-

peutic agent for cancer. Thus, our study suggests that combination of CpG ODN

and cGAMP is better than the singular use, as not only an advantageous type

1 adjuvant for vaccines requiring strong cellular immunity but also an antigen-

free antitumor agent, being able to activate not only mouse cells but also human NK

cells for synergistic IFNγ production [47].

17.4.2 K3-SPG

Recently, our group also produced a novel nanoparticle, K3-SPG, by wrapping the

nonagonistic dectin-1 ligand around K3 CpG. Our in vitro studies showed that

K3-SPG became a strong inducer of type I and type II IFNs in human peripheral

blood mononuclear cells. Moreover, it became a potent vaccine adjuvant capable of

inducing robust antigen-specific cellular and humoral immune responses, especially
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CTL responses. In addition, its adjuvant activity as an influenza vaccine adjuvant

was also observed in murine and nonhuman primate models [48]. Although its

efficacy as a cancer vaccine adjuvant or immunotherapeutic agent has not been

tested yet, based on the type of immune responses that it induces, we believe that it

may also be a useful immunotherapeutic agent for cancer.

In conclusion, studies using modified CpG ODNs, such as K3-SPG and CpG

ODN nanorings, suggested that particulate forms of CpG ODN have superior adju-

vant and/or immunotherapeutic potentials over CpG ODN alone due to the forma-

tion of nanoparticle structures that cause more efficient APC activation or maybe

more efficient delivery of the adjuvant to the tumor site to result in the generation of

potent antitumor immune responses.

17.5 Future Perspectives

In this review, we provide an overview of the novel adjuvants used for cancer

immunotherapy. During the past years, reports from several clinical trials using

adjuvanted therapeutic cancer vaccines showed promising results in several types

of cancers, thereby proving the key role of adjuvants in cancer immunotherapy.

Adjuvants contribute to the generation of antitumor immune responses usually

by stimulating PRRs of the innate immune system and subsequently initiating

an adaptive immune response against tumors. However, they can also stimulate

immune responses that may contribute to tumor formation. Thus, it is critical to

clarify the mechanisms of action of these adjuvants in addition to their efficacy and

safety. Furthermore, elucidation of the interplay between tumor-promoting signals

and innate signals may provide insights into development of novel therapeutic

cancer vaccine adjuvants that can overcome the immunosuppressive microenviron-

ment of tumors.
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38. Pashenkov M, Goëss G, Wagner C, H€ormann M, Jandl T, Moser A et al (2006) Phase II trial of

a toll-like receptor 9-activating oligonucleotide in patients with metastatic melanoma. J Clin

Oncol 24:5716–5724

39. Manegold C, Gravenor D, Woytowitz D, Mezger J, Hirsh V, Albert G et al (2008) Randomized

phase II trial of a toll-like receptor 9 agonist oligodeoxynucleotide, PF-3512676, in combi-

nation with first-line taxane plus platinum chemotherapy for advanced-stage non-small-cell

lung cancer. J Clin Oncol 26:3979–3986

40. Cho HJ, Takabayashi K, Cheng P, Nguyen M, Corr M, Tuck S et al (2000) Immunostimulatory

DNA-based vaccines induce cytotoxic lymphocyte activity by a T-helper cell-independent

mechanism. Nat Biotechnol 18:509–514

41. De Titta A, Ballester M, Julier Z, Nembrini C, Jeanbart L, Van Der Vlies AJ (2013) Nano-

particle conjugation of CpG enhances adjuvancy for cellular immunity and memory recall at

low dose. Proc Natl Acad Sci U S A 110:19902–19907

42. Gungor B, Yagci FC, Tincer G, Bayyurt B, Alpdundar E, Yildiz S et al (2014) CpG ODN

nanorings induce IFNα from plasmacytoid dendritic cells and demonstrate potent vaccine

adjuvant activity. Sci Transl Med 6:1–11

43. Burdette DL, Monroe KM, Sotelo-Troha K, Iwig JS, Eckert B, Hyodo M et al (2011) STING is

a direct innate immune sensor of cyclic di-GMP. Nature 478:515–518

44. McWhirter SM, Barbalat R, Monroe KM, Fontana MF, Hyodo M, Joncker NT et al (2009)

A host type I interferon response is induced by cytosolic sensing of the bacterial second

messenger cyclic-di-GMP. J Exp Med 206:1899–1911

45. Li X-D, Wu J, Gao D, Wang H, Sun L, Chen ZJ (2013) Pivotal roles of cGAS-cGAMP

signaling in antiviral defense and immune adjuvant effects. Science 341:1390–1394

46. Tang CK, Aoshi T, Jounai N, Ito J, Ohata K, Kobiyama K et al (2013) The chemotherapeutic

agent DMXAA as a unique IRF3-dependent type-2 vaccine adjuvant. PLoS One 8:1–6

47. Temizoz B, Kuroda E, Ohata K, Jounai N, Ozasa K, KobiyamaK,Aoshi T, Ishii KJ (2015) TLR9

and STING agonists synergistically induce innate and adaptive type II IFN. Eur J Immunol

45(4):1159–1169

48. Kobiyama K, Aoshi T, Narita H, Kuroda E, Hayashi M, Tetsutani K et al (2014) Nonagonistic

Dectin-1 ligand transforms CpG into a multitask nanoparticulate TLR9 agonist. Proc Natl

Acad Sci U S A 111:3086–3091

49. Chassin C, Picardeau M, Goujon J-M, Bourhy P, Quellard N, Darche S et al (2009) TLR4-

and TLR2-mediated B cell responses control the clearance of the bacterial pathogen,

Leptospira interrogans. J Immunol 183:2669–2677

258 B. Temizoz et al.



50. Taylor RC, Richmond P, Upham JW (2006) Toll-like receptor 2 ligands inhibit TH2 responses

to mite allergen. J Allergy Clin Immunol 117:1148–1154

51. Szomolanyi-Tsuda E, Liang X,Welsh RM, Kurt-Jones EA, Finberg RW (2006) Role for TLR2

in NK cell-mediated control of murine cytomegalovirus in vivo. J Virol 80:4286–4291
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Chapter 18

Anti-CTLA-4 Ab

Takuto Tokudome

Abstract Ipilimumab (MDX-010, BMS-734016) is a fully human monoclonal

immunoglobulin (IgG1) specific for human cytotoxic T lymphocyte-associated

antigen 4 (CTLA-4, CD152), which is expressed on a subset of activated T cells

as a negative regulator of T-cell activation. Two phase III clinical studies

(MDX010-20 and CA184-024) of ipilimumab have demonstrated a clinically mean-

ingful and statistically significant survival benefit in pretreated advanced melanoma

and previously untreated advanced melanoma, respectively (Hodi FS et al., N Engl J

Med 363:711–723, 2010; Robert C et al., N Engl J Med 364:2517–2526, 2011).

Ipilimumab (Yervoy™) has been approved for clinical use in advanced melanoma

in over 40 countries as the first immune checkpoint inhibitor to show overall

survival benefit in patients with advanced melanoma. From the experiences in

both clinical development and clinical use of ipilimumab in more than 18,000

patients, some unique features of ipilimumab such as response patterns, durability

of response, long-term survival benefit, immune-related adverse events (irAEs), and

their management have been recognized. Challenges that contribute to the further

development of ipilimumab are currently underway, including combination thera-

pies and biomarker research.

Keywords Ipilimumab • CTLA-4 • Immune checkpoint inhibitor • Advanced

melanoma • Durability of response • Long-term survival benefit • Immune-related

adverse events (irAE)

18.1 Introduction

In 1970, Bretscher et al. proposed the two-signal model in which activation of T

cells requires both a signal involving antigen-specific stimulation via T-cell recep-

tor (TCR) (signal 1) and a costimulatory signal (signal 2) for the first time [1]. In

subsequent decades, the engagement of CD28 by B7 (CD80 or CD86) molecules

became widely understood as one of the dominant costimulatory signals as signal
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2, and, in addition, the presence of negative costimulatory (co-inhibitory) signals

that inhibit T-cell activation such as human cytotoxic T lymphocyte-associated

antigen 4 (CTLA-4 or CD152) and programmed death-1 (PD-1 or CD279) were

established [2, 3].

In 2011, an anti-CTLA-4 monoclonal antibody (mAb), ipilimumab (Yervoy™),

was approved for clinical use in advanced melanoma as the first immune checkpoint

inhibitor based on the two phase III clinical studies [4, 5]. Other immune check-

point inhibitors such as PD-1 are currently being developed for various types of

cancer. Advances in understanding the mechanisms regulating T-cell activation

have allowed the development of better strategies for the immunotherapy of

cancers.

18.2 Cytotoxic T Lymphocyte-Associated Antigen

4 (CTLA-4)

CTLA-4 was discovered as the fourth in a series of gene products identified in a

subtractive cDNA library produced from activated CTLs in 1987 (hence CTL

activation gene number 4, or CTLA-4) [6]. CTLA-4 is an activation-induced

T-cell surface molecule that also binds B7, but with greater affinity than CD28 [7].

CTLA-4 ligation downregulates T-cell responses. Several studies have demon-

strated that, in vitro, soluble anti-CTLA-4 mAb enhanced T-cell responses, whereas

directly cross-linking CTLA-4 results in blockade of cell cycle progression, dimin-

ished cytokine expression, and decreased proliferation [8–11]. Blockade of CTLA-

4/B7 interactions prevents induction of peripheral T-cell tolerance upon vaccina-

tion with peptides under tolerogenic conditions, suggesting that CTLA-4 is

involved in the induction of anergy [12].

The observation that CTLA-4 knockout mice suffer a fatal lymphoproliferative

disorder supports the idea that CTLA-4 functions as a key negative regulator of

T-cell responses [13–15]. However, blockade of CTLA-4 function by the antibody

does not lead to any detectable nonspecific T-cell activation or proliferation,

although the antibody can augment autoimmune responses in mice prone to specific

autoimmune disease [16]. Using anti-CTLA-4 mAb, CTLA-4 blockade enhanced

rejection of B7-transfected tumors and induced rejection of unmodified tumor cells

and immunity to rechallenge in a T-cell-dependent mechanism [17].

Blockade of CTLA-4 interaction with its ligands also enhances host responses

against bacteria and parasites and limits viral spread in human immunodeficiency

virus-infected T cells in vitro [18–20].

In addition to being expressed on activated effector T cells, CTLA-4 is consti-

tutively expressed on the surface of regulatory T cells. CTLA-4 blockade can also

reduce regulatory T-cell function, which may lead to an increase in antitumor

immune response [21, 22]. Anti-CTLA-4 mAb may selectively deplete regulatory

T cells at the tumor site, leading to an increase in the intratumoral effector/

regulatory T-cell ratio which drives tumor cell death [23–25].
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18.3 Anti-CTLA-4 Antibodies

18.3.1 Ipilimumab (Yervoy™)

Ipilimumab (MDX-010, BMS-734016) is a fully human monoclonal immunoglob-

ulin (IgG1) antibody with a half-life of approximately 14 days. The mechanism of

action for ipilimumab is interference of the interaction of CTLA-4, expressed on a

subset of activated T cells, with B7 molecules on antigen-presenting cells (APCs).

This results in tumor antigen-specific T-cell proliferation and activation due to

blockade of the inhibitory modulation of T-cell activation and thereby is believed to

inhibit tumor growth (Fig. 18.1) [26].

Currently, ipilimumab (Yervoy™) has been approved for clinical use in

advanced melanoma in over 40 countries as the first agent to show overall survival

T-cell Remains
Active

T-cell
Inactivation

T-cell
Activation

Ipilimumab

APC

CTLA-4

APC

T-cell
resting

T-cell

APC

B7

CD28TCR

HLA

CTLA-4

CTLA-4 

T-cell

Fig. 18.1 Ipilimumab MOA. The two key signals between APCs and T cells that are required for

T-cell activation are (1) the tumor-specific antigen is presented (as a peptide on major histocom-

patibility complex [MHC] molecules) to the T-cell receptor and (2) a B7-costimulatory signal is

delivered to the CD28 receptor. This leads to proliferation of activated T cells with the capacity to

attack and kill antigen-bearing tumor cells. Subsequently, as part of a negative feedback loop,

CTLA-4, a high-affinity inhibitory receptor, is expressed on activated T cells and blocks the

B7-costimulatory signal, which disrupts the integrity of the immunological synapse, reduces

cytokine production, and slows T-cell proliferation. With CTLA-4 blockade by ipilimumab, the

negative feedback loop is interrupted, and tumor-specific T-cell activation and proliferation are

potentiated and thereby are believed to inhibit tumor growth
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(OS) benefit in patients with advanced melanoma. As a CTLA-4 immune check-

point inhibitor, ipilimumab is being developed for use in the treatment of various

types of cancer, including prostate cancer and lung cancer.

18.3.2 Tremelimumab

Tremelimumab (CP-675,206) is another CTLA-4 immune checkpoint inhibitor

(a fully monoclonal immunoglobulin [IgG2] antibody with a half-life of approxi-

mately 22 days) that is being investigated for several tumor types including

advanced melanoma. In the early phase studies, tremelimumab showed promising

antitumor activity in patients with advanced melanoma [27]. However, a phase III

study of tremelimumab was halted after interim analysis failed to show OS benefit

compared with standard therapy although the results showed favorable outcomes

with tremelimumab therapy [28].

18.4 Clinical Development of Ipilimumab

The clinical development of ipilimumab was initiated in 2000 by Medarex Inc.

(MDX), which started a joint development program with Bristol-Myers Squibb

(BMS) in 2004. BMS and MDX (acquired by BMS in 2009) have cosponsored an

extensive clinical development program for ipilimumab, encompassing more than

18,000 patients in several cancer types in completed and ongoing studies, as well as

a compassionate use program. The focus of the clinical program is in melanoma,

prostate cancer, and lung cancer, with advanced melanoma being the most com-

prehensively studied indication. Ipilimumab is being investigated both as

monotherapy and in combination with other modalities such as chemotherapy,

radiation therapy, and other immunotherapies.

In melanoma, two completed phase III studies (MDX010-20 and CA184-024)

have demonstrated a clinically meaningful and statistically significant survival

benefit in pretreated advanced melanoma and previously untreated advanced mel-

anoma, respectively (data will be showed later in this chapter) [4, 5]. In 2010, a

biologics license application (BLA) for ipilimumab was filed with the US Food and

Drug Administration (FDA) and European Medical Agency (EMA) for approval in

patients with advanced melanoma, primarily based on the MDX010-20 results

(ipilimumab 3 mg/kg) on efficacy and safety. Ipilimumab (Yervoy™) has been

approved for clinical use in advanced melanoma in over 40 countries including the

USA (March, 2011), the EU (July, 2011), and Australia (July, 2011) as the first

agent to show OS benefit in patients with advanced melanoma. Currently,

ipilimumab is designated as category 1 anticancer treatment option for advanced

melanoma in the National Comprehensive Cancer Network (NCCN) guideline and

used regardless of BRAFV600 mutation. Also, both the NCCN and European
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Society for Medical Oncology (ESMO) recommend ipilimumab for use in

advanced melanoma, regardless of whether the patients have received treatment

in the past or are treatment naı̈ve [29, 30].

For prostate cancer, a completed phase III study (CA184-043) evaluated

ipilimumab in patients with metastatic castration-resistant prostate cancer

(mCRPC) who had progressed during or following docetaxel. Eligible patients

were randomized to a single dose of bone-directed radiotherapy, followed by either

ipilimumab 10 mg/kg or placebo. This study did not meet its primary endpoint of

OS although the hazard ratio (HR) of 0.85 showed a favorable trend for ipilimumab

[31]. A second phase III study evaluating ipilimumab 10 mg/kg versus placebo in

patients with chemotherapy-naı̈ve mCRPC with no visceral metastases is underway

(CA184-095, NCT01057810).

For lung cancer, a completed large phase II study (CA184-041) has investigated

the addition of ipilimumab to carboplatin and paclitaxel using two different sched-

ules (concurrent and phased) in patients with non-small cell lung cancer (NSCLC)

or small cell lung cancer (SCLC). A concurrent group consisted of four cycles of

chemotherapy with ipilimumab followed by two chemotherapy cycles with a

placebo. A phased group consisted of two chemotherapy cycles followed by four

chemotherapy cycles with ipilimumab. The phased, but not the concurrent sched-

ule, demonstrated activity in both NSCLC and SCLC, including significant

improvement of immune-related progression-free survival (irPFS) and a favorable

trend for OS improvement [32, 33]. Currently, the efficacy and safety of

ipilimumab in a phased schedule with carboplatin and paclitaxel is being investi-

gated in a phase III study in patients with squamous NSCLC (CA184-104,

NCT01285609). The efficacy and safety of ipilimumab in a phased schedule with

etoposide and platinum in patients with extensive disease (ED) SCLC are also being

investigated in an ongoing phase III study (CA184-156, NCT01450761).

In Japan, clinical development of ipilimumab started in 2010 with a phase I

study (CA184-113) to evaluate the safety of ipilimumab combined with carboplatin

and paclitaxel in Japanese patients with NSCLC. The study confirmed that

ipilimumab 3 and 10 mg/kg doses administered in combination with carboplatin

and paclitaxel were tolerable in Japanese patients, and safety and pharmacokinetics

were similar compared to non-Japanese patients [34]. For melanoma, a Japanese

phase II study of ipilimumab at 10 mg/kg in combination with DTIC in chemo-

therapy-naı̈ve patients with advanced melanoma (CA184-202) was conducted;

however, this study was discontinued due to high incidence of severe liver toxicity

(currently under publication). Another phase II study of ipilimumab monotherapy at

3 mg/kg in patients with advanced melanoma (CA184-396, NCT01990859) is

underway. Except for melanoma, ipilimumab is currently being developed for

NSCLC, SCLC, and gastric cancer in Japan.
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18.5 Clinical Studies on Melanoma

18.5.1 Phase III Study in Previously Treated Advanced
Melanoma (MDX010-20)

The first phase III study (MDX010-20) was conducted in 676 patients with mela-

noma previously treated with chemotherapy. The primary endpoint of this study

was to compare the OS of the groups of ipilimumab (3 mg/kg) plus peptide vaccine,

gp100 (n¼ 403), ipilimumab alone (n¼ 137), and gp100 alone (n¼ 136) in a 3:1:1

ratio. Median survival was 10 months in the combination group and 10.1 months in

the ipilimumab-alone group, as compared with 6.4 months in the gp100-alone

group, indicating a statistically significant prolongation of OS in both comparisons

(HR 0.68 and 0.66, respectively) (Fig. 18.2) [4]. No difference was observed in OS

between the combination group and the ipilimumab-alone group, which suggests

that it is appropriate to administer ipilimumab alone instead of coadministering

gp100.

The 1-year survival rate in the combination group, the ipilimumab-alone group,

and the gp100-alone group was 44 %, 46 %, and 25 %, respectively, and the 2-year

survival rate 22 %, 24 %, and 14 %, respectively. Of responders in the ipilimumab-

alone group, 60 % (9/15) showed response duration of more than 2 years, and there

were patients in whom best overall response (BOR) improved from partial response

(PR) or stable disease (SD) to complete response (CR), or from SD to PR, after

24 weeks of the first administration of ipilimumab. The survival benefit of

ipilimumab in this study was observed across all relevant subgroups, including

age, gender, race, metastasis stage, Eastern Cooperative Oncology Group (ECOG)

performance status (PS), baseline LDH level, prior use of immunotherapy, prior use

of IL-2, response to prior systemic therapy, and demographic region.

Immune-related adverse events (irAEs) occurred in approximately 56.8–59.5 %

in the ipilimumab groups (the combination group and the ipilimumab-alone group)

compared with 31.8 % in the gp100-alone group. Common irAEs in the combina-

tion group, the ipilimumab-alone group, and the gp100-alone group, respectively,

were gastrointestinal (GI) tract (28.2 %, 31.1 %, 14.4 %), skin (42.0 %, 38.9 %,

16.7 %), liver (3.1 %, 2.1 %, 3.8 %), and endocrine (7.6 %, 3.4 %, 1.5 %). Common

grade �3 irAEs were GI irAE (colitis and diarrhea), which were reported in 3–5 %

in the ipilimumab groups. Most frequent drug-related AEs leading to discontinua-

tion were diarrhea (1.5 %, 2.6 %, 0 %) and colitis (2.3 %, 2.4 %, 0 %). Of the

12 drug-related deaths in the ipilimumab groups, seven were associated with an

irAE, of which four were due to GI perforation [35].
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18.5.2 Phase III Study in Untreated Advanced Melanoma
(CA184-024)

Another phase III study (CA184-024) was conducted in 502 chemotherapy-naı̈ve

patients with melanoma. The primary endpoint of this study was to compare the OS

in the combination group (ipilimumab 10 mg/kg plus DTIC, n¼ 250) and the

DTIC-alone group (n¼ 252). Median survival was 11.2 months in the combination

group and 9.1 months in the DTIC-alone group (HR 0.72; 95 % CI¼ 0.59–0.87),

indicating 28 % decrease in the risk of death with combined use of ipilimumab. The

best overall response rate (BORR) was 15.2 % (38/250) in the combination group

and 10.3 % (26/252) in the DTIC-alone group. The median duration of response in

Comparison      HR       p-value
Arm A vs. C 0.68 0.0004
Arm B vs. C 0.66 0.0026
Arm A vs. B 1.04 0.7575
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N=403
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N=136

1 year 44% 46% 25%

2 year 22% 24% 14%

Fig. 18.2 Overall survival study MDX010-20. Kaplan-Meier survival curves were similar among

the three groups during approximately 4 months after the treatment start, after which the curves

started to divert from one another, showing a more favorable OS in ipilimumab 3 mg/kg + gp100

group and in ipilimumab 3 mg/kg group compared with gp100 group. Compared with the risk of

death in gp100 group, the risk decreased by 32 % in the ipilimumab 3 mg/kg + gp100 group

(hazard ratio ¼ 0.68 [95 % CI: 0.55, 0.85], p¼ 0.0004) and by 34 % in the ipilimumab 3 mg/kg

group (hazard ratio¼ 0.66 [95 % CI: 0.51, 0.87], p¼ 0.0026), with differences being statistically

significant in both treatment groups. In contrast, no difference in the risk of death was observed

between the ipilimumab 3 mg/kg + gp100 group and ipilimumab 3 mg/kg group (hazard ratio ¼
1.04 [95 % CI: 0.83, 1.30] p¼ 0.7575). The median OS was 9.95 months (95 % CI: 8.48, 11.50) in

ipilimumab 3 mg/kg + gp100 group, 10.12 months (95 % CI: 8.02, 13.80) in ipilimumab 3 mg/kg

group, and 6.44 months (95 % CI: 5.49, 8.71) in gp100 group
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those patients who achieved an objective response (CR and/or PR) was 19.3 months

in the combination group (n¼ 38) and 8.1 months in the DTIC-alone group

(n¼ 26). In the combination group and the DTIC-alone group, the 1-year survival

rate was 47.3 % and 46 %, the 2-year survival rate was 28.5 % and 17.9 %, the

3-year survival rate was 20.8 % and 12.2 %, and the 4-year survival rate was 19.0 %

and 9.6 %, respectively (Fig. 18.3) [5, 36].

IrAEs were reported in 75.7 % in the combination group compared with 30.7 %

in the DTIC-alone group. Grade �3 irAEs were reported for 37.2 % in the

combination group compared with 2.4 % in the DTIC-alone group. Common

irAEs in the combination group and the DTIC-alone group, respectively, were the

GI (35.6 % vs. 16.7 %), skin (42.9 % vs. 10.4 %), liver (36.8 % vs. 6.0 %), and

endocrine (2.8 % vs. 0.8 %). Common grade �3 irAEs were liver irAEs (ALT/AST

increased), which were reported in 27.9 % in the ipilimumab group and 2.0 % in

DTIC-alone group. Grade �3 GI irAEs were reported in 5.7 % in the combination

group and 0 % in DTIC-alone group. No GI perforation was reported in this study.

Estimated 
Survival Rate 1 Year 2 Year 3 Year *4 Year *5 Year

Ipilimumab + 
DTIC
n=250

47.3 28.5 20.8 19.0 18.2

Placebo + DTIC
n=252 36.3 17.9 12.2 9.6 8.8

Ipilimumab + DTIC, median OS 11.2 moths
Placebo + DTIC, median OS 9.1 months
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Fig. 18.3 Overall survival study CA184-024. The hazard ratio between the two groups was 0.72

(95 % CI: 0.59, 0.87, p¼ 0.0009), showing a significant hazard reduction (by 28 %) of death in

ipilimumab + DTIC group compared with DTIC monotherapy group. Kaplan-Meier survival

curves were similar between the two groups up to approximately 4 months after the treatment

start, after which the curves started to divert from each other, showing a significantly beneficial

effect of ipilimumab + DTIC on OS compared with DTIC monotherapy. Median OS was

11.2 months (95 % CI: 9.4, 13.6) in ipilimumab + DTIC group and 9.1 months (95 % CI: 7.8,

10.5) in DTIC monotherapy group
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Common toxicities associated with DTIC (e.g., nausea, vomiting, and myelosup-

pression) were not increased in the combination group compared to the DTIC-alone

group. Most frequent drug-related AEs leading to discontinuation were AST

increased (17.0 %) and AST increased (16.6 %). The incidence of drug-related

deaths was 0.4 % (n¼ 1) in the DTIC-alone group, and no drug-related deaths were

observed in the combination group [35].

18.5.3 Adjuvant Therapy

For patients with earlier stage melanoma, two phase III studies are currently being

conducted.

One phase III study (CA184-029) demonstrated that ipilimumab 10 mg/kg

(n¼ 475) significantly improved recurrence-free survival (RFS) compared with

placebo (n¼ 476) for patients with stage III melanoma who are at high risk of

recurrence following complete surgical resection. A 25 % reduction in the risk of

recurrence or death was observed (HR 0.75; 95 % CI¼ 0.64–0.90). At 3 years, an

estimated 46.5 % of patients treated with ipilimumab were free of disease recur-

rence compared to an estimated 34.8 % of patients on placebo. The median RFS

was 26.1 months for ipilimumab vs. 17.1 months for placebo, with a median follow-

up of 2.7 years. Grade �3 irAEs in the ipilimumab and placebo groups, respec-

tively, were the GI (15.9 % vs. 0.8 %), liver (10.6 % vs. 0.2 %), endocrine (8.5 %

vs. 0 %), and skin (4.5 % vs. 0 %). The incidence of drug-related death in the

ipilimumab group was 1.1 % (n¼ 5, GI perforation in two patients), and no drug-

related deaths were observed in the placebo group. Of the patients who began

treatment with ipilimumab, 48.8 % discontinued treatment due to drug-related AEs

as compared with 1.7 % in the placebo group [37].

Another phase III study (NCT01274338) in the adjuvant setting is underway to

investigate ipilimumab at doses of 3 mg/kg and 10 mg/kg, or high-dose interferon

alfa-2b in patients with high-risk stage III or resectable stage IV melanoma.

18.6 Unique Features of Ipilimumab

18.6.1 Patterns of Response

The unique immune-based mechanism of action of ipilimumab is reflected in the

clinical patterns of antitumor activity in some patients.

Ipilimumab impacts tumor cells indirectly, and measurable clinical effects

emerge after the immunological effects. Tumor infiltration with lymphocytes and

the associated inflammation is likely the cornerstone of the effect of ipilimumab

and can manifest in various patterns of clinical activity leading to tumor control. In
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some cases, inflammation may not be noted by radiological examination, and

objective response is observed with the first tumor assessment in a manner seen

in patients receiving other types of anticancer treatments. In other cases, response

may be preceded by an apparent increase in initial tumor volume and/or the

appearance of new lesions, which may be mistaken for tumor progression on

radiological evaluations [38]. Notably, the effects of immune activation appear to

persist after discontinuation of treatment, leading to continued tumor shrinkage in

some cases, durable response or stable disease, and long-term survival.

Therefore, in patients who are not experiencing rapid clinical deterioration,

confirmation of progression is recommended, at the physician’s discretion, to better
understand the prognosis as well as to avoid unnecessarily initiating potentially

toxic alternative therapies in patients who might be benefiting from treatment.

Immune-related response criteria (irRC) were developed based on these observa-

tions to systematically categorize novel patterns of clinical activity and are cur-

rently being prospectively evaluated in clinical studies [39].

18.6.2 Durability of Response and Long-Term Survival
Benefit

One of the hallmarks of ipilimumab efficacy is durability of response.

In the phase III study (MDX010-20), response duration was longer than 2 years

in 60.0 % (9/15) of responders in the ipilimumab-alone group and 17.4 % (4/23) of

responders in the ipilimumab plus gp100 group. Twelve out of these 13 responders

had ongoing responses at the time of the primary analysis, with their response

duration ranging from 26.5 to 44.4 months at censoring. A total of three patients in

the ipilimumab groups maintained the response for more than 3 years (all ongoing

at the primary analysis). None of the patients in the gp100-alone group remained in

response at the 2-year time point [4].

In another phase III study (CA184-024), the response rate was 15.2 % in the

combination group (ipilimumab plus DTIC) compared with 10.3 % in the DTIC-

alone group, indicating that tumor reduction in the former group was not much

greater than in the latter group. However, the duration of response in the combina-

tion group was 19.3 months, which was more than double the duration in the DTIC-

alone group (8.1 months) [5].

Five-year survival rates from this study showed further long-term benefit of

ipilimumab in treatment-naı̈ve patients with advanced melanoma. The 5-year OS

rates were 18.2 % for combination and 8.8 % for DTIC alone. The rates are similar

to the previously reported 3-year OS rates (20.8 % in the combination group, 12.2 %

in DTIC-alone group) and 4-year OS rates (19.0 % in the combination group, 9.6 %

in the DTIC-alone group), suggesting that OS plateaus at the 3-year mark and the

antitumor effect of ipilimumab may persist for one to several years [40].
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The long-term survival benefit with ipilimumab beyond 3 years is also supported

by a long-term follow-up from a pooled analysis of 12 prospective and retrospective

ipilimumab melanoma studies for which OS data are available (N¼ 1,861). A total

of 254 patients have a minimum follow-up of 3 years. The OS plateau appears at

year 3 in previously untreated (N¼ 604) and treated (N¼ 1,257) patients (26 % and

20 %, respectively) with longest OS up to year 7 and 10, respectively (Fig. 18.4)

[41]. The durability of ipilimumab survival benefit against melanoma has also been

confirmed in other clinical studies [42].

18.6.3 Immune-Related Adverse Events (irAEs)
and Management of irAEs

The unique immune-based mechanism of action of ipilimumab is also reflected in

the safety profile.

The safety profile of ipilimumab has been described by immune-related AEs

(irAEs), which are defined as (1) AEs that are related to ipilimumab, (2) are

consistent with an inflammatory process, and (3) alternative etiologies (e.g.,

tumor progression, infections, and other medications) can be excluded.

IrAEs primarily involve the GI tract (e.g., diarrhea, colitis), skin (e.g., pruritus,

rash), and less frequently, the liver (e.g., transaminase elevations), endocrine glands

(e.g., hypophysitis with hypopituitarism, hypothyroidism, or adrenal insufficiency),

and nervous system (e.g., motor neuropathy, sensory neuropathy). The majority of

these irAEs initially manifested during treatment; however, a minority occurred

weeks to months after discontinuation of ipilimumab.
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Fig. 18.4 Pooled OS data from melanoma. In a pooled analysis of 12 studies, an OS plateau starts

at approximately 3 years with follow-up of up to 10 years in some patients
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IrAEs are generally manageable using symptomatic or immunosuppressive

therapy as recommended through management algorithm which was developed

based on the irAE safety experience across the ipilimumab clinical program.

According to the algorithm, irAEs are managed with either symptomatic therapy

for mild to moderate irAEs (grades 1–2), systemic corticosteroids for severe irAEs

(grade 3 or higher), or other immunosuppressants (e.g., infliximab, mycophenolate

mofetil [MMF]) for steroid-unresponsive GI or liver irAEs, as appropriate. Upon

irAE improvement, corticosteroids should be tapered gradually over at least

1 month. In general, moderate irAEs are managed by withholding ipilimumab,

while ipilimumab should be permanently discontinued for severe irAEs [35, 43,

44].

Early diagnosis and treatment intervention for inflammatory events can help

prevent the occurrence of complications, such as GI perforation. Patients should be

assessed for signs and symptoms of enterocolitis, dermatitis, neuropathy, and

endocrinopathy, and clinical chemistries (including liver and thyroid function

tests) should be evaluated at baseline and before each dose of ipilimumab. Sero-

logical, immunological, imaging, and biopsy with histology data should be used to

support the diagnosis of irAEs.

18.6.4 Skin irAE

The most common skin irAEs by ipilimumab are rash and pruritus with a highest

incidence of approximately 50 % at all grades. Most cases are mild to moderate in

severity, and the incidence of grade 3 or higher skin irAEs based on the pooled data

of the monotherapy with ipilimumab at a dose of 10 mg/kg was 3 % [42]. Skin

irAEs usually resolve with symptomatic therapy (topical emollients, antihista-

mines, etc.) or topical steroids. Two cases of fatal drug-related toxic epidermal

necrolysis (TEN) was reported in clinical studies of ipilimumab [35].

18.6.5 Gastrointestinal (GI) irAE

The most common site for ipilimumab-induced GI irAE is the lower GI tract, and

the most common presentation is mild to severe diarrhea or colitis with occasional

bloody stools. In some cases, diarrhea occurs as mild and then worsens. The

incidence of grade 3 or higher GI irAEs based on the pooled data was 12 %

[42]. GI irAEs generally resolve by systemic corticosteroids; however, during the

early phase of clinical development when steroid therapy was not adequately

recommended and used, fatal cases of GI perforation were reported in melanoma

studies [35]. Delay in corticosteroid treatment may be associated with a poor

outcome for patients with high-grade diarrhea.
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18.6.6 Liver irAE

Patients receiving ipilimumab may develop elevations in liver function tests

(LFTs), mainly ALT/AST increased (T-Bil elevation is rare), generally in the

absence of clinical symptoms. Most of inflammatory hepatitis responded to high-

dose corticosteroids (IV route recommended). The incidence of grade 3 or higher

liver irAEs based on the pooled data of ipilimumab monotherapy was 7 % [45];

however, grade 3 or higher ALT/AST increased was observed in approximately

30 % of the patients in the phase III study in combination with DTIC (CA184-024)

[5]. Also, one phase I combination study with vemurafenib (simultaneous concom-

itant therapy) was discontinued due to the high incidence of liver toxicity (CA184-

161, NCT01400451) [46]. LFTs should be routinely assessed and reviewed prior to

administration of each dose of ipilimumab.

18.6.7 Endocrine irAE

The most common endocrine irAEs are hypophysitis and hypopituitarism. Second-

ary adrenal insufficiency, hypothyroidism or thyroiditis, and, less commonly, other

endocrinopathies such as diabetes mellitus may occur. Most patients with hypopi-

tuitarism presented with nonspecific complaints such as appetite loss, fatigue,

headache, hypotension, etc. Some patients with hypopituitarism can demonstrate

enlarged pituitary glands based on brain MRI. Low adrenocorticotropic hormone

(ACTH), low cortisol, abnormal (mostly low) thyroid-stimulating hormone (TSH),

free thyroxine (fT4), and free triiodothyronine (fT3) are the most common abnor-

malities in clinical laboratory test. Symptoms of hypopituitarism and other endo-

crine toxicities were generally controlled with corticosteroid and appropriate

hormone replacement; however, some laboratory abnormalities (TSH, ACTH)

can be persisted for long periods of time. The endocrine irAEs are least common

(6 % at any grade based on the pooled data) and slower onset, but require more time

for resolution than other irAEs [45].

18.6.8 Neurological irAE

Neurological manifestations in patients treated with ipilimumab may include motor

and/or sensory neuropathy. Fatal Guillain-Barre syndrome (GBS) and cases of

myasthenia gravis (MG) were reported in clinical studies of ipilimumab [35].

Approximate onset time and course of each irAE are shown in Fig. 18.5 [45].
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18.7 Challenges for the Future

18.7.1 Optimum Dose of Ipilimumab

The two pivotal phase III studies (MDX010-20, CA184-024) showed comparable

median OS and long-term OS outcomes (1- and 2-year survival rates); however, the

combination study (CA184-024, ipilimumab 10 mg/kg plus DTIC) has not been

approved due to high incidence rates of severe liver toxicities (grade 3 or higher)

[4, 5].

The current approval dose of ipilimumab is 3 mg/kg monotherapy. Three doses

of ipilimumab (0.3 mg/kg, 3 mg/kg and 10 mg/kg) as a monotherapy were com-

pared in a phase II study (CA184-022), and this study demonstrated dose-dependent

efficacy (BORR, 0 %, 4.2 %, 11.1 %) and safety (grade 3 or higher irAEs, 0 %, 7 %,

25 %), suggesting that 10 mg/kg monotherapy was tolerable and more efficacious

than 3 mg/kg monotherapy [47].

For the purpose of determining the optimum dose of ipilimumab monotherapy

for advanced melanoma, one phase III study requested by FDA to compare

ipilimumab 3 mg/kg vs. 10 mg/kg monotherapies in patients with advanced mela-

noma is ongoing (CA184-169, NCT01515189).

Melanoma, monotherapy 10 mg/kg, pooled phase 2 (n=325)

Fig. 18.5 irAE onset time and course
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18.7.2 Combination Therapy

In the clinical development of ipilimumab for the treatment of advanced melanoma,

several combination studies have been investigated.

As described earlier, the combination of ipilimumab with DTIC in the phase III

study (CA184-024) developed approximately 30 % of severe liver toxicities, and

the combination with peptide vaccine (gp100) in another phase III study (MDX010-

20) failed to show the superiority to ipilimumab monotherapy [4, 5].

For patients with BRAF-mutated advanced melanoma, a phase I combination

study with vemurafenib discontinued due to ALT/AST increased (CA184-161,

NCT01400451), whereas a phase I combination study with dabrafenib did not

show liver toxicity [47, 48]. The Society for Immunotherapy of Cancer (SITC)

has recently described the sequential use of ipilimumab and BRAF inhibitors in the

consensus statement, suggesting that ipilimumab should be given first for BRAF-

mutated patients with good PS, and a BRAF inhibitor should be considered when

the disease is progressing rapidly or when PS is poor [49].

At present, combined use with a PD-1 immune checkpoint inhibitor (nivolumab)

is most likely to become the best combination partner for ipilimumab for the

treatment of advanced melanoma. A phase I combination study demonstrated

remarkable synergistic antitumor effect with tolerable safety profile in advanced

melanoma (CA209-004, NCT01024231). The ORR of the initial 53 patients who

received concurrent therapy was 41 % (n¼ 22). Long-term follow-up showed that

42 % of the patients had �80 % tumor reduction by week 36, and the 1-year and

2-year OS rates were 85 % and 79 %, respectively, with a median OS of 40 months

and a median PFS of 27 weeks [50, 51]. Currently, two late-stage studies are

underway to investigate the combination therapy of ipilimumab plus nivolumab

vs. either agent alone in patients with advanced melanoma (NCT01844505,

NCT01927419). This combination therapy has also shown promising antitumor

activity in other tumor types, including renal cell carcinoma [52].

Combinations of ipilimumab with several forms of immunotherapy such as

granulocyte macrophage colony-stimulating factor (GM-CSF) [53], oncolytic

viral vaccines [54], dendritic cells (DCs) [55, 56], and indoleamine

2,3-dioxygenase (IDO) [57] for advanced melanoma have been recently reported.

Some clinical case reports of ipilimumab combined with radiation therapy for

melanoma have been recently reviewed [58, 59].

18.7.3 Biomarkers

Although the two phase III studies (MDX010-20 and CA184-024) indicated that

ipilimumab contributes to prolongation of OS in patients with advanced melanoma,

only 20–30 % of patients can enjoy the survival benefit. In addition, time of onset of

antitumor effect is relatively long for ipilimumab. It is essential to find predictive
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biomarkers that can identify patients for whom clinical efficacy of ipilimumab can

be expected at the initiation of therapy.

Retrospective analyses of several studies have suggested that there is significant

correlation between safety (irAEs) and efficacy [60, 61]. Several biomarkers,

including absolute lymphocyte count (ALC) [62, 63], sustained inducible T-cell

co-stimulator (ICOS) [64], T-cell responses to tumor antigen NY-ESO-1 [65],

myeloid-derived suppressor cells (MDSC) [66], and vascular endothelial growth

factor (VEGF) [67], have been reported to be associated with clinical benefit from

ipilimumab. Further prospective studies will be needed to establish the significance

of these biomarker candidates. By biopsy evaluation in the tumor microenviron-

ment, forkhead box P3 (FOXP3) and indoleamine 2,3-dioxygenase (IDO) have

been reported to be correlated with clinical efficacy [68]. Expression of immune-

related genes has also been reported to be a predictor of clinical efficacy in tumor

microenvironment [69].

More recently, immunogenic neoantigens identified by tumor exome sequencing

have been suggested to be a potentially important predictive biomarker for

ipilimumab [70, 71].

18.8 Conclusion

An anti-CTLA-4 monoclonal antibody (mAb), ipilimumab (Yervoy™), was

approved for clinical use in advanced melanoma as the first immune checkpoint

inhibitor. From the abundant clinical experiences, unique features of ipilimumab

such as response patterns, durability of response, long-term survival, irAEs, and its

management have been identified. Future challenges including combination thera-

pies and biomarker research are ongoing to maximize clinical benefit of

ipilimumab.
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Chapter 19

Anti-PD-1 and Anti-PD-L1 mAbs

Yoshimasa Tanaka, Craig T. Morita, and Haruki Okamura

Abstract Programmed death-1 (PD-1) is a co-receptor molecule expressed on

immune effector cells and plays a pivotal role in the down-modulation of the

immune system. Upon engagement with PD-L1 or PD-L2 ligands, PD-1 delivers

an inhibitory signal to immune effector cells. In animal models, the blockade of the

PD-1/PD-L1 checkpoint by anti-PD-1 or anti-PD-L1 monoclonal antibodies

(mAbs) is an effective strategy for reversing immunosuppression of effector T

cells significantly enhancing tumor immunity in vivo. In humans, the expression

of PD-1 ligands on tumor cells has been shown to correlate with poor prognosis in a

wide spectrum of tumors. More recently, clinical trials have been carried out to

examine the effect of inhibiting the PD-1/PD-L1 checkpoint in patients with

advanced tumors. Blocking either PD-1 or PD-L1 with specific mAbs effectively

treats patients with a variety of cancers including melanoma, renal cell carcinoma,

non-small-cell lung cancer, and others, in some cases inducing durable remissions.

Although their use is still under study to determine which cancers respond to

treatment and which mAb combinations might be the most effective, blocking

mAbs specific for the PD-1/PD-L1 immune checkpoint promise to revolutionize

cancer therapy.

Keywords Co-inhibitory receptor • Monoclonal antibody • PD-1 • PD-L1 •

Immune effector cells

Y. Tanaka (*)

Center for Therapeutic Innovation, Graduate School of Biomedical Sciences, Nagasaki

University, 1-14 Bunkyo-machi, Nagasaki 852-8521, Japan

e-mail: ystanaka@nagasaki-u.ac.jp

C.T. Morita

Division of Immunology, Department of Internal Medicine and the Interdisciplinary Graduate

Program in Immunology, University of Iowa Carver College of Medicine, Iowa City, IA, USA

H. Okamura

Department of Tumor Immunology and Cell Therapy, Hyogo College of Medicine, Hyogo,

Japan

© Springer Japan 2016

Y. Yamaguchi (ed.), Immunotherapy of Cancer,
DOI 10.1007/978-4-431-55031-0_19

283

mailto:ystanaka@nagasaki-u.ac.jp


19.1 PD-1/PD-L1, Co-inhibitory Receptor/Ligand

T lymphocytes require signaling by T-cell receptors (TCRs) and by nonclonotypic

cell surface immune co-receptors. Co-receptors such as CD28, inducible T-cell

co-stimulator (ICOS), cytotoxic T-lymphocyte-associated protein-4 (CTLA-4), and

programmed death-1 (PD-1) regulate the course of immune responses by amplify-

ing or reducing the transcriptional effects of TCR triggering, which is critical for

activation of immune responses and tolerance. PD-1 was originally identified by

subtractive hybridization in a T-cell line undergoing activation-induced cell death

[1]. This molecule is a type I transmembrane glycoprotein and one of the

co-inhibitory immune receptors belonging to immunoglobulin superfamily that

contains a single V-set extracellular domain, a transmembrane segment, and a

cytoplasmic tail. There are two tyrosine residues in the cytoplasmic tail that

could deliver a co-inhibitory signal [2, 3]. An N-terminal tyrosine residue in the

immunoreceptor tyrosine-based inhibitory motif (ITIM)-like stretch is, however,

not involved in the delivery of co-inhibitory signal. Instead, another tyrosine

residue in the C-terminal immunoreceptor tyrosine-based switch motif (ITSM)-

like region plays a pivotal role in the execution of signal cascade through recruit-

ment of src homology 2-domain-containing tyrosine phosphatase-2 (SHP-2)

[4]. Cognate receptors for PD-1 are PD-L1 (CD274, also known as B7-H1) and

PD-L2 (CD273, also termed B7-DC), both of which are type I transmembrane

glycoproteins that consist of tandem V-set and C1-set immunoglobulin superfamily

extracellular domains, a transmembrane segment, and a cytoplasmic tail. PD-L1 is

expressed on a variety of lymphohematopoietic cells including a minor population

of T and B cells in the spleen, the majority of pre-B cells and myeloid cells in the

bone marrow, and some subsets of thymocytes. In contrast, PD-L2 expression is

restricted to dendritic cells and monocytes, but not on lymphohematopoietic cells,

suggesting that the ligands function in a nonredundant manner [5–10].

Although other immune co-receptor molecules have specific motifs such as an

MYPPPY motif for CD28 and CTLA-4 and a FDPPPF motif for ICOS for interac-

tion with their cognate ligands, PD-1 lacks such motifs in its extracellular domains

[11]. Our X-ray crystallographic analysis shows that PD-1/PD-L1 forms a 1:1

complex of monomeric PD-1 and PD-L1. The PD-1/PD-L1 interface consists of

the side chains of residues on the β-strands (CC’FG) of PD-1 and the β-strands
(GFCC’) of PD-L1 [12]. The binding surface of PD-1/PD-L1 is thus significantly

different from that of other co-receptor/ligand complexes and is similar to the

interaction between the V domains of immunoglobulins and T-cell receptors. The

dissociation constant of PD-1/PD-L1 is ~8,000 nM based on binding experiments

using surface plasmon resonance, suggesting that the interaction between PD-1 and

PD-L1 is weaker than the interactions between other stimulatory or inhibitory

co-receptors and their ligands (2,500 nM for CD28/CD80, 2,300 nM for CD28/

CD86, 200 nM for CTLA-4/CD80, and 2,200 nM for CTLA-4/CD86) [13].
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19.2 The PD-1/PD-L1 Pathway and Autoimmune Disease

PD-1-deficient mice develop moderate, strain-dependent autoimmune diseases,

such as a late-onset, progressive arthritis and a lupus-like glomerulonephritis in

B6 mice [14] and cardiomyopathy in Balb/c mice [15, 16]. The autoimmune

diseases can be exacerbated by the introduction of the lpr gene deficiency. In

PD-L1-deficient mice, the responsiveness of CD4 and CD8 T cells is markedly

enhanced and the cytokine production of CD4 T cells is significantly augmented,

compared to T cells from wild-type mice, although no autoimmune manifestations

are observed [17]. In contrast, CTLA-4-deficient mice develop massive lymphoac-

cumulation in secondary organs and T-cell infiltration of different tissues shortly

after birth, leading to their death before 4 weeks of age [18, 19]. This dichotomy

could be explained by the higher co-receptor/ligand affinity of CTLA-4 for CD80

(200 nM) compared with the affinity of PD-1 for PD-L1 (~8,000 nM). Perhaps more

likely is differences in the phase of the immune response that they regulate. As

noted above, PD-1 and PD-L1 deficiency does not lead to severe autoimmune

disorders, probably because this co-inhibitory pathway is primarily involved in

regulating the effector phase of the disease rather than the priming phase such that

autoimmune cells are not generated. Thus, the major physiological role of the PD-1/

PD-L1 pathway is to suppress inflammatory responses and unwanted autoimmune

responses to self in the periphery.

19.3 PD-L1 Expression and Cancer Prognosis

Although the PD-1 signaling pathway is essential for the maintenance of peripheral

tolerance and as a defense against pathogenic self-reactive cytotoxic T cells in

tissues and organs, this function can be usurped by cancer cells. Expression of

PD-L1 and/or PD-L2 by cancer cells can aid in their escape from immunosur-

veillance, immunologic recognition, and elimination. To determine the prognostic

value of PD-L1/PD-L2 expression in ovarian cancer, we examined the correlation

between PD-L1 expression levels on ovarian cancer cells and the patient’s clinical
outcome by staining tissue samples with the 27A2 monoclonal antibody (mAb) that

recognizes PD-L1 in formalin-fixed, paraffin-embedded specimens. When PD-L1

expression was evaluated by immunohistochemical staining, 22 specimens

(31.4 %) were scored as negative or with very weak expression and 48 specimens

(68.5 %) with moderate or high expression. The overall survival rate of patients

with high expression of PD-L1 was 52.6� 7.7 %, whereas patients with negative/

low expression had survival rates of 80.2� 8.9 % ( p¼ 0.016). The progression-free

survival rate of patients with high expression of PD-L1 was 43.5� 7.2 %, whereas

patients with negative/low expression had rates of 68.2� 9.9 % ( p¼ 0.038). The

overall survival period of patients with high expression was 6.48� 0.62 years,

whereas patients with low expression survived for 9.56� 0.82 years. Thus, ovarian
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cancer patients whose tumors had moderate or high expression of PD-L1 had a

markedly poorer prognosis than those with tumors with absent or low expression. In

addition, a significant inverse correlation was observed between PD-L1 expression

levels and CD8 T-cell infiltration, strongly suggesting that tumor cells expressing

PD-L1 could escape from the cytotoxic activity of killer CD8 T cells [20].

Similar findings have been reported in patients with other malignancies. In

patients with renal cell carcinoma, patients with higher levels (�10 %) of PD-L1

expression on their tumors were almost three times more likely to die than those

with lower expression levels (<10 %). This again suggests that PD-L1 expression

on tumor cells impairs the functions of host immune cells through interaction with

PD-1 to foster tumor progression [21]. Of 41 patients with esophageal cancer,

18 had tumors that expressed PD-L1 and/or PD-L2, while 23 had tumors that did

not. The overall survival rate of patients whose tumors expressed PD-L1 and/or

PD-L2 was significantly worse than that of negative patients, especially for patients

with more advanced disease. PD-L1/PD-L2 status was shown by multivariate

analysis to be an independent prognostic factor for patients with esophageal cancer

[22]. Tumor expression of PD-L1 in patients with gastric carcinoma was also

significantly associated with enhanced risk for death [23].

In patients with urothelial cancer, all surgically resected specimens of urothelial

cancer were positive for PD-L1 expression with a mean proportion of PD-L1-

positive cancer cells of 21.1� 11.0 %. A significant association was found between

PD-L1 expression and tumor progression based on WHO grade. When the cutoff

point was set at 12.2 % (which was the mean of the median percentage of PD-L1

expression), the overall survival was significantly worse in patients with higher

levels of PD-L1 expression than those with lower levels. In fact, the 5-year survival

rate of patients with higher PD-L1 expression levels was 55 % compared with

100 % survival for patients with lower expression. The 5-year postoperative

recurrence-free survival rate for the PD-L1-high expression group was 42 %,

much worse than the 81 % rate for the low expression group [24].

Expression of PD-L1 also helped to predict survival of patients with pancreatic

cancer. Thirty-nine percent of pancreatic cancers (20 out of 51) were positive for

PD-L1. The 1-year postoperative survival rate for these PD-L1-positive patients

was 33.5 % compared with 60.5 % for PD-L1-negative patients. In addition, a

significant inverse correlation was observed between PD-L1 expression on tumor

cells and the proportion of CD8 T cells among tumor-infiltrating lymphocytes,

strongly suggesting that PD-L1 expression on pancreatic carcinoma cells directly

suppresses the numbers of infiltrating cytotoxic CD8 T cells [25].

PD-L1 levels also correlated with the vertical growth of malignant melanomas.

High levels of PD-L1 were observed on melanomas from 25 out of 59 patients, and

high PD-L1 levels were associated with the increased vertical growth of the

melanomas. Moreover, the overall survival of patients with high PD-L1 expression

was significantly lower than that of patients with low expression, indicating that,

again, tumor PD-L1 expression is associated with a poorer prognosis [26].

In breast cancer patients, 152 out of 650 (23.4 %) breast cancer specimens

expressed PD-L1. In univariate survival analyses, PD-L1-positive patients had a
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significantly lower overall survival rate (HR¼ 4.430, p< 0.0001). Additionally,

breakdown of the data by breast cancer subtype showed that PD-L1 expression was

associated with decreased overall survival rate in the luminal B HER2- subtype

(HR¼ 3.888, p< 0.0001), the luminal B HER2þ subtype (HR¼ 5.127,

p< 0.0001), the HER2 subtype (HR¼ 2.834, p¼ 0.0131), and the basal-like

subtype (HR¼ 4.973, p< 0.0001). Multivariate analyses demonstrated that

PD-L1 expression in breast cancer was an independent negative prognostic factor

for overall survival (HR¼ 3.063, p< 0.0001) [27].

PD-L1 and HLA class I expression was also assessed on hepatocellular carci-

noma cells from 80 patients who underwent hepatectomy. Tumors from the patients

could be divided into four groups: high HLA class I expression/low PD-L1 expres-

sion (n¼ 21), low HLA class I/low PD-L1 (n¼ 22), high HLA class I/high PD-L1

(n¼ 23), and low HLA class I/high PD-L1 (n¼ 14). The 10-year recurrence-free

survival ( p¼ 0.0252) and overall survival ( p¼ 0.0415) of the high HLA class I/low

PD-L1 expression group was markedly higher than those of the other three groups.

Multivariate analyses demonstrated that high HLA class I/low PD-L1 expression

was an independent prognostic factor in both recurrence-free survival (HR¼ 3.38,

p¼ 0.0095) and overall survival (HR¼ 4.67, p¼ 0.0128) [28].

PD-L1 expression was also determined for 109 lung cancer specimens, which

included 46 adenocarcinomas and 63 squamous cell carcinomas. The proportions of

PD-L1-positive specimens were 65.2 and 44.4 % ( p¼ 0.032) for the adenocarci-

noma and squamous cell carcinoma specimens, respectively. Multivariate analyses

showed that high PD-L1 expression was a negative prognostic factor in non-small-

cell lung cancer [29].

In addition to measuring PD-L1 expression on the surface of tumor cells, a

recent study reported high levels of soluble PD-L1 in the blood of some patients

with aggressive diffuse large B-cell lymphoma. When soluble PD-L1 levels were

measured in plasma samples from 288 patients, patients with plasma PD-L1 levels

of 1.52 ng/ml or greater had a poorer prognosis with a 3-year overall survival rate of

76 %, compared to 89 % ( p< 0.0001) for those with low soluble PD-L1 levels. If

this is the case in other malignancies, plasma PD-L1 level could help predict which

cancer patients would respond to therapy with PD-1/PD-L1 checkpoint blockade

without the requirement for a tumor biopsy [30]. In summary, these studies on a

broad spectrum of tumor types clearly show that elevated PD-L1 expression by a

tumor is associated with a poorer prognosis.

19.4 Animal Models of Cancer Immunotherapy

Given that the expression of PD-L1 on tumors was a negative prognostic factor for

tumor progression, these findings strongly suggested that blocking the PD-1/PD-L1

interaction could greatly enhance immune responses to tumors. We therefore

examined the in vitro effect of PD-1/PD-L1 interaction on the cytotoxic activity

of effector T cells. For this study, we derived a rat mAb, 1-111A, that is specific for

19 Anti-PD-1 and Anti-PD-L1 mAbs 287



mouse PD-L1. The 1-111A mAb was used to study the effect of blocking PD-1/PD-

L1 interactions on the recognition of P815 mastocytoma cells by the 2C cytotoxic

T-cell clone that expresses high levels of PD-1. Whereas the P815 cell line (that

lacks PD-L1) was killed by alloreactive 2C cytotoxic T cells, P815 cells expressing

PD-L1 by transfection were relatively resistant to killing. However, this was

reversed by the addition of F(ab)2 fragments of the 1-111A mAb such that killing

was equivalent to that observed for untransfected P815 cells. These findings

demonstrate that PD-1/PD-L1 engagement transduces a co-inhibitory signal to

effector T cells.

To study the biological effect of PD-1/PD-L1 interactions in vivo, we used a

syngeneic mouse model with P815 mastocytoma cells derived from DBA/2 mice.

P815 and P815 transfectants expressing PD-L1 were injected into 7-week-old

female DBA/2 mice. Whereas only 50 % of the mice injected with the parent

P815 cells died by day 45, 100 % of the mice injected with PD-L1-expressing P815

cells were dead by day 27. In contrast, the growth of P815 and P815/PD-L1 cells

was identical in Balb/c nu/nu mice that lack T cells. These findings clearly

demonstrate that the PD-1/PD-L1 pathway negatively regulates the effector func-

tions of immune cells in vivo allowing increased tumor growth. We then examined

the effect of the blockade of PD-1/PD-L1 interactions. When PD-L1-expressing

P815 cells were subcutaneously injected into DBA/2 mice, the administration of

anti-PD-L1 mAb markedly inhibited local tumor growth, whereas control isotype-

matched IgG had no effect. Four out of ten mice that were injected with PD-L1-

expressing P815 cells and anti-PD-L1 mAb survived more than 100 days, whereas

all mice that received PD-L1-expressing P815 cells and control IgG died by day 50.

This was evidence that anti-PD-L1 mAbs could be utilized as therapeutic drugs

for cancer immunotherapy. To provide further supporting evidence for the use of

anti-PD-L1 mAb, we examined the therapeutic effect of anti-PD-L1 mAb with

other tumors. J558L myeloma cells derived from Balb/c mice naturally express

high levels of PD-L1. Therefore, we subcutaneously injected J558L into Balb/c

mice and treated them with an anti-PD-L1 mAb. The anti-PD-L1 mAb significantly

reduced the growth of J558L cells compared to control IgG. Based on these results,

we concluded that blockade of the PD-1/PD-L1 interaction by mAbs represented a

promising approach for cancer immunotherapy [31].

Similar findings were observed using other murine tumors. After intravenous

injection of CT26 colon cancer cells derived from Balb/c mice into syngeneic mice,

tumor formation in the lung was significantly inhibited by an anti-PD-1 mAb but

not by a control IgG. When B16 melanoma cells derived from C57BL/6 mice were

intrasplenically injected into C57BL/6 mice, PD-1 blockade by anti-PD-1 mAb

inhibited hematogenous dissemination of B16 cells to the liver. These findings

clearly demonstrate that blockade of PD-1/PD-L1 interactions by anti-PD-1 mAb

can also be an efficient therapeutic strategy for cancer [32]. In a different animal

model using C3H/HeN mice, PD-L1-transfected mouse squamous cell carcinoma

(SCC) cells were intraperitoneally injected into C3H/HeN mice. Then, T cells

prepared from the syngeneic mice that had been preimmunized with SCC-pulsed

dendritic cells were stimulated with an anti-CD3 mAb plus IL-2. Although
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C3H/HeN mice injected with activated T cells failed to reject PD-L1-expressing

SCC cells, the administration of a hamster mAb specific for mouse PD-L1 signif-

icantly prolonged the overall survival of the mice. This demonstrates that blocking

PD-1/PD-L1 axis by mAb enhances the therapeutic effects of T-cell-based immu-

notherapy for SCC [33]. Thus, murine studies with tumors derived from a variety of

tissues show that blockade of the PD-1/PD-L1 pathway with anti-PD-1 or anti-PD-

L1 mAbs greatly enhances tumor immunity and prolongs survival of tumor-

bearing mice.

19.5 Anti-PD-1 mAbs in Clinical Trials

19.5.1 Nivolumab

Based on the promising results of PD-1/PD-L1 blockade in animal models, the

safety and efficacy of several anti-PD-1 mAbs for cancer immunotherapy have been

examined in humans. Nivolumab (MDX-1106/BMS-936568/ONO-4538) is a fully

human IgG4 mAb specific for human PD-1. To determine its safety and tolerability,

39 patients with advanced refractory tumors including melanoma, colorectal can-

cer, castration-resistant prostate cancer, non-small-cell lung cancer, and renal cell

carcinoma were treated. The patients received a single intravenous infusion of

nivolumab in dose-escalating 6-patient cohorts at 0.3, 1, 3, or 10 mg/kg, followed

by a 15-patient cohort at 10 mg/kg. The regimen was well tolerated and associated

with evidence of antitumor activity [34]. A larger phase I study was reported in

2012, in which patients with advanced melanoma, non-small-cell lung cancer,

castration-resistant prostate cancer, renal cell cancer, or colorectal cancer received

nivolumab at doses of 0.1–10 mg/kg every 2 weeks for up to 12 cycles until disease

progression or a complete response occurred. Of 296 patients, 14 % experienced

grade 3 or 4 treatment-related adverse events with three drug-related deaths due to

pneumonitis. Objective responses rates (all doses) were 28 % (26/94) for patients

with melanoma, 18 % (14/76) for patients with non-small-cell lung cancer, and

27 % (9/33) for patients with renal cell cancer. No responses were observed with

patients with prostate cancer and colorectal cancer. PD-L1 expression could be

assessed in tumors from 42 patients. Nine of the 25 (36 %) patients whose tumors

expressed PD-L1 had objective responses, whereas none of the 17 patients whose

tumors did not expressed PD-L1 responded [35]. A subsequent analysis of three

patients from the trial was reported. A patient with colorectal cancer experienced a

complete response, which was ongoing after 3 years. A patient with renal cell

cancer achieved a partial response, which converted a complete response after

3 years off therapy and was ongoing at 12 months. A patient with melanoma

experienced a partial response, which was stable for 16 months off therapy

[36]. Further long-term follow-up analyses of 107 patients with advanced mela-

noma were reported. The mean overall survival rate was 16.8 months and 1- and
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2-year survival rates were 62 % and 43 %, respectively [37]. PD-L1 expression on

the tumor cells correlated well with objective responses to anti-PD-1 mAb

therapy [38].

A combination therapy of nivolumab with peptide vaccine was performed as a

phase I clinical trial. In this study, 90 patients with ipilimumab (an anti-CTLA-4

mAb)-refractory or ipilimumab-naive melanoma received nivolumab at 1, 3, or

10 mg/kg every 2 weeks for 24 weeks, then every 12 weeks for up to 2 years, with or

without a multipeptide vaccine. The regimen was well tolerated and the RECIST

1.1 response rate was 25 %. These results strongly suggested the possibility that

combining or sequencing therapy with nivolumab and ipilimumab for malignancies

would be more effective [39]. A phase I clinical trial of nivolumab combined with

ipilimumab was conducted in patients with advanced melanoma. A total of

53 patients received combined therapy with nivolumab and ipilimumab and

33 received sequenced treatment. The objective response rates of the combined

and sequenced regimen groups were 40 % and 20 %, respectively, indicating that

combined therapy was more effective than nivolumab alone or when used in

sequenced therapy. Concurrent therapy had an acceptable side effect profile and

resulted in rapid and deep tumor regression in a number of patients with several

complete responses [40].

19.5.2 Pidilizumab

Pidilizumab (CT-001) is a humanized IgG1 mAb that binds to PD-1. In 1989, a mAb

specific for Daudi, a human Burkitt’s lymphoma cell line, was derived and shown to

induce T-cell proliferation and increase cytotoxic activity in human peripheral

blood cells [41]. The mAb had a potent antitumor effect and induced tumor

regression in mice [42]. The mAbs were later shown to recognize PD-1 and were

humanized for use in cancer immunotherapy. Seventeen patients with advanced

stage hematologic malignancies, such as acute myeloid leukemia, chronic lympho-

cytic leukemia, Hodgkin lymphoma, multiple myeloma, and non-Hodgkin lym-

phoma, received escalating doses of pidilizumab ranging from 0.2 to 6 mg/kg. The

regimen was well tolerated, and clinical benefit was observed in 33 % of the

patients with one patient achieving a prolonged complete response longer than

68 weeks [43]. The safety and efficacy of pidilizumab in combination with

rituximab (an anti-CD20 mAb) was examined in a phase II trial. Thirty-two patients

with relapsed follicular lymphoma received pidilizumab and rituximab. The com-

bination of pidilizumab and rituximab was well tolerated, and no autoimmune- or

treatment-related adverse events of grade 3 or 4 were observed. Of 29 evaluable

patients, 19 (66 %) achieved an objective response with complete responses noted

in 15 (52 %) patients and partial responses in 4 (14 %) patients [44].
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19.5.3 Pembrolizumab

Pembrolizumab (Keytruda/lambrolizumab/MK-3475) is a humanized IgG4-κ mAb

specific for PD-1. A total of 135 patients with advanced melanoma received

pembrolizumab at a dose of 10 mg/kg every 2 or 3 weeks or 2 mg/kg every

3 weeks, and tumor responses were assessed every 12 weeks. Common

treatment-related adverse events were fatigue, rash, pruritus, and diarrhea, and

thus the regimen was well tolerated. The confirmed response rate across all dose

levels was 38 %. Responses were durable and the median progression-free survival

was longer than 7 months [45]. The safety and efficacy of pembrolizumab was

further determined in an open-label, international, multicenter expansion cohort of

a phase I trial. A total of 173 patients with ipilimumab (anti-CTLA-4 mAb)-

refractory advanced melanoma received pembrolizumab at 2 or 10 mg/kg every

3 weeks. Treatment was well tolerated and the response rate was 26 % at both

doses [46].

19.6 Anti-PD-L1 mAb in Clinical Trials

BMS-936559/MDX-1105 is a fully human IgG4 mAb specific for PD-L1. Because

this mAb enhanced immune function in vitro and mediated antitumor activity in

preclinical activity, a multicenter phase I trial was conducted. A total of 207 patients

with advanced cancer including non-small-cell lung cancer, colorectal cancer, renal

cell cancer, ovarian cancer, pancreatic cancer, gastric cancer, and breast cancer

received escalating doses of BMS-936559 ranging from 0.3 to 10 mg/kg every

2 weeks in 6-week cycles for up to 16 cycles or until the patient had a complete

response or confirmed disease progression. Treatment-related adverse events of

grade 3 or 4 were observed in 9 % of patients. Of evaluable patients, 6–17 %

showed objective responses, and the responses lasted for 1 year or more in 8 of

16 patients with at least 1 year of follow-up [47]. Additional anti-PD-L1 mAbs

including MPDL3280A, MSB0010718C, and MED1473 are being tested in early

phase clinical trials.

19.7 Conclusions

Cancer immunotherapy was selected by the editors of Science magazine as the

breakthrough of the year in 2013 [48]. Initially, anti-CTLA-4 mAb was examined

for its effects on the overall survival rate in patients with advanced melanoma, and

objective responses were observed. CTLA-4 signaling is, however, primarily

involved in blocking the initiation of T-cell responses in the lymph nodes, and

anti-CTLA-4 mAbs therefore provoke relatively severe adverse reactions, which
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have been anticipated from the early lethality in mice deficient in CTLA-4 and the

high affinity between CTLA-4 and CD80. By contrast, the PD-1/PD-L1 pathway is

involved in the effector phase of responses to limit the activity of immune effector

cells such as αβ T cells, γδ T cells [49], and NK cells in the tumor microenviron-

ment. Thus, anti-PD-1 mAbs blocking the PD-1/PD-L1 pathway develop less

adverse reactions than anti-CTLA-4 mAbs. The divergent roles of the PD-1 and

CTLA-4 pathways suggest the potential for combination therapy using a high dose

of anti-PD-1 mAb and a low dose of CTLA-4 mAb. Although much needs to be

done, the development of immune checkpoint inhibitors has launched a new era of

cancer immunotherapy.
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Chapter 20

Novel Targets of Immune Inhibitory

and Stimulatory Co-signals

Koji Tamada

Abstract Great success of anti-CTLA-4 and anti-PD-1 monoclonal antibodies

(mAbs) has changed a landscape of cancer immunotherapy. Currently, there is no

doubt about an importance of immune checkpoint molecules as one of the most

promising targets in anticancer drugs. Thus, identification and characterization of

novel checkpoint molecules other than CTLA-4 and PD-1 is a highly anticipated

research subject. In addition, agonists of stimulatory co-signal molecules have a

capability of enhancing antitumor immunity, rendering them attractive in antican-

cer drug development. From this perspective, this chapter introduces LAG-3,

TIM-3, BTLA, 4-1BB, OX-40, and GITR, as representatives of potential targets

which have been explored in cancer immunotherapy. Functions of these molecules

in T cell immunity and antitumor effects in preclinical animal models as well as

clinical trials, if available, are described here.

Keywords Immune checkpoints • T cell exhaustion • Stimulatory co-signal

molecules

20.1 Introduction

In recent years, immune checkpoint blockade has demonstrated substantial

advances and a striking success as a novel strategy in cancer immunotherapy.

Anti-CTLA4 antibody (Ab) and anti-PD-1 Ab represent approaches of immune

checkpoint blockade, which have been approved by FDA as drugs for advanced

melanoma in 2011 and 2014, respectively. In future, application of these antibodies

(Abs) is anticipated to expand through combinations with other methods of immu-

notherapies, e.g., tumor vaccine and adoptive T cell transfer, as well as

non-immunotherapies including chemotherapeutic drugs, kinase inhibitors, and

irradiation. At the same time, further efforts have been made to identify novel

checkpoint molecules besides CTLA-4 and PD-1, so as to regulate the functions of
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novel molecules for therapeutic purposes. In addition, agonistic Abs which deliver

stimulatory co-signals to activate antitumor T cell responses have been also sought

and tested by clinical trials as novel approaches in cancer immunotherapy. In this

chapter, preclinical and clinical development of novel checkpoint molecules and

stimulatory co-signal molecules is reviewed.

20.2 Novel Targets of Immune Checkpoint Molecules

As definition of immune checkpoint molecules, they deliver inhibitory co-signals

into T cells and negatively regulate T cell responses. While they are expressed on T

cells either constitutively on naı̈ve status or inducibly in response to activation, the

highest expression are often detected on nonfunctional status including exhausted T

cells. Typically, checkpoint molecules possess unique intracellular motifs to deliver

inhibitory signals, such as ITIM (immunoreceptor tyrosine-based inhibitory motif),

which are crucial to render T cells that undergo functionally unresponsive status.

Attenuation of immune checkpoint is capable of preventing and restoring the T cell

unresponsiveness, providing the rationale for applying checkpoint-blocking Abs to

cancer immunotherapy. According to the cells expressing ligands of checkpoint

molecules, its blockade mediates the effect at two potential phases of T cell

response, i.e., priming phase and effector phase. For instance, as CD80/CD86,

ligands of CTLA-4, are expressed on professional APC including DC, blockade

of CTLA-4 enhances T cell activation at the priming phase. On the other hand,

PD-L1 (B7-H1), a ligand of PD-1, is expressed in the tumor microenvironment,

e.g., tumor cells and tumor stromal cells, indicating that PD-1 blockade potentiates

T cell functions at the effector phase. Collectively, immune checkpoint molecules

for therapeutic targets should meet, at least in part, the following criteria: (1) capac-

ity of delivering inhibitory signal to cause T cell unresponsiveness, (2) blockade of

its functions to activate T cells by abrogating unresponsiveness, and (3) its expres-

sion on nonfunctional (e.g., exhausted) T cells and its ligand expression on APC or

in the tumor microenvironment. LAG-3, TIM-3, and BTLA are among the prom-

ising and novel checkpoint molecules which meet these criteria.

20.2.1 LAG-3

LAG-3 (lymphocyte activation gene-3, CD223), a molecule belonging to immuno-

globulin superfamily, has structural homology to CD4 [1]. LAG-3 binds MHC class

II via its D1 domain at 60 nM Kd, several orders higher affinity than that of CD4 for

MHC class II [2]. Intracellular domain of LAG-3 contains a unique motif

(KIEELE), which is essential for LAG-3 functions in T cell regulation [3, 4]. Expres-

sion of LAG-3 is detected on activated T cells, starting from 24 h after stimulation,

peaking at 48 h and then gradually decreasing by day 8.
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Immune-regulatory functions of LAG-3 were first revealed by experiments using

anti-LAG-3 mAb, in which human CD4+ T cell clone exhibited persistent prolif-

eration in vitro when LAG-3 was blocked [5]. Later, inhibitory function of LAG-3

was further consolidated by the studies that T cells in LAG-3 knockout

(KO) animals augment proliferation, accumulation, and effector functions in

response to mitogenic stimuli or cognate antigens [6, 7]. Regarding T cell inhibitory

mechanism of LAG-3, transfection of LAG-3 gene lacking intracellular signaling

domain lost its effects, indicating an intrinsic inhibitory mechanism [4]. On the

other hand, LAG-3 expression on regulatory T cells (Treg) and its role in T cell

suppression was also reported [8]. Anti-LAG-3 mAb abrogated suppressive effects

of Treg, and Treg from LAG-3 KO mice reduced the suppressive activity. Ectopic

expression of LAG-3 on CD4+ T cells confers them suppressive potential toward

other T cells. These findings suggested extrinsic mechanisms of LAG-3 in T cell

inhibition. As a cell surface marker, LAG-3 expression is associated with T cell

exhaustion caused by chronic infection [9]. Recent studies further indicated that

functionally impaired T cells in cancer also express LAG-3 simultaneously with

PD-1 [10, 11].

Therapeutic application regulating LAG-3 functions for cancer immunotherapy

has been attempted by means of LAG-3-Ig fusion proteins and anti-LAG-3 mAb.

Administration of LAG-3-Ig induced growth retardation and regression of various

types of tumor in mouse models [12]. It has been reported that mechanisms of

antitumor effects by LAG-3-Ig are dependent on its binding to MHC class II and

consequent maturation and activation of APC, including upregulated expression of

co-stimulatory ligands and IL-12 production [13]. A potential role of LAG-3-Ig to

block LAG-3 inhibitory signal in T cell activation remains largely unexplored. In

clinical studies, LAG-3-Ig has been developed as IMP321 by Immutep and tested in

renal cell carcinoma by a single agent and in breast cancer in combination with

chemotherapy [14, 15]. Besides LAG-3-Ig, antagonistic anti-LAG-3 mAb has been

shown to restore T cell exhaustion in mouse tumor model [11]. Accordingly, phase I

clinical trial of anti-LAG-3 mAb (BMS-986016 developed by Bristol-Myers

Squibb) with or without anti-PD-1 mAb in solid tumor as well as hematological

malignancies has been initiated. Results of the clinical studies of LAG-3-Ig and

anti-LAG-3 mAb are currently awaited with great expectations.

20.2.2 TIM-3

TIM-3 belongs to TIM (T cell immunoglobulin) family molecules, type I mem-

brane protein, which structurally consists of N-terminal IgV domain followed by a

mucin domain, a transmembrane domain, and an intracellular domain [16]. In T

cells, TIM-3 is uniquely expressed on those differentiated into IFN-γ-producing
cells, such as Th1-type CD4+ and Tc1-type CD8+ T cells. Galectin-9, a soluble

molecule that is upregulated by IFN-γ, was identified as a ligand of TIM-3

[17]. Binding of galectin-9 with TIM-3 triggers T cell death by dissociating Bat3
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(HLA-B-associated transcript 3) from intracellular domain of TIM-3 [18]. Thus,

TIM-3 plays an essential role in termination of IFN-γ-mediated inflammatory T cell

responses. Consistent with this notion, blockade of TIM-3 by anti-TIM-3 or TIM-3-

Ig fusion protein augments T cell responses, leading to exacerbation of autoimmune

diseases and abrogation of T cell tolerance in animal models [19, 20]. Mice defi-

cient of TIM-3 gene also demonstrated similar phenotypes [20].

In cancer immunotherapy, TIM-3 is a potential target as an immune checkpoint

molecule to interfere with. TIM-3 expression is detected on tumor-infiltrating

lymphocytes (TIL) in various types of cancer and associated with T cell exhaustion

[21]. It should be noted that T cells expressing both PD-1 and TIM-3 represent the

most deeply exhausted phenotype, in terms of proliferation and cytokine production

of IL-2, TNF-α, and IFN-γ. Based on this finding, combined blockade of TIM-3 and

PD-1 was tested and revealed a striking effect in tumor growth inhibition, more

potent than a single blockade of either molecule [21, 22]. Restoration of T cell

effector functions by dual blockade of TIM-3 and PD-1 has been reported in animal

tumor models as well as T cells from melanoma patients [21, 23]. Besides direct

effects on antitumor T cells, TIM-3 has been reported to promote granulocytic

MDSC (myeloid-derived suppressor cells) via cognate interaction with galectin-9,

which is expressed on CD11b+ Ly6G+ cells [24]. As MDSC expand in tumor-

bearing hosts and facilitate immune suppression at tumor microenvironment,

TIM-3 blockade could indirectly stimulate antitumor immunity by attenuating

MDSC functions. In addition, recent intriguing studies discovered an increased

expression of TIM-3 on leukemic cancer stem cells in patients with acute myeloid

leukemia, suggesting a potential use of TIM-3 as a target for tumor killing

[25, 26]. Collectively, TIM-3 could serve as a multifunctional molecule in tumor

growth and antitumor immunity. Clinical trials to examine TIM-3-targeting

reagents such as anti-TIM-3 mAb have yet to be initiated in cancer patients, and

such studies are eagerly awaited.

20.2.3 BTLA

BTLA (B and T lymphocyte attenuator, CD272) was cloned from activated T cells

as amolecule structurally homologous to immunoglobulin superfamily [27]. Similar

to PD-1 and CTLA-4, BTLA has one IgV domain in extracellular domain, followed

by transmembrane domain and intracellular domain, where two ITIM motifs exist.

The ligand of BTLA is HVEM (herpesvirus entry mediator, CD270), which belongs

to TNF (tumor necrosis factor) receptor superfamily [28]. By interacting with

HVEM, BTLA delivers inhibitory signal into activated T cells by recruiting

SHP-1/2 via its intracellular ITIM motifs [28, 29]. Consistent with these findings,

mice deficient of BTLA gene exhibited exacerbated autoimmune and inflammatory

diseases [27, 30] and enhanced memory T cell responses [31]. While an increased

expression of BTLA on anergic T cells was reported [32], another study indicated
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no correlation between BTLA expression level and a severity of T cell

exhaustion [33].

Based on the findings described above, a role of HVEM-BTLA interaction in

tumor immunity and its potential as a therapeutic target have been explored. In

animal model, blockade of BTLA signal facilitated the effects of antitumor vaccine

and inhibited tumor growth in vivo [34]. In melanoma patients, HVEM expression

was detected on tumor cells, and tumor Ag-specific T cells persistently express high

levels of BTLA [35]. CD8+ T cells expressing BTLA were partially dysfunctional,

and blockade of BTLA restored T cell proliferation and cytokine production in

response to tumor Ag in vitro [33]. Thus, anti-BTLA mAb can be a novel approach

of immune checkpoint blockade, although no clinical trial has initiated yet. It

should be noted that HVEM-BTLA interaction can deliver bidirectional signal to

both sides, where HVEM transmits stimulatory co-signal to T cells [36]. Thus,

HVEM-BTLA pathway should be carefully manipulated for cancer immunother-

apy, as simple blockade could diminish HVEM-mediated positive effects as well as

BTLA negative signal.

20.3 Novel Targets of Immune Stimulatory Co-signal

Molecules

Quality and quantity of T cell responses are determined by a fine balance between

stimulatory and inhibitory co-signals. When stimulatory co-signals surmount inhib-

itory co-signals, T cells activate and generate productive responses. On the other

hand, when inhibitory co-signals are dominant, T cells undergo dysfunctional state,

such as anergy and exhaustion, leading to a termination of immune responses. Thus,

in order to accelerate antitumor immunity, triggering stimulatory co-signals, in

addition to blockade of inhibitory co-signals (¼immune checkpoints), would be an

important strategy. Accordingly, agonistic Abs against stimulatory co-signal mol-

ecules have been developed, and some of them are currently under clinical inves-

tigation. Abs against 4-1BB, OX-40, and GITR are among the most promising and

advanced reagents in this strategy.

20.3.1 4-1BB

4-1BB (CD137), a molecule of TNF receptor superfamily, is inducibly expressed

on T cells along with their activation. Interaction with its ligand, 4-1BBL, triggers

4-1BB stimulatory co-signal, which activates NF-κB and MAPK via recruitment of

TRAF [37]. 4-1BB signal enhances T cell activation and cytokine production and

promotes their survival by inducing antiapoptotic molecules such as Bcl-XL,

especially in CD8+ T cells [38]. While mice deficient of 4-1BB gene exhibited a
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reduced number of memory CD8+ T cells in bone marrow, there is an accumulation

of effector memory T cells in 4-1BB-overexpressing transgenic mice

[39, 40]. Expression of 4-1BB is also detected on NK cells and DC, and stimulatory

effects of 4-1BB on these cells have been also reported [41, 42].

In mouse tumor models, triggering 4-1BB stimulatory co-signal by agonistic Ab

or gene transfection induced prominent effects of tumor regression [43, 44]. Mech-

anistically, these effects are dependent on activation of CD8+ T cells and NK cells

and associated with an increased accumulation of TIL by IFN-γ secretion

[45]. Based on these studies, fully human anti-4-1BB mAbs with agonistic capacity

have been developed by at least two pharmaceutical companies. Although early

results from clinical trials indicated a substantial liver toxicity, more detailed

examinations of anti-4-1BB mAbs as monotherapy or in combination with other

mAbs are currently performed in patients with solid tumors and hematological

malignancies [46].

20.3.2 OX-40

OX-40 (CD134) is a member of TNF receptor superfamily and originally identified

as an activation marker on rat CD4+ T cells [47]. Subsequent studies revealed that

OX-40 is expressed on both CD4+ and CD8+ T cells upon activation, as well as NK

cells, and OX-40 signal promotes proliferation, cytokine production, migration, and

effector functions of these cells [48]. Mice deficient of OX-40 or OX-40L, a ligand

of OX-40, exhibited impaired T cell responses in vivo, indicating a role of this

pathway in providing a stimulatory co-signal to T cells [49, 50]. In animal exper-

iments, administration of OX-40 agonists, including anti-OX-40 mAb and

OX-40L-Ig fusion protein, prolonged the mouse survival in various tumor models

[51]. In addition to direct effects in stimulating T cell activation, there is also

evidence that OX-40 agonists dampen suppressive function of Treg, thus indirectly

facilitate antitumor immunity [52, 53]. In cancer patients, the existence of OX-40-

positive T cells in TIL and tumor-draining lymph nodes has been reported

[54]. Phase I clinical trial using anti-OX-40 mAb demonstrated that the drug was

tolerated, promoted T cell proliferation, and induced tumor shrinkage in some

patients [55]. Further studies of OX-40 agonists are currently underway in clinical

trials to evaluate its antitumor effects as monotherapy or in combination with other

drugs.

20.3.3 GITR

GITR (glucocorticoid-induced TNF receptor, CD357) is expressed on various

immune cells including activated T cells. GITR signal delivers stimulatory

co-signal into T cells and enhances their proliferation, cytokine production, and
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survival [56]. Compared to other stimulatory co-signal molecules, GITR has a

unique feature that is constitutively expressed on Treg at high levels, and triggering

GITR signal in Treg abrogates their suppressive function [57, 58]. As expected

from these findings, treatment with anti-GITR agonistic mAb caused regression of

tumor in animal models [59, 60]. Further studies suggested that GITR agonists

decrease the number and suppressive function of Treg at the tumor microenviron-

ment by causing Treg instability and depletion [61, 62]. A phase I clinical trial

using humanized anti-GITR agonistic mAb in advanced melanoma and other solid

tumors is currently ongoing.

20.4 Summary

Recent development of anti-CTLA-4 and anti-PD-1 mAbs represents magnificent

success in cancer immunotherapy. Accordingly, approaches to manipulate inhibi-

tory or stimulatory co-signal functions are considered to be a rising star in the field,

and identification of novel targets with a potent therapeutic potential is eagerly

anticipated. While this review focuses on several novel molecules which are among

the most promising and progressive in clinical translation, there are many other

intriguing targets which are not introduced here. Development of novel reagents to

regulate these molecules as monotherapy or combined immunotherapy with current

medical interventions including kinase inhibitors, chemotherapy, and radiotherapy

will establish next generation of cancer treatment.

References

1. Baixeras E, Huard B, Miossec C, Jitsukawa S, Martin M, Hercend T, Auffray C, Triebel F,

Piatier-Tonneau D (1992) Characterization of the lymphocyte activation gene 3-encoded

protein. A new ligand for human leukocyte antigen class II antigens. J Exp Med 176:327–337

2. Huard B, Prigent P, Tournier M, Bruniquel D, Triebel F (1995) CD4/major histocompatibility

complex class II interaction analyzed with CD4- and lymphocyte activation gene-3 (LAG-3)-

Ig fusion proteins. Eur J Immunol 25:2718–2721

3. Workman CJ, Vignali DA (2003) The CD4-related molecule, LAG-3 (CD223), regulates the

expansion of activated T cells. Eur J Immunol 33:970–979

4. Workman CJ, Dugger KJ, Vignali DA (2002) Cutting edge: molecular analysis of the negative

regulatory function of lymphocyte activation gene-3. J Immunol 169:5392–5395

5. Huard B, Tournier M, Hercend T, Triebel F, Faure F (1994) Lymphocyte-activation gene

3/major histocompatibility complex class II interaction modulates the antigenic response of

CD4+ T lymphocytes. Eur J Immunol 24:3216–3221

6. Workman CJ, Cauley LS, Kim IJ, Blackman MA, Woodland DL, Vignali DA (2004) Lym-

phocyte activation gene-3 (CD223) regulates the size of the expanding T cell population

following antigen activation in vivo. J Immunol 172:5450–5455

7. Grosso JF, Kelleher CC, Harris TJ, Maris CH, Hipkiss EL, De Marzo A, Anders R, Netto G,

Getnet D, Bruno TC et al (2007) LAG-3 regulates CD8+ T cell accumulation and effector

function in murine self- and tumor-tolerance systems. J Clin Invest 117:3383–3392

20 Novel Targets of Immune Inhibitory and Stimulatory Co-signals 301



8. Huang CT, Workman CJ, Flies D, Pan X, Marson AL, Zhou G, Hipkiss EL, Ravi S,

Kowalski J, Levitsky HI et al (2004) Role of LAG-3 in regulatory T cells. Immunity

21:503–513

9. Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, Betts MR, Freeman GJ,

Vignali DA, Wherry EJ (2009) Coregulation of CD8+ T cell exhaustion by multiple inhibitory

receptors during chronic viral infection. Nat Immunol 10:29–37

10. Matsuzaki J, Gnjatic S, Mhawech-Fauceglia P, Beck A, Miller A, Tsuji T, Eppolito C, Qian F,

Lele S, Shrikant P et al (2010) Tumor-infiltrating NY-ESO-1-specific CD8+ T cells are

negatively regulated by LAG-3 and PD-1 in human ovarian cancer. Proc Natl Acad Sci U S

A 107:7875–7880

11. Goding SR, Wilson KA, Xie Y, Harris KM, Baxi A, Akpinarli A, Fulton A, Tamada K, Strome

SE, Antony PA (2013) Restoring immune function of tumor-specific CD4+ T cells during

recurrence of melanoma. J Immunol 190:4899–4909

12. Prigent P, El Mir S, Dreano M, Triebel F (1999) Lymphocyte activation gene-3 induces tumor

regression and antitumor immune responses. Eur J Immunol 29:3867–3876

13. Andreae S, Piras F, Burdin N, Triebel F (2002) Maturation and activation of dendritic cells

induced by lymphocyte activation gene-3 (CD223). J Immunol 168:3874–3880

14. Brignone C, Escudier B, Grygar C, Marcu M, Triebel F (2009) A phase I pharmacokinetic and

biological correlative study of IMP321, a novel MHC class II agonist, in patients with

advanced renal cell carcinoma. Clin Cancer Res 15:6225–6231

15. Brignone C, Gutierrez M, Mefti F, Brain E, Jarcau R, Cvitkovic F, Bousetta N, Medioni J,

Gligorov J, Grygar C et al (2010) First-line chemoimmunotherapy in metastatic breast

carcinoma: combination of paclitaxel and IMP321 (LAG-3Ig) enhances immune responses

and antitumor activity. J Transl Med 8:71

16. Monney L, Sabatos CA, Gaglia JL, Ryu A, Waldner H, Chernova T, Manning S, Greenfield

EA, Coyle AJ, Sobel RA et al (2002) Th1-specific cell surface protein Tim-3 regulates

macrophage activation and severity of an autoimmune disease. Nature 415:536–541

17. Zhu C, Anderson AC, Schubart A, Xiong H, Imitola J, Khoury SJ, Zheng XX, Strom TB,

Kuchroo VK (2005) The Tim-3 ligand galectin-9 negatively regulates T helper type 1 immu-

nity. Nat Immunol 6:1245–1252

18. Rangachari M, Zhu C, Sakuishi K, Xiao S, Karman J, Chen A, Angin M, Wakeham A,

Greenfield EA, Sobel RA et al (2012) Bat3 promotes T cell responses and autoimmunity by

repressing Tim-3-mediated cell death and exhaustion. Nat Med 18:1394–1400

19. Sanchez-Fueyo A, Tian J, Picarella D, Domenig C, Zheng XX, Sabatos CA, Manlongat N,

Bender O, Kamradt T, Kuchroo VK et al (2003) Tim-3 inhibits T helper type 1-mediated auto-

and alloimmune responses and promotes immunological tolerance. Nat Immunol 4:1093–1101

20. Sabatos CA, Chakravarti S, Cha E, Schubart A, Sanchez-Fueyo A, Zheng XX, Coyle AJ,

Strom TB, Freeman GJ, Kuchroo VK (2003) Interaction of Tim-3 and Tim-3 ligand regulates

T helper type 1 responses and induction of peripheral tolerance. Nat Immunol 4:1102–1110

21. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC (2010) Targeting

Tim-3 and PD-1 pathways to reverse T cell exhaustion and restore anti-tumor immunity. J Exp

Med 207:2187–2194

22. Zhou Q, Munger ME, Veenstra RG, Weigel BJ, Hirashima M, Munn DH, Murphy WJ,

Azuma M, Anderson AC, Kuchroo VK et al (2011) Coexpression of Tim-3 and PD-1 identifies

a CD8+ T-cell exhaustion phenotype in mice with disseminated acute myelogenous leukemia.

Blood 117:4501–4510

23. Fourcade J, Sun Z, Benallaoua M, Guillaume P, Luescher IF, Sander C, Kirkwood JM,

Kuchroo V, Zarour HM (2010) Upregulation of Tim-3 and PD-1 expression is associated

with tumor antigen-specific CD8+ T cell dysfunction in melanoma patients. J Exp Med

207:2175–2186

24. Dardalhon V, Anderson AC, Karman J, Apetoh L, Chandwaskar R, Lee DH, Cornejo M,

Nishi N, Yamauchi A, Quintana FJ et al (2010) Tim-3/galectin-9 pathway: regulation of Th1

immunity through promotion of CD11b+Ly-6G+ myeloid cells. J Immunol 185:1383–1392

302 K. Tamada



25. Jan M, Chao MP, Cha AC, Alizadeh AA, Gentles AJ, Weissman IL, Majeti R (2011)

Prospective separation of normal and leukemic stem cells based on differential expression of

TIM3, a human acute myeloid leukemia stem cell marker. Proc Natl Acad Sci U S A

108:5009–5014

26. Kikushige Y, Shima T, Takayanagi S, Urata S, Miyamoto T, Iwasaki H, Takenaka K,

Teshima T, Tanaka T, Inagaki Y et al (2010) TIM-3 is a promising target to selectively kill

acute myeloid leukemia stem cells. Cell Stem Cell 7:708–717

27. Watanabe N, Gavrieli M, Sedy JR, Yang J, Fallarino F, Loftin SK, Hurchla MA,

Zimmerman N, Sim J, Zang X et al (2003) BTLA is a lymphocyte inhibitory receptor with

similarities to CTLA-4 and PD-1. Nat Immunol 4:670–679

28. Sedy JR, Gavrieli M, Potter KG, Hurchla MA, Lindsley RC, Hildner K, Scheu S, Pfeffer K,

Ware CF, Murphy TL et al (2005) B and T lymphocyte attenuator regulates T cell activation

through interaction with herpesvirus entry mediator. Nat Immunol 6:90–98

29. Gavrieli M, Watanabe N, Loftin SK, Murphy TL, Murphy KM (2003) Characterization of

phosphotyrosine binding motifs in the cytoplasmic domain of B and T lymphocyte attenuator

required for association with protein tyrosine phosphatases SHP-1 and SHP-2. Biochem

Biophys Res Commun 312:1236–1243

30. Miller ML, Sun Y, Fu YX (2009) Cutting edge: B and T lymphocyte attenuator signaling on

NKT cells inhibits cytokine release and tissue injury in early immune responses. J Immunol

183:32–36

31. Krieg C, Boyman O, Fu YX, Kaye J (2007) B and T lymphocyte attenuator regulates CD8+ T

cell-intrinsic homeostasis and memory cell generation. Nat Immunol 8:162–171

32. Hurchla MA, Sedy JR, Gavrieli M, Drake CG, Murphy TL, Murphy KM (2005) B and T

lymphocyte attenuator exhibits structural and expression polymorphisms and is highly Induced

in anergic CD4+ T cells. J Immunol 174:3377–3385

33. Fourcade J, Sun Z, Pagliano O, Guillaume P, Luescher IF, Sander C, Kirkwood JM, Olive D,

Kuchroo V, Zarour HM (2012) CD8(+) T cells specific for tumor antigens can be rendered

dysfunctional by the tumor microenvironment through upregulation of the inhibitory receptors

BTLA and PD-1. Cancer Res 72:887–896

34. Han L, Wang W, Fang Y, Feng Z, Liao S, Li W, Li Y, Li C, Maitituoheti M, Dong H

et al (2009) Soluble B and T lymphocyte attenuator possesses antitumor effects and facilitates

heat shock protein 70 vaccine-triggered antitumor immunity against a murine TC-1 cervical

cancer model in vivo. J Immunol 183:7842–7850

35. Derre L, Rivals JP, Jandus C, Pastor S, Rimoldi D, Romero P, Michielin O, Olive D, Speiser

DE (2010) BTLA mediates inhibition of human tumor-specific CD8+ T cells that can be

partially reversed by vaccination. J Clin Invest 120:157–167

36. Sakoda Y, Park JJ, Zhao Y, Kuramasu A, Geng D, Liu Y, Davila E, Tamada K (2011)

Dichotomous regulation of GVHD through bidirectional functions of the BTLA-HVEM

pathway. Blood 117:2506–2514

37. Wang C, Lin GH, McPherson AJ, Watts TH (2009) Immune regulation by 4-1BB and 4-1BBL:

complexities and challenges. Immunol Rev 229:192–215

38. Lee HW, Park SJ, Choi BK, Kim HH, Nam KO, Kwon BS (2002) 4-1BB promotes the survival

of CD8+ T lymphocytes by increasing expression of Bcl-xL and Bfl-1. J Immunol

169:4882–4888

39. Zhu Y, Zhu G, Luo L, Flies AS, Chen L (2007) CD137 stimulation delivers an antigen-

independent growth signal for T lymphocytes with memory phenotype. Blood 109:4882–4889

40. Pulle G, Vidric M, Watts TH (2006) IL-15-dependent induction of 4-1BB promotes antigen-

independent CD8 memory T cell survival. J Immunol 176:2739–2748

41. Wilcox RA, Tamada K, Strome SE, Chen L (2002) Signaling through NK cell-associated

CD137 promotes both helper function for CD8+ cytolytic T cells and responsiveness to IL-2

but not cytolytic activity. J Immunol 169:4230–4236

20 Novel Targets of Immune Inhibitory and Stimulatory Co-signals 303



42. Wilcox RA, Chapoval AI, Gorski KS, Otsuji M, Shin T, Flies DB, Tamada K, Mittler RS,

Tsuchiya H, Pardoll DM et al (2002) Cutting edge: expression of functional CD137 receptor by

dendritic cells. J Immunol 168:4262–4267

43. Melero I, Shuford WW, Newby SA, Aruffo A, Ledbetter JA, Hellstrom KE, Mittler RS, Chen

L (1997) Monoclonal antibodies against the 4-1BB T-cell activation molecule eradicate

established tumors. Nat Med 3:682–685

44. Ye Z, Hellstrom I, Hayden-Ledbetter M, Dahlin A, Ledbetter JA, Hellstrom KE (2002) Gene

therapy for cancer using single-chain Fv fragments specific for 4-1BB. Nat Med 8:343–348

45. Wilcox RA, Flies DB, Wang H, Tamada K, Johnson AJ, Pease LR, Rodriguez M, Guo Y, Chen

L (2002) Impaired infiltration of tumor-specific cytolytic T cells in the absence of interferon-

gamma despite their normal maturation in lymphoid organs during CD137 monoclonal

antibody therapy. Cancer Res 62:4413–4418

46. Croft M, Benedict CA, Ware CF (2013) Clinical targeting of the TNF and TNFR superfam-

ilies. Nat Rev Drug Discov 12:147–168

47. Mallett S, Fossum S, Barclay AN (1990) Characterization of the MRC OX40 antigen of

activated CD4 positive T lymphocytes – a molecule related to nerve growth factor receptor.

EMBO J 9:1063–1068

48. Gramaglia I, Weinberg AD, Lemon M, Croft M (1998) Ox-40 ligand: a potent costimulatory

molecule for sustaining primary CD4 T cell responses. J Immunol 161:6510–6517

49. Kopf M, Ruedl C, Schmitz N, Gallimore A, Lefrang K, Ecabert B, Odermatt B, Bachmann MF

(1999) OX40-deficient mice are defective in Th cell proliferation but are competent in

generating B cell and CTL Responses after virus infection. Immunity 11:699–708

50. Chen AI, McAdam AJ, Buhlmann JE, Scott S, Lupher ML Jr, Greenfield EA, Baum PR,

Fanslow WC, Calderhead DM, Freeman GJ et al (1999) Ox40-ligand has a critical

costimulatory role in dendritic cell: T cell interactions. Immunity 11:689–698

51. Weinberg AD, Rivera MM, Prell R, Morris A, Ramstad T, Vetto JT, Urba WJ, Alvord G,

Bunce C, Shields J (2000) Engagement of the OX-40 receptor in vivo enhances antitumor

immunity. J Immunol 164:2160–2169

52. Vu MD, Xiao X, Gao W, Degauque N, Chen M, Kroemer A, Killeen N, Ishii N, Li XC (2007)

OX40 costimulation turns off Foxp3+ Tregs. Blood 110:2501–2510

53. Piconese S, Valzasina B, Colombo MP (2008) OX40 triggering blocks suppression by

regulatory T cells and facilitates tumor rejection. J Exp Med 205:825–839

54. Vetto JT, Lum S, Morris A, Sicotte M, Davis J, Lemon M, Weinberg A (1997) Presence of the

T-cell activation marker OX-40 on tumor infiltrating lymphocytes and draining lymph node

cells from patients with melanoma and head and neck cancers. Am J Surg 174:258–265

55. Curti BD, Kovacsovics-Bankowski M, Morris N, Walker E, Chisholm L, Floyd K, Walker J,

Gonzalez I, Meeuwsen T, Fox BA et al (2013) OX40 is a potent immune-stimulating target in

late-stage cancer patients. Cancer Res 73:7189–7198

56. Tone M, Tone Y, Adams E, Yates SF, Frewin MR, Cobbold SP, Waldmann H (2003) Mouse

glucocorticoid-induced tumor necrosis factor receptor ligand is costimulatory for T cells. Proc

Natl Acad Sci U S A 100:15059–15064

57. Shimizu J, Yamazaki S, Takahashi T, Ishida Y, Sakaguchi S (2002) Stimulation of CD25(+)

CD4(+) regulatory T cells through GITR breaks immunological self-tolerance. Nat Immunol

3:135–142

58. McHugh RS, Whitters MJ, Piccirillo CA, Young DA, Shevach EM, Collins M, Byrne MC

(2002) CD4(+)CD25(+) immunoregulatory T cells: gene expression analysis reveals a func-

tional role for the glucocorticoid-induced TNF receptor. Immunity 16:311–323

59. Cohen AD, Schaer DA, Liu C, Li Y, Hirschhorn-Cymmerman D, Kim SC, Diab A, Rizzuto G,

Duan F, Perales MA et al (2010) Agonist anti-GITR monoclonal antibody induces melanoma

tumor immunity in mice by altering regulatory T cell stability and intra-tumor accumulation.

PLoS One 5:e10436

304 K. Tamada



60. Turk MJ, Guevara-Patino JA, Rizzuto GA, Engelhorn ME, Sakaguchi S, Houghton AN (2004)

Concomitant tumor immunity to a poorly immunogenic melanoma is prevented by regulatory

T cells. J Exp Med 200:771–782

61. Schaer DA, Budhu S, Liu C, Bryson C, Malandro N, Cohen A, Zhong H, Yang X, Houghton

AN, Merghoub T et al (2013) GITR pathway activation abrogates tumor immune suppression

through loss of regulatory T cell lineage stability. Cancer Immunol Res 1:320–331

62. Bulliard Y, Jolicoeur R, Windman M, Rue SM, Ettenberg S, Knee DA, Wilson NS, Dranoff G,

Brogdon JL (2013) Activating Fc gamma receptors contribute to the antitumor activities of

immunoregulatory receptor-targeting antibodies. J Exp Med 210:1685–1693

20 Novel Targets of Immune Inhibitory and Stimulatory Co-signals 305



Part VII

Regulation of Immunosuppression



Chapter 21

Regulatory T Cells

Hideya Onishi, Takashi Morisaki, and Mitsuo Katano

Abstract Regulatory T cells (Tregs) are CD4þ T cells that inhibit autoreactive

effector T cells to suppress antitumor immunity. Many anticancer therapeutics have

limited efficacy, and it is thought that Tregs may, in part, be one of the reasons.

From this viewpoint, Tregs may be a therapeutic target for cancer immunotherapy.

Tregs also play a pivotal role in the induction of self-tolerance, and their dysfunc-

tion may lead to autoimmune disease. Promising results have recently been reported

on the molecular targeting of drugs to Tregs. In the near future, the regulation of

Tregs may be a central point for cancer immunotherapy. In this chapter, we focus on

the immune-suppressing mechanism of Tregs and the development of strategies to

modulate Tregs.

Keywords Regulatory T cells • Effector T cells • Foxp3 • Cancer immunotherapy

21.1 Subset of Regulatory T Cells (Tregs)

The concept of tumor suppressor T cells has drawn much attention since it was first

reported in the 1980s that CD4þCD25þ T cells may suppress antitumor immunity

[1]. In 1995, Sakaguchi et al. suggested that immunologic self-tolerance was

maintained by activated T cells expressing the IL-2 receptor α chain (CD25) [2].

In 2003, the transcription factor forkhead box protein P3 (Foxp3) was reported to

play a pivotal role in the differentiation, development, maintenance, and function of

regulatory T cells (Tregs) [3]. Shortly thereafter, Sakaguchi defined naturally

arising Foxp3-expressing CD25þCD4þ T cells and Foxp3þCD25þCD4þ T cells

as Tregs [4, 5].
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Generally, Tregs are divided into two principal subsets, naturally occurring

Tregs (nTregs) which have differentiated in the thymus and inducible Tregs

(iTregs) which differentiate in the periphery from naive CD4þ T cells by VEGF,

SDF-1, IL-10, and TGF-β [6, 7] and have recently received attention as a potential

cancer immunotherapy. Myeloid-derived suppressor cells (MDSCs) which have the

ability to inhibit T cell proliferation and effector function also play a role in

inducing iTregs due in part to the expression of IL-10, TGF-β, and the inhibitory

receptor cytotoxic T lymphocyte antigen-4 (CTLA-4) [8–11]. Type 1 Tregs (Tr1),

T-helper 3 Tregs (Th3), and IL-35-inducible Tregs (iTr35) are also considered

iTregs. Tr1 develop in response to IL-10, secrete IL-10 and TGF-β, and are

expressed in Foxp3low/�CD25low/� cells [12–14]. Th3 cells secrete elevated levels

of TGF-β and express Foxp3þCD25þ [15, 16]. iTr35 cells rely on IL-35, which is a

suppressive cytokine with the ability to inhibit T cell proliferation and antitumor

activity [17]. iTr35 cells express mixed levels of Foxp3 and CD25 [17]. Although

nTregs and iTregs express CD4, there are other Tregs that are not of the CD4þ

lineage. It is well established that CD8þ Tregs exist [18]. Like CD4þ Tregs, there

are also naturally occurring CD8þ Tregs and inducible CD8þTregs [8]. However,
the nature of these CD8þ Tregs remains poorly understood. Additional Treg subsets

which are not of the CD4þ or CD8þ lineage, such as γδ-T cells, also seem to be

important players of the immune system [19, 20].

Functionally, Foxp3þCD4þ cells are divided into three categories, CD45RAþ

resting Tregs (rTregs), CD45RA� activated Tregs (aTregs), and CD45RA� cyto-

kine-secreting non-suppressive Foxp3þ cells [21, 22]. Upon activation, rTregs

begin to proliferate and are converted to aTregs while both rTregs and aTregs

have similar T cell suppressive activity [22]. CD147 is a highly glycosylated type I

transmembrane protein that is used to phenotypically distinguish rTregs

(CD25þCD147�) from aTregs (CD25þCD147þ) [21, 23].

21.2 Naturally Occurring Tregs and Inducible Tregs

Given that the function of nTregs and iTregs seem quite similar and the role of each

population in tumor immunity is still controversial, how then are nTregs and iTregs

distinguishable? Recently, it has been proposed that Helios, an Ikaros transcription

factor family member expressed during embryonic hematopoietic development,

plays an important role in Treg function [24, 25]. Thornton et al. have shown that

Helios may be a marker for discriminating between nTregs and iTregs [26].

However, other studies appear to refute this hypothesis [27, 28], and the role for

Helios remains controversial. There are other factors that may distinguish nTregs

from iTregs, as it has been shown that iTregs express lower levels of Nrp1, Plagl1,
Swap70, and Ikzf2 mRNA and high levels of Igfbp4 and Dapl1 [29]. IL-6 inhibits

the suppressive activity of nTregs but not of iTregs [30]. The vitamin A metabolite

retinoic acid plays a role for tilting the balance toward iTreg differentiation [31].
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The role of Foxp3 in mediating the suppressive function of Tregs remains unclear.

However, Foxp3 intronic and promoter regions exhibit demethylated or

hypomethylated structure in nTregs, while the same regions in iTregs have

hypermethylated CpGs [32–35]. Understanding the difference between nTregs

and iTregs may be important for immunotherapy and will require additional

research.

21.3 Immunosuppressive Mechanism of Tregs

Four primary immunosuppressive mechanisms have been demonstrated for Tregs.

First, cytokine production is a key factor, as Tregs secrete immunosuppressive

cytokines such as IL-10, TGF-β, and IL-35 which regulate effector T cells [36].

Second, cytotoxic molecules such as perforin and granzyme B are secreted by Tregs

and effector T cells and induce effector T cell apoptosis. A third mechanism is IL-2

deprivation [37]. Because Tregs express elevated levels of CD25, IL-2 in the local

microenvironment is consumed by Tregs. Consequently, effector T cells cannot use

IL-2 and may be induced to undergo apoptosis. In fact, it has been shown that the

elimination of CD25þ Tregs results in tumor regression [38]. However, some

authors have demonstrated that IL-2 deprivation is not a primary immunosuppres-

sive mechanism of Tregs [39, 40]. Fourth is the suppression of dendritic cell (DC)

maturation. In this process, several possibilities are hypothesized. One is that the

binding of CTLA-4 on Tregs and CD80/CD86 on DCs may deliver signals that

suppress DC maturation [41]. Additionally, Tregs may upregulate the immunosup-

pressive enzyme indoleamine 2,3 dioxygenase (IDO) in DCs to inhibit effector T

cell function [42]. Another potential mechanism is that Tregs physically remove

CD80/CD86 molecules from the surface of DCs to reduce antigen-presenting

capacity [43].

In addition, it has recently been shown that the NrP-1/sema-4 pathway is

required to protect Tregs and prolong survival in the tumor microenvironment

[44]. Adenosine, which is highly expressed on the surface of Tregs, also has a

role. When Tregs contact effector T cells, cyclic adenosine monophosphate

(cAMP) translocates to T cells via gap junctions, suppressing IL-2 gene expression

and inhibiting effector T cell function [45, 46]. TLR8-MyD88-IRAK4-complexes

may play a role in the functional regulation of Tregs [47]. Huber et al. have shown

that p38MAP kinase signaling is required for the conversion of CD4þCD25� T

cells into iTregs [48].

To date, the study of Treg immunosuppression has focused on non-antigen-

specific regulation. In the last decades, Tregs specific for many kinds of tumor-

associated antigens (TAAs) such as gp100, NY-ESO-1, HER2/neu, and CEA have

been identified [8, 49–51]. Better understanding of TAA-specific Tregs may con-

tribute to the development of more effective immunotherapies to induce optimal

effector T cell responses.
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21.4 Cancer and Tregs

Tregs perform a key role in controlling effector T cells. Some investigators have

shown that Tregs are more prevalent in peripheral blood mononuclear cells

(PBMC) and/or cancer tissues in several types of advanced cancer, including

ovarian, hepatocellular, prostate, gastric, esophageal, and colorectal [52–57]. A

current challenge is that there is not a clear biomarker for use in immunotherapy.

We have shown that patients with a high ratio of Tregs in PBMC exhibit a poor

prognosis compared with those with reduced Treg levels following immunother-

apy, suggesting that the PBMC Treg ratio might serve as a biomarker for immu-

notherapy response [52].

Treg infiltration of cancer tissue is also important. It has been shown that a

reduced effector T cell/Treg ratio in cancer tissue is associated with poor prognosis

in breast, ovarian, gastric, pancreatic, hepatocellular, and colorectal cancer [53, 58–

62]. However, conflicting prognostic results have also been observed in B-cell

lymphoma [63], suggesting additional research is needed to establish a better

understanding of these observations.

A key question is how do Tregs infiltrate tissue? The interaction between

CCL22, secreted by tumor cells or macrophages, and its ligand CCR4, produced

by Tregs, plays a key role in Treg infiltration of cancer tissue [64]. Other chemokine

receptors such as CCR4, CCR5, CCR7, CCR8, αE integrin chain, and CXCR4,

which are expressed on Tregs, are also thought to induce Treg migration [36, 65].

21.5 Development of Cancer Immunotherapy Against

Tregs

It may be effective to target Treg-specific surface markers for the development of

effective immunotherapy. Common Treg markers include CD25, Foxp3, CD39,

CD122, CD127, CTLA-4, LAG-3, and GITR [8, 66]. Among these, we focused on

novel molecules that have recently gained attention in humans.

21.5.1 CTLA-4 and Programmed Death-1 (PD-1)

CTLA-4 and PD-1 are recognized as inhibitory co-stimulatory molecules that act as

key players in the balance and regulation of the adaptive immune response. CTLA-

4 and PD-1 are expressed on T cells, including Tregs [67, 68]. Blocking CTLA-4

activation signals to CTLs inhibits antiproliferative signals that block the G0 to G1

cell cycle transition and reduce cytokine secretion [69, 70]. PD-1 inhibition induces

the generation of CTLs and inhibits the suppressive function of Tregs [68].

Programmed death ligand-1 (PD-L1) is expressed on Tregs as well as cancer cells
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[68]. Therefore, blockage of the CTLA-4 and PD-1/PD-L1 pathways may carry

dual benefits, activation of effector T cells and inhibition of Tregs.

The anti-CTLA-4 mAb, ipilimumab, was approved by the FDA in March 2011

as a first- and second-line monotherapy for unresectable or metastatic melanoma

[71, 72]. Ipilimumab improved overall survival in patients with advanced mela-

noma [73, 74]. The anti-PD-1 mAb, nivolumab, exhibited sustained and effective

responses in patients with melanoma, renal cell cancer, and non-small-cell lung

cancer [75]. There is substantial interest in nivolumab in large part owing to the low

toxicity compared with ipilimumab [76]. Moreover, it has been reported that

concurrent therapy with ipilimumab and nivolumab provided a rapid and deep

tumor regression [77]. Ipilimumab and nivolumab are viewed as molecular-

targeting drugs that may completely change the manner of cancer immunotherapy

in the future.

21.5.2 Vascular Endothelial Growth Factor Receptor-2
(VEGFR2)

We have demonstrated that VEGFR2 is selectively expressed on FOXP3high Tregs

and that this Treg subpopulation acts as suppressive effector T cells [78]. We have

also shown that elevated numbers of tumor-infiltrated VEGFR2þFOXP3high Tregs
correlate with poor prognosis in colorectal cancer [79]. These results suggest that

VEGFR2 may be a therapeutic target in Tregs. Recently, others have shown that

VEGF provides Tregs with a direct VEGFR2-dependent co-stimulatory prolifera-

tion signal [65, 80, 81] and that intratumoral Tregs produce elevated levels of

VEGF. Thus, autocrine VEGF/VEGFR2 signaling might be important for Treg

maintenance. Anti-angiogenic drugs such as sunitinib and sorafenib are also shown

to inhibit Treg function [82, 83]. It may be that these drugs act by inhibiting VEGF/

VEGFR2 signaling.

Interestingly, under hypoxic conditions, Tregs are more able to suppress effector

T cell function, presumably through the transcriptional factor hypoxia-inducible

factor 1α (HIF-1α). For instance, HIF-1α increases Foxp3 expression and the

number of functionally active Tregs [84]. It may be that Tregs secrete VEGF,

which is downstream of HIF-1α and is upregulated under hypoxic conditions.

However, the role of DCs may also be critical. Consistent with these results, we

have shown that hypoxic DCs secrete more VEGF and produce more Tregs than

those generated under normoxic conditions [85]. Given that the in vivo environ-

ment is thought to be hypoxic, immunotherapy targeting of Tregs through this

angiogenic VEGF/VEGFR signaling may be an important approach.
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21.5.3 Exosomes

Exosomes are microvesicles of 30–100 nm in diameter that are released from many

cell types through an exocytosis pathway [86–88]. They contain a variety of cell-

cell communication-related molecules such as MHC class I, class II, CD86, and

heat-shock proteins [89, 90]. We have shown that malignant-effusion-derived

exosomes (Eff-Ex) express TGF-β1 on the surface and that this TGF-β1 mediates

Treg number and Foxp3 expression [91]. This suggests that Eff-Ex and/or TGF-β1
expressed on Eff-Ex may be a candidate target for Treg immunotherapy.

Others have also reported on Treg-related exosomes. Clayton et al. showed that

human tumor-derived exosomes selectively impair lymphocyte responses to IL-2,

skewing IL-2 responsiveness in favor of Tregs and away from effector T cells [92].

They also demonstrated that cancer-derived exosomes express CD39 and CD73 and

that exosomes suppress T cell activation through adenosine production [93]. Wang

et al. showed that thymus-derived exosome-like particles induce Treg development

and convert thymic CD4þCD25� T cells into Tregs [94]. Additionally, it has been

shown that purified Treg exosomes prolong kidney allograft survival [95]. This

result suggests an autocrine activation system of Tregs.

21.5.4 CD25

CD25 plays a role in the maintenance and proliferation in Tregs [96]. Denileukin

diftitox (Ontak) is a recombinant protein of diphtheria toxin and IL-2 that binds the

high-affinity (α�β�γ) IL-2 receptor and, following internalization, suppresses

protein synthesis [97]. A phase II study reported promising results with Ontak in

patients with unresectable stage IV melanoma [98]. In contrast, Baur et al. have

shown that activated but not resting Tregs were killed after internalization of Ontak

and that resting Tregs showed increased survival due to Ontak-associated

antiapoptotic IL-2 signaling [99].

A CD25-directed immunotoxin (LMB-2) is another candidate for selectively

eliminating Tregs. LMB-2 is a fusion of a single-chain Fv fragment of the CD25-

specific, anti-Tac mAb to a truncated form of the bacterial Pseudomonas exotoxin

A [100]. Promising clinical trial results testing LMB-2 have been reported in

patients with several hematological malignancies [101]. The capacity of LMB-2

to mediate a transient partial reduction in circulating and tumor-infiltrating Tregs in

vivo has been shown [102].
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21.5.5 Cyclooxygenase-2 (COX-2)

COX-2 is a membrane-bound enzyme and member of the mammalian heme-

dependent peroxidase family [103] and is expressed on Foxp3þCD25þCD4þ

Tregs [104]. Studies have shown that COX-2 is involved in the immunosuppressive

function of Tregs [104, 105]. Moreover, prostaglandin E2 (PGE2) produced by

COX-2 mediates the suppressive function of CD4þCD25high Tregs and induces a

regulatory phenotype in CD4þCD25� T cells [105]. Tumor-derived and DC-

derived COX-2/PGE2 as well as Treg-derived COX-2/PGE2 increases Treg activ-

ity [103, 106]. COX-2 is also overexpressed in many human solid tumors [44].

Taken together, these results suggest that the COX-2/PGE2 pathway mediates Treg

regulatory function in tumor immunity.

21.5.6 Glucocorticoid-Induced Tumor Necrosis Factor
Receptor (GITR)

GITR is constitutively expressed on Tregs rather than CD4 and CD8 T cells [107,

108]. Activation of GITR signaling is thought to neutralize suppressor Tregs [107–

109]. It is thought that anti-GITR antibody acting on soluble GITR ligand modu-

lates Treg activity through the loss of Foxp3 expression [110]. David et al. have

raised an important implication of the agonistic anti-GITR mAb DTA-1 in cancer

immunotherapy [111].

21.5.7 OX-40

OX40 (CD134) is a co-stimulatory TNF receptor family molecule expressed con-

stitutively on Tregs [112]. OX40 activation suppresses expression of the Foxp3

gene and inhibits suppressor Tregs [113]. Antihuman OX40 agonistic mouse mAb

promotes CD4þCD8þ T cell proliferation and suppresses TGF-β, which induces

Foxp3 expression on naive CD4þ T cells and inhibits suppressor Tregs [114]. In

contrast, intratumoral injection of anti-OX40 mAb decreases tumor growth dra-

matically [115]. These results suggest that OX40 may be a good therapeutic target

candidate.

21.5.8 Notch Signaling

Notch signaling is a morphogenic signaling pathway that is reactivated in various

types of cancer and has become a new potential strategy for human cancer treatment
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[116]. A relationship between Notch signaling and Tregs has recently been

reported. Kostianovsky et al. have shown that Tregs are generated by E3 ubiquitin

ligase, a gene related to lymphocyte anergy (GRAIL) via Notch activation [117].

Notch activation augments effector T cell sensitivity to Treg-mediated suppression

by regulating the Foxp3 promoter [118] and upregulating TGF-βRII expression
[119]. Therefore, Notch signaling may be a potential therapeutic target for both

cancer and Treg modulation.

21.5.9 Drug-Induced Treg Inhibition

Many additional agents regulate Tregs. Cyclophosphamide inhibits the production

and function of CD8þ and CD4þ Tregs [120, 121]. Additionally, paclitaxel and

fludarabine reduce the number and suppressive function of Tregs [122, 123].

Imatinib decreases the number, function, and Foxp3 expression in Tregs [124].

The humanized anti-CCR4 mAb mogamulizumab depletes Tregs, and

mogamulizumab clinical trials have been conducted for advanced solid tumors

[125]. These agents may provide effective therapies against cancer directly and

by improving antitumor immunity.
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Chapter 22

MDSC: Myeloid-Derived Suppressor Cells

Masahiko Shibata, Kenji Gonda, and Seiichi Takenoshita

Abstract Myeloid-derived suppressor cells (MDSC) are a heterogeneous popula-

tion of immature myeloid cells whose numbers are increased in states of cancer,

inflammation, or infection. MDSC are reported to be induced by tumor-produced

growth factors in cancer-bearing hosts. Mechanisms of immune suppression by

MDSC include production of arginase-1, reactive oxygen species, and nitric oxide

and secretion of immunosuppressive cytokines including IL-10. MDSC have been

reported to be one of the strongest barriers to cancer immunotherapy because of

their extensive suppression of immune functions. Inhibition of MDSC is thus

essential for improving anticancer immunotherapy. Several compounds and agents

that were reported to inhibit MDSC in mice are now being proven effective for

inhibition of MDSC in patients with cancer. In this chapter, mechanisms of MDSC

production and MDSC suppression of immune responses are described, and strat-

egies to inhibit MDSC are addressed.

Keywords Immune suppression • Inflammation • MDSC

22.1 Introduction

Much progress and significant therapeutic advances have been made in the field of

anticancer treatment in recent decades. Immunotherapy is a promising treatment

modality for many types of cancer [1]. Several tumor-associated antigens that are

recognized by specific monoclonal antibodies and T cells have been identified,

providing essential tools for the development of immunotherapies, including
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dendritic cell (DC)-based vaccination and adoptive cell transfer [2]. However, even

if vaccine-induced immune effector cells with antitumor reactivity are present,

there are not always good clinical outcomes of immunotherapy [3]. This is because

many different local and systemic mechanisms and regulatory pathways exist that

can suppress antitumor immune responses [4]. A major paradigm shift in the field of

tumor immunotherapy occurred following the recognition of tumor escape from

immune elimination as an emerging additional hallmark of cancer. Myeloid-

derived suppressor cells (MDSC) are a population of immature myeloid cells that

are expanded in various conditions including cancer and inflammation and are

capable of immune suppression [5]. The myeloid marker Gr1 is expressed on

mouse MDSC, but CD11b and CD33 are expressed on human MDSC, which are

also usually negative for HLA-DR, CD3, CD19, and CD57 [6, 7]. The MDSC of

almost all patients with cancer, and of almost all tumor-bearing mice, are present in

the proportion of approximately 75 % granulocytic MDSC (G-MDSC) and approx-

imately 25 % monocytic MDSC (M-MDSC) [8, 9]. Increased production of intra-

tumoral granulocyte (GCSF) or granulocyte-macrophage colony-stimulating fac-

tors (GM-CSF) may account for the differences seen in G-MDSC and M-MDSC

levels. In addition to their generation by GCSF and GM-CSF, MDSC can also be

generated in the bone marrow in response to cancer-derived factors such as

interleukin (IL)-6, IL-1β, prostaglandin E2 (PGE2), tumor necrosis factor-α
(TNFα), and vascular endothelial growth factor (VEGF). Chemokines such as

CCL2, CXCL12, and CXCL5 have been reported to recruit MDSC to tumor sites

[10–12].

22.2 Origin and Markers of MDSC

A number of studies of tumor-bearing mice have established that a group of bone

marrow-derived cells, the MDSC, are directly involved in the suppression of

immune responses in cancer [11]. These cells express both Gr1 (Ly6G and Ly6C:

myeloid lineage differentiation antigens) and CD11b (αM integrin). Inoculation

with tumor cells or development of spontaneous tumors results in a marked

systemic expansion of these cells [13, 14]. Under these conditions the number of

MDSC in the spleen increases by 5- to 20-fold. In humans, MDSC are generally

defined as CD14-CD11b+ cells, or, more narrowly, as the cells that express the

common myeloid marker CD33 but lack the expression of markers of mature

myeloid and lymphoid cells. Many different phenotypes have been utilized to

define MDSC in humans, but they are usually defined as CD33+CD11b+HLA-

DRneg/low or CD33+CD11b+CD14- [15, 16]. Two main MDSC subtypes have been

reported in tumor-bearing mice, granulocytic (G-MDSC). MDSC populations are

even more complex in humans; however, in humans M-MDSC are predominantly

CD14+, whereas G-MDSC are CD15+, and both populations are CD33+HLA-DR-.

MDSC that are expanded under pathological conditions are not a defined subset

of myeloid cells but are rather a heterogeneous population of activated immature
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myeloid cells that have been prevented from fully differentiating into mature cells.

These MDSC lack the expression of cell surface markers that are specifically

expressed by monocytes, macrophages, or DC and comprise a mixture of myeloid

cells that have the morphology of granulocytes or monocytes. These two subsets of

MDSC, termed G-MDSC andM-MDSC, respectively, may have different functions

in cancer and infectious and autoimmune diseases. Both of these subsets of MDSC

are expanded in mouse tumor models, but in most cases the expansion of G-MDSC

is much greater than that of M-MDSC. These two MDSC subsets appear to have

different mechanism of immune suppression. In addition, the ability to differentiate

into mature DC and macrophages in vitro has been shown to be restricted to

M-MDSC.

In recent years, attempts have been made to identify additional subsets of MDSC

by using several other surface molecules including CD80 (known as B7.1), CD115

(macrophage colony-stimulating factor receptor), and CD124.

22.3 Immunosuppressive Mechanisms of MDSC (Fig. 22.1)

Many tumor models and clinical trials have demonstrated that immunotherapy of

advanced tumors in both animal models and human patients failed to achieve a

therapeutic response as a result of loss of T-cell responses [1, 2]. In some cases

these poor outcomes were associated with tumor progression despite a robust T-cell

response. The development of mechanisms that cause T-cell anergy provided

important data regarding the pathway by which cancer (or chronic inflammation)

can induce T-cell dysfunction. It has been reported that MDSC play an important

role in these mechanisms [17–19].

The most important function of MDSC is to inhibit the cytotoxic response

mediated by T lymphocytes and NK cells. M-MDSC have been reported to inhibit

T-cell responses through depletion of L-arginine, via both arginase I and iNOS [20–

22]. On the other hand, it has been reported that G-MDSC inhibit T-cell responses

through reactive oxygen species (ROS) [14, 23]. Both M-MDSC and G-MDSC use

antigen-specific and nonspecific mechanisms to regulate immune responses. In

addition to directly suppressing immune responses, MDSC inhibit T-cell-mediated

cytotoxicity through indirect mechanisms. Thus, MDSC also produce indoleamine

2,3-dioxygenase (IDO) [24], NADPH oxidase, and immunosuppressive cytokines

that have the potential to inhibit cytotoxic T lymphocytes (CTL), dendritic cells

(DC), and natural killer (NK) cells as well as to expand regulatory T cells (Treg)

[11, 17, 25, 26].
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22.4 MDSC in Cancer Patients

MDSC were first characterized in tumor-bearing mice and in patients with cancer.

These cells have been shown to display marked systemic expansion when mice

were inoculated with transplantable tumor cells. In addition, up to a tenfold increase

in MDSC numbers was detected in the circulating blood of patients with cancer.

Furthermore, MDSC are found in tumor tissues and in the lymph nodes of tumor

-bearing mice [10, 11, 17, 26].

A dysfunctional immune response in cancer patients that was manifested by the

loss of delayed type hypersensitivity was demonstrated several decades ago [27–

30]. However, although cancer patients do not develop the characteristic opportu-

nistic infections seen in patients that have received high-dose chemotherapy, they

do show impaired T-cell responses against bacterial antigens [27–30]. This devel-

opment of specific immune suppression in cancer patients has been investigated for

many years, and the impact of MDSC on these phenomena is becoming

Fig. 22.1 Immunosuppressive mechanisms of MDSC (Ostrand-Rosenberg and Sinha [25]).

MDSC suppress antitumor immunity through a variety of diverse mechanisms. T-cell activation

is suppressed by the production of arginase and ROS, the nitration of the TCR, the nitration of the

TCR, cysteine deprivation, and the induction of Tregs. Innate immunity is impaired by the

downregulation of macrophage-produced IL-12, the increase in MDSC production of IL-10, and

the suppression of NK cell cytotoxicity. Ag presentation is limited by the expansion of MDSC at

the expense of DC
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increasingly better understood. MDSC can synergize with Tregs to prevent

antitumor immunity, whereas reciprocal communications with many types of

immunocompetent cells can be either antitumorigenic or pro-tumorigenic

[31, 32]. These important findings were derived from animal studies, and it will

be essential to determine whether they can be extrapolated to a human setting.

MDSC have been reported to be present in many types of human cancers [33–

36]. We recently reported that circulating levels of MDSC were significantly

increased in patients with gastrointestinal, breast, pulmonary, ovarian, and thyroid

cancer. Moreover, the levels of MDSC significantly correlated with immunosup-

pression, malnutrition, and inflammation. MDSC have also been reported to corre-

late with clinical stages of several types of cancer and with increased levels of IL-6

or IL-10. Our laboratory has found that increased levels of MDSC were signifi-

cantly correlated with the plasma levels of VEGF, which is an important factor for

the induction and proliferation of MDSC [37]. In a recent human setting of

immunotherapy, clinical responders to therapy with the anti-CTLA-4 antibody,

ipilimumab, had significantly fewer M-MDSC as compared to nonresponders [18].

MDSC expansion is also associated with autoimmunity and inflammation. A

large increase in the number of MDSC was found in experimental mouse models of

multiple sclerosis, inflammatory bowel diseases, or intraocular autoimmune inflam-

matory disease [38–41].

22.5 Strategies of MDSC Inhibition (Fig. 22.2)

Multiple mechanisms of cancer immune evasion and immunoinhibitory pathways

have been identified. It has been well established that tumors can promote immu-

nosuppressive cells including Tregs, MDSC, immature DCs, and type 2 macro-

phages [42]. These cells inhibit anticancer immunity and compromise the efficacy

of anticancer immunotherapy. Inhibition or depletion of MDSC enhances the

activities of cancer vaccines in animal models. It has been demonstrated that

MDSC elimination, inhibition, or the induction of their differentiation into

proinflammatory cells using anticancer agents, in patients with different types of

cancer, enhances anticancer immunity and fosters the response to

immunotherapy [43].

Phosphodiesterase-5 (PDE-5) inhibitors may reduce expression of the arginase-1

gene ARG 1 and the nitric oxide synthase 2 gene NOS2 [44, 45]. Arginase-1-

mediated depletion of L-arginine from the tumor microenvironment may be one of

the mechanisms of MDSC-induced T-cell suppression. The production of nitric

oxide may be a direct cause of MDSC-induced suppression of T-cell responses

[46]. The nitro (NO)-aspirin inhibits inducible NOS via various mechanisms and

may inhibit MDSC action [47]. MDSC display increased expression of prostaglan-

din E receptors, and cyclooxygenase 2 (COX-2) is involved in the synthesis of

prostaglandin E. Administration of the widely used COX-2 inhibitor, celecoxib, to

mice was associated with lower levels of MDSC and a higher number of tumor-
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infiltrating lymphocytes [48]. Therefore, the COX-2 inhibitor may be effective in

reducing MDSC activity [49–51]. N-hydroxy-L-arginine (NOHA) and N-nitro-L-

arginine methyl ester (L-NAME) are compounds that inhibit arginase-1, and these

drugs were shown to decrease immunosuppressive MDSC activity [52, 53]. Hista-

mine H2 blockers such as cimetidine appear to induce apoptosis of MDSC through

induction of Fas and FasL [54]. IL-17 is also an important cytokine for recruitment

of MDSC to tumor sites in murine models, and anti-IL-17 antibody administration

may lead to a decrease in MDSC at tumor sites [55]. As for MDSC differentiating

agents, all-trans retinoic acid (ATRA) is a metabolite of vitamin A and can

differentiate MDSC into DC, granulocytes, and monocytes, which is associated

with improvements in CTL (cytotoxic T-lymphocyte)-mediated immune response.

Vitamins such as vitamin D3 or vitamin A may also enhance the maturation of

myeloid cells [56–59].

Tyrosine kinase signaling has been implicated in the stimulation of early mye-

loid cell differentiation into MDSC [60]. Sunitinib is a multi-kinase inhibitor that

has multiple targets including the VEGFR and c-kit. Treatment of patients with

renal cell carcinoma with sunitinib led to a reduction in circulating MDSC levels

with improved Th1 functions [61]. We have reported that plasma levels of VEGF

are increased in patients with gastrointestinal cancers and are correlated with

immune suppression, MDSC levels, and low production of IL-12 [62]. Anti-

VEGF antibody treatment of patients with renal cell carcinoma did not result in a

decrease in circulating MDSC levels, but the circulating levels of mature DC were

increased [63].

Some cytotoxic chemotherapeutic agents have been found to cause MDSC

depletion through as yet incompletely understood mechanisms. Administration of

Fig. 22.2 Graphical presentation of MDSC inhibition strategies (Wesolowski et al. [26])
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gemcitabine, an antimetabolite drug that is used for the treatment of pancreatic,

breast, ovarian, and lung carcinomas and of malignant lymphoma, to tumor-bearing

mice has been reported to deplete MDSC, resulting in improvement of antitumoral

immune responses [64, 65]. 5-Fluorouracil, another antimetabolite, has also been

reported to induce apoptosis of MDSC [66, 67]. Docetaxel, a mitotic inhibitor, was

shown to impair MDSC-immunosuppressive function by blocking STAT3 (signal

transduction and activator of transcription) phosphorylation and by promoting

MDSC differentiation into M1 macrophages [43]. Immunomodulatory effects of

the chemotherapeutic anthracycline agent, doxorubicin, have been reported. It is

noteworthy that MDSC number remained low following immunotherapy in com-

bination with chemotherapy that included doxorubicin, whereas MDSC number

significantly increased after treatment with immunotherapy alone. Cisplatin-treated

tumor-bearing mice displayed reduced numbers of MDSC and Tregs compared to

untreated mice [66]. Other cytotoxic agents may also inhibit MDSC. 5-Fluorouracil

has been widely used in clinical practice for many years. Circulating numbers of

MDSC in patients with gastrointestinal cancers have been reported to decrease after

treatment with 5-fluorouracil-including regimens [67, 68]. We have measured

circulating MDSC levels before and after treatments including gemcitabine as

well as other regimens that included 5-fluorouracil, paclitaxel, and cisplatin and

reported that it decreased mainly in patients with clinical effects [69]. This obser-

vation means that not only is there a direct decrease of MDSC uniformly induced by

chemotherapeutic agents but that this decrease is secondary to immunomodulatory

effects that result from tumor unloading such as tumor shrinkage, which may be

also be important in clinical practice.

Antitumor immunotherapy has been reported to be more effective in patients

with lower levels of MDSC than in patients with higher MDSC levels. Also,

preclinical evidence suggests that cancer vaccines are more effective in tumor-

bearing mice that have been depleted of MDSC [70–73]. MDSC may be inhibited

by numerous molecules including the molecules described in this chapter. The

ability of agents such as ATRA, PDE-5 inhibitors, NO-aspirins, and tyrosine kinase

inhibitors to inhibit MDSC and to enhance antitumor immunity in humans is

already being tested in clinical trials. Other compounds are still undergoing testing

as MDSC inhibitors in preclinical models.

22.6 Conclusion

It has been established that tumor progression can be associated with a progressive

accumulation of immature myeloid cells in the circulating blood, lymph nodes,

spleen, and primary tumor site, due to tumor-derived factors. This aberrant balance

between immature and mature myeloid cells is a hallmark of cancer and may be one

of the central mechanisms of tumor evasion of the immune system and subsequent

tumor progression.
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The advent of immunotherapy of cancer made it apparent that, despite powerful

biological agents that can prime tumor-specific T cells, tumors have sophisticated

mechanisms including MDSC for escape from immune responses. However,

MDSC are not unique to cancer. Trauma patients and patients with chronic infec-

tions also have increased numbers of MDSC, which express arginase I that inhibits

T-cell responses. Our understanding of the role that MDSC play in tumor progres-

sion has greatly increased over the last 10 years. Multiple approaches have been

taken to suppress MDSC including the use of ATRA, inhibition of nitric oxide

function using NO-aspirin, inhibition of PDE-5, blockage of arginase activity with

specific arginase inhibitors, or blockage of MDSC accumulation using antibodies

against specific markers expressed on MDSC. As previously mentioned, MDSC

accumulation can be inhibited by using the chemotherapeutic agents sunitinib,

gemcitabine, or 5-fluorouracil. It is likely that appropriate combinations of inhib-

itors that inhibit the functions of MDSC with stimuli that protect T cells may

overcome these powerful tumor-derived mechanisms that impair the promise of

cancer immunotherapy. Further research is needed to identify the most promising

compound for clinical development.
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Chapter 23

Immune-Related Response Criteria

and Guidance for Clinical Trials

Hiroyuki Suzuki

Abstract Recent progression in the field of tumor immunology has enabled the

contribution of cancer immunotherapy to standard cancer treatments. However, to

date, most clinical trials investigating novel treatments such as therapeutic peptide

vaccines have failed possibly because of the lack of correct evaluation and/or trial

setting. According to this context, immunotherapy-specific novel concepts were

devised. Immune-related response criteria (irRC) are used in an immunotherapy-

specific evaluation protocol. In addition, publication of the “Guidance of clinical

trials” for immunotherapy has helped develop cancer immunotherapeutic agents

established by the US Food and Drug Administration. Furthermore, The Japanese

Society has also created “Guidance for peptide vaccines for the treatment of

cancer” by biological therapy. This unique and specific guidance has aided the

development of peptide vaccines. These evolutions have clearly contributed to this

field, and novel drugs such as ipilimumab have recently been approved by using

these concepts.

Keywords Immune-related response criteria (irRC) • Guidance for clinical trials •

Guidance for peptide vaccines for the treatment of cancer

23.1 Introduction

Recent remarkable progress in the field of cancer immunotherapy is based on a

defined understanding of the molecular basis of immune responses against cancer

including the identification of tumor antigens, dendritic cells, and immunosuppres-

sive mechanisms. Encouraged by this progress, many small studies have been

accomplished. Rosenberg et al. [1] summarized these results in 2004 and reported

that the clinical effectiveness of cancer immunotherapy including cancer vaccines

and dendritic cell-based immunotherapy was limited when evaluations used the

conventional World Health Organization (WHO) response criteria [2] or Response
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Evaluation Criteria in Solid Tumors (RECIST) [3]. However, many physicians and

experts have experienced the effectiveness of immunotherapy in the clinic. In 2004

and 2005, approximately 200 oncologists, immunotherapists, and regulatory

experts in the USA convened to discuss the evaluation of immunotherapy and

subsequently established novel and specific criteria for immunotherapy evaluation

termed the immune-related response criteria (irRC), as reported by Wolchock

et al. [4].

During the establishment of the irRC, the US Food and Drug Administration

(FDA) released a draft of Guidance of Industry in September 2009 [5], which

contained clinical considerations for cancer vaccines and which was finalized in

2011. This guidance described the basic concept and considerations of developing

novel cancer vaccines throughout the preclinical and clinical phases. Similar

guidance has been developed in Japan by The Japanese Society for Biological

Therapy, a group of researchers focused on biological therapies for cancer, mainly

in the field of immunotherapy, which has published “Guidance for peptides vac-

cines for the treatment of cancer” [6].

These important revolutions have contributed and accelerated the development

of cancer immunotherapeutic drugs not only as vaccines but also as antibody-based

immunotherapeutic drugs.

In this chapter, the details of irRC and guidance of clinical trials will be

summarized.

23.2 irRC

It was widely known that there is a difference in the pattern of effects between

conventional cytotoxic chemotherapy and immunotherapy. In chemotherapy, we

define a complete response (CR) and partial response (PR) as effective and stable

disease (SD), but this does not define drug efficacy, because SD often rapidly

develops into progressive disease (PD). However, recently established targeted

therapies including immunotherapy have sometimes induced a long SD. Wolchok

et al. reported that several distinct patterns of responses were observed in an

ipilimumab trial for patients with melanoma [7]. Interestingly, some patients

showed an initial increase in tumor volume followed by a decrease. A similar

phenomenon was also observed in our peptide vaccine trial where metastatic

cervical lymph nodes in patients with lung cancer were initially increased and

highly accumulated by fludeoxyglucose-positron emission tomography

(FDG-PET) scan followed by a remarkable response (Fig. 23.1) [8]. These

responses were thought to be distinctive to immunotherapy. Thus, when consider-

ing immunotherapy, novel and specific evaluation protocols are required and were

established in 2004 and 2005, with irRC in 2009. The major points of the irRC are

summarized: (a) the appearance of measurable antitumor activity may take longer

for immune therapies than for cytotoxic therapies; (b) responses to immune thera-

pies may occur after conventional PD; (c) discontinuation of immune therapy may
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not be appropriate in some cases, unless PD is confirmed (as is usually done for

responses); (d) allowance for “clinically insignificant” PD (e.g., small new lesions

in the presence of other responsive lesions) is recommended; and (e) durable SD

may represent antitumor activity [4]. Thus, the irRC was created based on WHO

response criteria and considering these essential points above [4, 9, 10].

The details of irRC and a comparison with WHO criteria are shown in

Tables 23.1 and 23.2 [4]. The essential points were cited from Wolchok et al. and

described as follows. By irRC, only index and measurable new lesions are taken

into account (in contrast to conventional WHO criteria that do not require the

measurement of new lesions or new lesion measurements for the characterization

of evolving tumor burden). At baseline tumor assessment, the sum of the products

of the two largest perpendicular diameters (SPD) of all index lesions (five lesions

per organ, up to ten visceral lesions, and five cutaneous index lesions) is calculated.

At each subsequent tumor assessment, the SPD of the index lesions and of new,

measurable lesions (�5� 5 mm; up to five new lesions per organ, five new

cutaneous lesions, and ten visceral lesions) is added together to provide the total

tumor burden.

The overall response according to the irRC is derived from time-point response

assessments (based on tumor burden) as follows: irCR, complete disappearance of

all lesions (whether measurable or not and no new lesions) confirmation by a repeat,

consecutive assessment no less than 4 weeks from the date first documented; irPR,

decrease in tumor burden �50 % relative to baseline confirmed by a consecutive

Fig. 23.1 Metastatic lymph node detected by FDG-PET scan in patients with lung cancer treated

by peptide vaccine. A metastatic lesion was enlarged after one course (four times) of vaccination

but then decreased after the two course (eight times) of vaccination
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assessment at least 4 weeks after first documentation; irSD, not meeting criteria for

irCR or irPR in the absence of irPD; irPD, increase in tumor burden �25 % relative

to nadir (minimum recorded tumor burden) confirmation by a repeat, consecutive

assessment no less than 4 weeks from the date first documented.

By using irRC, two major ipilimumab trials for patients with melanoma and

non-small cell lung cancer were completed and indicated irRC was useful

[4, 11]. However, several problems were also observed when using irRC. One of

the most important issues is the comparison irRC with RECIST. There are major

differences between irRC and RECIST in the procedure of measuring tumor size.

By irRC, bidimensional measurements were applied because it was based on WHO

criteria. However, RECIST guidelines use a unidimensional measurement that is

simpler than the WHO criteria. Furthermore, RECIST guidelines have been more

Table 23.1 Comparison between WHO criteria and irRC

WHO irRC

New, measurable

lesions

(�5� 5 mm)

Always represent PD Incorporated into tumor burden

New,

nonmeasurable

lesions

(�5� 5 mm)

Always represent PD Do not define progression (but

preclude irRC)

Non-index

lesions

Changes contribute to defining BOR of

CR, PR, SD, and PD

Contribute to defining irRC

(complete disappearance

required)

CR Disappearance of all lesions in two con-

secutive observations not less than

4 weeks apart

Disappearance of all lesions in

two consecutive observations

not less than 4 weeks apart

PR �50 % decrease in SPD of all index

lesions compared with baseline in two

consecutive observations at least

4 weeks apart, in the absence of new

lesions or unequivocal progression of

non-index lesions

�50 % decrease in tumor bur-

den compared with baseline in

two consecutive observations at

least 4 weeks apart

SD 50 % decrease in SPD compared with

baseline cannot be established nor 25 %

increase compared with nadir, in the

absence of new lesions or unequivocal

progression of non-index lesions

50 % decrease in tumor burden

compared with baseline cannot

be established, nor 25 %

increase compared with nadir

PD At least 25 % increase in SPD compared

with nadir and/or unequivocal progres-

sion of non-index lesions and/or appear-

ance of new lesions (at any single time

point)

At least 25 % increase in tumor

burden compared with nadir

(at any single time point) in two

consecutive observations at

least 4 weeks apart

WHO World Health Organization, irRC immune-related response criteria, BOR best overall

response, SPD sum of the products of the two largest perpendicular diameters, CR complete

response, PR partial response, SD stable disease, PD progressive disease, wk week (Reprinted

from Wolchok et al. (American Association for Cancer Research))
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widely used in cancer drug trials. More recently, Nishino et al. reported the

usefulness of unidimensional irRC based on RECIST guidelines [12]. They ana-

lyzed data from an ipilimumab study and demonstrated concordance between these

two measurement protocols. Interestingly, they showed that unidimensional mea-

surements were more reproducible than bidimensional measurements. Thus, unidi-

mensional measurements by irRC could be a more useful procedure in the future.

23.3 Guidance for Clinical Trials

23.3.1 Background

To date, large numbers of clinical trials have been conducted in the field of cancer

immunotherapy and most have failed [13, 14]. The major reason for these failures is

thought to be a misunderstanding of the specific effects and/or distinguishing types

of responses (delayed response to tumor with minimum effect in tumor reduction

and elongation of survival time) of immunotherapy on cancer. In 2007, the Cancer

Vaccine Clinical Trial Working Group reported on the development of cancer

immunotherapy using these concepts [15]. They proposed two types of clinical

Table 23.2 Deviation of irRC overall responses

Measurable response Nonmeasurable response

Overall

response

Index and new, measurable lesions

(tumor burden)a, %

Non-index

lesions

New,

nonmeasurable

lesions

Using irRC

#100 Absent Absent irCRb

#100 Stable Any irPRb

#100 Unequivocal

progression

Any irPRb

#�50 Absent/stable Any irPRb

#�50 Unequivocal

progression

Any irPRb

#<50 to <25" Absent/stable Any irSD

#<50 to <25" Unequivocal

progression

Any irSD

�25? Any Any irPDb

irRC immune-related response criteria, irCR immune-related complete response, irPR immune-

related partial response, irSD immune-related stable disease, irPD immune-related progressive

disease
aDecreases assessed relative to baseline including measurable lesions only (>5� 5 mm)
bAssuming response (irCR) and progression (irPD) are confirmed by a second, consecutive

assessment at least 4 weeks apart
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trials, efficacy trials and exploratory proof-of-principle trials, which could be

performed during conventional phase I and II trials.

23.3.2 Basic Concept for Clinical Trials by Cancer Vaccine
Clinical Trial Working Group

23.3.2.1 Proof-of-Principle Trials

There are four essential points in proof-of-principle trials: safety, dose, schedule of

administration, and biologic activity of drug. It was recommended that more than

20 patients should be investigated to understand the safety aspects. Optimal dose

and schedule should also be analyzed in these exploratory trials. An important

difference between conventional phase I trials and proof-of-principle trials using

immunotherapy is in determining the maximum tolerated dose. Because most

immunotherapies, including vaccines, are relatively less harmful than other cancer

treatments, exploratory trials should carefully consider the relationship between

drug dose or schedule of administration and biological responses, while observing

toxicity. To acquire the proof of principle, immunological evaluation is also

important. Immunological monitoring is a quick and effective way to understand

the biological activity of a drug. Thus far, several methods have been used for

immune monitoring of cancer immunotherapy including cytotoxicity assays, intra-

cellular cytokine assays, tetramer assays, and (enzyme-linked immunospot)

ELISPOT assay. However, one problem of immune monitoring is that these

techniques are not well validated. Therefore, to apply these techniques for moni-

toring, the following points should be determined: (1) the maximum justifiable

amount of sample material per patient should be collected to perform the assay and

permit for repeat testing; (2) samples should be taken sequentially; (3) a minimum

of three assay time points should be investigated – baseline and at least two follow-

up time points; (4) assays should be established, reproducible, and technically

validated in the respective laboratory (no proved correlation with clinical outcomes

should be required); (5) a minimum of two such assays should be applied; and

(6) the frequency and magnitude of an immune response should be prospectively

defined for the population under study. Only the ELISPOT assay has been well

validated by the interlaboratory large-scale harmonization program. In a proof-of-

principle trial, if safety of a drug has been indicated with clinical efficacy including

immune responses using the above-mentioned techniques, we can consider moving

forward to advanced stage clinical trials such as efficacy trials.
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23.3.3 Basic Concept of Efficacy Trials

23.3.3.1 Phase II Trials

The main purpose of an efficacy trial is to understand clinical efficacy of a drug, and

therefore randomized phase II and III trials are often performed. Several types of

randomized phase II trial have been described including non-comparative random-

ized trials, comparative randomized trials, and comparative randomized trials with

an adaptive component. Non-comparative randomized phase II trials are single-

group historically controlled trials where patients are allocated randomly to the

trials. Comparative randomized phase II trials aim to detect significant differences

in efficacy using two individual intervention arms. Comparative randomized phase

II trials with an adaptive component are a specific phase II component within phase

II/III trials. When clinical efficacy is observed in the phase II study, then the trial

usually progresses to a phase III trial. If efficacy is not determined, the trial is

usually terminated.

23.3.3.2 Phase III Trials

Phase III trials are definitive, confirmative, and the final stage of a clinical trial to

determine the clinical benefits of a novel drug. These are usually large-scale

randomized studies. For conventional cancer drugs such as cytotoxic agents, end

points are usually defined by both progression-free survival and overall survival.

However, in cancer immunotherapy, it is recommended to use overall survival only

as an end point because of the specific features of biological responses.

23.3.4 Guidance for Industry: Clinical Considerations
for Therapeutic Cancer Vaccines by the US
Department of Health and Human Services

These ideas led to the publication of “Guidance for industry [5]: clinical consider-

ations for therapeutic cancer vaccines” established by the FDA [15], which states

“The course of antigen presentation and processing, activation of lymphocytes, and

tumor cell killing, is expected to require a substantial time in vivo. Thus, develop-

ment of a cancer vaccine can present different considerations for clinical trial

design than development of a more traditional biological product or cytotoxic

drug for the treatment of cancer.”

The essential points of this guidance are summarized in Tables 23.3 and 23.4.

The basic concepts of this guidance were used by the Cancer Vaccine Clinical Trial

Working Group, which also described statistical issues. Importantly, the FDA

recommends the use of a superiority trial design to determine the efficacy of
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therapeutic cancer vaccines as well as conventional cytotoxic cancer drugs. In

addition, non-inferiority trial designs are described; however, because of their

complexity, we should consider carefully the use of this method. Furthermore,

delayed clinical effects should be anticipated [8], as it is well known that immu-

notherapy induces a delayed clinical effect that might also delay any survival

effects. If the survival curve does not fit the proportional hazard model, it can

cause a loss of statistical power even if clinically effective. Chen et al. [16]

described this point and recommended the use of the O’Brien and Fleming method.

23.3.5 Guidance for Peptide Vaccines for the Treatment
of Cancer

Recently, The Japanese Society for Biological Therapy established “Guidance for

peptide vaccines for the treatment of cancer” [6], which follows the FDA guidance

for industry, but which is more specific for peptide vaccines. In addition, further

guidance regarding clinical trials, characteristics of peptide vaccines, nonclinical

safety testing of peptide vaccines, and quality assurance in developing peptide

vaccine is also described. In this guidance, statistical issues were also described,

Table 23.3 Major points in early-phase clinical trial from guidance for industry

Factors Comment

Purpose Assess safety

Determine optimal dose and dosing schedule

Identify and study potential biological activities

Dose

escalation

“3 + 3 design” may not be the most suitable approach to gathering information

MTD MTD for an cancer vaccine may not be identified

Dose findings If no DLT is expected or achieved, optimization of other outcomes, such as the

immune response, can be useful to identify doses for subsequent studies

MTD maximum tolerated doses, DLT dose-limiting toxicity

Table 23.4 Major points in late-phase clinical trials from guidance for industry

Factors Comment

Purpose Gather additional information about effectiveness and safety

Study

design

Recommend use of a superiority trial design to demonstrate a cancer vaccine

treatment effect

Non-inferiority design may be considered but should be carefully assessed

End points Choose clinically meaningful end points

Increased survival and symptomatic improvement should be considered

Other

issues

Should have appropriate controls such as placebo

Should monitor delayed vaccine effects
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and unique statistic procedures such as the Harrington-Fleming method were

recommended for survival analysis.

23.4 Conclusion

In this chapter, novel and unique concepts for developing cancer immunotherapy

were described. irRC and guidance for clinical trials have undoubtedly contributed

to opening the door to future cancer immunotherapies.
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Abstract Cancer immunotherapies utilizing tumor-specific T-cell responses,

immune-checkpoint blockade, and T-cell-based adoptive cell therapy, have

recently shown durable responses in advanced patients with various cancers.

However, there are still cancer types and patients who do not respond to these

immunotherapies. Pretreatment immune status varies in cancer patients, and it

correlates with prognosis after various cancer therapies including immunotherapy.

The differential T-cell response is defined by positive (e.g., number of immuno-

genic mutated peptides derived from mainly passenger DNA mutations in cancer

cells, polymorphisms of immune-related genes of patients) and negative (e.g.,

oncogene activation including driver DNA mutations) immune pathways along

with environmental factors (e.g., intestinal microbiota, diet, smoking, infection

history). These factors could be biomarkers for selection of the patients who are

likely to respond to immunotherapy and furthermore could be therapeutic targets to

improve efficacy of immunotherapy possibly by combination immunotherapy with

interventions on multiple key regulation points in the antitumor T-cell responses.

Personalized combination immunotherapy based on the evaluation of T-cell

immune status is a promising strategy for cancer treatment.
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24.1 Introduction

Cancer immunotherapies, utilizing tumor-specific T-cell responses, immune-

checkpoint blockade (e.g., anti-PD-1/PD-L1 Ab, anti-CTLA-4 Ab), and T-cell-

based adoptive cell therapy (ACT) (e.g., tumor-infiltrating T cells (TIL), TCR

(T-cell receptor), or CAR (chimeric antigen receptor)-transduced T cells), have

recently shown durable responses even in advanced cancer patients with various

cancer types (e.g., metastatic melanoma, renal cell carcinoma (RCC), non-small cell

lung cancer (NSCLC), bladder cancer, head and neck (HN) cancer, gastric cancer,

ovarian cancer, synovial sarcoma, and B-cell malignancies including lymphoma,

ALL, and CLL) [1–6]. The durable response obtained by these immunotherapies is

impressive compared with chemotherapies and molecular-targeted drugs which may

not result in long survival due to drug resistance [7]. However, not all of the patients

responded to the immunotherapy. Therefore, personalized cancer immunotherapy is

needed through the identification of biomarkers to predict the patients who are likely

to respond immunotherapy. Furthermore, improvement of efficacy of immunother-

apies, including changing immune status of the unresponsive patients to responsive

status to immunotherapy, is needed possibly by combination interventions targeting

multiple key regulating points in the antitumor T-cell responses. The appropriated

interventions to use and their combination may be decided based on the individual

evaluation of immune status of patients.

24.2 Evasion of Cancer Cells During Long Development

Process in Patients

Immune surveillance system particularly by T cells and NK cells appears to

eliminate cancer cells and their precursors during long cancer developmental

process in human [8]. However, eventually cancer cells having genetic instability

evade immune defense through various mechanisms (loss of highly immunogenic

tumor antigens, dysfunction of antigen processing/presenting machineries such as

HLA, and active suppression by various immune-braking mechanisms such as

immunosuppressive molecules (e.g., TGF-β, IL10, VEGF, PG-E2, PD-1/PD-L1,
CTLA4) and immunosuppressive cells (e.g., Treg, MDSC, tolerogenic DC)) [9–

12]. Therefore, cancer cells seen in clinic have already acquired immune-resistant

features. The question is whether some of the immune-resistant mechanisms can be

overcome by immune interventions. Thus, investigations of these immune-resistant

machineries are essential to develop effective cancer immunotherapy.
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24.3 Individual differences of Immune Status in Cancer

Patients

It was recently found that pretreatment immune status varies among cancer patients

and appears to correlate with patients’ prognosis after various cancer treatments

including surgery, chemotherapy, radiation, and immunotherapy [13]. We found

that high tumor infiltrations of CD3+ T cells and CD8+ T cells are correlated with

favorable prognosis after various treatments of patients with various cancers (e.g.,

colon cancer, lung cancer, ovarian cancer, head and neck cancer, and melanoma).

High FOXP3+ Treg and FOXP3/CD8 ratio in tumors generally correlate with poor

prognosis (except colon cancer). We confirmed it in Japanese patients with various

cancers including colon cancer, lung cancer, and cervical cancer. International

collaboration (immunoscore validation task force) organized by SITC (Society

for Immunotherapy of Cancer) is currently in progress first to confirm the prognos-

tic value of tumor-infiltrating T cells (immunoscore: CD3+ T cells and CD8+ T

cells) in colon cancer after curative surgery [14]. It may allow us better personal-

ized management of cancer patients. In the PD-1/PD-L1 blockade therapies, CD8+

T-cell infiltration in tumors appears to be essential for clinical responses along with

PD-L1 expression in cancer cells and tumor-infiltrating immune cells

[15, 16]. Immune status of blood such as cytokine levels also varies among cancer

patients. We found that high plasma IL6 and IL8 correlate with poor prognosis after

various immunotherapy including cancer vaccines with peptide antigens and DCs.

Therefore, these immune factors can be diagnostic markers for personalized cancer

therapies including immunotherapy.

24.4 Mechanisms for the Differential T-Cell Responses

in Cancer Patients

The understanding of the mechanisms for the differential T-cell tumor infiltrations

is important for development of personalized cancer immunotherapy. Our previous

studies suggested that the T-cell responses and its tumor infiltration may be defined

by balance of positive and negative immune pathways in the antitumor T-cell

network (Fig. 24.1). We have vigorously studied what kinds of antigens tumor-

infiltrating T lymphocytes (TILs) recognize on cancer cells (identification of tumor

antigens recognized by tumor-infiltrating T cells) [17]. Various types of antigens

including DNA mutation-derived mutated antigens (e.g., β-catenin, hedgehog

acyltransferase), cancer-testis antigens (e.g., MAGEs, NY-ESO-1), and tissue-

specific shared antigens (e.g., MART-1, gp100, tyrosinase) were identified in

melanoma [18–20]. We noticed that TILs which administration resulted in good

clinical responses (CR and PR) recognized tumor specific peptides derived from

missense DNA mutations [21, 22]. It has recently been shown that melanoma TILs

frequently recognize such mutated peptides derived from passenger mutations by
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whole exomic DNA sequencing and that these immunogenic mutated peptides are

quite unique antigens among patients [23]. Recently numbers of DNA mutations,

particularly mutations which may generate T-cells epitopes (ability to bind the

patient’s HLAs) were reported to correlate with the clinical responses to immune-

checkpoint blockers including anti-PD-1 Ab and anti-CTLA4 Ab in patients with

melanoma and lung cancer [24, 25]. In fact, cancers with relatively high DNA

mutation numbers, such as UV-induced melanoma, smoking-related lung cancer,

and bladder cancer, are cancer types relatively high responsive to PD-1/PD-L1

blockade therapy [26]. It was also reported that the mutations which are possible

T-cell targets may be less than expected in colon cancer, suggesting that evasion of

cancer cells from mutation-specific T cells might occur [27]. These results indicate

that T cells specific for the DNA mutation derived mutated peptide antigens (called

neo-antigens) are important for some of the cancer immunotherapies including the

immune-checkpoint blockade. In tumor tissues, neo-antigen-specific T cells pro-

duce IFN-γ which induces PD-L1 and IDO in cancer cells and infiltrated stromal

cells, which in turn counterattack the infiltrated antitumor T cells (local negative

feedback, adaptive resistance). For the patients in this immune condition (antitumor

T cells were spontaneously induced in infiltrated in tumors), PD-1/PD-L1 blockade

appears to work well.

Tumor Ags

Cancer cell Dendritic cell

PD-L1IDO

Cytotoxic T cells

Local negative 
feedback

Adaptive resistance
Gene 

alterations

PD-1

Cancer cells

HLA TCR

Tumor Ags

IFN-g

Passenger 
mutations

Driver 
mutations

Environment
Smoking

Diet/Obesity
Infection

Microbiota, etc Reversal of immunosuppression

Immunogenic 
cancer cell death

Activation and expansion 
of anti-tumor T cells in vivo

Enhancement of  DC function

Vaccine (tumor antigens)

Immunosuppressive 
molecules and cells
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X
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Fig. 24.1 Personalized combination immunotherapy targeting key regulation points in the

antitumor T-cell responses. Balance of the antitumor T-cell induction pathway and immunosup-

pressive pathway along with environmental factors defines the differential T-cell immune status in

cancer patients. Passenger DNA mutations may induce antitumor T cells, while driver DNA

mutations rather promote immunosuppressive cascades. Development of immune interventions

targeting important regulation points in the antitumor immune responses and their appropriate

combination based on the patients’ immune status is a key to develop more effective cancer

immunotherapy
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The next question is how quantity and quality of DNA mutations are defined. In

lung cancer patients, one of the major factors causing immunogenic DNA muta-

tions appears to be smoking because molecular smoking signature (transversion

mutation) correlated with numbers of DNA mutation and clinical responses to PD-1

Ab therapy [25]. It was also shown that dysfunction of DNA repair system caused

hypermutations resulting in good response to the PD-1 Ab [25]. We have previously

shown that dysfunction of DNA mismatch repair enzymes such as MLH1 causes

hypermutations, particularly frameshift mutations by DNA slippage, leading to

autologous immune responses to the frameshift-derived c-terminal tumor-specific

peptide in MSI (microsatellite instability)+ colon cancers [28]. The patients with

MSI+ colon cancer have usually high CD8+ T-cell infiltrations in tumors and

relatively good prognosis after surgery even though they show histologically

malignant appearance, and it has recently been recognized as a good candidate

for the immune-checkpoint blockade. We have recently been working on additional

molecular mechanisms causing immunogenic hyper DNA mutations in various

cancer types and correlations with antitumor T-cell responses as well as respon-

siveness to the immunotherapies.

In addition to T-cell epitope-generating DNA mutation status, there may be

mechanisms for the differential T-cell infiltrations. It was reported in colon cancer

that loss of gene-encoding cytokine (IL15), which promotes proliferation of TILs,

and chemokine (CXCL13), which recruits IL21-producing CXCR5+ T cells into

tumors, causes less tumor infiltration of CD8+ T cells and B cells [29, 30]. In mouse

tumor models, increase of immunosuppressive molecules such as TGF-β in tumor

affects immune status of tumor microenvironments (e.g., DC impairment, increase

of immunosuppressive Tregs and MDSCs in tumors, and draining lymph nodes)

and subsequent decrease of antitumor T-cell induction and accumulation in tumors

[31]. In melanoma, we have shown that increased β-catenin activity, which is

caused by mutations or Wnt overproduction, may inhibit both induction and

effector phases of anti-melanoma T-cell responses, which may result in decreased

T-cell infiltration in tumors [32]. Contrary to T-cell epitope generation from

passenger DNA mutations, driver DNA mutations such as β-catenin and BRAF in

melanoma appear to rather promote immunosuppressive pathways through signal

activation such as β-catenin/TCF and MAPK signaling pathways, the common

BRAFmutation frequently observed in SSM-type melanoma. We found that mutant

BRAF not only promotes proliferation and invasion of melanoma cells but also

induces immunosuppression partly through production of immunosuppressive

cytokines such as IL6, IL10, and VEGF. STAT3 oncogenic pathway may also

contribute to the negative immune pathway on antitumor T-cell responses

[33]. Administration of mutant BRAF selective inhibitors increased infiltration of

CD8+ T cells in regressing tumors with necrosis, but not in progressing melanoma

[34]. The mutant BRAF inhibitor may enhance anti-melanoma T cells through

multiple mechanisms, including reduced above immunosuppressive cytokines,

induction of melanosomal antigens, and augmentation of T-cell induction via

paradoxical activation of MAPK signaling in cells expressing wild-type BRAF.

STAT3 activation in melanoma cells also causes production of immune-
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suppressive cytokines such as IL6, IL10, and VEGF, which activate STAT3 in

various immune cells and subsequently made them immunosuppressive immune

cells such as tolerogenic DCs, MDSCs, and Tregs [35]. NF-kB activation in ovarian

cancer cells strongly promotes production of IL6 and IL8 which suppress dendritic

cell functions, and administration of NF-kB inhibitor restored immune status in

cancer-bearing hosts [36]. These results illustrate the presence of two major

immune-resistant mechanisms: one oncogene-triggered immunosuppression (e.g.,

IL6, VEGF) and the other antitumor T-cell-triggered immunosuppression (e.g.,

PD-L1, IDO) (Fig. 24.1).

In addition to these cancer cell factors (e.g., DNA alterations), host patients’
immune reactivity defined by polymorphisms of immune-related molecules,

including HLA type and cytokine production levels as well as environmental

factors including intestinal microbiota which regulate not only intestinal mucosal

immunity but also systemic immune responses including antitumor immunity, diet/

obesity which promotes chronic inflammation for support of cancer progression,

smoking which introduces various chemicals affecting immune system, and infec-

tion history which modulates T-cell repertoire, influences antitumor T-cell response

and tumor infiltration status before cancer therapy.

24.5 Personalized Immunotherapies Based on Evaluation

of Patients’ Immune Status

Because pretreatment antitumor T-cell status is different in cancer patients, and it

correlates with cancer therapy responses, personalized immunotherapy should be

exploited based on the evaluation of individual patients’ immune status. One simple

personalization is selection of patients which are likely to respond to cancer

immunotherapy before or early after treatment. As discussed above, T-cell infiltra-

tion in tumors and cytokine levels in blood could be biomarkers for cancer

immunotherapies. In PD-1/PD-L1 blockade therapy, pretreatment PD-L1 expres-

sion on cancer cells or tumor-infiltrating immune cells as well as CD8+ T-cell

infiltration can be biomarkers. For the cancer patients with these immune features,

usually having hyper DNA mutations, PD-1/PD-L1 blockade may be sufficient for

treatment of patients. Since neo-antigen-specific T cells appear to be major effec-

tors in the immune-checkpoint blockade therapy, personalized immunotherapy

using vaccines containing immunogenic individual mutations which can be identi-

fied by whole exomic DNA sequencing or adoptive cell therapy using T cells

specific for such mutated antigens may be possible and has recently been attempted.

In contrasts, for cancer cells with almost no immunogenic mutation (very rapidly

developed cancer via strong drivers (e.g., translocation/recombination oncogenes)

may have much less immunogenic DNA mutations), it may be difficult to induce
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autologous antitumor T cells. In such cases, adoptive cell therapy using artificially

generated antitumor T cells (TCR-/CAR-transduced T cells) may still work. In

patients with intermediate immune conditions, various immune interventions may

enhance induction of anti-T-cell response and infiltration in tumors, resulting in the

responsive status to the immune-checkpoint blockers such as anti-PD-1/PD-L1

Ab. Combination immunotherapy targeting different key regulating points in the

antitumor T-cell response and appropriate use of the interventions based on the

evaluation of immune condition of each patient are important.

24.6 Combination Immunotherapy

Based on the analysis of mouse tumor models and clinical trials using the identified

tumor antigens, we have previously proposed combination cancer immunotherapy

targeting multiple key regulation points in antitumor T-cell responses [37]. The

following issues are particularly important to develop immune interventions for

effective combination immunotherapy (Fig. 24.1). (1) Identification of appropriate

tumor antigens: The ideal antigens are tumor specific and expressed in cancer

initiating cells [38]. Mutation antigens which emerged in early cancer development

are attractive antigens [21–23, 39, 40]. It is also important to use appropriate forms

of antigens such as long peptides, nanoparticles, and recombinant viruses

[41]. (2) In situ tumor destruction to cause immunogenic cancer cell death: Various

anticancer drugs (e.g., chemotherapy, molecular-targeted drugs, antitumor Abs,

oncolytic viruses, radiation, radiofrequency/cryoablation) may be used [42–

45]. (3) Enhancement of dendritic cell (DC) functions: Various adjuvants such as

TLR3 agonists, STING agonists, agonistic Abs against co-stimulatory molecules

such as CD40, and cytokines such as IL12 and TNF-αmay be used [43–47]. (4) Acti-

vation and expansion of antitumor T cells in vivo: Cytokine such as IL2, IL7, IL15,

IL21, agonistic Abs against co-stimulatory molecules such as CD134 (OX-40) and

CD137 (4-1BB), and cultured T-cell transfer (TIL, TCR/CAR-T-cells) may be used

[4–6, 48, 49]. (5) Reversal of immunosuppression: Interventions to two types of

immunosuppression (oncogene triggered and antitumor T-cell triggered) may be

utilized, which include signal inhibitors (e.g., BRAF inhibitors, STAT3 inhibitors)

[33–36], blocking and depleting Abs for various immunosuppressive cells and

molecules (e.g., anti-CTLA4 Ab, anti-CCR4 Ab), and immune-checkpoint blockers

(e.g., anti-PD-1/PD-L1 Abs, anti-CTLA4 Ab) [1–3]. Again, appropriate use of the

interventions based on the immunological evaluation of each patient are important

(e.g., use of appropriate signal inhibitors according to the immunosuppression-

inducing oncogenes in the particular patient). Combination cancer immunotherapy

was previously considered around cancer vaccines [50]; however, recent success of

PD-1/PD-L1 blockade allows us new concept of combination immunotherapy

around PD-1/PD-L1 blockade.
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24.7 Concluding Remarks

The recent success of cancer immunotherapy along with better understanding of

human cancer immunobiology particularly related to antitumor T cells led to the

proposal of personalized combination cancer immunotherapy based on the immune

evaluation of individual patients for further improvement of cancer immunother-

apy. Clinical trials of various combination immunotherapies, particularly with

immune-checkpoint blockade, have already been in progress, and some of the

combinations have already shown promising clinical results, such as combination

of anti-PD-1 Ab and anti-CTLA-4 Ab for patients with melanoma and renal cell

cancer. Further investigation of human cancer immunopathology particularly in

tumor microenvironments using a variety of new technologies, including systems

biological omics approach, new systematic flow cytometric analysis of human

immune cell subsets, immunologically humanized mice for in vivo evaluation of

human immune responses, and iPS cell technology, may lead to development of

effective personalized cancer immunotherapy.
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