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Michael B.A. Oldstone

Viral Immunobiology Laboratory, Dept. of Immunology & Microbial Science, The Scripps

Research Institute, 10550 North Torrey Pines, La Jolla, CA 92037, USA

Sjur Olsnes

Department of Biochemistry, Institute for Cancer Research, The Norwegian Radium

Hospital, Montebello 0310 Oslo, Norway

Peter K. Vogt

The Scripps Research Institute, Dept. of Molecular & Experimental Medicine, 10550 North

Torrey Pines Road. BCC-239, La Jolla, CA 92037, USA



Current Topics in Microbiology and Immunology

Previously published volumes

Further volumes can be found at springer.com

Vol. 318: Rodriguez, Moses (Ed.):

Advances in Multiple Sclerosis and

Experimental Demyelinating Diseases. 2008.

XIV, 376 pp. ISBN 978-3-540-73679-9

Vol. 319: Manser, Tim (Ed.):

Specialization and Complementation

of Humoral Immune Responses to Infection.

2008. XII, 174 pp. ISBN 978-3-540-73899-2

Vol. 320: Paddison, Patrick J.;

Vogt, Peter K.(Eds.): RNA Interference. 2008.

VIII, 273 pp. ISBN 978-3-540-75156-4

Vol. 321: Beutler, Bruce (Ed.):

Immunology, Phenotype First: How Mutations

Have Established New Principles and

Pathways in Immunology. 2008. XIV, 221 pp.

ISBN 978-3-540-75202-8

Vol. 322: Romeo, Tony (Ed.):

Bacterial Biofilms. 2008. XII, 299.

ISBN 978-3-540-75417-6

Vol. 323: Tracy, Steven; Oberste, M. Steven;

Drescher, Kristen M. (Eds.):

Group B Coxsackieviruses. 2008.

ISBN 978-3-540-75545-6

Vol. 324: Nomura, Tatsuji; Watanabe,

Takeshi; Habu, Sonoko (Eds.):

Humanized Mice. 2008.

ISBN 978-3-540-75646-0

Vol. 325: Shenk, Thomas E.; Stinski, Mark F. (Eds.):

Human Cytomegalovirus. 2008.

ISBN 978-3-540-77348-1

Vol. 326: Reddy, Anireddy S.N; Golovkin,

Maxim (Eds.):

Nuclear pre-mRNA processing in plants. 2008.

ISBN 978-3-540-76775-6

Vol. 327: Manchester, Marianne; Steinmetz,

Nicole F. (Eds.):

Viruses and Nanotechnology. 2008.

ISBN 978-3-540-69376-5

Vol. 328: van Etten, (Ed.):

Lesser Known Large dsDNA Viruses. 2008.

ISBN 978-3-540-68617-0

Vol. 329: Griffin, Diane E.;

Oldstone, Michael B.A. (Eds.): Measles. 2009.

ISBN 978-3-540-70522-2

Vol. 330: Griffin, Diane E.;

Oldstone, Michael B.A. (Eds.): Measles. 2009.

ISBN 978-3-540-70616-8

Vol. 331: Villiers, E. M. de (Ed.):

TT Viruses. 2009. ISBN 978-3-540-70917-8

Vol. 332: Karasev A. (Ed.):

Plant produced Microbial Vaccines. 2009.

ISBN 978-3-540-70857-5

Vol. 333: Compans, Richard W.;

Orenstein, Walter A. (Eds.):

Vaccines for Pandemic Influenza. 2009.

ISBN 978-3-540-92164-6

Vol. 334: McGavern, Dorian;

Dustin, Micheal (Eds.):

Visualizing Immunity. 2009.

ISBN 978-3-540-93862-0

Vol. 335: Levine, Beth; Yoshimori, Tamotsu;

Deretic, Vojo (Eds.):

Autophagy in Infection and Immunity. 2009.

ISBN 978-3-642-00301-1

Vol. 336: Kielian, Tammy (Ed.):

Toll-like Receptors: Roles in Infection and

Neuropathology. 2009.

ISBN 978-3-642-00548-0

Vol. 337: Sasakawa, Chihiro (Ed.):

Molecular Mechanisms of Bacterial Infection

via the Gut. 2009.

ISBN 978-3-642-01845-9

Vol. 338: Rothman, Alan L. (Ed.):

Dengue Virus. 2009.

ISBN 978-3-642-02214-2

Vol. 339: Spearman, Paul; Freed, Eric O. (Eds.):

HIV Interactions with Host Cell Proteins. 2009.

ISBN 978-3-642-02174-9

Vol. 340: Saito, Takashi; Batista, Facundo D. (Eds.):

Immunological Synapse. 2010.

ISBN 978-3-642-03857-0

Vol. 341: Bruserud, Øystein (Ed.):

The Chemokine System in Clinical

and Experimental Hematology. 2010.

ISBN 978-3-642-12638-3

Vol. 342: Arvin, Ann M. (Ed.):

Varicella-zoster Virus. 2010.

ISBN 978-3-642-12727-4

Vol. 343: Johnson, John E. (Ed.):

Cell Entry by Non-Enveloped Viruses. 2010.

ISBN 978-3-642-13331-2



Glenn Dranoff

Editor

Cancer Immunology
and Immunotherapy



Editor
Glenn Dranoff, MD
Dana-Farber Cancer Institute
Dana Building, Room 520 C
44 Binney Street
Boston, MA 02115
USA

ISSN 0070-217X
ISBN: 978-3-642-14135-5 e-ISBN: 978-3-642-14136-2
DOI 10.1007/978-3-642-14136-2
Springer Heidelberg Dordrecht London New York

Library of Congress Control Number: 2011926592

# Springer-Verlag Berlin Heidelberg 2011
This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9,
1965, in its current version, and permission for use must always be obtained from Springer. Violations
are liable to prosecution under the German Copyright Law.
The use of general descriptive names, registered names, trademarks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant protec-
tive laws and regulations and therefore free for general use.

Cover design: WMXDesign, Heidelberg

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

The recent FDA approval of Provenge1 as the first therapeutic cancer vaccine

together with the recent demonstration that Ipilimumab1, a monoclonal anti-

body that blocks a negative immune checkpoint called cytotoxic T lymphocyte-

associated antigen-4 (CTLA-4), prolongs patient survival are major achievements

that usher in a new era of cancer immunotherapy (Hodi et al. 2010; Kantoff et al.

2010). These “first-into-class” treatments reflect the substantive progress that basic

and translational scientists have made toward understanding the mechanisms under-

lying protective tumor immunity in cancer patients.

Immunotherapies were first explored at the turn of the twentieth century, but the

crafting of potent treatments required more detailed knowledge of how the immune

system responds to cancer. Advances in genetic, cellular, and biochemical techno-

logies have begun to yield this critical information, which has stimulated the

development and widespread application of monoclonal antibodies and bone mar-

row transplantation as highly beneficial therapies for many solid and hematologic

malignancies. Moreover, recognition of the pathogenic involvement of microbial

agents in cancer resulted in the generation of effective preventive vaccines against

hepatitis B virus and human papilloma virus, which have and will significantly

reduce the incidence of liver and cervical cancer, respectively.

The success of Provenge1, Ipilimumab1, and likely other cancer immunothera-

pies in the near future derives from a richer characterization of the processes of

immune recognition and immune regulation. Dendritic cells are specialized to

present cancer antigens to effector lymphocytes through a pathway that involves

both positive and negative signals. In turn, the activities of effector lymphocytes are

modified in the tumor microenvironment through mechanisms that normally con-

tribute to the maintenance of self-tolerance. Moreover, in the context of an ineffec-

tual host response, tumors evolve to exploit factors present in the microenvironment

that facilitate disease progression. Thus, therapeutic manipulation of immune

recognition, immune regulation, and tumor-promoting inflammation should prove

decisive in triggering immune-mediated tumor destruction.
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This volume brings together 13 groups that have made major contributions to

the study of endogenous and therapeutic tumor immunity in model systems and

patients. Collectively, these investigations have generated remarkable insights into

the complex cross-talk between the tumor and host. This knowledge should render

possible the identification of specific molecular mechanisms that restrain protective

immunity in individual patients; this information will thereby guide the adminis-

tration of appropriate immunotherapeutics to overcome these limitations and mark-

edly impact patient outcome. It is likely that a combination of immune approaches

that address complementary defects will prove most potent, and that immune

treatments will be effectively integrated with other strategies for cancer therapy.

Glenn Dranoff

Dana-Farber Cancer Institute

and Harvard Medical School
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herve.fridman@crc.jussieu.fr

Jean Edouard Gairin Institut de Sciences et Technologies du Médicament
de Toulouse, UMR 2587 CNRS-Pierre Fabre, 3, rue des Satellites, 31400
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75006, France and Université Paris Descartes, UMRS 872, Paris 75006,
France and INSERM U872, Centre de Recherche des Cordeliers, 15 rue de
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Pompidou, AP-HP, Paris 75015, France and INSERM U872, Centre de
Recherche des Cordeliers, 15 rue de l’Ecole de Médecine, Paris 75006, France
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6, UMRS 872, Paris 75006, France and Université Paris Descartes, UMRS
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This chapter discusses tumor�immune interactions in several human cancers that

illustrate various aspects of this complexity and proposes an integrated scheme of

the impact of local immune reactions on clinical outcome. Thus, the fact that a

strong infiltration of memory T cells with a Th1 and cytotoxic pattern is the

strongest predictor for recurrence and metastasis is exemplified in colorectal cancer

in which intratumoral chemokines shape an efficient immune reaction. Based on

these data, we propose an immune score that predicts recurrence in early stage

(UICC-TNM stage I-II) cancers. Studies on non-small lung cancers have confirmed

findings of colorectal cancers and have addressed the question of the sites where

antitumor immune reactions may take place. Tertiary lymphoid structures (TLS)

adjacent to the tumor nest are sites of intense activity with mature dendritic cells in

contact with T cells and germinal-like centers with proliferating B cells. The large

number of these TLS being correlated with disease specific and overall survival

tempts to postulate that they are privileged sites to mount an efficient antitumor

reaction. Inflammation is a major component of human tumors and chronic inflam-

mation is generally of bad prognosis. Head and neck cancers are highly inflamma-

tory and two ways to modulate inflammation in these diseases are presented here:

soluble IL-15 receptor a (IL-15 Ra) increases the pro-inflammatory effect of IL-15

and aggravates inflammation resulting in poor prognosis when found at high levels

in the plasma of patients. By contrast, infiltration of regulatory T cells is paradoxi-

cally beneficial for local control of head and neck tumors, probably by “cooling

down” the inflammatory process. The modulation of other aspects of innate immu-

nity may also result in paradoxical effects such as the signaling through Toll like

receptors 7 and 8 expressed on lung tumor cells which induce an aggressive tumoral

phenotype. Finally, the analysis of primary intraocular lymphoma, which develops

in the eye, exemplifies the induction of an antitumor immune reaction in an

“immune sanctuary,” presenting all the complexities of the tumor–immune inter-

play in “open” tissues such as the colon or the lung.

1 Introduction

The fact that the immune system may prevent the occurrence of tumors has been

largely documented in immunodeficient mice (Shankaran et al. 2001) and individuals

in whom cancer incidence is much higher than in immunocompetent hosts (Van der

Meer et al. 1993; Birkeland et al. 1995). Although demonstrative of the concept

that nascent cancer cells can be viewed as “foreign” or “danger” by a competent

immune system, these observations are of little clinical interest for treating clinically

established cancer. They indeed support the concept of immunosurveillance (Burnet

1970) and prompt to treat immunodeficiency to restore the best immunocompetence

to prevent infections and potential cancers rather than providing clues for immuno-

therapy of cancers that have already reached a clinical stage.

However, in the recent years, it appeared that the immune system may also

influence the clinical outcome of patients with established tumors. The demonstration
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in mice that the dormancy stage of a cancer, i.e., a period of months or years during

which cancer cells are present in the body usually after reductive surgical and/or radio-

chemo therapy, is controlled in great part by interferon-responsive immune cells,

creating an equilibrium between immunity and cancer (Koebel et al. 2007), provided

the scientific bases for adjuvant immunotherapies. In humans, it is well known

that tumors with a similar histopathologic stage, referred as TNM (Greene and

Sobin 2009) (T (extension of the primary tumor), N (lymph node invasion),M (distant

metastasis)) may behave differently in terms of recurrence and survival. Thus,

although the TNM classification utilized worldwide is a good prognostic staging

system since cancers with no lymph node invasion or distant metastasis (T1-4, N0,

M0) have a better clinical outcome than advanced cancers (T1-4, N+, M+), there

are frequent discrepancies. Indeed, some patients with small tumor burden experience

rapid recurrence even after curative treatment, while others with advanced cancers

show surprisingly good prognosis. Thus, in colorectal cancer, patients with lymph

node invasion (UICC-TNM stage III) have a likelihood of recurrence of 50–60%

within 5 years, but a significant proportion of patients (about 30%) with no detectable

lymph node or distant metastasis (UICC-TNM stages I/II) present with recurrent

disease within few years (O’Connell et al. 2004; Pagès et al. 2005).

Whether an immune control is responsible for keeping potentially metastatic or

invading cancer cells in hold (“equilibrium”) in humans is also an intensive field

of investigation as it would provide novel prognostic markers as well as new

therapeutic avenues. When quantitative and functional analyses of intratumoral

immune reactions became available, data accumulated to show that a high lym-

phocytic infiltration in the primary tumor usually correlates with a better clinical

outcome in patients with cancer (reviewed in Pagès et al. 2010). Moreover, the

functional orientation of the infiltrating lymphocytes seems to be instrumental for

the control of recurrence. For instance, quantification of cytokine gene expression

in uterine cervical tumors, resected from early-stage patients, revealed that low

levels of interferon (IFNg) transcripts at the tumor site were associated with

recurrence within 2 years after surgery (Tartour et al. 1998). Similar data were

reported in colorectal (Pagès et al. 1999) and prostatic cancers (Lebel-Binay et al.

2000). These observations are reminiscent of the findings of Schreiber and Smyth

(Koebel et al. 2007; Dunn et al. 2006; Smyth et al. 2006) demonstrating in mice

that the equilibrium phase was largely dependent on IFNg. Altogether these data
suggest that the presence of a strong Th1 compartment in a primary tumor is

associated with, and putatively controls, metastatic cells release, circulation and /

or nidation. However, the immune reaction in tumors is complex with the recruit-

ment of many cells playing opposite effects, Th1 versus Th2, T reg versus
cytotoxic T cells, NK, and NK-T cells, etc. . . Moreover, tumors are sites of

intense inflammation, which is often detrimental for the host when macrophages

support tumor growth and neovascularization (Balkwill and Mantovani 2001;

Coussens and Werb 2002), but is sometimes beneficial when acute inflammation,

such as in bladder cancer following acute infections or therapy by BCG (Lamm

1992), results in cancer cell destruction. In the recent years, comprehensive

analyses of the intratumoral immune cells and molecules gave new insights into
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the understanding of the role of the immune system in controlling tumor growth

and spreading to other organs (Galon et al. 2007; Pagès et al. 2008; Bindea et al.

2009). They permitted the identification of immunological prognostic markers

(Pagès et al. 2009, 2010) and should eventually provide new ways to refine cancer

therapy. In this chapter, we mainly discuss our own data on the analysis of the

intratumoral immune infiltrates in human cancers, their functional orientation, the

respective importance of Th1, T reg, cytotoxic, and memory T cells, as well as the

formation of tertiary lymphoid structures (TLS), composed of mature dendritic

cells (DC) and T and B lymphocytes, adjacent to the tumor, in view of their

prognostic value and their dynamic interactions. To illustrate the general charac-

ter of the host�immune interactions, four examples of human tumors will be

addressed: colorectal cancer, a visceral disease open to diet and bacterial antigens

; lung carcinoma, a tumor open to airways ; head and neck inflammatory cancer;

and primary intra-ocular lymphoma, an hematological cancer developing in an

immunopriviledged site. Finally, we will propose some new insights on how some

cancer cells may divert innate immune reactions to protect themselves from acute

inflammation and chemotherapy.

2 “In Situ” Immune Contexture, the Strongest Prognostic

Factor for Recurrence and Overall Survival: The Case

of Colorectal Cancer

Histopathological analysis of colorectal cancers shows that these tumors are infil-

trated by inflammatory and lymphocytic cells, in variable quantities (Dalerba et al.

2003). A closer look reveals that the latter is not distributed randomly, but seem to

be organized in more or less dense infiltrations in the tumoral zone, referred to as

center of the tumor (CT), in boarding edges at the invasive margin (IM) of tumoral

nests (Fig. 1a), and in lymphoid islets adjacent to the tumor. This organization is

seen in many other solid tumors and the potential role of the lymphoid islets will be

discussed later when presenting the example of lung carcinoma.

We have extensively analyzed the impact of the quantity, the functional orienta-

tion, and the location of the immune cells of the tumor microenvironment – that we

propose to call the “immune contexture” – on cancer recurrence, metastasis, and

patient survival. In a retrospective study of 959 colorectal tumors, followed for over

15 years in the digestive surgery ward of European Hospital Georges Pompidou, we

first searched for early signs of metastasis in the primary tumor. We observed

venous emboli (VE), lymphatic invasion (LI), and perineural infiltration (PI) in

27% of the tumors. Applying univariate and multivariate Cox analysis, we found

that the presence of one early sign of metastasis (VE or LI or PI) was associated

with bad prognosis both in terms of disease free survival (DFS) and overall survival

(OS). The presence of the three signs was of even worse prognosis. We, then, asked

the question of whether the “in situ” immune infiltrates were different in VELIPI
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(�) and VELIPI (+) tumors. For this purpose, we undertook a comprehensive

quantification of immune gene expression by Q-PCR, immune cell identification

by flow cytometry of extracted living cells, and tissue micro-array of tumors using

antibodies recognizing immune cell subsets. The conclusion of this analysis was

that high numbers of memory T cells, particularly effector/memory T cells corre-

lated with lack of early signs of metastasis (VELIPI (�)) and that tumors with low

numbers of memory T cells had local (VELIPI(+)) or distant (N+ or M+) metastasis

(Pagès et al. 2005). Not only is there a particular immune pattern associated with

metastasis at the time of surgery but, more importantly, the “in situ” immune

reaction is associated with DFS and OS. Thus, we found that expression of genes

associated with adaptive immunity (T-bet, IRF1, IFNg, CD8a, granzyme B, gran-

ulysin) and not genes associated with inflammation (IL-8, VEGF, CEACAM-1,

MMP-7) or immuno-suppression (TGFb, IL-10, B7-H3, CD32b) were associated

with lack of metastasis and recurrence (Pagès et al. 2005). Enumeration of cells of

adaptive immunity within the tumors revealed an interesting aspect: even if all the

T cells or CD8 cells or granulysin-expressing cells or memory (CD45RO) cells

were associated with good prognosis, taking into account their location and com-

bining two markers greatly improved their prognostic impact. By combining the

analysis of several zones in the CT and in the IM, we found that high infiltrates of

memory T cells (CD3/CD45RO) or potential cytotoxic T cells (CD8/CD45RO/

granulysin +) (Fig. 1b) both in the center and the IM were highly significantly

(p < 10�11) associated with very good prognosis, both in terms of DFS and OS.

« CD8 low » tumor

« CD8 high » tumor

Center (red)
Invasive margin (blue)

a

b

c

Fig. 1 Characterization of

immune infiltrates in colon

cancer: The center (red
circle) and the invasive

margin (blue circle) of colon
tumor (Hematoxylin and

eosin staining, original

magnification 40�) (a),

Tumors with high (b) or low

(c) densities of CD8+T cells

(original magnification 100�)
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Tumors with low memory T or cytotoxic T cells in both zones (Fig. 1c) were

associated with very bad clinical outcome. Heterogenous (Hi-Lo or Lo-Hi) tumors

were intermediate but rather on the bad prognosis side. These differences hold true

for all T (tumor extension), N (lymph node involvement), and M (distant metasta-

sis) stages and remained the only significant factor – with bowel perforation – for

disease free and OS in multivariate Cox analysis when classically used histo-

prognostic factors (tumor extension, lymph node metastasis and differentiation)

were no longer significant (Galon et al. 2006).

These observations, confirmed on two independent cohorts, change the para-

digm of cancer prognosis at least for colorectal cancer (Galon et al. 2007), and

propose novel prognostic tools (Pagès et al. 2010) that may guide cancer therapy.

The fact that it is not only the overall quantity or even the functional orientation

but also the location of the immune cells that influence tumor recurrence supports

the concept that distinct cells with selective functions may, at different tumor

locations, play a crucial role in controlling metastasis escape. Analysis are in

progress to determine if each region has a different influence on cancer-related

progression i.e., tumor size, lymph node, or distant metastasis.

A second indication that clinical outcome is associated with selective immune

contexture was provided by the analysis of the coordination of immune gene

expression. We studied a cohort of early stage colorectal cancers in which we

confirmed the association of high memory T cell infiltration in CT and IM and

good prognosis. We, then, performed a gene expression screening (108 genes)

looking for immune, inflammation, and angiogenesis-associated genes whose

expression correlated, or not, with high CD3/CD45RO infiltration in CT and

IM. The results were straightforward: not surprisingly, genes associated with

T cell memory were found overexpressed in CD3/CD45RO high tumors and

under-expressed in the others ; strikingly, two other clusters of genes were coordi-

natively coexpressed in tumors with high CD3/CD45RO infiltration: genes involved

in Th1 and cytotoxic T cell functions. Genes associated with Th2 functions, sup-

pression, inflammation, and vascularization were not associated with memory T cell

infiltration (Pagès et al. 2009).

These data show that a coordinated immune reaction is associated with the

immune pattern which predicts clinical outcome. It is therefore likely that Th1

and cytotoxic T cells contribute to keep in hold potential metastatic cells at early

stages of the metastatic process. This hypothesis is supported by the fact that,

although of no statistic influence by itself, high expression of VEGF gene counter-

acts the beneficial effect of IRF1 (Th1-associated) or granulysin (cytotoxic gran-

ules) high gene expression (Camus et al. 2009). We therefore postulate that the

presence of high numbers of memory Th1 and cytotoxic T cells in the center and the

IM of primary tumors controls the attempts of metastatic cells to leave through

vascular or lymphatic vessels. When the tumor grows, with zones of hypoxia,

VEGF is produced that increases the tumor neovascularization offering more

emigration possibilities to metastatic cells overcoming even a strong coordinated

immune reaction. VEGF also inhibits DC maturation that may result in an

increase of Treg in the tumor microenvironment (reviewed in Johnson et al. 2009).
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Finally, when the immune contexture is disrupted, no effective control of metastasis

and therefore recurrence and survival can anymore be carried out by the immune

infiltrate, even it is still present in the tumor (Fig. 2) (Camus et al. 2009). This

hypothesis is supported by the analysis of patients who were metastatic at the time

of diagnosis and surgery, despite high tumor infiltration by memory T cells.

Strikingly, even if the total numbers of memory T cells in these tumors were similar

to those of tumors of patients with no metastasis, they lacked the effector/memory

T cell subset (Camus et al. 2009). This observation provides a third indication of the

need of a finely tuned immune pattern to control tumor spread and invasion.

The identification of factors involved in shaping an efficient immune pattern was

approached by using informatic tools and biomolecular networks (Bindea et al.

2009). Databases were explored looking for genes with the following characteris-

tics: conserved genomic neighborhood, phylogenetic profiling, coexpression analysis,

literature co-occurrence, and encoded proteins interactions with the subset of genes

that had been experimentally shown to be associated with recurrence and DFS.

Primary tumor site Periphery

High VEGF
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memory, Th1, cytotoxic T cells
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of metastatic cells

Low VEGF
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Th1 and cytotoxic T cells coordination

« Im4 »

« Im1 »

CX3CL1

CXCL9
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CXCL9
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Low immune infiltration 

strong
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Fig. 2 Immune control of metastasis: Coordinated high T cell density in the CT and at its invasive

margin controls metastatic cell dissemination. Four major immune profiles within primary tumors

of colorectal cancers are found: (1) strong and coordinated immune response with memory Th1

and cytotoxic T cells control cancer metastasis (“Im4,” 10% relapse) (2) same conditions with

additional angiogenesis which favors tumor cell dissemination (“Im3,” 50% relapse) (3) low

coordination of the immune response (“Im2,” 50% relapse) (4) weak or low immune response

and coordination (“Im0, Im1,” 80% relapse). Potential antitumor circulating memory T cells

generated in the primary tumor may control metastatic cells and prevent recurrence after surgery
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The genes most highly predicted were those of specific chemokines (CX3CL1,

CXCL10, CXCL9) and adhesion molecules. When tested on our series, their

expression correlated with high densities of T cell infiltration and DFS (Mlecnik

et al. 2010) (Fig. 2). In addition, the expression of relevant chemokine genes was

associated with that of particular T cell receptor families which correlated with

patient’s survival (Mlecnik et al. 2010) suggesting that specific T cells could be

involved in disease control.

In addition, to enlighten some aspects of host–tumor interactions, the analysis of

the immune contexture may also provide novel useful prognostic markers. As in all

solid tumors, prognosis of colorectal cancer is currently defined by the TNM staging

which describes tumor spread into the intestinal wall, the regional lymph nodes, and

distant organs metastatic invasion (Greene and Sobin 2009). This staging system is

crucial, particularly for patients with no detectable lymph node invasion (stage I and

II) who are usually treated by surgery alone. However, 15–25% of these patients will

relapse and may have benefited from adjuvant chemotherapy.We, thus, performed a

study to determine if the immune patternmay help to discriminate between relapsing

and nonrelapsing early stage patients. Based on our analyses of coordination of an

efficient immune infiltrate, we defined an immune score (Im) on the basis

of densities of CD8/CD45RO T cells in CT and IM zones. Thus, tumors with low

CD8 T cells and lowCD45ROT cells in CT and IMwere classified Im0, tumors with

high infiltrates of cells positive with onemarker in one zone were classified Im1, and

then Im2 and Im3 up to Im4 for tumors with high infiltrates of CD8 and CD45RO

cells in both CT and IM. The analysis of 353 early-stage (stages I and II) colorectal

cancers using the immune score revealed a highly significant correlation between

DFS and OS and the immune scoring. Thus, patients with a low immune score (Im0)

were of very bad prognosis (75% recurrence at 5-year), whereas patients with a high

immune score (Im4) experienced a very low level of recurrence (5% at 5-year)

and 86% remained alive. The immune scoring, that was significant over TNM

staging, therefore provides a precise prognostic staging to predict recurrence and

may therefore encourage to treat patients with low immune score with adjuvant

therapies (Fig. 2) (Pagès et al. 2009).

3 Induction of Functionally Active Tertiary Lymphoid

Structures in the Vicinity of Tumoral Beds as Potential

Sites of “In Situ” Immune Reactions: The Example of

Lung Carcinoma

Lung carcinoma is the first cause of death by cancer worldwide with an incidence of

over 1.2 million cases/year and a death rate of c.a. 1.1 million cases/year. Curative

treatment is surgical for early-stage cancers, followed or not by adjuvant radiother-

apy and/or chemotherapy. Lung carcinoma develops in a context of chronic inflam-

mation, in most cases induced by tobacco smoking, but also by asbestos, chronic
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pulmonary infections, or bronchial obstructive diseases. Lung is at the interface of

airways, filtering polluants, bacteria, or viruses that create acute inflammation

which may influence clinical outcome of established lung cancers. Lung carcinoma

therefore represents a very suitable model to study immune-cancer cell interactions

taking place in an adaptive and innate inflammatory microenvironment. A first

cohort of 74 early-stage (T1 or T2, N0 or N1, M0) lung cancer patients, without any

neo-adjuvant therapy, was analyzed for their immune contexture and the prognostic

impact of various immune compartments. Lymphocytic infiltration was found to be

a heterogeneously distributed variable between tumors and distributed, as in colo-

rectal cancers, in the center, the IM, and in lymphoid islets adjacent to the tumor

nests (Fig. 3a). In addition to T and B cells, we particularly analyzed the quantity

and the distribution of DC subsets. The different populations of DC were found

diversely located within the tumor. The CD1a+ Langerhans cells were scattered

inside the tumor beds showing tight functions with cancer cells, whereas the

CD14+/� CD68low Factor XIIIa+ interstitial DC slipped into the interstices of

tumor cells and CD123+ plasmacytoid DC concentrated at the IM of tumor nodules.

Intratumoral DC were in an immature stage since they lacked the expression of the

maturation markers DC-Lamp and CD83. Mature DC-Lamp+ cells were found only

in the lymphoid islets adjacent to the tumor nests. The extremely low number of DC

in nontumoral lung suggests that factors produced by the tumor microenvironment

allow the recruitment of DC precursors into the tumor bed without inhibiting their

differentiation or maturation. A careful analysis of these lymphoid islets revealed

that they resemble canonical secondary lymphoid structures with a T cell zone

containing the mature DC in close contact with T cells (Fig. 3b), and a B-cell

follicle characterized by the presence of proliferating Ki67+ B cells and the

presence of CD21+ follicular DC network (Dieu-Nosjean et al. 2008; Kawamata

et al. 2009). These lymphoid islets have therefore the characteristics of functionally

active TLS where an ongoing immune reaction takes place. Similar structures have

been described in the lungs of human fetuses and infants (Gould and Isaacson 1993)

and disappear in normal adult lungs (Tschernig and Pabst 2000). They have been

called Bronchus-Associated Lymphoid Tissues (BALT) and, in adults, they reap-

pear in inflammatory lung diseases, such as fibrosis, pneumonia, pneumonitis, or

smoking. In patients with tumors, we searched for the presence of TLS at a distance

from the tumor and rarely found any. We therefore propose that they are induced by

the tumor or the tumor-associated inflammation and call them tumor-induced

BALT (Ti-BALT). It is tempting to postulate that Ti-BALT are a location where

an efficient immune reaction is shaped before, or in addition to, a response in the

draining lymph nodes, where it could be subverted by metastatic cell establishment.

Indeed, immune subversion or suppression must be postulated to explain why

lymph nodes are the first metastatic sites and why invasion of the sentinel lymph

node is a strong deleterious prognostic factor despite the fact that it should be the

site of an intense immune reaction. There are indeed examples of immune

responses that are not dependent on secondary lymphoid organs. For example,

splenectomized alymphoblastic mice can reject xenografts (Tesar et al. 2004),

clear viral infections (Moyron-Quiroz et al. 2004), or develop an allergic response
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(Gajewska et al. 2001; Halle et al. 2009). If Ti-BALT are sites where an efficient

tumor-associated immune response is generated, they should be associated with

relevant immune cell infiltration and impact cancer prognosis. Indeed the density of

Ti-BALT is heterogeneous between tumors, some presenting with high densities,

others with low. We took advantage of the fact that Ti-BALT were the only sites

where mature DC-Lamp + DC were present to precisely assess the density of DC-

Lamp+ cells as a surrogate marker for Ti-BALT. We established that there was a

strong correlation between the number of Ti-BALT and that of DC-Lamp+ DC in

the same fields. We, then, correlated the density of mature DC to other immuno-

logical and clinical parameters. The density of mature DC, T, and B lymphocytes

correlated with each other. A precise analysis of correlations between high and low

DC-Lamp densities and intra-tumoral lymphocyte populations revealed a signifi-

cant positive correlation with T cell infiltration in CT and IM of the tumors, as well

as with T cells with Th1 orientation (T-bet positive). Interestingly, a strong corre-

lation was also found with B cell infiltration in CT and IM and the potential

significance of this observation is currently under investigation. In contrast, there

was no correlation between high and low DC-Lamp density and clinical parameters

such as gender, age, smoking history, histological type (adenocarcinoma or squa-

mous cell carcinoma), histopathological staging (T1, T2, N0, N1), or tumor differ-

entiation. When the patients’ cohort was followed for DFS and OS over a period of

4 years, the DC-Lamp+ DC density strongly correlated with a favorable clinical

outcome. Thus, DFS was 88% in patients with high DC-Lamp+ DC infiltration

versus 51% in patients with low DC-Lamp+ DC density (Dieu-Nosjean et al. 2008).

It was even more striking when DSS with 95% of patients not dying from their cancer

in DC-Lamp high tumors compared to 45% in DC-Lamp low tumors (Fig. 3c).

These data confirm the observations in colorectal cancer and extend them by

showing that TLS adjacent to, and potentially induced by, the tumor could be the first

sites of shaping an efficient antitumor reaction. The interaction of mature DC with

T cells may result in the generation of memory T cells some with cytotoxic

efficiency, that prevent potentially metastatic cells to leave the primary tumor.

There may also be sites where circulating memory T cells are generated that are

long lived and may control cancer cells disseminating in the periphery (blood, bone

narrow) or when they search nidation in distant organs. Finally, the density ofmature

DC may identify patients with early-stage lung cancer with high risk of relapse.

4 Subversion of Innate Immunity Receptors: Stimulation of

Toll Like Receptors on Lung Carcinoma Cells Modulates

Cell Survival and Response to Chemotherapy

Lung being a site of frequent inflammation and lung cancers often developing in a

context of chronic inflammation, we investigated the presence and the role of Toll

Like Receptors (TLR) on lung cancer specimens from Non Small Cell Lung Cancer

Immune Infiltration in Human Cancer: Prognostic Significance and Disease Control 11



(NSCLC) patients. TLR are pattern recognition receptors for pathogen-associated

molecular patterns (PAMP) and endogeneous molecules released from injured and

necrotic cells (DAMP) (Kumar et al. 2009). Lungs are frequently exposed to viruses

such as influenza or respiratory syncitia virus, that are mainly recognized by

endogenous TLR3, 7 and 8 (Kumar et al. 2009). Among the 11 different TLR

described to date, we thus focused our study on TLR7 and TLR8, receptors for

ssRNA (Diebold et al. 2004; Heil et al. 2004) and to a minor extent on TLR3,

receptor for dsRNA (Liu et al. 2008). The stimulation of TLR7, TLR8, and TLR3

that are commonly expressed by cells of the immune system leads to the activation

of NFKB and the production of proinflammatory cytokines (Napolitani et al. 2005;

Hart et al. 2005; Larangé et al. 2009). It induces a rapid antiviral response via the

induction of type I and type II IFN which in turn enhance the adaptive immune

response. Imiquimod, a TLR7 agonist is currently used topically to treat basal cell

carcinoma (Tillman and Carroll 2008) or systemically in clinical trials in melanoma

as immuno-stimulants and vaccine adjuvants (Dudek et al. 2007). We observed by

immunohistochemistry that immune cells infiltrating NSCLC express TLR7 and

TLR8 in situ, particularly within the TiBALT (Cherfils-Vicini et al. 2010).

An increasing body of evidence suggest that TLR are also expressed by nonim-

mune cells such as epithelial cells (Droemann et al. 2003; Tissari et al. 2005; Gribar

et al. 2008) and therefore can maintain local inflammation during chronic infec-

tions. In agreement with these observations, we have detected that bronchial

epithelial cells but not alveolar cells express TLR7 and TLR8 on nontumoral

lung tissue sections (Cherfils-Vicini et al. 2010). Therefore, TLR7 and TLR8 may

be one of the first line of defense against viruses in bronchial epithelium.

However, a close immuno-histochemical examination of tumor cells in NSCLC

sections revealed that they expressed TLR7 and TLR8, at variable levels, regardless

of their histological type, adenocarcinoma or squamous cell carcinoma. A first

analysis of 13 tumors (8 adenocarcinoma and 5 squamous cell carcinoma) showed

that all expressed TLR8 but in variable quantities; two-thirds of them were TLR7

positive, half being highly labeled. This heterogeneous expression of TLR7 and

TLR8, receptors for single stranded RNA, suggested that high expressing and low

expressing tumors may behave differently in the case of viral infections, or in the

presence of endogenous ligands for these TLR, which could be released in the

tumor microenvironment. To determine which effect could be induced by TLR7

and TLR8 triggering, we used two model cell-lines, A549 as a prototype of

adenocarcinoma and SK-MES as prototypic of squamous cell carcinoma, that

express TLR7 and 8. Triggering of both cell lines by Loxoribine (a TLR7 agonist),

poly U (a TLR8 agonist), or gardiquimod (an agonist of both) resulted in better cell

survival due to resistance to apoptosis, as assessed by a strong induction of

expression of the antiapoptotic gene and protein, Bcl-2. Triggering of A549 or

SK-MES by TLR7 and TLR8 agonists also induced the modulation of other genes

(up regulation of CCR4 and down regulation of CD80, CD86, HLA-DR, and

Fibronectin 1) which are often associated with an aggressive tumoral phenotype.

The analysis of genes expressed in tumoral cells isolated from fresh tumor speci-

men showed that tumor cells had a transcription pattern similar to that of cell lines
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triggered through TLR7 and 8, suggesting that they were in an activated state in situ

(Cherfils-Vicini et al. 2010).

Some patients with lung cancer are treated by neo-adjuvant polychemotherapy,

consisting in platinum salts and often gemcitabine or navelbine. Both A549 and

SK-MES cells stimulated by Loxoribin or Poly U were found to be resistant to

chemotherapy-induced cell death. It is therefore tempting to postulate that tumoral

cells which express TLR7 or TLR8 at high levels could be stimulated upon viral

induced inflammation and become resistant to chemotherapy (Cherfils-Vicini et al.

2010). We are currently analyzing a cohort of lung cancer patients having received

neo-adjuvant chemotherapy before surgical resection in order to assess whether

high TLR7 or TLR8 expressors are less susceptible to chemotherapy than low

expressors. If it were so, it would provide a novel mechanism by which tumor cells

gain growth and spreading advantages, i.e., resistance to apoptosis, to chemotherapy,

expression of chemokine receptors, loss of Fibronectin 1, etc. It also calls some

warning on the use of TLR7 agonists as adjuvants in cancer treatment, prompting to

characterize the expression of TLR7 on the tumor cells before treatment by TLR

agonists. Several reports describe the expression of TLR 4 and TLR9 in lung

carcinoma (Droemann et al. 2005; He et al. 2007; Ren et al. 2009). TLR expression

by tumor cells of nonhematopoietic origin appears to be quite a general phenome-

non as TLR2, TLR3, TLR4, TLR5, and/or TLR9 expressions have been documen-

ted in many cancer types (reviewed in Sato et al. 2009). In most cases TLR

activation of cancer cells promotes survival, activates production of proinflamma-

tory cytokines and chemokines, promotes angiogenesis, and therefore contributes to

cancer progression. However, the response to TLR3 seems more complex and can

induce opposite effects depending on the cell type. TLR3 ligation by Poly IC or

Poly AU on breast cancer cells induces apoptosis in an IFNa dependent manner

(Salaun et al. 2006; André 2005). In melanoma a proapoptotic response has been

described in the presence of Poly IC as well as the induction of NFkB and

production of proinflammatory cytokines (Salaun et al. 2007). We observed that

the triggering of TLR3 induced apoptosis of A459 cells whereas it promoted

survival of SK-MES cells. Moreover, in some cases the addition of Poly IC to

chemotherapy increased sensitivity to chemotherapy-induced cell death. (Cherfils-

Vicini et al. 2010).

The fact that TLR stimulation regulates cell survival and modulates their

sensitivity to chemotherapy reinforces the importance of TLR expression status

on tumor cells in patient’s response to treatments.

5 “Paradoxical” Control of Inflammation Influences

Clinical Outcome in Head and Neck Cancer

Head and neck cancers are a group of diseases affecting all sites of the upper

respiratory tract, from the oral cavity to the larynx, through the oropharynx, the

hypopharynx, and the epilarynx. Tobacco, synergized by alcohol, being the main
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causal factor, head and neck cancers have a higher incidence in males. Human

papilloma viruses (HPV) have also been implicated in the genesis of these tumors.

In any case, they develop in a context of chronic inflammation which usually

persists during the clinical stage of the cancer. Classical treatment consists of

surgical resection accompanied by radio/chemotherapy. However, despite new

treatment modalities and their success in terms of organ preservation, survival

rates have not improved over recent years.

Head and neck squamous cell carcinoma have quite intensively been investi-

gated and the strong inflammatory component of these tumors is well established.

In addition to macrophages, there exist, in some tumors, strong T lymphocyte

infiltrates with all components of an adaptive immune reaction, i.e., CD3, CD4,

and CD8 ; they are likely to control some aspects of tumor spreading, leading to

recurrence and ultimately to death. In a first part of our studies, we tackled the

question of cytokines that maintain and activate T cell functions. Two cytokines are

major players in this prospect: IL-2 and IL-15 (Waldmann 2006). The latter

appeared to be of particular interest in the context of head and neck tumors as it

is not only critical for “in vivo” T cell survival and function but is also a strong

inducer of inflammatory cytokines such as IL-6, TNFa, IL-17, etc. (Ohteki et al.
2006). We became interested by what appeared to be an IL-15 paradox: in mice

models, IL-15 behaves as an antitumoral factor as it activates antitumoral CD8 and

NK cells (Yajima et al. 2002; Kobayashi et al. 2005), rescues CD8 T cells from

tolerance to leukemic cells (Teague et al. 2006), or improves the antitumoral

activity of passively transferred CD8 T cells (Klebanoff et al. 2004). However, in

humans, high intratumoral expression of IL-15 is associated with poor clinical

outcome in lung (Seike et al. 2007) and head and neck (Nguyen et al. 2007)

carcinomas.

IL-15 binds with high affinity to the IL-15 receptor (IL-15R)a chain, which

associates with the IL-2 receptor (IL-2R)b and IL-2Rg chains to tranduce IL-15

signaling. The trimeric receptor is therefore similar to the complex involved in IL-2

signaling where CD25 (IL-2Ra) would be the IL-2 specific counterpart of IL-15Ra.
We had previously reported in a large cohort of 234 head and neck cancers that

high serum levels of soluble IL-2R (sCD25) correlated with poor prognosis, both

at the local regional level (control of recurrence) and for OS (Tartour et al. 2001).

We measured levels of sIL-15R in the sera from 53 head and neck patients and

compared them to that found in sera from 40 healthy individuals. We found

significant quantities of circulating IL-15Ra in 66% of patients sera compared to

very low levels, except one case, in sera from normal individuals. Interestingly,

serum levels of sIL-15R had a clinical impact: patients with no circulating sIL-

15Ra had a significantly longer recurrence free survival and OS than patients with

circulating sIL-15R. What could be the underlying mechanisms by which sIL-15R

exert its deleterious impact? To address this question, we analyzed IL-15Ra in head

and neck tumors. Seventeen out of 48 tumors expressed IL-15Ra whereas normal

epithelial cells did not. They also expressed ADAM-17 a protease that cleaves

membrane associated IL-15Ra to produce soluble receptor. There was indeed a

correlation between the expression of ADAM-17 by tumor cells and serum levels of
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IL-15Ra. It is therefore likely that sIL-15Ra is produced by the tumor cells. Is it only

a marker of tumor mass or does it perform biological functions that could explain its

prognostic impact? We produced recombinant sIL-15Ra that we added to IL-15 to

measure its effects on IL-15 mediated activities. To our surprise, sIL-15Ra did not

act as a decoy receptor, but greatly synergized IL-15 induced production of IL-6,

TNFa, and IL-17 by human peripheral bloodmononuclear cells. It also increased IL-15,

but not IL-2, induced CD8 proliferation. We propose that, with other pro-inflamma-

tory components, the pro-inflammatory effect of the IL-15/sIL-15Ra complex

dominates over that of the CD8 activation at the tumor site and entertains the bed

for local tumor recurrence (Badoual et al. 2008).

Due to the high inflammatory content of head and neck tumors, it is possible that

the lymphocytic infiltrates have no clinical impact, either because they are anergic

or apoptotic or because they are overcome. We revisited various aspects of T cell

infiltration in a cohort of 84 head and neck patients with squamous cell carcinoma

in which the tumor had been resected. In contrast to colorectal cancer for example,

we found no prognostic impact of the number of CD8 T cells. When infiltrating

CD4 T cells were enumerated, we found large numbers in 60% of the tumors. In

view of their heterogeneity, we counted CD4+CD25+, CD4+CD69+, and CD4

+Foxp3+ cells. Multivariate Cox analysis of histopathological (T stage) and

immune (CD4+CD69+ and CD4+Foxp3+) markers revealed that CD4+Foxp3+

was associated with lack of local recurrence but not OS whereas CD4+CD69+

correlated with good survival but not local control (Badoual et al. 2006). This

contrasts with a deleterious reported impact of the number of Foxp3+ cells (Curiel

et al. 2004; Hiraoka et al. 2006; Fu et al. 2007).

Such a “paradoxical” beneficial effect of Treg (or at least Foxp3 positive T cells)

has also been reported in colorectal cancer in man (Salama et al. 2009) and on the

induction of colon cancer (Erdman et al. 2003, 2006) or spontaneous intestinal

adenoma (Erdman et al. 2005) in mice. It is striking that the tumors in which Foxp3

positive T cells have been reported to be of favorable prognosis are highly inflam-

matory. We think that the overall interpretation of these data is that in inflammatory

tumors, high numbers of infiltrating Treg are beneficial in terms of local control by

their anti-inflammatory activities whereas activation of a tumor specific memory

CD8 T cell response is necessary to control metastatic spread and OS (Badoual

et al. 2009) (Fig. 4).

In fact, inflammation and immunosuppression are often associated in the tumor

microenvironment. For example the proinflammatory cytokine IL-6 in conjunction

with TGFb permits the differentiation of Th17 cells (Wilson et al. 2007) which

amplifies local recruitment of inflammatory cells (Ciree et al. 2004) and the

production of other inflammatory mediators. However, IL-6 will also activate

STAT3, a transcription factor overexpressed in 58.9% of head and neck tumors

(Nagpal et al. 2002). Other factors, upregulated in head and neck cancer (IL-10,

VEGF. . .), could also increase the expression of STAT3. Activation of STAT3 will
be responsible for various immunosuppressive activities such as the blockade of DC

maturation and the release of IL-10, which inhibits T cell and macrophage activa-

tion and downregulates HLA expression (Kortylewski and Yu 2008).
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Other inflammatory cytokines (TNFa, IL-1. . .) will induce cyclooxygenase

2 (COX-2) that converts arachidonic acids to PGE2, a prostaglandin responsible

for various immunosuppressive activities. Indeed, PGE2 has been reported to

enhance IL-10 production, down-regulate DC function and inhibit IL-12 production

in DC (Harizi et al. 2002). PGE2 facilitates the expansion of FoxP3+CD4+CD25+

naturally occurring regulatory T (nTreg) cells (Baratelli et al. 2005) and the

induction of IL-10 producing CD4+ type 1 regulatory T (Tr1) cells in a COX-2–

positive microenvironment (Akasaki et al. 2004; Bergmann et al. 2007). It is

therefore tempting to postulate that the beneficial effects of anti-inflammatory

compounds such as aspirin or Cox2 inhibitors in the prevention of human cancers,

particularly colorectal cancer, may be not only the consequence of blockade of the

well-known pro-tumoral effects of inflammation but also in part by “cooling” the

tumor microenvironment, allowing a diluted or inhibited local immune reaction to

control the tumor.

6 The Immune Reaction in a Tumor Developing in

an Immuno-Priviledged Site: The Case of Primary

Intraocular Lymphoma

The eye is considered to be an immunological sanctuary lacking any inflammatory

and lymphocytic infiltration in its physiological state. In contrast, the vitreous

cavity naturally contains immunosuppressive molecules such as TGFb or VIP

which are believed to suppress any attempt of potential immunological aggression.

In pathology, the eye may be the site of an intense inflammation such as in uveitis,

origin of which can be infectious or autoimmune (Bodaghi 2005; Mochizuki 2009).

Beneficial effect
of T effector/memory

cells

Deleterious effect
of inflammation

T regulatory cells T regulatory cells
IL-6

TNF

IL17

IL-15/sIL-15R

The Treg paradox

Beneficial effect of Treg Deleterious effect of Treg

Fig. 4 Paradoxical effects of Treg: Treg are of good prognosis (on the left) in inflammatory tumors

when they inhibit the protumoral effect of inflammation mediated by protumoral cytokines such as

IL-6, IL-17, TNF, and IL-15/sIL-15R. Treg are of bad prognosis (on the right) when they inhibit

the tumor specific memory CD8 T cells necessary to control metastatic spread and overall survival
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Some tumors can develop in the eye, among which are retinoblastoma, choroı̈d

ocular melanoma, and primary intraocular lymphoma (PIOL). PIOL is a rare

disease from the group of Diffuse Large B-cell Lymphoma (DLCBL) and is usually

called “uveitis masquerade syndrome” as it frequently displays misleading symp-

toms with forms of infectious uveitis. PIOL is genetically very similar to central

nervous system lymphoma of other locations such as intra-cerebral, spinal cord, and

lepto-meningeal lymphomas. Like other tumors developing in immune-privileged

sites or in immune-compromised individuals, PIOLs are very aggressive with a

5-year survival rate of less than 5%. In addition, PIOLs have very peculiar invading

characteristics with 85% developing cerebral lymphoma and 80% metastasing to

the controlateral eye (Nussenblatt et al. 2006). The question therefore arose to the

existence of immune surveillance toward PIOL in the eye. The presence of T cells

in tumoral eyes has been reported and we confirmed this point. On measuring the

cytokine levels in the vitreous humor from 17 PIOL patients, high levels of IL-10

were detected mainly produced by the B cell lymphomatous cells as previously

reported since IL-10 levels are considered as a diagnostic marker for PIOL (Cassoux

et al. 2007). We found low levels of IFNg but no evidence for a local IL-2 and IL-4
production (Fig. 5). The presence of IFNg and the lack of IL-2 support the

hypothesis of an ongoing impaired Th1 reaction in the tumoral eye. In view of
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Fig. 5 Cytokine profile in eyes with intraocular lymphoma and influence of T-cell stimulation on

cytokine secretion: (a) 25 mL of vitreous humor from patients with nonhaemorrhagic retinal

detachment (RD) or primary intraocular lymphoma (PIOL) was subjected to IL-2, IFNg and IL-

4 measurement using a human (hu) Cytometric Bead Array Flex (BD Biosciences), according to

the manufacturer’s instructions. (b) 100,000 murine ocular cells obtained from PBS (filled dots) or
IIA1.6-GFP (open dots) injected eyes were cultured in medium alone, or stimulated in vitro with

anti-CD3e and anti-CD28 mAbs (BD Biosciences). After 36 h, culture supernatants were assayed

for IL-2, IFNg, and IL-4 using a mouse (mu) Cytometric Bead Array Flex (BD Biosciences),

according to the manufacturer’s instructions. Each dot corresponds to the result of an individual

eye and the horizontal black bars symbolize the mean of the respective results. The dashed lines
represent the baseline of detection for each cytokine
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the prognostic impact of a strong “in situ” Th1 infiltration in many tumors, as

discussed above, we investigated more thoroughly the immune reaction in the eyes

with PIOL. Owing to the scarce quantities obtained after surgical vitreous biopsy of

human PIOL, we established a murine model of PIOL in which one eye of BALB/c

mice was intravitreally injected with murine B lymphoma IIA1.6 cells (Touitou

et al. 2007). As a control, PBS was injected in the eyes of naı̈ve mice. The tumor

cells progressively invaded and filled the whole posterior chamber. The tumoral and

control eyes were surgically removed at day 19 and dissected for functional studies.

Firstly, we observed a progressive increase of T cells, both CD4 and CD8 in the

tumoral eyes. No T lymphocytes were found in the control eyes. Secondly, when

living cells were incubated in medium for 36 h, IL-10 (produced by the lymphoma-

tous cells; data not shown) and small amounts of IFNgwere detected, but no IL-2 or
IL-4, mimicking the human situation (Fig. 5). Polyclonal T-cell stimulation using

anti-CD3/CD28 antibodies resulted in the induction of IL-2 secretion, a high

increase of IFNg but did not allow IL-4 detection in the supernatants. Conversely,

LPS had little effect on lymphocyte-produced cytokines, but highly increased the

production of inflammatory (IL-6 and TNFa) cytokines (data not shown). Our

mouse model confirmed the human situation showing that an impaired Th1

response is present in PIOL tumoral eyes, and can be rescued by proper T cell

stimulation (anti-CD3/CD28). We question the possible reason for this impaired

reaction by searching for regulatory T cells. We indeed found CD4+CD25+FoxP3+

cells in tumoral eyes of PIOL mice and not in the PBS control eyes. Interestingly,

there was a strong correlation between the number of intratumoral Treg and the

number of tumoral B cells in the eye. Although, the total number of CD4 and CD8

T cells also increased with time, there was no correlation with the number of

tumoral B cells (unpublished data). This observation suggests that in an immuno-

priviledged site, physiologically prone to suppression, there may be a major role

for Treg in promoting tumor growth by impairing potentially efficient immune

reactions.

7 Conclusions

Through different examples drawn from our analyses of human tumors, we propose

a few rules emerging to understand host�tumor interactions. We first believe that

the microenvironmental immune reaction is essential in the natural history of a

cancer. A strong Th1/cytotoxic memory T cell infiltrate, correctly located in

tumoral territories is needed to control evading potential metastatic cells. The

reaction needs to be coordinated and is influenced by other microenvironmental

factors such as VEGF which induces a strong neovascularization but also acts as an

immunosuppressive factor by blocking DC maturation thus favoring Treg produc-

tion. A relevant adaptive immune reaction may be shaped in the draining lymph

nodes but even more accurately in TLS adjacent to the tumor beds which behave as

tertiary lymphoid organs. In these structures where mature DC interact with T cells
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and follicular DC with proliferating B cells, efficient memory T cells, both CD4 and

CD8, are educated and may infiltrate the tumor to keep metastasis on hold. It is also

possible that some educated memory T cells leave into the periphery where they

control metastatic cells that have escaped the primary tumor, which explains the

strong prognostic value of T memory cells and TLS on OS. In particular situations,

such as highly inflammatory tumors or tumors developing in immunopriviledged

sites, Treg may have a strong impact by diminishing inflammation or impairing

immune responses. In case of inflammation decreased by Treg, one would expect a

strong positive effect of Treg locally, rather than on distant metastasis, as is the case

in head and neck cancer. Finally, a good knowledge of the complex tumor-immune

cell interactions “in situ” provides excellent prognostic markers and therapeutic

avenues. In this respect, it is of interest that efficient antiangiogenic therapy

correlates with a decrease of Treg in responding patients (Adotevi et al., submitted).

Tools now exist and time has come for a routinely adapted analysis of the intratu-

moral immune reaction, in addition to the classical tumor-associated markers, in

clinical human cancers.
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Abstract Tumor immune surveillance and CD8+ T cells in particular appear

capable of recognizing the antigenic properties of human tumor cells. However,

those antigen specific T cells are often excluded from tumor tissue or are function-

ally limited in their cytotoxic capacity. Instead, the immune response provides

proinflammatory cytokines and proteases promoting tumor growth and progression

while subverting cytotoxic anti-tumor immunity. The cytokines and the inflamma-

tory mechanisms driving tumor associated inflammation resemble tissue remodel-

ing processes during wound healing and chronic inflammatory diseases. In this

chapter, we summarize the current knowledge of how inflammatory cytokines may

promote the deviation of anti-tumor immunity toward a tumor promoting, noncy-

totoxic inflammation.
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1 Introduction

After decades of research, it has become clear that the human immune system

recognizes the antigenic profile of tumors and amplifies tumor specific T and B cell

populations (Jager et al. 2003; Van Der Bruggen et al. 2002). While cytotoxic T

cells directly recognize the antigenic properties of human tumor cells (Knuth et al.

1984; van der Bruggen et al. 1991), their infiltration into tumor tissue is very

limited. The presence of IFN-g+ CD8+ T cells correlates with an improved patient

prognosis (Galon et al. 2006; Naito et al. 1998). Antigen presentation to CD8+ T

cells is also negatively regulated in tumors, and major histocompatibility complex

(MHC) molecules are expressed at low levels in the majority of cancers (Seliger

et al. 2002). Moreover, low expression MHC molecules have been correlated with

reduced survival of cancer patients (Han et al. 2008). However, human tumors

occur more often in sites of chronic inflammation, and the chronic use of nonsteroi-

dal anti inflammatory drugs conveys a lower incidence of cancer (Coussens and

Werb 2002; Koehne and Dubois 2004; Lin and Karin 2007). In addition, survival of

cancer patients appears to be negatively associated with an abundance of immune

stimulatory and proinflammatory cytokines in systemic circulation. The significant

upregulation of proinflammatory cytokines is particularly evident during tumor

cachexia and metastasis associated with late stage cancer (Balkwill et al. 2005;

Loberg et al. 2007) (Fig. 1). These data raise the question whether the failure of the

adaptive immune system to eliminate disseminated tumor burden in late stage

cancer patients is caused by a failure to mount the right type of response rather

anti-inflammatory  drugs Antigen presentation

inflammatory conditions

inflamm. cytokine deficiency

Tumor immune surveillance - Tumor promoting inflammation
in human cancer and mouse models

tumor progression

Metastasis
Cachexia

Death

Patient survival
prognosis

tumor incidence

human
patients

mouse
models

intratumoral T cells

chronic inflammatory stimulation

immune surveillance deficiency

Immune suppression inflammatory cytokines

tumor growth

Fig. 1 The polarization of the immune response control cancer incidence and death. Chronic
tissue damage and inflammation is not only associated with tumor incidence in human patients and

mouse models but cytokines triggering inflammation are also predictors of a decreased life

expectancy in human cancer patients. In sharp contrast, presence of mediators of the adaptive

immune surveillance – CD8+ T cells and antigen presenting molecules – convey a favorable

prognosis to cancer patients and control tumor incidence in mice and men

26 J.B. Mumm and M. Oft



than a failure to detect the antigenic properties of the tumor. More specifically, do

cancer patients suffer from a misguided immune response against their cancer cells,

dominated by systemic immune stimulatory and proinflammatory cytokines that

inhibit the intratumoral cytotoxic-immune response?

We have recently reported that the very regulation of tissue regenerating inflam-

mation might directly inhibit the ability of cytotoxic T cell to destroy tumor cells

within the inflamed tissue (Langowski et al. 2007). As a consequence, immune

surveillance against tumors is largely prevented in the local microenvironment by

proinflammatory mediators such as IL-23 (Langowski et al. 2006).

As described above, a solid body of evidence associates chronic inflammation

with increased tumor incidence. Additionally, clinical and experimental findings

also show to the up-regulation of proinflammatory molecules during tumor pro-

gression, particularly during late stages of cancer progression and during tumor

cachexia (Balkwill et al. 2005). The same cytokines upregulated in tumor promot-

ing inflammation are essential for the development of proinflammatory CD4+ and

CD8+ T cells, essential for inflammatory diseases.

We outline the players in the tumor centric cytokine network and describe their

simultaneous influence on effector cells of the tumor-associated inflammatory

responses and on tumor immune surveillance (Fig. 2).
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Fig. 2 Pathogen centered polarization of the adaptive immune system. To overcome multiple

challenges the mammalian immune system has evolved mechanism to activate different effector

populations. Closing a wound typically requires antibacterial effectors, myeloid and stromal cells,

but not primarily the adaptive or cytotoxic responses required for anti-viral mechanisms. The

immune response to tumors often replicates wound healing like immune reactions, inherently less

capable of eliminating malignant cells. Green: Cytokines activated in human cancer tumors,

associated with decreased prognosis or short survival of human patients. Circle: polarized CD4+

T cells
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2 The Inflammatory Trio: TNF-a, TGF-b, IL-6

TNF-a is an essential effector cytokine for the initiation and maintenance of

chronic inflammation as shown in mouse models of immune mediated disorders

such as rheumatoid arthritis (Williams et al. 2000). The relevance of the TNF-a
pathway for human disease is best exemplified in the success of anti-TNF-a
therapies in inflammatory diseases (Feldmann and Maini 2001). Elevated concen-

trations of TNF-a are also found in the serum of cancer patients and correlate with a

poor patient prognosis (Szlosarek and Balkwill 2003). TNF-a is closely associated

with metastasis, tumor induced cachexia, an inflammation mediated multiorgan

failure in late stage cancer patients and inflammatory paraneoplastic syndromes

(Loberg et al. 2007). Genetic polymorphisms conferring higher TNF-a production

are associated with increased risk of a variety of human cancers (Szlosarek

et al. 2006).

In providing inhibitory and stimulatory signals to tumor growth, TNF-a exem-

plifies the conundrum of the inflammatory cytokine milieu within the tumor

microenvironment. TNF-a is produced by Th1 and Th17 CD4+ T cells and macro-

phages. TNF-a promotes the maturation of dendritic cells but also inhibits the

expression of type I interferons (Caux et al. 1992; Palucka et al. 2005; Zhou and

Tedder 1996). Induction of high local concentrations of TNF-a promote tumor

vascular destabilization (Lejeune et al. 1998; Ruegg et al. 1999) leading to tumor

cell necrosis and tumor antigen uptake by tumor resident or associated macro-

phages. However, human tumors upregulate inhibitors of apoptosis (LaCasse et al.

2008), possibly to acquire resistance to the abundance of intra-tumoral TNF-a.
Conversely, TNF-a produced by tumor cells or inflammatory cells may promote

tumor survival via the induction of anti-apoptotic genes controlled by NF-kB

activation. Indeed, TNF-a has been demonstrated to promote tumorigenesis as

TNF-a deficient mice or mice treated with anti-TNF-a antibodies are largely

protected from the chemical induction of skin papillomas (Moore et al. 1999;

Scott et al. 2003). TNF-a -/- mice are also very proficient at rejecting syngeneic

murine tumor models implanted orthotopically (Mumm and Oft unpublished). By

fostering the production of genotoxic reactive oxygen species and nitric oxide,

TNF-a may also directly increase the mutation rate in tumors (Szlosarek et al.

2006). In addition TNF-a also plays a role in the truncation of an adaptive immune

response. Through regulation of Fas/FasL, TNF-a can drive activation induced cell

death (Elzey et al. 2001). TNF-amay therefore induce apoptosis of activated tumor

infiltrating T cells, thereby blunting adaptive immune surveillance against tumors

from within the tumor itself.

While the pro-apoptotic effects of TNF-a spiked interest in its therapeutic utility,

the concentrations necessary to achieve therapeutic response are too high (Mocellin

et al. 2005). Moreover, elevated TNF-a levels in the serum associate with a poor

prognosis of cancer patients which suggests that the microenvironment of the tumor

is already desensitized to high intra-tumoral levels of TNF-a. Attempting to

increase the TNF-a level further may be deleterious to the host rather than eliciting
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a de novo immune response. Most endogenous mouse tumor models and clinical

studies indeed underline the pro-neoplastic functions of TNF-a rather than its pro-

apoptotic functions on tumor cells.

Another key regulator of inflammatory processes tightly associated with chronic

inflammation and cancer is transforming the growth factor b (TGF-b). TGF-b
contributes to tumorigenesis by local suppression of the immune surveillance, in

particular of antigen specific cytotoxic CD8+ T cells. Only recently it became clear

that TGF-b is equally important for proinflammatory CD4 T cells (see below).

TGF-b inhibits the maturation, antigen presentation and costimulation by both

macrophages and dendritic cells (Li et al. 2006). Immature dendritic cells produce

large amounts of TGF-b and might efficiently prime regulatory CD4+ T cells

(Treg). TGF-b is required for the development of Tregs and TGF-b expression by

Tregs is essential for their proliferation and function. Regulatory T cells are found

in human tumors and their presence correlates again with a poorer prognosis (Curiel

et al. 2004). TGF-b also plays a role in the development of the proinflammatory

murine IL-17 producing Th17 which share a common path with regulatory T cells.

Similar to helper T cells, TGF-b inhibits the proliferation and differentiation of

CD8+ cytotoxic T cells. (Wrzesinski et al. 2007). TGF-b inhibits the expression of

Interferon-g (IFN-g), the cytotoxic effector molecule Perforin, and the exocytosis

of the cytotoxic granules (Li et al. 2006). Moreover, CD8+ T cells stimulated with

both IL-6 and TGF-b, cease expression of IFN-g, lose their cytotoxicity and secrete
IL-17 (Liu et al. 2007). IFN-g induces major histocompatibility complex (MHCI)

in both dendritic cells and tumor cells. Replacing intratumoral IFN-g expressing

T cells by Th17 might severely compromise tumor immune recognition and

surveillance.

IL-6 activates STAT3 and induces survival and proliferation of tumor cells in

numerous experimental systems (Aggarwal et al. 2006; Naugler and Karin 2008;

Rose-John et al. 2006). IL-6Ra is highly expressed on tumor cells, and soluble sIL-

6Ra stimulates trans-signaling in cells not expressing IL-6Ra (Becker et al. 2004;

Rose-John et al. 2006). IL-6 protects tumor cells from apoptosis and serves as an

autocrine growth factor (Baffet et al. 1991). IL-6 is also essential in the initiation

and maintenance of chronic inflammation of the colon (Atreya et al. 2000) and the

development of inflammation induced colon tumors (Becker et al. 2004).

IL-6 levels are typically elevated in the serum and tissue of cancer patients and

correlate with a negative prognosis (Smith et al. 2001). Increased IL-6 expression

due to IL-6 promoter polymorphisms may be a cancer predisposing genetic risk

factor in colon cancer patients (Landi et al. 2003).

Recently, however, it has become clear that IL-6 acts with TGF-b, which is

crucial to induce the IL-17 producing Th17 helper cell lineages (Mangan et al.

2006; Wilson et al. 2007). It remains to be tested how many of the effects of IL-6 in

the regulation of tissue inflammation and cancer are dependent on the induction and

subsequent control of this T cell lineage. Importantly, it has been shown that the

proinflammatory T helper cells continue to express both IL-17 and IL-6 (Becker

et al. 2004; Langrish et al. 2005).
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3 The Local Trigger: IL-23 and IL-12 Balance

in the Tumor Microenvironment

IL-12 and IL-23 are hetrodimeric cytokines sharing the common p40 subunit, with

receptors expressed on T, NK and NKT cells but low levels are present also on

myeloid cells. Both cytokines are produced primarily by activated antigen present-

ing cells in response to toll like receptor stimulation (Gerosa et al. 2008; Trinchieri

et al. 2003). For immune responses against most of bacterial pathogens, IL-12 is

essential, while the IL-23 mediated induction of IL-17 might be essential for the

rapid release of granulocytes in high pathogen infections (Christopher and Link

2007; Happel et al. 2005). In contrast, humans deficient for IL-12p40 or IL12Rb1

suffer exclusively from mycobacterial and salmonella infection but show normal

resistance to most other pathogens, including viruses (Novelli and Casanova 2004).

IL-12 promotes IFN-g-producing Th1 cells and the proliferation and cytotoxic

activity of CD8+ T cells and NK cells. In preclinical tumor models, IL-12 induced

IFN-g promotes immune surveillance against transplanted syngeneic tumors. IFN-g

is not only rate limiting for T cell activity but also required for intratumoral

expression of MHCI thereby increasing recognition of tumor antigens (Wong

et al. 1984). Tumor immune surveillance in mouse models is largely dependent

on IFN-g expressing T cells (Kaplan et al. 1998). Experiments using IL-23 or IL-12

expressed in transplanted tumor cell or systemically were equally efficient in

rejecting syngeneic transplanted tumors, however the mechanisms of IL-23

mediated anti-tumor activity are not clearly understood (Lo et al. 2003).

Cancer patients have been treated with recombinant IL-12 in several clinical

studies, but dose limiting toxicities were observed before clinical benefits were

achieved (Atkins et al. 1997). The toxicities were most likely manifestations of a

systemic immune response brought about by high systemic IFN-g expression.

Subsequent attempts to combine IL-12 therapy with peptide vaccines have not

yet revealed clearly enhanced clinical benefits (Cebon et al. 2003).

Despite the similarities between Il-12 and IL-23, IL-12 or IL-23 deficient

animals have striking differences in tumor immune regulation. IL-12 deficiency

in mice increases tumor incidence and allows for more rapid tumor growth. In

contrast, deficiency in IL-23 or the IL-23 receptor dramatically reduces tumor

incidence, and profoundly reduces established tumor growth (Langowski et al.

2006). IL-23 deficiency reduced anti-tumor immunosurveillance by locally increas-

ing the presence of intratumoral CD8+ T cells. More importantly, the hallmarks of

chronic inflammation such as metalloproteases, angiogenesis and macrophage

infiltration were largely dependent on the presence and the amount of IL-23 in

the host. The absence of IL-12 leads to exacerbation of the myeloid driven inflam-

mation but with a coincident lack of CD8+ T cells (Langowski et al. 2006).

This proinflammatory function of IL-23 appears to orchestrate inflammatory

tissue remodeling by the adaptive immune system. IL-23 controls IL-17 expres-

sion in T cells and other cell types. IL-17 can directly promote angiogenesis

and matrix metalloproteinases (MMPs), two events that potentiate tumor growth
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(Numasaki et al. 2003). In addition, IL-17 controls neutrophil chemotaxis, prolif-

eration and maturation further fueling innate immune activation (Kolls and Linden

2004). Moreover, IL-17 producing CD8+ and CD4+ T cells have recently been

reported to be widely present in human and mouse tumor microenvironments

(Kryczek et al. 2007). The importance of IL-17 itself in the control of tumor

growth however, is still debated and depends on the experimental setting (Kryczek

et al. 2009b; Wang et al. 2009). In this context, it is noteworthy that IL-23 can

induce, independent of IL-17, angiogenic erythema, inflammation and keratino-

cyte hyperproliferation and phenocopying aspects of human psoriatic lesions

(Chan et al. 2006). Similarly, experimental encephalitis depends on IL-23 expres-

sion in the host (Cua et al. 2003) but IL17 or IL17F or both are dispensable (Haak

et al. 2009).

In human cancers, IL-23p19 and IL12p40 are found to be over expressed in the

majority of tumors, with IL-12p35 to be un-altered. IL-17 can be concomitantly

upregulated in tumors or even lost in tumor progression (Kryczek et al. 2009a). It

will be very important to understand the bifurcation of this pathway in cancer

patients.

4 Feeding the Inflammatory Niche: Adaptive T Cell

Responses Fostering the Tumor

How the adaptive immune system responds to perceived injury or infection is

regulated on various levels, most intriguingly exemplified in the differential polari-

zation of CD4+ helper cells (Reiner 2007 and Fig. 2). Cytokines such as IL-4, IL-12

and IL-23 regulate the initiation or activity of those divergent immunological

pathways (McKenzie et al. 2006). IL-12 and IFN-g prime and maintain the devel-

opment of Th1 cells which produce IFN-g and TNF-a and enhance antimicrobial

and cytotoxic responses. IL-23 is essential in the proinflammatory function of a

memory T cell subset characterized by the production of the cytokine IL-17, named

therefore Th17 (Aggarwal et al. 2003; Langrish et al. 2005). Through the attraction

and activation of granulocytes and other innate myeloid cells, Th17 cells are

thought to safeguard against extracellular bacteria. IL-17 engages its receptor,

commonly found on stromal, epithelial, endothelial cells and monocytes – resulting

in the release of additional inflammatory factors (such as IL-1, IL-6, IL-8, TNF-a,
ProstaglandinE2, ICAM and several chemokines) to further the inflammatory

cascade (Fossiez et al. 1998; Kolls and Linden 2004). Indeed, the IL-23/IL-17

inflammatory pathway, rather than the IL-12/IFN-g pathway, has been highlighted

by various recent reports as being central to inflammatory conditions exhibited in

psoriasis, ischemic injury, inflammatory bowel disease (Yen et al. 2006), and

autoimmune inflammation of the joint and brain (McKenzie et al. 2006). In those

mouse models of inflammatory diseases Th17 cells have been identified as the major

pathogenic population (Langrish et al. 2005). Murine Th17 cells develop from naı̈ve
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T cells under the influence of TGF-b and IL-6 (Mangan et al. 2006; Veldhoen et al.

2006). Th17 T cells express also IL-6, TNF-a and IL-22 a cytokine of the IL-10

family predominantly activating nonhematopoietic cell types. Recently, proinflam-

matory Th22 cells have been described from human blood, expressing a cytokine

profile similar to Th17 but expressing different FGF isoforms instead of TNF-a
(Eyerich et al. 2009). It is unclear if Th22 cells represent a separate helper cell

lineage or a further polarization of the Th17 fate.

One important role for IL-23 was recently uncovered in its suppression of TGF-b
mediated induction of the anti-inflammatory cytokine IL-10 (McGeachy et al.

2007). TGF-b stimulation increases the up-regulation of the Foxp3 transcription

factor, inducing differentiation into regulatory T cells (Treg). Simultaneous stimu-

lation with TGF-b and IL-6 diverted the CD4+ T cell toward the proinflammatory

Th17 cell (Bettelli et al. 2006). Since then numerous groups have confirmed the

close relationship and the convertibility of regulatory T cells into proinflammatory

Th17 cells (Yang et al. 2008).

The cytokines polarizing T cells towards Th17 or possibly Th22 such as IL-6,

TGF-b, TNF-a, and IL-23 are also known to be present at high levels in the tumor

environment and are typically associated with an unfavorable prognosis for human

patient. IL-23 appears to be crucial for the function, survival and propagation of this

important T cell population in the inflamed environment.

5 Turning Foes into Friends, CD8+ T Cells Lose Their Teeth

While most of the attention has been concentrated on IL-17 production by CD4+ T

cells, there is more and more evidence that NK, gd T cells, and CD8+ T cells

express IL-17 and are even in some instances the dominant source of this proin-

flammatory cytokine (He et al. 2006; Lockhart et al. 2006). Importantly, CD8+ T

cells expressing IL-17 largely lack cytotoxic capacity (Liu et al. 2007).

CD8+ T cells deficient in the key transcription factors Eomes and Tbet fail to

differentiate into functional cytotoxic T cells, do not control virus infection but

induce multiorgan inflammation and death of the host in response to virus infection

(Intlekofer et al. 2008). Those CD8+ T cells fail to express IFN-g but up-regulate

the transcription factor FOXp3, RORgT, the inflammatory cytokines IL-17 and IL-

22 along with the IL-23 receptor. Most importantly, however, those Tc17 CD8+ T

cells have a strongly reduced cytotoxic activity against antigen specific targets

(Intlekofer et al. 2008). Recently, it has been shown that normal CD8+ T cells

polarized in the combined presence of IL-6, TGF-b and IL-23 and the absence of

IL-4 and IFN-g differentiate into very similar Tc17 cells (Yen et al. 2009). Under

those conditions CD8+ T cells gain the expression of Foxp3 and RORgt, IL-17 and
IL-22, but have reduced levels of Eomes, Tbet and IFN-g. Again, such polarized

cells fail to produce cytotoxic enzymes and also fail to kill cognate target cells.

However, when transferred into mice Tc17 cells reverted rapidly into IFN-g and

TNF-a expressing Tc1 cells demonstrating that the phenotypic plasticity might be
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determined by the local cytokine milieus. Unexpectedly, extraction of IFN-g
producing Tc1 like CD8+ T cells was more efficient when Tc17 were transferred,

than after transfer of bona fide Tc1 cells, indicating that the IL-17 producing

population displayed a marked increase in the capability of in vivo expansion

(Yen et al. 2009). Interestingly, CD8+ T cells with a very similar differentiation

pattern have been described to promote tumor progression in carcinogen induced

skin tumors in mice (Kwong et al. 2009). Here, tumor infiltrating CD8+ T cells fail

to express cytotoxic characteristics but express all the hallmarks of an inflammatory

T cell in vivo, such and IL-17 and IL-22. Importantly, deficiency of CD8+ T cells in

this model of skin carcinogenesis lead not to increased tumor formation but to a

decreased progression rate from benign tumors to carcinomas (Roberts et al. 2007).

Taken together, the recent data suggest that both CD4+ and CD8+ T cells can not

only fail to support the elimination of malignant cells but they may significantly

contribute to tumor progression. Such noncytotoxic cells may possibly drive the

physiological changes seen in late stage cancer patients, such as inflammatory multi

organ failure.

6 Inflammatory Control at the Tumor Site

There is considerable controversy concerning the volatility of the polarization of an

adaptive immune response. As it pertains to the regulation of tumor immunity, one

has to note that immunization protocols and adaptive T cell transfers typically result

in Th1 or Tc1 polarized T cell responses. Despite strong antigen specific in vitro

activities of such induced or transferred cells, their therapeutic effectiveness does

not, in most cases satisfy expectations. In the tumor microenvironment, the same T

cells appear to lose their function or fail to infiltrate the tumor altogether. An

attractive explanation for this phenomenon is the induction of energy or functional

depolarization in the local environment.

In inflammatory models, where Th17 polarized cells are pathogenic through the

activation and attraction of myeloid cells and neutrophils, it had been shown that

the pathogenic effect of the transferred IL-17 producing T cells was stable and still

dependent upon IL-17 in vivo (Langrish et al. 2005). Th17 cells can however

swiftly repolarize into Th1 cells when transferred in the appropriate host (Bending

et al. 2009).

Adoptive transfer of tumor specific Th17 into mice harboring primary irradiated

tumors or experimental lung nodules of B16 melanoma cells reduced their tumor

burden. The anti-tumor effects appeared to depend on the presence of host IFN-gR,
but antibody mediated depletion of IFN-g did not change the outcome (Martin-

Orozco et al. 2009; Muranski et al. 2008). It is therefore not clear if in the anti-

tumor function of proinflammatory Th17 induced anti-tumor effects by attracting

myeloid cells, or if the transferred cells reverted to a Th1 profile in vivo.
CD8+ T cells polarized and sorted for the IL-17+ population revert very effi-

ciently in lung tissue expressing the cognate antigen from IL-17 to IFN-g production
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(Yen et al. 2009). Importantly, Foxp3+ regulatory T cells express inflammatory

Th17 polarization when isolated from intestinal polyps of APC-Min mice (Gounaris

et al. 2009). Similarly, the transition form a Treg to a Th17 cell has been observed by

several groups and is influenced by IL-6 or IL-1 and stabilized by IL-23, the same

cytokines influencing the differentiation of naı̈ve cells (Yang et al. 2008 and Fig. 3).

Inflammatory cytokines like IFN-g and IL-12 or TGF-b, IL-6 and IL-23 appear

to control the bifurcation of tumor infiltrating immune cells into tumor immune

surveillance or tumor associated inflammation respectively. In the local tumor

microenvironment, IL-23 induces the hallmarks of chronic inflammation such

as metalloproteases, angiogenesis and macrophage infiltration, but it also reduces

anti-tumor immunosurveillance by locally suppressing the presence of CD8+ T

cells. The absence of IL-12 lead to an exacerbation of the myeloid driven inflam-

mation with a coincident lack of CD8+ T cells (Langowski et al. 2006). Increased

CD8+ T cell infiltration and enhanced tumor immune surveillance was observed

when IL-12 dominated IL-23, either in the absence of IL-23 or upon injection of IL-

12. IL-12 and IL-23 induce differential chemokine patterns (MO unpublished), but

it is not clear if differential chemoattraction causes the local immune polarization.

Also, it remains to be shown if other tumor associated proinflammatory cytokines

reduce the local CD8+ T cell response in similar ways.

Moreover, Il-12 and IL-23 can regulate inflammation independently of T cells.

Rag deficient mice treated with an activating anti-CD40 antibody developed an IL-23
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their presence correlates positively with clinical outcome. While priming and expansion of tumor

antigen specific T cells in secondary lymphoid organsmight not be abrogated, the resulting immune

response is blunted and altered in the local, immune deviating microenvironment of the tumor
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dependent colitis while the wasting syndrome observed in wt mice was dependent

on the systemic function of IL-12 (Uhlig et al. 2006). This observation might have

some importance for human cancer patients where systemic inflammatory

responses including elevated levels of IFN-g in the serum are thought to underlie

weight loss in cancer associated cachexia.

In preclinical tumor models, IL-12 and INF-g promote immune surveillance

against endogenous and transplanted syngeneic tumors (Koebel et al. 2007). IFN-g
is not only rate limiting for T cell activity but required for the expression of

intratumoral MHCI thereby enabling the recognition of tumor antigens (Wong

et al. 1984). In many human tumors, MHCI is expressed only at very low levels,

unless induced by IFN-g (Seliger et al. 2002). In the absence of IL-12, or in a local

cytokine milieu preventing Th1 differentiation and IFN-g expression, MHCI

expression might be limited and the recognition of the tumor specific epitopes by

CD8+ T cells might be far less efficient (Fig. 4).

7 Conclusions

For centuries, increased cancer incidence has been observed in locations of chroni-

cally inflamed, damaged tissue, and there exists a correlation between high serum

concentrations of immune stimulating inflammatory cytokines and detrimental

prognosis for human cancer patients.
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Only recently have we begun to understand the molecular mechanisms of how

and why tumors occur more frequently in an inflammatory microenvironment and

why tumors seem to perpetuate such conditions throughout their progression. Not

surprisingly proinflammatory cytokines are at the crossroad of this altered regula-

tion. As described above several of these cytokines are highly expressed in human

cancers (Figs. 2 and 4) and alter the adaptive immune response in several ways that

are simultaneously beneficial to tumor growth. Antigen specific cytotoxicity, in

particular by CD8+ T cells, is blunted while the inflammatory responses to the same

tumor antigen are unaltered and even enhanced. Several of the cytokines involved

in the inflammatory regulation are either fueled by Th17 or possibly Tc17 T cells or

foster their development. Therapeutic expansion of the tumor antigen specific

immune response might therefore fail to eliminate the tumor but stimulate tumor

specific but noncytotoxic inflammation.

It is tempting to speculate that the observed derailing of anti-tumor immunity

into an inflammatory response is at its core a defensive strategy of the tumor,

selected for independently of the tumor cell transformation. Expression of the

inflammatory cytokines such as IL-23 by the tumor cell can be seen as evidence

for this model. At first the presence of mutant cell clones in an inflamed and

regenerating tissue could simply be an unfortunate coincidence. Tumor cells fos-

tering this cytokine milieu may be preferentially selected due to improved cytokine

mediated growth conditions for the nascent tumor while the same cytokines such as

IL-23 may inhibit the immune mediated tumor surveillance elimination.

Alternatively, inflammation induction might be the mere result of, and the

default reaction to the expression of transforming oncogenes within the tumor

cell. The observation that necrosis, often seen as a consequence of oncogene

activation or chemo-therapeutic intervention, fosters inflammation provide support

for the latter explanation (Fonseca and Dranoff 2008).

It remains to be seen if selective therapeutic blockade of inflammation can

deliver benefits to patients suffering from large tumors, rather than merely serving

a prophylactic role potentially preventing cancer occurrence and inhibiting early

cancer growth. The simultaneous inhibition of inflammation and the induction of

cytotoxicity may be necessary to eliminate tumor cells in the tumor and in micro-

metastatic sites.
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Abstract Signal transducer and activator of transcription 3 (Stat3) has emerged as

a critical regulator for tumor-associated inflammation. Activation of Stat3 nega-

tively regulates the Th1-type immune response and promotes expansion of

myeloid-derived suppressor cells (MDSCs) and regulatory T-cell functions in the

tumor microenvironment. Mounting evidence suggests that Stat3 and related path-

ways may serve as a target for changing the tumor immunologic microenvironment

to benefit cancer immunotherapies. Many recent studies support the use of certain

tyrosine kinase inhibitors, through inhibition of Stat3, in decreasing immunosup-

pression in the tumor microenvironment. Other potential therapeutic avenues

include the use of targeted delivery of Stat3 siRNA into immune cells. Here, we

describe the role of Stat3 in regulating the immunologic properties of tumors as a

background for Stat3-based therapeutic interventions.

1 Introduction

The ability of tumors to evade immune surveillance plays a central role in tumor

progression (Dunn et al. 2002; Yu et al. 2007). Studies performed in our laboratory,

supported by work at other institutions, have suggested an important role of signal

transducer and activator of transcription 3 (Stat3), an important oncogenic tran-

scriptional factor, in mediating tumor-induced immune suppression at various

levels (Yu et al. 2007, 2009). In the setting of malignancy, Stat3 is activated by

many cytokine signaling pathways, which is highlighted by interleukin-6 (IL-6). As

a point of convergence for numerous oncogenic signaling pathways, Stat3 is also

persistently activated by abnormal signaling of various growth factor receptors,

including epidermal growth factor receptor (EGFR) and vascular growth factor

receptor (VEGFR), along with oncoproteins such as Src and BCR-ABL. Acti-

vated Stat3 not only downregulates Th1 cytokines and other mediators critical for

potent anti-tumor immune responses, but also activates many genes involved in

immune suppression. Many Stat3 driven tumor-derived factors, including IL-6,

IL-10, and VEGF, ensure persistent Stat3 activation in the tumor microenviron-

ment through a crosstalk between tumor cells and tumor-associated immune cells,

thereby creating “feed-forward loop” (Kortylewski et al. 2005; Wang et al. 2004;

Yu et al. 2007, 2009). Activated Stat3 in tumor-associated immune cells further

promotes expression of growth factors and angiogenic factors (Kujawski et al.

2008). As such, Stat3 limits the antitumor effects from host immune system and

accelerates tumor growth and metastasis (Kortylewski et al. 2005; Wang et al.

2004; Yu et al. 2007, 2009).

Inhibiting Stat3 using various means induces robust anti-tumor innate and

adaptive immune responses in the tumor microenvironment (Kortylewski et al.

2005; Wang et al. 2004; Yu et al. 2007, 2009). Considering the critical role of

Stat3 in both tumor cells as well as in tumor-associated immune cells in inducing

immune suppression, a more detailed understanding of the mechanism underlying
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Stat3-mediated immune suppression may lead to advances in cancer therapy. In this

review, we will summarize recent findings related to the role of Stat3 in tumor-

induced immune suppression and discuss different therapeutic approaches involv-

ing abrogation of Stat3 signaling and enhancement of immunotherapy.

2 Stat3-Mediated Immune Suppression

2.1 Inhibition of the Th1 Immune Response

The first study demonstrating Stat3 as a negative regulator of Th1-type immune

responses reported that ablation of Stat3 in neutrophils and macrophages

increased production of Th1 cytokines, such as IFNg, TNFa, and IL-1, after

LPS stimulation (Takeda et al. 1999). A role of Stat3 in inhibiting immunostimu-

latory Th1 cytokines and other mediators in tumors was subsequently shown

(Nabarro et al. 2005; Sumimoto et al. 2006; Wang et al. 2004). Because of

Stat3 is a critical oncogenic molecule, a direct link between oncogenesis and

tumor immune evasion was thus substantiated. Further studies revealed that Stat3

activation in immune cells is in part mediated by tumor-derived factors, such as

VEGF, IL-10, and IL-6 (Sumimoto et al. 2006; Wang et al. 2004). Conversely,

Stat3 ablation in immune cells leads to induction of Th1 mediators involved in

both innate and T-cell-mediated adaptive immunity. In turn, this causes increased

anti-tumor activity of immune cells that impedes tumor progression (Kortylewski

et al. 2005) (Fig. 1).

Many of the Th1 mediators produced in tumors upon Stat3 ablation are typical

targets of other immune regulators, such as NF-kB and/or Stat1, whose role is

pivotal in Th1-mediated immune responses (Yu et al. 2009). Deletion of Stat3
facilitates activation of NF-kB (Welte et al. 2003) and Stat1 (Takeda et al. 1999),

leading to increased production of Th1 type immune mediators required for anti-

tumor immunity (Kortylewski et al. 2009c; Yu et al. 2009). Although various

mechanisms have been suggested, how Stat3 antagonizes NF-kB and Stat1 remains

to be further defined. It has been implicated from several studies that Stat3 nega-

tively regulates IkB kinase b (IKKb), which is required for phosphorylation of

IkBa and its subsequent degradation (Lee et al. 2009; Welte et al. 2003). This may

render NF-kB in a suppressed state, keeping it from activating downstream genes

involved in Th1 type immune responses. However, a synergistic interaction

between Stat3 and NF-kB is also documented during tumor progression through

autocrine/parcrine signaling of IL-6 and IL-10 (Bollrath et al. 2009; Grivennikov

et al. 2009; Lam et al. 2008; Lee et al. 2009). Distinct from the interaction between

Stat3 and NF-kB, Stat3 and Stat1 often oppose each other in cancer models – if

Stat3 is highly activated, Stat1 is downregulated. In the setting of melanoma, it

has been noted that increased expression of activated Stat1 is an important predictor

of therapeutic responsiveness to interferon-a (IFNa) (Lesinski et al. 2007; Wang
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et al. 2007; Zimmerer et al. 2007) and correlates with longer overall survival

(Wang et al. 2007). These studies suggest that the balance between Stat1 and

Stat3 may determine the therapeutic outcome of cancer immunotherapy and targeting

Stat3 may shift cellular balance more favorable toward host. It has recently been

noted that single nucleotide polymorphism associated with Stat3 expression may be

a significant predictor of IFNa response. In a study of 174 patients with chronic

myelogenous leukemia (CML), the single nucleotide polymorphism (SNP)

rs6503691 was tightly correlated with the level of STAT3 mRNA, and could further

reliably distinguish responders and non-responders to IFN-a (Kreil et al. 2010). In a

separate assessment of 75 patients with metastatic renal cell carcinoma (mRCC)

treated with IFN-a, it was documented that the rs4796793 polymorphism in the 50

region of Stat3 was a significant predictor of clinical response (odds ratio [OR] ¼
2.73, 95% CI 1.38–5.78) (Ito et al. 2007). The enhanced growth inhibitory effects of

IFNa upon Stat3 suppression in renal cell carcinoma also supports the notion that

Stat3 inhibition is a useful tool to boost the efficacy of IFNa therapy in patients with

renal cell carcinoma.
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Fig. 1 Multifaceted role

of Stat3 in anti-tumor

immunity. Stat3 is

persistently activated in

tumors and the tumor

microenvironment, inducing

production of many tumor-

derived factors such as

VEGF, IL-10, and IL-6.

Increased Stat3 activity in

tumor-associated immune

cells promotes

immunosuppressive

environment, by mediating

the generation of immune

suppressor cells, including

MDSC and T regs. The

expression of MDSC and

Treg effector molecules, such

as TGF-b, IL-10, and IL-23,

is in part mediated by Stat3.

Activated Stat3 in tumor-

associated immune cells also

inhibits DC maturation as

well as the production of Th1-

type cytokines such as IL-12

and IFN-g. As such, Stat3
activity in tumor impairs both

adaptive and innate immune

responses against tumor
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2.2 Relevant Immunologic Signaling Pathways

Tumors produce various factors that in turn activate Stat3 by forming feed-forward

loops with signaling pathways (Yu et al. 2007, 2009). Persistent Stat3 activation can

be propagated from tumor cells to diverse immune cells through factors such as

IL-6, IL-10, and VEGF (Kortylewski et al. 2005; Kujawski et al. 2008; Lee et al.

2009; Sumimoto et al. 2006; Wang et al. 2004; Yu et al. 2007, 2009). These factors

impede appropriate immune cell functioning in both innate and adaptive immunity.

Specifically, release of IL-10, VEGF, and IL-6 prevents immature dendritic cells

(DCs) from maturing into antigen-presenting cells (Gabrilovich 2004; Gabrilovich

et al. 1996; Ohm et al. 2003; Park et al. 2004). Expression levels of MHC class II,

co-stimulatory molecule CD86 and IL-12, all of which are required for proper

DC-mediated immune function, are decreased by IL-10-induced Stat3 activation,

leading to the generation of tolerogenic DCs (Li et al. 2006; Liang et al. 2008).

Moreover, the constitutive activation of Stat3 by IL-10, VEGF, and IL-6 impedes

functional maturation of tumor-associated DCs (Bharadwaj et al. 2007; Gabrilovich

2004; Nabarro et al. 2005; Yang et al. 2009), leading to increased tumor growth and

metastasis (Kortylewski et al. 2005; Wang et al. 2004). Demonstrating cross-talk

amongst these pathways, IL-6 is shown to upregulate production of IL-10 in both

colon cancer cell lines and T cells through Stat3 activation (Herbeuval et al. 2004;

Stumhofer et al. 2007).

Interplays between tumor cells and immune cells are mainly regulated by

cytokines, which can stimulate either tumorigenic or anti-tumorigenic effects.

For example, IL-23 was first identified as a proinflammatory cytokine, sharing a

common p40 subunit with IL-12 (Oppmann et al. 2000). IL-12 has a critical role

in regulating Th1 cells that are essential for tumor suppression. Unlike IL-12,

IL-23 does not promote IFN-g-producing Th1 cells, but is one of the essential

factors required for the expansion of a pathogenic memory T cell population,

which is characterized by the production of IL-17, IL-6, and tumor necrosis factor

(TNF) (Langrish et al. 2005). The production of IL-17 and IL-6 is mediated

through Stat3 (Chen et al. 2006; Cho et al. 2006). In addition, IL-23 receptor is

shown to be engaged with the Jak2/Stat3 pathway (Parham et al. 2002) and is

required for the terminal differentiation of Th17 cell into effector cells in a Stat3-

dependent fashion (McGeachy et al. 2009). Impaired Th17 function causes

immune deficiencies such as hyper-IgE syndrome (HIES), which harbors domi-

nant-negative Stat3 mutation (Ma et al. 2008; Milner et al. 2008; Minegishi 2009;

Minegishi et al. 2007).

In contrast to its role in promoting inflammatory responses, IL-23 has been

implicated in tumor-mediated immunosuppression (Kortylewski et al. 2009c;

Langowski et al. 2006). While suppressing NF-kB activation is required for

IL-12 mediated anti-tumor immune responses, Stat3 markedly upregulates tran-

scriptional activity of IL-23p19 subunit in tumor-associated macrophages

(Kortylewski et al. 2009c), thereby promoting IL-23 mediated pro-tumorigenic

immune responses. Given that Stat3 inhibits IL-12 expression (Hoentjen et al. 2005;
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Wang et al. 2004) and that enhanced IL-12 production upon IL-23 blockade

intensifies Th1 type immune responses (Uemura et al. 2009), targeting Stat3

may be a relevant approach to shift IL-12/IL-23 balance towards Th1-mediated

anti-tumor immune responses. It is noteworthy that IL-17 expression is concomi-

tantly increased in tumors driven by IL-23 (Langrish et al. 2005). IL-17 also

enhances tumor angiogenesis and growth (Numasaki et al. 2003) through Stat3

activation in various tumors (Charles et al. 2009; He et al. 2010; Wang et al.

2009). Since both cytokines share regulatory network through Stat3 (Kortylewski

et al. 2009c; Wang et al. 2009; Yu et al. 2009), it is possible that IL-23-mediated

Th17 response to tumors promote tumor progression. This notion is supported by

in vivo studies assessing the link between enterotoxigenic Bacteroides fragilies
(ETBF), a common gastrointestinal pathogen linked to colon carcinogenesis.

These studies suggested that Stat3 is required for ETBF-mediated IL-17 produc-

tion. Dual blockade of the receptors for IL-17 and IL-23 resulted in decreased

formation of colonic tumors (Wu et al. 2009). Nevertheless, IL-17 may also play

an antitumor role (Kryczek et al. 2009), and further studies are required to clarify

why IL-17 can both promote and inhibit tumor development.

2.3 Role in Myeloid Derived Suppressor Cells

Tumor myeloid-derived suppressor cells (MDSCs) inhibit CD4+ and CD8+ T cell

activation as well as innate immune responses (Gabrilovich and Nagaraj 2009;

Sinha et al. 2007). In addition to its role in regulating immunosuppressive cyto-

kines, Stat3 also promotes expansion of MDSCs (Yu et al. 2007, 2009). Several

factors regulate tumor MDSC accumulation. These include IL-1b, IL-6 (Bunt et al.
2007), VEGF (Melani et al. 2003), COX2 (Xiang et al. 2009) and GM-CSF

(Serafini et al. 2004), all of which trigger signaling pathways activating Stat3

(Yu et al. 2007, 2009). Exposure of myeloid cells to tumor cell conditioned medium

upregulates Stat3 activity and triggers MDSC expansion (Nefedova et al. 2004).

Moreover, Stat3 is persistently elevated in MDSCs from tumor-bearing mice

(Nefedova et al. 2005), indicating that Stat3 activation in MDSCs may result

from tumor-derived factors. Conversely, ablation of the Stat3 gene using condi-

tional knockout mice or Stat3 blockade by tyrosine kinase inhibitor significantly

reduces the number of tumor-associated MDSCs and consequently elicits robust

anti-tumor immune responses (Kortylewski et al. 2005; Xin et al. 2009).

A recent study suggests an integral role of S100A9 in MDSC accumulation in

tumors (Cheng et al. 2008). MDSC accumulation appears to result from impaired

DC differentiation, caused by overexpressed S100A9 protein. Stat3 serves as

transcriptional activator of S100A9, inducing its expression by directly binding to

its promoter region (Cheng et al. 2008). S100A9 expression is reduced in myeloid

cells isolated from mice with Stat3 deletion in hematopoietic cells compared to

wild-type counterpart, further confirming the critical role of Stat3 in regulating

S100A9 expression. Mice lacking Stat3-inducible S100A9mount potent anti-tumor
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immune responses, leading to the rejection of implanted tumors. A separate series

of experiments suggests that mice with a dominant-negative Stat3 mutation have

markedly reduced S100A9 expression (Li et al. 2004).

One of the main characteristics of tumor MDSCs is high production of

reactive oxygen species (ROS), which is essential for the suppressive function

of cells (Gabrilovich and Nagaraj 2009). The increased ROS production by

MDSCs is mediated by up-regulated activity of NADPH oxidase (NOX2).

Owing to the fact that S100A9 upregulates ROS production by NADPH oxidase

(Cheng et al. 2008), it is plausible to speculate that Stat3 may involve the

suppressive function of MDSCs. Indeed, MDSCs from tumor-bearing mice had

significantly higher expression of NOX2 subunits, primarily p47(phox) and gp91

(phox), as compared to immature myeloid cells from tumor-free mice. Further-

more, Stat3 directly controls transcriptional activity of p47(phox) subunit of

NOX2 (Corzo et al. 2009). Treatment of MDSCs with a Stat3 inhibitor dramati-

cally reduces the level of ROS in these cells accompanied by reduction in NOX2

expression (Corzo et al. 2009). In the absence of NOX2 activity, MDSCs lost the

ability to suppress T cell responses and quickly differentiated into mature DCs

(Corzo et al. 2009). Therefore, Stat3 plays a diverse role in MDSC-mediated

immune suppression. Constitutive activation of Stat3 results in expansion of

MDSCs that contain a high level of NOX2 components. This drives MDSCs in

tumor-bearing mice to release ROS, leading to immunosuppressive activity of

these cells.

2.4 Role in Regulatory T-Cells

Regulatory T-cells (Tregs) are critical in the induction of T-cell tolerance to

tumor antigens by suppressing immune responses mediated by CD8+ T cells

(Curiel et al. 2004; Liyanage et al. 2002; Viguier et al. 2004; Yang et al. 2006).

Tregs release several immunosuppressive mediators including TGF-b and IL-10,

both of which are activated and upregulated by Stat3 in tumors (Dercamp et al.

2005; Yu et al. 2007). Tumors with Stat3 ablation in hematopoietic cells mark-

edly decrease the number of infiltrating CD4+CD25+Foxp3+ Tregs when com-

pared to tumors with intact Stat3 activity (Kortylewski et al. 2005). This is further

associated with a proliferation of CD8+ T cells, leading to potent anti-tumor

immune responses (Kortylewski et al. 2005). Moreover, recent findings dem-

onstrate that tumor-associated Tregs maintain constitutive Stat3 activity through

IL-23 receptor expression (Kortylewski et al. 2009c). The contribution of con-

stitutive Stat3 activation may be enhanced in Tregs by tumor-derived factors such

as IL-23. How constitutive Stat3 activity in tumors contribute to Treg expan-

sion is further illustrated in several studies. Constitutive activation of tumor Stat3

by oncogenes, such as nucleophosmin/anaplastic lymphoma kinase (NPM/ALK),

promotes Treg expansion and expression of the Treg specific transcription

factor Foxp3 as well (Kasprzycka et al. 2006). Stat3 binds to the promoter of
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Foxp3, although to a lesser extent compared to Stat5 (Yao et al. 2007; Zorn et al.

2006), and physically interacts with Foxp3 protein (Chaudhry et al. 2009).

Conversely, inhibition of Stat3 using either siRNA or upstream tyrosine kinase

inhibitor abrogates Foxp3 expression and suppressive function of Tregs. Thus,

Stat3 is important for the functional maintenance of Tregs (Kong et al. 2009;

Larmonier et al. 2008; Pallandre et al. 2007). Of interest, co-culturing MDSCs

with T cells induces the Foxp3+ Treg phenotype in both mouse and human tumor

models, leading to tumor-induced T cell tolerance (Hoechst et al. 2008; Serafini

et al. 2008).

3 Therapeutic Relevance

As a point of convergence for numerous oncogenic signaling pathways, Stat3 is

continuously activated in various human cancers. Numerous genetic studies vali-

date Stat3 as one of the most promising target for cancer immunotherapy. More-

over, new approaches directly targeting Stat3, either alone or in conjunction with

other therapeutic modalities, elicit robust anti-tumor immune responses that are

highly efficacious in the treatment of cancer (Table 1).

Table 1 Therapeutic strategies under investigation with the intent of abrogating Stat3-mediated

signaling

Approaches Mechanism References

Stat3 ablation Preclinical in vivo studies suggest that ablation

of Stat3 in tumor cells or tumor-associated

immune cells decreases tumor progression

Kortylewski et al. (2005),

Wang et al. (2004), Yu

and Jove (2004), and Yu

et al. (2007, 2009)

JAK

inhibitors

Use of these agents (i.e., AG490, WP1066,

AZD1480) decreases Stat3 activation and

augments the tumor-associated immune

response in preclinical models of both

hematologic and solid tumors

Burdelya et al. (2002), Fujita

et al. (2008), Hussain

et al. (2007), Kong et al.

(2008), Kong et al.

(2009), and Nefedova

et al. (2005)

Other

tyrosine

kinase

inhibitors

Inhibitors of fusion proteins (i.e., products of

NPM/ALK or BCR-ABL) Both directly and

indirectly inhibit activation of Stat3

Agents such as sunitinib decrease recruitment

of Tregs and MDSC to sites of tumor in a

Stat3-dependent fashion

Kasprzycka et al. (2006),

Larmonier et al. (2008),

Ozao-Choy et al. (2009),

and Xin et al. (2009)

CpG-siRNA Stat3 siRNA linked to the Toll-like receptor

agonist 9 (TLR9), CpG, both silences genes

in TLR9(þ) myeloid cells and decreases the

Stat3-mediated immune response; in

preclinical models, a marked antitumor effect

is observed

Kortylewski et al. (2009a, b)
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3.1 Genetic Evidence and Potential Toxicity

Mouse studies using knockout mice demonstrate that ablation of Stat3 in either

tumor cells or tumor-associated immune cells prevent tumor progression (Bollrath

et al. 2009; Chiarle et al. 2005; Kortylewski et al. 2005). Potent anti-tumor immune

responses can also be achieved from reconstitution of mice with Stat3-deficient
immune cells (Kortylewski et al. 2005). Although long-term ablation of Stat3 in

hematopoietic cells can lead to severe inflammatory disease (Welte et al. 2003),

there appears to be a therapeutic window for inducing antitumor immune responses

(Kortylewski et al. 2009a,b,c). Recent genetic studies in patients afflicted by HIES

reveal that dominant-negative mutations in STAT3 are strongly associated with the

disease (Minegishi et al. 2007). All mutations are located in the Stat3 DNA-binding

domain and as a result, signaling responses to cytokines, including IL-6 and IL-23,

are defective (Milner et al. 2008; Minegishi 2009; Minegishi et al. 2007). These

studies in individuals with HIES suggest that short term STAT3 blockade may not

lead to severe side effects and that STAT3 may be exploited as a molecular target

for therapeutic development.

3.2 JAK Inhibitors

Aberrant Stat3 activity in cancer, to a large degree, is the result of overactivation of

upstream tyrosine kinases. Owing to the fact that Jak tyrosine kinase is an important

activator of Stat3 both in tumor and immune cells in the tumor microenvironment,

much effort has been devoted to studying Jak kinase inhibitors in various tumor

models. The prototype Jak inhibitor, AG490, prevents Stat3 phosphorylation and

activation of its downstream pro-survival genes (Rahaman et al. 2002). The oppor-

tunity to use AG490 was shown to enhance immunotherapy by several studies. For

examples, in vivo administration of AG490 in conjunction to IL-12 results in better

anti-tumor effects than either one alone (Burdelya et al. 2002). A structurally

related compound, WP1066, also disrupts Jak/Stat3 activation and reduces the

malignant tumor growth (Ferrajoli et al. 2007; Iwamaru et al. 2007). WP1066 has

the capacity to penetrate blood–brain barrier and has demonstrated activity in

preclinical glioma models (Hussain et al. 2007). Consistent with the role of Stat3

in inducing and maintaining tumor-associated Tregs is the observation that tumors

treated with WP1066 show a marked reduction in number of Tregs. This, in turn,

results in reversal of immune tolerance elicited by Tregs (Kong et al. 2009). Tumor

growth in mice with subcutaneously established syngeneic melanoma was mark-

edly inhibited by WP1066 (Kong et al. 2008).

Another Jak2/Stat3 inhibitor shown to induce anti-tumor immune responses is

JSI-124, a member of curcubitacin compounds (Blaskovich et al. 2003). Treatment

of tumors with JSI-124 limits the number of tumor-infiltrating MDSCs, inhibits DC

differentiation, and thereby inhibits tumor growth (Fujita et al. 2008; Nefedova
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et al. 2005). Improved anti-tumor immune responses achieved by JSI-124 are

associated with prolonged survival in murine glioma models. Tumor response

appears to be dependent upon host immunity (Fujita et al. 2008). Importantly,

combined use of JSI-124 with DC vaccines for the treatment of mouse sarcoma

induces IFNg production by CD8+ T cells and synergistic eradication of tumors

(Nefedova et al. 2005).

As with the previously noted compounds, the novel JAK2 inhibitor AZD1480

also caused growth arrest in solid tumor cell lines with cytokine-induced Stat3

activation (Hedvat et al. 2009). In these studies, JAK2 inhibition resulted in

decreased nuclear translocation of Stat3 and proliferation. Studies are underway

to evaluate this compound in modulating the tumor immunologic environment.

The agent is currently undergoing clinical evaluation in the setting of myelofibrosis

(NCT00910728), and further studies in solid tumors are highly anticipated. Collec-

tively, these studies indicate that targeting of Stat3 using Jak2 inhibitors have the

potential to revert tumor mediated-immune suppression and generate anti-tumor

immune responses.

3.3 Other Oncogenic Kinase Inhibitors

Numerous oncoproteins (including NPM/ALK, Src and BCR-ABL) possess

intrinsic kinase activity and may regulate Stat3 activity. For example, chromo-

somal translocations that juxtapose NPM and ALK lead to ALK overexpression

and concomitant Stat3 activation in anaplastic large cell lymphoma (ALCL)

(Chiarle et al. 2005). Persistent Stat3 activation by NPM/ALK facilitates induc-

tion of Treg-like phenotypes in ALCLs by promoting secretion of IL-10 and

TGF-b as well as expression of Foxp3 (Kasprzycka et al. 2006). Moreover,

Stat3 activation by NPM/ALK negatively modulates immune responses by acti-

vating gene transcription of immunosuppressive cell surface protein CD274

(B7-H1) in T cell lymphoma, where Stat3 directly binds to the promoter region

of CD274 (Marzec et al. 2008). Given that antibody-mediated blockade of CD274

in conjunction with T cell depletion therapy leads to complete tumor regression

(Webster et al. 2007), targeting NPM/ALK-mediated STAT3 activity may offer

therapeutic advantages for the treatment of T cell lymphoma. Two small molecu-

lar inhibitors, WHI-131 and 154, effectively inhibit Stat3 phosphorylation by

blocking enzymatic activity of NPM/ALK (Marzec et al. 2005). More detailed

investigation is required to identify whether desirable anti-tumor immune

responses are elicited by these compounds.

Targeting BCR-ABL also reverses Stat3-mediated immune suppression in

tumors. The most widely studied BCR-ABL kinase inhibitors, imatinib mesylate

is applied as standard therapy for the treatment of Philadelphia chromosome-

positive CML and gastrointestinal stromal tumor (GIST), where it has demon-

strated significant clinical activity (Blanke et al. 2008; Druker et al. 2001).

Intriguing findings related to the immune responses associated with imatinib
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treatment have been reported. However, treatment with imatinib induces both

suppressive as well as stimulating effects on CD4+ and CD8+ T cells or DCs,

suggesting the exact nature of imatinib effect on immune cells remains to be

further explored. Nonetheless, used at clinically achievable concentrations, ima-

tinib reduces suppressive activity of Tregs as well as Foxp3 expression in Tregs

through inhibition of Stat3 (Larmonier et al. 2008). Also, the quantity of tumor-

infiltrating Tregs is diminished with imatinib therapy (Larmonier et al. 2008).

Similar to Jak inhibitors, treatment of tumor with imatinib significantly enhances

the efficacy of DC vaccine against lymphoma, lessening tumor metastasis in

conjunction with effective IFNg production by splenocytes (Larmonier et al.

2008). All of these studies indicate that there is a significant opportunity to

advance immunotherapy using imatinib. Although imatinib does have substantial

activity in CML, a proportion of patients do become resistance to this agent.

Presumably, the bone marrow (which harbors multiple soluble factors that acti-

vate Stat3) is an ideal environment for the development of resistance CML clones

(Bewry et al. 2008). While Stat3 activity may be downregulated to some extent by

imatinib-mediated Abl inhibition, other kinases, such as Jak kinase, may continue

to drive Stat3 activation (Sen et al. 2009). Using direct Stat3 inhibitors in con-

junction with imatinib may prevent Stat3 reactivation by pleiotropic Stat3 acti-

vators present in the tumor microenvironment.

3.4 RTK Inhibitors

In addition to cytokines and oncoproteins, Stat3 is constitutively activated in

cancers by many growth factors including EGF, PDGF, and VEGF. Receptors for

these growth factors are transmembrane receptor tyrosine kinases (RTKs), which

trigger downstream signaling through a number of distinct cascades. Targeting

RTKs can be a clinically effective strategy across a wide variety of malignancies,

including lung cancer, hepatocellular carcinoma (HCC) and mRCC (Llovet et al.

2008; Motzer et al. 2009; Shepherd et al. 2005). However, a multitude of escape

mechanisms exist to circumvent RTK inhibitors. Given that Stat3 represents a point

of convergence for numerous growth factor signaling pathways in tumors, targeting

Stat3 activation may be a useful strategy.

Sunitinib is a multi-targeted growth factor inhibitor that is widely used in the

treatment of mRCC (Motzer et al. 2009). The inhibitory effect of sunitinib on a

variety of kinases impairs Stat3 activation in tumors, thereby inducing tumor cell

apoptosis (Xin et al. 2009; Yang et al. 2010). Treatment with sunitinib intensifies

the anti-tumor immune response by limiting the number of tumor-associated

MDSCs and Tregs in mouse tumor models (Xin et al. 2009). mRCC patients

show elevated levels of CD33+HLA-DR� and CD15+CD14� MDSCs in peri-

pheral blood (Ko et al. 2009). While treatment with sunitinib results in inhibition

of Treg mediators such as IL-10, TGF-b, and Foxp3, it also elevates Th1 cytokine
and IFNg in murine models (Ozao-Choy et al. 2009). Moreover, treatment of
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tumors with sunitinib increases efficacy of IL-12 based immune activation ther-

apy (Ozao-Choy et al. 2009). Therefore, sunitinib-based therapy has great poten-

tial to modulate anti-tumor immunity as an adjunct for the treatment of certain

human cancers including RCC.

It is important to note that the effects of sunitinib may not extend across this

class of agents. As one example, the small molecule RTK inhibitor sorafenib is also

widely used in the treatment of mRCC (Escudier et al. 2007). In contrast to

sunitinib, recent studies suggest that sorafenib inhibits the function of DCs and

decreases induction of antigen-specific T-cells (Hipp et al. 2008). Thus, the immu-

nologic phenomena triggered by RTK inhibitors should be separately considered in

tailoring clinical strategies.

3.5 siRNA

Combined use of kinase-targeted Stat3 inhibitors with other immunotherapeutic

approaches such as tumor vaccines may augment efficacy of cancer immunother-

apy. For example, combination of DC-based vaccine together with RTK inhibitors

leads to a greater therapeutic efficacy in preclinical models, suggesting various

levels of Stat3 inhibition facilitate immune cell mediated anti-tumor effect (Larmonier

et al. 2008; Nefedova et al. 2005). Alternatively, these inhibitors can synergize

with different immune modulators that elicit innate immunity, such as the Toll-like

receptor agonist CpG. Given that Stat3 downregulates CpG-mediated innate

immune responses, ablation of Stat3 has been shown to enhance and prolong a

potent anti-tumor immune responses elicited by CpG in a murine melanoma

xenograft model (Kortylewski et al. 2009a). Furthermore, conjugation of CpG to

siRNA targeting Stat3 activates various populations of immune cells including DCs

and macrophages and ultimately induces robust anti-tumor immune responses

(Kortylewski et al. 2009b). Therefore, CpG-coupled siRNA can maximize thera-

peutic efficacy by inducing anti-tumor responses through CpG while knocking

down Stat3.
As previously noted, a major hurdle in the clinical use of RTK inhibitors is the

development of resistance mechanisms. This concept is supported by a recent study

demonstrating that long-term sunitinib treatment increases tumor cell invasiveness

and metastasis (Paez-Ribes et al. 2009). Accelerated tumor progression upon

prolonged sunitinib treatment is in part mediated by intense hypoxia during meta-

static processes (Paez-Ribes et al. 2009). The role of Stat3 in regulating the

expression of hypoxia-inducible factor-1a (HIF-1a), which is a critical regulator

of hypoxic response in tumors, has been previously shown (Niu et al. 2008).

Directly targeting Stat3 using gene-specific approaches, such as CpG-Stat3
siRNA, may thus overcome undesirable effects of sunitinib by reducing tumor

hypoxia. Using CpG-Stat3 siRNA and sunitinib in combination therefore may

have clinical merit.
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4 Concluding Remarks

Stat3 is persistently activated in diverse cancers, promoting tumor cell survival,

proliferation, angiogenesis/metastasis, and immune escape. Targeting Stat3 has the

potential to not only directly inhibit tumor growth but also alter the tumor immu-

nologic environment in favor of immunotherapy. Stat3 therefore represents a

promising target for cancer therapy. With the emergence of Stat3 inhibitors, both

indirect and direct, we are entering a new era of cancer immunotherapy.
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Abstract This review specifically examines the role of regulatory T cells (Tregs)

in cancer in both mice and the clinic. Due to the rapid refinement of the definition of

Tregs and their heterogeneity, emphasis is given to research findings over the past

three years. For clarity, this review is broadly divided into three short sections that

outline the basic biology of Tregs – (1) Treg lineage and development, (2) Treg

subsets, and (3) mechanisms of Treg-mediated immune suppression; followed by

two more comprehensive sections that cover; (4) clinical observations of Tregs and

cancer, and (5) modifications of Treg biology as cancer immunotherapies. The

latter two sections discuss the measurement of function and frequency of Treg in

model systems and clinical trials and possible ways to interfere with Treg-mediated

immune suppression with the focus on recent pre-clinical and clinical findings.

Abbreviations

AML Acute myeloid leukemia

CTL Cytotoxic T lymphocyte

CTLA-4 Cytotoxic T-lymphocyte antigen 4

DLBCL Diffuse large B cell lymphoma

FNHL Follicular non-Hodgkin lymphoma

Foxp3 Forkhead box P3

FR4 Folate receptor 4

GITR Glucocorticoid-induced tumor necrosis factor receptor

GrzB Granzyme B

Gvax Granulocyte/macrophage-colony stimulating factor–secreting cellular

vaccine

HCC Hepatocellular carcinoma

HL Hodgkin lymphoma

ICOS Inducible costimulatory molecule

iTreg Induced Treg

LAG3 Late activation gene 3

LN Lymph node

mAb Monoclonal antibody

NRP-1 Neuropilin-1

nTregs Natural Tregs

SP Single positive

TCC Urinary transitional cell carcinoma

TDSR Treg cell-specific demethylated region

Teff Effector T cells

TGFb Transforming growth factor b
Th1 Thelper1

Th2 Thelper 2

Th17 T helper17

TLR Toll-like receptor

Tregs Regulatory T cells
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1 Introduction

Regulatory T cells (Tregs) constitute 5–10% of peripheral CD4+ T cells in normal

mice and humans, play a key role in maintaining immune tolerance to self, and

regulate the immune response to pathogens, commensal organisms, and tumors.

Tregs are found in both lymphoid and non-lymphoid tissues with studies demon-

strating that preferential accumulation of Tregs over effector T cells (Teff) at sites

of disease may be driven by differences in trafficking signals (reviewed by Huehn

and Hamann 2005). However, a decrease in Treg numbers and/or function can

result in loss of protection against non-tolerant immune responses resulting in

autoimmune diseases and conversely, excessive Treg activity may contribute to

the suppression of endogenous anti-tumor immune responses and allow the pro-

gression of malignancy.

2 Treg Lineage and Development

In mice, Tregs were first described as population of T cells that were capable of

suppressing immune responses in a variety of experimental models and were

defined by the surface markers CD4 and the IL-2R receptor alpha chain (CD25)

(Sakaguchi et al. 1995). The discovery that the X chromosome-encoded gene

forkhead box P3 (Foxp3) was the genetic basis for the autoimmune disorder in

human patients suffering from IPEX (immune dysregulation, polyendocrinopathy,

enteropathy, X-linked) syndrome and in the spontaneous mouse mutant scurfy

allowed for the further understanding of Treg biology (Bennett et al. 2001;

Brunkow et al. 2001; Hori et al. 2003; Wildin et al. 2001). Foxp3 is critical for

the development of thymic derived Tregs (also called natural Tregs) (Fontenot et al.

2003) and sustained high expression of Foxp3 is required to maintain the suppressor

function and phenotypic characteristics of peripheral nTregs (Wan and Flavell

2007; Williams and Rudensky 2007). In a recent review, Josefowicz and Rudensky

(2009) discuss in detail the requisites of nTreg cell differentiation as defined by

induction of Foxp3. While the thymus is a critical organ for the generation of

nTregs, naı̈ve CD4+ T cells in the periphery can be induced in several experimental

settings either in vitro or in vivo to express Foxp3 and consequently acquire Treg

function (Sakaguchi et al. 2008). These peripheral Foxp3+ expressing cells have

been called adaptive, induced, or converted Tregs (iTregs) (Curotto de Lafaille and

Lafaille 2009; Feuerer et al. 2009; Shevach 2006), and transforming growth factor b
(TGF-b) receptor signaling appears to be required for most, if not all, of the

induction of Foxp3 among peripheral naive CD4+ T cells (Josefowicz and

Rudensky 2009). Interestingly, there is ongoing debate regarding whether Foxp3

is the only transcription factor required to define the Treg lineage (see Feuerer et al.

2009) for detailed review and discussion). Nevertheless, Foxp3 is currently

accepted as the most specific marker to define Tregs and most studies now define
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Tregs derived from the thymus as CD4+CD25+Foxp3+. In this regard, it is a caveat

to keep in mind when analyzing prior work on Tregs defined as CD4+CD25+ T cells

without regard to Foxp3 status.

In addition to nTregs and iTregs, two regulatory subsets of CD4+ T cells termed

Th3 and Tr1 have also been described in the Treg literature. Th3 cells are induced

following oral administration of antigens (Chen et al. 1994) whereas Tr1 cells are

antigen-specific T cells induced in the presence of IL-10 (Groux et al. 1997). Tr1

cells generally do not express Foxp3 (Shevach 2006) and not all Th3 cells express

Foxp3 (Carrier et al. 2007). While iTregs, Tr1, and Th3 cells have been shown to

have suppressive capabilities similar to nTregs in vitro (Hori et al. 2003; Sakaguchi

et al. 2008), they do not have the same transcriptional profile as nTregs and as yet

there are no definitive surface markers to distinguish between nTregs and iTregs

(Feuerer et al. 2009). iTregs, together with other immune cells play an important

role in the maintaining homeostasis of gut-associated lymphoid tissue (Weaver and

Hatton 2009). There is accumulating evidence that the difference in stability of

FoxP3 expression between nTreg and iTreg cells is due to epigenetic changes at the

Treg cell-specific demethylated region (TDSR) in the FoxP3 locus (Huehn et al.

2009; Baron et al. 2007; Floess et al. 2007; Kim and Leonard 2007; Nagar et al.

2008; Polansky et al. 2008). Key questions are whether Tregs induced from naive

T cells in the periphery are functionally stable in vivo and to what extent do iTregs

contribute to the peripheral pool of Foxp3+ Tregs and in suppressing anti-tumor

immunity (Josefowicz and Rudensky 2009; Sakaguchi et al. 2008). In the remainder

of this review, we will focus on the role of thymic derived Foxp3+ nTregs (which

we will just refer to as Tregs henceforth) and cancer, but we will discuss iTregs

where appropriate.

3 Treg Subsets

3.1 Cell Surface Markers of Mouse Tregs

In both mice and humans, nTregs are a heterogeneous population and can be

categorized into several subsets based on their differential expression of surface

markers for activation/memory, adhesion molecules, and chemokine receptors. In

mice, nTregs express surface markers characteristic of an activated T cell such as

CTLA-4 (cytotoxic T-lymphocyte antigen 4) and GITR (glucocorticoid-induced

tumor necrosis factor receptor) (Sakaguchi et al. 2008). Although neuropilin-1

(NRP-1) (Bruder et al. 2004; Sarris et al. 2008) and folate receptor 4 (FR4)

(Yamaguchi et al. 2007) are highly expressed on Tregs, there are currently no

surface markers that are exclusively expressed by Tregs. In addition, co-stimulatory

molecules such as 4-1BB (CD137) and OX40 (CD134) are constitutively expressed

on Tregs (Burmeister et al. 2008; Vu et al. 2007) while a proportion of Tregs

express ICOS (inducible costimulatory molecule, CD278) (Gotsman et al. 2006).
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Studies have reported that ligating both OX40 and 4-1BB on Treg can strongly

influence their responsiveness to self or non-self antigen, both in positive and

negative manners (reviewed in So et al. 2008).

3.2 Cell Surface Markers of Human Tregs

Human Tregs were originally defined as CD4+CD25hi and while this phenotype

included cells with suppressor function, this proved to be an inaccurate definition as

CD4+CD25hi included activated CD4+ T cells (Jonuleit et al. 2001; Seddiki et al.

2006a, b). Thus, interpretation of human Treg frequency and functional suppressor

studies was difficult, as the results were likely skewed by a contaminating popula-

tion of activated non-Treg CD4+ T cells. As in mice, Foxp3 was revealed as the

hallmark transcription factor for human Treg (Roncador et al. 2005; Yagi et al.

2004). More recently, Tregs have been also shown to express CD127 (IL-7Ra) at
low levels, due to CD127 transcriptional down regulation by Foxp3 (Liu et al.

2006b). Currently, the multi-parameter phenotype CD3+CD4+Foxp3+CD127lo

defines human peripheral blood Treg cells (Hartigan-O’Connor et al. 2007; Seddiki

et al. 2006a). These Tregs have functional suppressor function in T cell prolifera-

tion assays. The expression of CD25 is no longer a defining phenotype for Treg as

the CD3+CD4+Foxp3+CD127loCD25� T cell population also shows potent sup-

pressor function (Seddiki et al. 2006a). Finally, in an elegant study by Sakaguchi

et al. (Miyara et al. 2009), human CD4+ T cells with suppressor function (in vitro)

were shown to have two main phenotypes, including Foxp3loCD45RA+ resting

Tregs (rTregs) and CD45RA�Foxp3hi activated Tregs (aTregs). Interestingly,

they described a third population of cells that were CD45RA�/Foxp3lo cytokine-
secreting non-suppressive cells. Terminally differentiated aTregs died rapidly

while rTregs proliferated rapidly and converted into aTregs both in vitro and

in vivo (Miyara et al. 2009).

In addition, to CD4+Foxp3+ Tregs, CD8+CD25+ Tregs have recently been

identified and are present within the human tumor microenvironment (Joosten

et al. 2007; Kiniwa et al. 2007). These CD8+ Tregs express CD122, Foxp3, and

GITR, markers associated with CD4+ Treg (Cosmi et al. 2003; Kiniwa et al. 2007).

The CD8+ Tregs suppress antigen-specific CD4+ and CD8+ T cell responses (pro-

liferation and cytokine release) through a cell�cell contact dependent pathway or

cytokines, e.g., IL-10 (Endharti et al. 2005; Kiniwa et al. 2007). Thus, CD8+ CD25+

Tregs resemble CD4+ Treg in function and phenotype. CD8+ Tregs are not detect-

able in the peripheral blood and are restricted to the tumor microenvironment, and

this suggests that they are induced within the tumor or a cytokine environment

favorable to Treg induction (Kiniwa et al. 2007). Human CD8+ Tregs have been

detected in many types of cancer including gastrointestinal, breast, lung, head and

neck, cervical, prostate, ovarian, melanoma, and liver (Beyer and Schultze 2006;

Jarnicki et al. 2006; Joosten et al. 2007; Kiniwa et al. 2007; Piersma et al. 2008;

Wang and Wang 2007; Wei et al. 2005).
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3.3 Toll Like Receptors Expressed by Tregs

TLRs which recognize conserved molecular products derived from various

classes of pathogens are expressed by mouse Tregs (Dai et al. 2009); however,

many of the current studies assessing TLR expression on mouse or human Tregs

have not used Foxp3 to define Tregs and TLR expression was often assessed by

mRNA expression rather than by flow cytometry. Nevertheless, mouse nTregs

(Foxp3+) have been shown to express TLR2 intracellularly and on their sur-

face following activation (Liu et al. 2006a), while human Tregs (defined by

CD4+CD25hi) have also been shown to express TLR2, TLR4 (Rajashree and

Das 2008), TLR5 (defined by Foxp3) (Crellin et al. 2005), and TLR8 (mRNA

expression of Foxp3) (Peng et al. 2005). Interestingly, CD4+ Tregs were reported

to express higher levels of TLR4, TLR5, TLR7, and TLR8 compared with

effector T cells (Kabelitz 2007; Sutmuller et al. 2006b). Peng et al. (2005)

demonstrated that triggering of human TLR8 with synthetic (poly G10) and

natural TLR8 ligands inhibited human CD4+ Treg suppressive function, but not

effector T cell function.

3.4 Functional Subsets of Tregs

A number of studies have demonstrated that certain homing receptors such as

selectin ligands and chemokine receptors on Treg subsets critically influence their

suppressive capacity in vivo suggesting that appropriate localization is indispens-

able for Treg function (Siegmund et al. 2005; Siewert et al. 2007). A definitive role

for CCR4 in the recruitment of CCR4+ Tregs to tumor sites has been reported in

mice (Mailloux and Young 2009; Olkhanud et al. 2009) and in humans (Gobert

et al. 2009; Mizukami et al. 2008; Takegawa et al. 2008). In addition to CCR4, a

recent study reported an increased infiltration of CCR5+ Tregs into the pancreas in a

mouse model of pancreatic cancer (Tan et al. 2009).

A proportion of Tregs have an activated/memory phenotype, characterized by a

higher expression of CD103, CD44, GITR, and CTLA4, and are thought to be

involved in the permanent suppression of immune responses against self antigens

(Huehn et al. 2004; Stephens et al. 2007). A recent study demonstrated that these self-

specific activated/memory Tregs (amTregs) were able to immediately sense tumors

that were either implanted or induced in-situ (Darrasse-Jeze et al. 2009). Such a rapid

response by these amTregs prevented naı̈ve anti-tumor T cells to be activated. In

addition, another study showed that amTregs played an important role in the sup-

pression of concomitant immunity in the mouse (BALB/c) colon cancer cell line,

CT26 and suggested that loss of this immunity may contribute to tumor metastasis

(Lin et al. 2009). Chen et al. described that amTregs expressing TNFR2 had even

greater suppressive effects than CD103+ expressing Tregs (Chen et al. 2008).

66 M.W.L. Teng et al.



Although Tregs can be phenotyped by their differential expression of surface

markers as discussed above, very recent studies have demonstrated that Tregs can

express different transcription factors such as Tbet, IRF-4, or STAT3, which allows

them to mediate specific suppression on Th1, Th2, or Th17 cells, respectively

(Chaudhry et al. 2009; Koch et al. 2009; Zheng et al. 2009). Very elegantly,

Koch et al. demonstrated that Tregs from Tbet-deficient mice were unable to

express CXCR3 and thus were not able to traffic to sites of inflammation induced

by Th1 cells. In addition, this study also demonstrated that in vivo, Tregs upregulate

their Tbet expression when exposed to a Th1 cytokine milieu and that IFN-gR plays

a key role in the induction of Tbet expression in Tregs. Thus, by being able to

express similar patterns of homing receptors as effector T cells, Tregs can selec-

tively traffic and localize to different lymphoid organs and tissues to mediate their

immune suppression.

3.5 Treg-Derived Malignancies

An intriguing recent realization is that Tregs may also be a source population from

which malignancy develops or alternatively, that CD4+ T cell malignancies may

mimic Treg function. These malignancies include a proportion of patients with

adult T cell leukemia/lymphoma (Abe et al. 2008; Karube et al. 2004) or the CD4+

T cell malignancy Sezary Syndrome (Krejsgaard et al. 2008; Marzano et al. 2009).

While the Treg-like phenotype of these tumors has largely relied on the demonstra-

tion of either wild type or splice variant form of Foxp3, the functional suppressor

function of Sezary Syndrome mediated by IL-10 and TGF-b production has also

recently been demonstrated, strongly suggesting that this malignant T cell lym-

phoma has a true Treg origin (Krejsgaard et al. 2008).

4 Mechanisms of Treg-Mediated Immune Suppression

in Cancer

Tregs suppress the proliferation of naı̈ve T cells and their differentiation to Teff

in vivo. They have also been shown to mediate suppression on innate and adaptive

immune cells such as suppression of the effector function of differentiated CD4+

and CD8+ T cells and of the function of NK cells, NKT cells, B cells, macrophages,

osteoclasts, and DCs (reviewed in Sakaguchi et al. 2008). From a functional

perspective, there are three major mechanisms of Treg-mediated suppression:

immunosuppressive cytokines and factors, suppression by direct cell�cell contact,

and cytolysis, (previously reviewed in Shevach 2009; Vignali et al. 2008). It should

be noted that most of the studies ascribing a molecule or a process utilized by Tregs

to mediate their suppressive activities derive from in vitro studies and a limited
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number of in vivo disease models (Tang and Bluestone 2008). We will only briefly

describe these here in the context of recent work.

4.1 Immunosuppressive Cytokines and Factors

These include TGF-b (Wrzesinski et al. 2007), interleukin-10 (IL-10) (Maynard

et al. 2007), and the newly discovered IL-12 family member IL-35 (Collison et al.

2007). Although the general importance of IL-10 and TGF-b as mediators of

immunoregulation and inflammation is undisputed, their role as suppressor mole-

cules remains controversial (Chen et al. 2005; Ghiringhelli et al. 2005; Larmonier

et al. 2007; Loser et al. 2007; Petrausch et al. 2009; Ralainirina et al. 2007;

Rubtsov et al. 2008; Shevach 2006; Smyth et al. 2006). Further analysis of the

contribution of IL-35 to Treg-mediated suppression will require the development

of neutralizing monoclonal antibodies (mAbs) and characterization of its receptor

(Shevach 2009). In addition to immunosuppressive cytokines, Tregs can produce

suppressive factors such as adenosine (Deaglio et al. 2007; Kobie et al. 2006) and

cAMP (Bopp et al. 2007) to mediate suppression. Pericellular adenosine is

generated by the degradation of extracellular nucleotide by two ectoenzymes,

CD39 and CD73 which are expressed on �80% of Foxp3+ Treg cells (Deaglio

et al. 2007). Although these mechanisms represent interesting additions to the

arsenal of Tregs, further studies will be required to corroborate these findings

and assess their relative use by Tregs in different disease settings including

cancer.

4.2 Suppression by Direct Cell–Cell Contact

Tregs can mediate suppression through direct modulation of immune cells by

cell�cell contact using different cell surface molecules such as CTLA-4, lym-

phocyte activation gene 3 (LAG-3), and Nrp-1. The critical role for CTLA-4

in Treg suppression was recently clarified by the generation of mice lacking

CTLA-4 only in Foxp3+ Tregs (Wing et al. 2008). Other surface molecules that

may play a role in Treg suppression or modulation of DC function are LAG-3

(Liang et al. 2008) and Nrp-1 (Sarris et al. 2008). LAG-3 is a CD4 homolog that

binds MHC class II molecules with very high affinity and has been shown to

suppress DC maturation and immunostimulatory capacity, while Nrp-1 is thought

to promote long interactions between Tregs and immature DCs, which may

potentially give Tregs a lead kinetically over naı̈ve responder T cells under

conditions in which antigen is limiting (reviewed in Shevach et al. 2008).

However, it is not known whether these molecules are employed by Tregs during

suppression of tumor immunity.
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4.3 Treg-Mediated Cytotoxicity

Cytotoxicity of target cells has been proposed as another suppressive mechanism

used by Tregs (Gondek et al. 2005; Zhao et al. 2006). Although both studies were

interesting, Tregs in these studies were defined only as CD4+CD25+ and the role of

Tregs lacking Granzyme B (GrzB) or perforin in suppression of anti-tumor immu-

nity was not directly demonstrated. To address this issue, Cao et al., attempted to

determine whether Treg utilized GrzB and/or perforin to suppress immune

responses in a number tumor models in vivo (Cao et al. 2007). The authors reported

that Tregs suppressed the ability of NK cells and cytotoxic T lymphocytes (CTLs)

to clear tumors by killing these cells in a GrzB- and perforin-dependent manner.

However, their study did not directly assess if there was a reduction in survival of

tumor bearing GrzB-deficient mice following transfer of wild-type Tregs. Indeed,

in five different tumor models where tumor rejection was stringently dependent

upon perforin, including some of those used above, GrzA and B clusters were not

essential for CTL- and NK cell-mediated rejection of spontaneous and experimental

tumors (Davis et al. 2001; Smyth et al. 2003). To definitively assess if Tregs do

utilize GrzB or perforin to mediate suppression of tumor immunity, it will be

necessary to create mice specifically lacking GrzB or perforin in Foxp3+ Tregs.

Overall, results from in vitro and in vivo studies suggested that Tregs use

multiple mechanisms to suppress immune responses. However, the relative domi-

nance of each mechanism in the suppression of anti-tumor immunity, and whether

there are differential requirements for distinct suppressive functions of Tregs at

different tissues or against different tumor types, still need to be assessed. Generat-

ing Tregs deficient in individual molecules and testing them in various tumor

models will be useful. Such work will further our understanding of Treg suppressor

mechanism and offer us insight into how we can attenuate Treg function in vivo to

enhance anti-tumor immunity.

5 Clinical Observations of the Association of Tregs with Cancer

The main clinical observations are summarized for hematological malignancies and

solid organ malignancies in Tables 1 and 2, respectively. The clearest functional

association of Tregs in hematological malignancy is with the B cell-derived lym-

phomas, follicular non-Hodgkin lymphoma (FNHL), diffuse large B cell lymphoma

(DLBCL), and Hodgkin lymphoma (HL). In studies of FNHL, Tregs have been

largely defined as CD4+CD25+ Foxp3+, shown to be functionally suppressive, and

found to be highly concentrated in lymph node (LN) involved by lymphoma.

FNHL-associated Tregs are therefore likely to actively inhibit the control of

lymphoma by endogenous immunosurveillance (Yang et al. 2007, 2009). The

enrichment of Treg within involved LN is likely due to expression of CCL22 by

malignant B cells (Yang et al. 2006a). However, naı̈ve peripheral CD4+ T cells may
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also be driven by FNHL B cells to undergo Treg differentiation (Ai et al. 2009).

Therefore, the Tregs associated with FNHL may be potentially induced at the sites

of disease or enriched within the lymphoma under the influence of tumor-derived

chemokines. Critically, FNHL B cells may skew the differentiation of CD4 T cells

towards Tregs at the expense of Th17 cells (Yang et al. 2009) further promoting the

immunosuppressive microenvironment within NHL LN affected.

Given the immunosuppressive capacity of Tregs, it seems paradoxical that

increased Tregs have been repeatedly associated with an improved prognosis in

FNHL (Carreras et al. 2006; Tzankov et al. 2008), the germinal center cell subtype

of DLBCL (Tzankov et al. 2008), and HL (Alvaro et al. 2005; Tzankov et al. 2008)

(Table 1). Three observations from these studies suggest that the subtype of

lymphoma may determine both the enrichment of Tregs and the prognostic out-

come. Firstly, a profoundly low (<5%) proportion of Tregs in FNHL is associated

with a higher risk of refractivity to chemotherapy (Carreras et al. 2006). As B cell

lymphoma evolves to increasing levels of malignancy (i.e., away from a follicular

pattern and towards large cell disease), the ability for NHL cells to attract Treg

infiltrates may also fall. This is supported by a second observation that Treg

numbers fall precipitously when FNHL undergoes transformation to DLBCL

(Carreras et al. 2006). Lastly, higher Treg numbers within lymphoma biopsies

had negative prognostic impact in the setting of the poorer prognosis activated

B-cell (ABC) subtype of DLBCL.

Treg biology in multiple myeloma (MM) remains the least clear of B cell

malignancies (reviewed in Joshua et al. 2008). Much of the lack of clarity in MM

likely stems from the use of potently immunosuppressive and lympholytic thera-

pies, the wide range of disease stages assessed, and variations in the definition of

Treg phenotype (Beyer et al. 2006; Yang et al. 2008) (Quach et al. 2008 Abstract

1696). In acute myeloid leukemia (AML), there is recent evidence that functionally

suppressive Tregs accumulate in the peripheral blood of patients with AML

(Szczepanski et al. 2009). AML associated Tregs may be due to the presentation

of B7-H1 on DC-like leukemia cells (Ge et al. 2009). Furthermore, and in contra-

distinction to B cell lymphoma, increased Tregs in AML are associated with a

poorer response to induction chemotherapy (Szczepanski et al. 2009). This clinical

observation is in agreement with data from an AMLmouse model that revealed that

depletion of Tregs enhanced responses to adoptive CTL therapy in AML (Zhou

et al. 2009a).

In solid organ malignancies, the prognostic impact of Treg number and function

is less well described (Table 2). Early analyses have shown an increased frequency

of peripheral blood TGF-b-producing CD4+CD25+CD45RA+CTLA-4+ T cells in

peripheral blood compared to that of normal donors (Wolf et al. 2003). Subsets of

Tregs have been shown to be elevated in the draining LN in patients with cervical

cancer and were found to fall in proportion to the degree of tumor regression

following therapy (Battaglia et al. 2008). Similarly, CD4+CD25+Foxp3+ Tregs

are over represented within ovarian cancer-associated lymphocytes in malignant

ascites, likely due to the production of CCL22 (Curiel et al. 2004). In this study,

Tregs were found to suppress tumor-specific T cell immunity and contribute to
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growth of human tumors in vivo resulting in reduced overall survival due to tumor

progression (Curiel et al. 2004). Conversely, another study of ovarian cancer,

analysis of Foxp3 expressing tumor infiltrating lymphocytes (TIL) showed that

both increased Treg numbers and a high CD8 T cell:Treg ratio were independently

associated with improved survival (Leffers et al. 2009). The reasons for these

apparently conflicting findings may be partly explained by variation in tumor

grade and stage at the time of Treg analysis; the definition of Tregs and the more

recent use of Foxp3 as a specific (and sometimes sole) marker may overestimate the

number of Tregs within the analyzed sample.

In colorectal cancer, suppression of the cytolytic capacity of peripheral blood

CTL has also been demonstrated to be due to the production of TGF-b from Treg

(Somasundaram et al. 2002). Peripheral blood and TIL Tregs are also increased in

gastric and esophageal cancers. CD4+CD25+ cells in TIL and mucosal biopsies

were highest in gastric cancer patients with advanced disease (Ichihara et al. 2003).

Other studies in gastric carcinoma have shown that higher percentages of

CD4+CD25+ T cells had a poorer prognosis. In addition, CD4+CD25+ T cells were

present in greater proportions in the ascites from patients who had advanced-stage

disease with peritoneal dissemination (Sasada et al. 2003). However, other studies

have again given apparently conflicting prognostic data in gastric cancer of the

stomach cardia, where increase in Foxp3+ Tregs was associated with an improved

clinical outcome (Haas et al. 2009). Patients with hepatocellular carcinoma (HCC)

were found to have increased numbers Treg cells in their peripheral blood com-

pared to that of both healthy donors and patients with non-malignant hepatic

conditions. Tregs were also enriched in the ascitic fluid of patients with HCC in a

manner analogous to that seen in ovarian cancer. (Ormandy et al. 2005).

Increased CTLA-4+CD45RO+ Tregs in PB, TILs, and regional lymph nodes

have been shown in breast cancer and pancreatic cancer (Liyanage et al. 2002),

and in LN positive metastatic melanoma, where Tregs were defined as

CD4+CD25hiFoxp3+ (Viguier et al. 2004). In both of these studies, Treg popula-

tions inhibited the proliferation and cytokine production of autologous CD8+ T

cells. Recently, Tregs in melanoma-infiltrating lymphocytes were found to

express higher levels of ICOS compared to the Tregs in peripheral blood.

ICOShigh Treg mediated stronger CD8+ T cell suppression compared to ICOSlow

Treg (Strauss et al. 2008).

In prostate cancer, high percentages of CD4+CD25+ Foxp3+ and Th17 T cells

have been shown in the majority (70%) of prostate TILs. Intriguingly, a Th17-

profile in this study was associated with a lower pathologic Gleason score (Sfanos

et al. 2008). Other tumor types associated with increased Tregs include non-small

cell lung cancer (a predominance of TGF-b-producing, CD4+CD25+ T cells in TIL)

(Woo et al. 2001) and urinary transitional cell carcinoma (TCC) (Zhu et al. 2009).

In the Zhu et al. report, a strong correlation was found between the proportion of

Tregs and the likelihood of tumor recurrence, number of lymph node metastasis,

and pathological stage. Importantly, the proportion of Tregs fell following tumor

resection suggesting that the resection of tumor bulk can induce a reduction of

Tregs in peripheral blood.
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6 Modification of Treg Biology as Cancer Immunotherapy

6.1 The Cellular Microenvironment

Tregs remain one of the major obstacles to successful cancer immunotherapy. Other

leukocytes, including myeloid derived suppressor cells (MDSC), tumor associated

macrophages (TAMs), type I/II NKT cells, mast cells, B cells, and subsets of DC

have also been implicated in promoting tumor progression. In this section, we will

first discuss how Tregs and other immunomodulatory cells are associated in tumor-

mediated suppression before discussing clinical strategies to attenuate Treg func-

tion to improve current immunotherapeutic strategies.

During tumor development and progression, proinflammatory and immunosup-

pressive factors can be secreted from tumors or host cells into the tumor microen-

vironment that lead to immune evasion and promotion of tumor growth (de Visser

and Coussens 2006; Mantovani et al. 2008). The major leukocyte population

implicated in aiding tumor progression includes Tregs, MDSC (reviewed in

Ostrand-Rosenberg and Sinha 2009), and TAMs (reviewed in Solinas et al.

2009). MDSC are a heterogeneous population of cells generally defined as

Gr-1+CD11b+, and induced by proinflammatory cytokines such as IL-1b (Bunt

et al. 2006; Song et al. 2005), IL-6 (Bunt et al. 2007), and the bioactive lipid

PGE2 (Sinha et al. 2007). Depending on the subpopulation of MDSC, Tregs can be

induced through MDSC production of IL-10 and TGFb (Huang et al. 2006), or

arginase alone (Serafini et al. 2008).

TAMs originate from blood monocytes recruited to the tumor site (Mantovani

et al. 1992) as a result of CCL2, M-CSF, and VEGF which are produced by

neoplastic and stromal cells. Monocytes differentiate into TAMs upon exposure

to CSFs, IL-4, IL-13, IL-10, and TGF-b. In turn, TAMs promote tumor survival by

modifying neoplastic extracellular matrix (ECM) proteins, stimulating angiogene-

sis and inducing immunosuppression via the production of IL-10 and the secretion

of chemokines (e.g., CCL17 and CCL22), which preferentially attract T cell subsets

such as Tregs and Th2 (Balkwill 2004; Mantovani et al. 2004).

The relative hierarchy and importance of Tregs, MDSC, and TAMs in immune

suppression and their temporal cross-regulation during the course of tumor progres-

sion still remain to be elucidated. It is likely that different cancer types or the

location of the cancer dictates which immunomodulatory cells are preferentially

recruited and/or induced to mediate immune suppression. In a study to evaluate the

interplay between tumor and the different immunomodulatory cells during disease

progression, Clark et el., generated a transgenic mouse model where expression of

oncogenic KrasG12D was induced under the pancreas-specific promoters Pdx-1 or

p48 (Clark et al. 2007). These mice spontaneously developed pancreatic ductal

adenocarcinoma (PDA), which is markedly infiltrated by Tregs before the develop-

ment of invasive disease (PanIN). Subsequently, macrophages (Gr-1�CD11b+) and
then MDSC (Gr-1+CD11b+) infiltrate the tumor. Similar findings have been shown

in the A20 B cell lymphoma tumor model, in which increased percentages of
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intratumoral and systemic Tregs are found, along with high intratumoral and

systemic IL-10, and moderate levels of intratumoral TGF-b (Elpek et al. 2007).

Additional studies reveal that A20 cells also express PD-L1 and secrete IL-10 and

immunomodulatory IDO all of which contribute to the generation and function of

iTregs (Baban et al. 2009). Importantly, this study also showed by depletion

experiments that Tregs played a dominant role in early tumor progression in vivo.

In contrast, a recent paper by Denardo et al., utilizing the MMTV-PyMT model of

mammary carcinogenesis, demonstrated a tumor-promoting role for Th2-CD4+IL-4

producing T cells, but not for Tregs, in sculpting the function of TAM to promote

pulmonary metastasis of mammary adenocarcinomas (DeNardo et al. 2009). While

some studies suggest that Tregs may often serve as the dominant immune escape

mechanism early in tumor progression (Elpek et al. 2007), it should be noted that

there are no mAbs that can specifically deplete all Foxp3+ Tregs. Studies in which

all Foxp3+ Tregs can be depleted using Foxp3DTR mice (Kim et al. 2007; Lahl

et al. 2007) will prove very useful for dissecting out the importance of Treg-

mediated suppression in established tumors.

Generally, tumors progress when heavily infiltrated by inflammatory innate

immune cells (i.e., macrophages, neutrophils, and mast cells) and they are rich in

inflammatory cytokines, growth factors, and pro-angiogenic molecules (Badoual

et al. 2009). It has been proposed that the presence of large numbers of local Tregs

early on in inflammatory sites can delay or prevent inflammation-induced cancers

(Haas et al. 2009). This is also supported by studies of ApcMin/+ (multiple intestinal

neoplasia (Min)) mice where the adoptive transfer of CD4+CD25+ lymphocytes

induced tumor apoptosis, the regression of established adenomas, and down-

regulation of COX-2 and proinflammatory cytokines within intestinal polyps

(Erdman et al. 2005). The influx of mast cells (mastocytosis) was a necessary

event for polyp outgrowth in ApcD468 mice. A recent report by Gounaris et al.

supported these relationships (Colombo and Piconese 2009; Gounaris et al. 2009).

Interestingly, endogenous Foxp3+ Tregs were found in elevated numbers in these

polyp bearing ApcD468 mice but intriguingly they had lost the ability to produce

IL-10 with a proportion actually found to express the pro-inflammatory cytokine

IL-17 preferentially produced by effector Th17 cells.

There are conflicting data on the role of IL-17 in carcinogenesis (Kryczek et al.

2009; Wang et al. 2009). Given that differentiation of Th17 cells requires TGF-b
(plus IL-6 or IL-21), these cells may be developmentally linked to iTregs that also

require TGF-b for differentiation. Tregs may differentiate into Th17 cells

(reviewed in Lee et al. 2009; Zhou et al. 2009b), and CD4+Foxp3+IL-17+ cells

have recently been described in mice and humans (Voo et al. 2009; Xu et al. 2007).

Furthermore, IL-17+/Foxp3+ Treg clones were recently shown to retain suppressive

function and exhibited the plasticity to secrete IL-17 or suppress depending on the

nature of the stimulus provided (Beriou et al. 2009). These findings suggest that

exposure to pro-inflammatory cytokines can drive Tregs to secrete IL-17, and

thereby promote an inflammatory microenvironment favoring tumor growth.

In addition to interacting with MDSC and TAMs, Tregs also interact and cross-

regulate type-I-type II NKT cells. Type-I NKT cells are generally thought to be
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active in tumor immunosurveillance and enhance anti-tumor immunity, while type

II NKT cells are thought to suppress these responses. Interestingly, in mouse tumor

models where type II NKT cells have a major role in the suppression of tumor

immunosurveillance, Tregs had a minimal role or no role in suppression. Intrigu-

ingly, the site of the tumor growth also appeared to determine whether type II NKT

cells or Tregs were the major mediators of immune suppression (reviewed in

Terabe and Berzofsky 2007). Further work to investigate the relationship between

Tregs and NKT cells in a cancer setting will provide insight on the importance of

these interactions.

6.2 Strategies to Modulate Treg Number and Function

Two opportunities exist to modify Treg biology in clinical studies to promote

endogenous or induced anti-tumor immune responses. The first of these is to simply

deplete Treg numbers, while the second is to modify Tregs function to limit their

immunosuppressive capacity.

In light of the expression of CD25 by Tregs, this molecule has been an early

target for both pre-clinical and clinical studies of Treg depletion. The administra-

tion of anti-CD25 mAbs in mouse models of cancer leads to CD4+CD25+ Treg

depletion and a significant enhancement of anti-tumor activity, and the clinical

utility of this approach has recently been described by Rech and Vonderheide (Rech

and Vonderheide 2009). Tregs in mouse and human may also be targeted by CD25

fusion proteins such as LMB-2 which consists of a single-chain Fv fragment of a

CD25-specific mAb linked to a 38 kDa fragment of Pseudomonas exotoxin A.

Preclinical in vitro studies of human PBMCs successfully depleted CD4+CD25+

Tregs following incubation with LMB-2 (Attia et al. 2006). Administration of

LMB-2 followed by peptide vaccination in patients with melanoma resulted in a

profound fall of Foxp3+CD4+CD25+ Tregs, although this did not result in clinical

responses (Powell et al. 2007b). CD25-directed depletion of Tregs may also be

achieved with Denileukin diftitox (DAB389IL-2/ ONTAK), which is comprised of

a fusion protein of IL-2 and diphtheria toxin. This reagent profoundly depletes

Tregs and enhances anti-tumor vaccines in mice (Litzinger et al. 2007). In clinical

studies, Diftitox administration in advanced renal cell carcinoma before DC vacci-

nation resulted in a reduction in peripheral Tregs and enhanced anti-tumor immune

responses in vivo (Dannull et al. 2005). In a separate study in patients with

melanoma, enhanced antigen-specific CD8 T-cell activity was seen following

Diftitox-mediated Treg depletion (Mahnke et al. 2007). Despite these promising

initial findings, a further study in melanoma with Diftitox failed to show either

clinical benefit or alteration of peripheral Tregs number or function (Attia et al.

2005a).

The failure of Treg depletion therapies to result in significant promotion of anti-

cancer immunity may in part be due to the rapid, and on occasions, refractory

reaccumulation of suppressive CD25+ Foxp3+ Tregs (Dannull et al. 2005; Powell
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et al. 2007a). Alternatively, the lack of regression in established tumors following

CD25 depletion raises the question of whether not enough Tregs were being

eliminated to relieve suppression on anti-tumor immune cells or whether CD25+

effector cells responsible for mediating anti-tumor response were concomitantly

depleted. Potentially, this question can now be answered using mouse models

where Foxp3+ Tregs expressing the diphtheria toxin receptor can be completely

eliminated following diphtheria toxin treatment.

A number of therapeutic agents have been used to deplete Treg numbers

including conventional chemotherapeutic drugs although their exact mode of action

remains largely unknown. The potential of the combined effects of non-specific

lymphodepletion including depletion of Tregs to enhance anti-cancer immunother-

apy has been most potently described when a combination of cyclophosphamide

and fludarabine and total body irradiation was used prior to adoptive CTL immu-

notherapy for melanoma (Dudley et al. 2008; Rosenberg and Dudley 2009).

Of the available cytotoxic agents leading to Treg depletion, cyclophosphamide

(Cy) is the best described, although the depletion of Tregs is not always repro-

ducible (Audia et al. 2007). Cy is known to deplete CD4+CD25+ Tregs in vivo in

mouse models (Ghiringhelli et al. 2004) and decreases the suppressive capacity of

Tregs in vitro by reversibly decreasing the expression of GITR and FoxP3

(Lutsiak et al. 2005). When low-dose Cy was used in combination with

GM-CSF secreting cellular vaccine (Gvax) in mice bearing endogenous prostate

tumors (Pro-HA x TRAMP), a significant decrease in tumor burden was observed

that correlated with decreased numbers of Tregs in the prostate and more acti-

vated DCs in the draining LN (Wada et al. 2009). Similarly, clinical trials have

demonstrated that low-dose Cy used in a metronomic regimen showed increased

anti-angiogenic and immunostimulatory properties and a decrease in Treg num-

bers in peripheral blood (Ghiringhelli et al. 2007; Lord et al. 2007), although

without a clearly demonstrable relationship between clinical response and circu-

lating Treg numbers. Other chemotherapy drugs with demonstrable actions on

Treg function include fludarabine (Beyer et al. 2005; Hegde et al. 2008) and

gemcitabine (Correale et al. 2005; Levitt et al. 2004). Additionally, Ozao-Choy

et al. demonstrated that use of a tyrosine kinase inhibitor (sunitinib malate) also

decreased Treg and MDSC numbers in the tumor microenvironment (Ozao-Choy

et al. 2009).

6.3 Attenuating Treg Function

Given our improved understanding in Treg cell subsets and how they mediate their

suppressive function, there are studies that advocate attenuating Treg function

rather than simply depleting them (Colombo and Piconese 2007). Some of the

strategies to attenuate Treg function include (1) blocking Treg suppression, (2)

blocking Treg trafficking, and (3) blocking or subverting Treg differentiation

(reviewed in Curiel 2008; Zou 2006).
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Blocking or reversing Treg suppression through their cell surface markers has

been a strategy investigated by many groups. Examples include antibodies to GITR

(TNFRSF18), CTLA-4 (reviewed in Colombo and Piconese 2007), and more

recently OX40 and TLR (Shevach 2009). However, as these surface markers are

also expressed on non-Tregs, it has been difficult to conclude if the antibodies were

just blocking Treg cell function or/and also stimulating non-Treg cells thereby

rendering them resistant to suppression. Evidence for the latter was described in the

GITR-GITRL setting and anti-OX40 mAbs (reviewed in Stephens et al. 2007 and

Piconese et al. 2008). It must be considered however that OX40 agonists could

drive Treg cell expansion under certain conditions (Ruby et al. 2009). Age of the

tumor bearing host may also determine the outcome of these approaches as high-

lighted in a recent study by Ruby et al., where middle-aged and elderly tumor-

bearing mice (12 and 20 months old, respectively) treated with anti-OX40 had

decreased tumor-free survival because of a disproportionate decline of effector

T cells compared with young mice (Ruby and Weinberg 2009).

Blockade of the suppressive molecule CTLA-4, which is expressed at high

concentration on Tregs, may also attenuate Treg function. Gvax when used in

combination with anti-CTLA-4 mAbs can mediate tumor rejection in a number of

mouse tumor models, including the poorly immunogenic B16 melanoma (Peggs

et al. 2009; Quezada et al. 2006, 2008). The latest study is the first to demonstrate

the critical importance of synergy between the independent contributions of

CTLA-4 blockade in cis and in trans to anti-tumor activity, illustrating that both

Teff and Tregs are relevant targets for the therapeutic efficacy of anti-CTLA-4

mAbs (Peggs et al. 2009). This neutralizing mAb therapy has now reached clinical

trials in many cancers with two humanized anti-CTLA-4 mAbs, MDX-010 (Ipili-

mumab) and CP-675 206 (Tremelimumab). In a phase I trial treating metastatic

melanoma, 36% of patients showing grade III/IV autoimmune toxicity had tumor

regression compared with 5% in patients without autoimmune symptoms (Attia

et al. 2005b). In patients undergoing anti-CTLA-4 treatment for stage IV meta-

static melanoma and renal cell carcinoma, no inhibition of the suppressive

activity of CD4+ CD25+ T cells was observed, but an enhancement of effector

cell function was seen (Maker et al. 2005). Tremelimumab has been successfully

trialed in 39 patients with metastatic melanoma, of whom two patients had a

complete response and two had a partial response, and there was an observed

suppression of Treg activity (Ribas 2008).

Targeting of TLR2 on mice Tregs or TLR8 on human Tregs may also suppress

Treg function (Liu et al. 2006a; Peng et al. 2005; Sutmuller et al. 2006a). However,

a recent paper (Chen et al. 2009) has disputed the findings on TLR2 by using highly

purified Treg cells from GFPFoxp3 trangenic mice and performing some of the

studies in the previous papers. Their studies concluded that engagement of TLR2

did not reverse the suppressor function of Tregs but in fact reduced their threshold

for activation and enhanced their survival.

The S1P receptor agonist FTY720 potently inhibits Treg proliferation in vitro

and in vivo by impairing the IL-2 signaling pathway (Wolf et al. 2009). Their data

suggested that inhibition of Tregs by S1P receptor agonists might represent an
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innovative adjuvant for cancer immunotherapy (e.g., in combination with DC

vaccines) by limiting Treg expansion, while permitting generation of CTL.

It has recently been shown that different subsets of Tregs can control Th1, Th2,

and Th17 responses by expressing the transcription factors Tbet, IRF4, and STAT3,

respectively, that allow them to home on to the same inflammation sites at these

effector cells (Chaudhry et al. 2009; Koch et al. 2009; Zheng et al. 2009). Poten-

tially, the ability to disrupt the migratory specificity of Treg cells to a particular type

of local inflammation, such as those induced by IL-12 and IFN-g, may permit anti-

tumor responses. In addition, given the plasticity of Tregs, some studies have

suggested that exposure to some cytokines can result in Tregs downregulating

Foxp3, losing their regulatory activity and under some conditions, becoming

memory T cells capable of recognizing self-antigens and expressing effector cell

activities such as IFN-g production (Zhou and Littman 2009). More investigations

will be required to understand the exact requirements needed to de-differentiate

Tregs into effector cells.

Nonsteroidal anti-inflammatory drugs including aspirin have the ability to block

the production of tumor-derived prostaglandin E2 (PGE2). This prostaglandin can

induce Foxp3 expression and promote Treg inhibitory activity in vitro. The inhibi-

tion of PGE2 production therefore can be potentially used to limit Treg function

in vivo. The specific use of COX-2 inhibitors, which reduce production of PGE2,

significantly reduces Treg infiltration in mouse tumors. Furthermore, when PGE2

production was inhibited by Indomethacin in patients with colorectal cancer, Treg-

mediated anti-tumor suppression was reversed (Yaqub et al. 2008). In addition, in

patients with colon cancer randomized to treatment with either indomethacin/

celebrex or a control drug prior to tumor resection, CD8+ tumor-infiltrating

T-cells were increased while decreased expression of Foxp3 and IL-10 was found

in the COX2 inhibitor cohort (Lonnroth et al. 2008).

Perhaps, the most intriguing group of immunologically active drugs available for

clinical use in recent years is that of the immunomodulatory drugs (IMiDs) thalid-

omide, lenalidomide, and pomalidomide (reviewed in Quach et al. 2009). In

specific reference to the effect of these drugs on Tregs, much of the clinical data

to date is in the setting of hematological malignancy. As such, the combined impact

of specific disease and prior therapies on Treg number and function must be borne

in mind when interpreting the effect of these drugs on Treg biology (see earlier

discussion of Treg in myeloma). Nonetheless, IMiDs have shown potent modifica-

tion of Treg numbers in a number of settings, including chronic lymphocytic

leukemia (CLL) in which Tregs were substantially diminished by thalidomide

therapy (Giannopoulos et al. 2008). A similar effect has also been shown in CLL

with lenalidomide therapy. Moreover, lenalidomide therapy also drove the induc-

tion of Th17 cells, suggesting that this agent specifically modified CD4+ T cell

polarization (Idler et al. 2009). While the mechanism of action of these agents in

humans is still being actively pursued, mouse studies indicate that both lenalido-

mide and pomalidomide inhibit the IL-2 mediated generation of Foxp3+CD25+

Tregs (Galustian et al. 2009).
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7 Conclusions

Multiple lines of experimental and clinical data clearly identify regulatory T cells as

an integral part of the host immune response to cancer. Treg associated with cancer

are often, but not exclusively, associated with poor clinical outcomes and are

therefore a major limitation to the development of effective anti-cancer immuno-

therapy. It is not clear what mechanisms are critical for Treg-mediated immuno-

suppression and the development of many conditional knockouts using FoxP3-cre

mice will greatly aid this study in mouse models. Improved methods are required to

surface mark iTregs from nTregs so that the role of each of these in tumor

development and microenvironments can be better distinguished. Further studies

are essential to determine the hierarchy between Tregs and other immunoregulatory

tumor infiltrating leukocytes. Similarly, understanding the mechanisms by which

Tregs contribute to the improved prognosis in many forms of lymphoma will

provide further insight into Treg physiology more widely. Given the striking effects

of fully depleting Tregs or modifying the behavior of Tregs in mouse tumor models,

many opportunities exist to move effective depleting or immunomodulatory drug

therapies into clinical studies either alone or as combination immunotherapies.
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Abstract In this chapter, a detailed description of how the innate and adaptive

immune responses interact with malignant cells is presented. In addition, we

discuss how developing tumors establish themselves, and how they benefit on one

hand and organize their defense against the immune system on the other hand. New

data from three tumor model systems in mice are discussed; in particular, the

intricate interactions between the immune cells and the tumor cells are highlighted.

With the present data and knowledge, we conclude that a first prerequisite for the
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combat against tumors is the activation of the innate immune system via external

danger signals or damage signals and internal danger signals. The second prerequi-

site for efficient tumor cell eradication is combined therapeutic approaches of

physical, chemical, pharmacological, and immunological origin. Finally, we propose

new ways for further investigation of the relationship linking tumor cells and our

defense system. It appears mandatory to understand how the malignant cells render

the adaptive immune cells tolerant instead of turning them into aggressive effectors

and memory cells. Perhaps, the most important thing, for immunologists and

clinicians, to understand is that tumor cells must not be viewed just as antigens

but much more.

1 Introduction

Communication between the immune system and tumor cells takes place via both

cell–cell contact-dependent receptor–ligand interactions and released cytokines/

chemokines. T lymphocytes of the adaptive immune system learn in the thymus

to distinguish various self or altered self-structures from non-self-structures presen-

ted as peptides bound to major histocompatibility complex (MHC) class I or class II

antigens (pMHC) (Krogsgaard and Davis 2005; Call and Wucherpfennig 2007).

pMHC molecules represent the antigenic universe to ab-T lymphocytes, both the

self and the non-self-repertoire. gd-T lymphocytes recognize small phosphorylated

molecules or non-classical MHCI antigens in a non-MHC restricted manner

(Allison et al. 2001; Gao et al. 2003; Adams et al. 2008), and B lymphocytes

recognize tertiary or quaternary structures of antigens using immunoglobulins (Ig)

(Jerne 1984, Davies and Cohen 1996). A third type of recognition is used by cells of

the innate immune system: natural killer (NK) and natural killer T (NKT) cells

recognize lack of expression of self (missing self), i.e., absence or low cell-surface

levels of MHCI and/or MHCII molecules (Kärre et al. 1986; Godfrey et al. 2004).

Furthermore, antigen-presenting cells (APC) such as dendritic cells (DC), macro-

phages, and granulocytes can recognize non-self-structures via toll-like receptors

(TLR) or C-type lectin receptors (CLRs) (Janeway 1989; Figdor et al. 2002).

Activation of T cells, NKT, or NK cells happens via the interaction of activating

receptors (KAR) associated with signaling molecules expressing immuno-tyrosine-

activation-motif (ITAM) signal-motifs in their cytoplasmic region. T lymphocytes

and NKT cells express T-cell receptor (TCR)/CD3 complexes, and T, NKT, or NK

cells express KARs such as NKG2D associated with DAP10 signal-transduction

molecules and Ly49D associated with DAP12 molecules (Call and Wucherpfennig

2007; Vivier and Anfossi 2004). It appears that the high number (~10) of ITAMs

associated with TCR molecules is necessary to avoid autoimmunity (Holst et al.

2008). Inhibition of cell activation by inhibitory receptors (KIRs) such as NKG2A/

CD94 is related to the expression by KIRs of ITIM inhibitory motifs in their

cytoplasmic tails (Call and Wucherpfennig 2007; Kane et al. 2001).
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Helper T (Th) cells trigger differentiation of precursor cells into CD8+ cytotoxic

T lymphocytes (CTL) or antibody-producing B cells. The so-called Th1 cells

induce preferentially the production of IL-2 and IFNg and the differentiation of

CTL, whereas Th2 cells induce mostly the production of IL-4, IL-5, and IL-13 and

the differentiation of B cells into antibody-producing plasma cells (Kalinski and

Moser 2005). When administered to elicit specific immune responses and memory

but not tolerance, the antigens have to be presented in the form of cells, particles, or

aggregates, or emulsified in adjuvants such as Freund’s adjuvants or aluminum salt

precipitates (McKee et al. 2007). A unifying concept of these phenomena was

proposed by late Charlie Janeway (Janeway 1989). The innate immune system,

NKT cells, NK cells, DC, macrophages, and granulocytes are activated by pathogen-

associated molecular patterns (PAMPs) by means of TLR (Janeway 1989;

Medzhitov 2001) or CLRs (Figdor et al. 2002). The DC differentiates from imma-

ture, phagocytosing cells to mature, non-phagocytosing cells with increased levels

of co-stimulatory molecules such as MHCII, CD40, CD80, and CD86 and enhanced

antigen-presenting activity (Janeway 1989; Carnaud et al. 1999; Fernandez et al.

1999). Cells from the innate immune system release inflammatory cytokines that

induce the priming of CD4+ Th subpopulations (Th1, Th2, and Th17). Immediately

after stimulation, NKT cells release preformed IFNg and IL-4 which direct Th1 and
Th2 cell differentiation, respectively. IFNg triggers DC to produce IL-12, which

induces preferential Th1-priming and NK cell production of IFNg and cytotoxicity

(Carnaud et al. 1999; Fernandez et al. 1999). A subset of DCs, CD8+CD205+

dendritic cells, produces endogenous TGFb and is specialized to induce Foxp3+

Treg cells, whereas another subset, CD8�CD205� and DCIR-2+ (DC inhibitory

receptor-2), participates in Th2 responses (Yamazaki et al. 2008).

Although stimulation of the innate immune system may greatly help the initia-

tion of adaptive cellular and humoral immune responses, over-activation of the

innate immune system represents a risk due to a possible “fatal cytokine storm”

(Smyth and Godfrey 2000; Kim et al. 2007). However, the cytokine storm is

prevented by CD4+ Th or CD8+ CTL, which down-regulate the activity of the

innate immune cells by a cell–cell contact, MHC-dependent mechanism (Kim et al.

2007). It seems clear that memory T cells are derived from effector T cells by

avoiding antigen-induced cell death (Harrington et al. 2008). In contrast, the

subdivision of CD4+ T cells into Th1, Th2, Th9, Th17, and Treg cells is more

malleable and demonstrates more functional plasticity than previously thought.

Inexperienced, naı̈ve T cells appear to receive different types of “secondary educa-

tion” when they encounter antigen at various regional sites including tumor micro-

environments (Tato and Cua 2008). Besides possessing different effector functions,

DC and T cells should be able to migrate to and within tissues. Adhesion via

L-selectin induces rolling, activation, and transmigration via chemokine receptors

such as CCR7. The interaction between CCR7 and its ligands, CCL19 and CCL21,

may balance immunity and tolerance (Homey et al. 2002; Förster et al. 2008).

T lymphocytes do not react with self-structures that are expressed in normal

physiological conditions, i.e., the organism is tolerant to self-structures. However,

thymus negative selection (central tolerance) is not infallible, and self-reactive
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T cells with low-avidity TCR do emigrate from the thymus. Such self-reactive

T cells are regulated by CD4+CD25+ T regulatory (Treg) cells (peripheral tolerance)

(Vignali et al. 2008). Thus, since many antitumor immune responses are “auto-

immune” reactions, these are often weak in both quantity and quality (Pardoll

2002). It is important to distinguish between the following three levels of low

responsiveness to malignant cells: (1) tumor-specific T cells with high-avidity TCR

have been eliminated in the thymus; (2) tumor cells or their products may induce

tolerance (in the sense of unresponsiveness), i.e., tumor-specific T cells are present

but are rendered anergic; (3) immune effectors recognize tumor cells but are

prohibited from performing their natural function due to tumor-associated inhibi-

tory molecules and/or cells. The latter two phenomena are linked to the fact that

resting DC or macrophages in the tumor induces and maintains peripheral tolerance

and functional anergy in CD8+ T cells, NKT cells, and NK cells through PD-1 and

CTLA-4-related mechanisms (Probst et al. 2005; Chang et al. 2008).

In this review, we discuss the possible ways in which the interactions between

immune cells and tumor cells can be increased and consequently mediate tumor cell

destruction. Both genetic and mechanical (chemical or physical) interventions can

render established tumors more vulnerable to the immune cells. These mechanisms

as well as active defenses by the tumor cells releasing cytokines/chemokines/

hormones inhibitory to the function of the immune cells are taken into consider-

ation (Entin et al. 2003; Ganss et al. 2004).

2 Pharmacology of Tumor Cell–Immune Cell Interactions

The discussion on molecules that can augment the interactions between immune

cells and tumor cells is based on three different possible mechanisms: molecules

that can interfere with (1) specific, clonal interactions; (2) specific, non-clonal

interactions; or (3) non-specific, global reactions. The big disadvantage of the

latter two possibilities is that such treatments may also attain functions other

than the specific immune cell–tumor cell interaction. Interactions between KARs,

co-receptors, or immunoglobulins (Ig) and tumor cells are mediated by receptors

reacting with their membrane-bound ligands on the tumor cells (Bendelac et al.

2001). The interaction between the TCRs and tumor cells is more complex for

several reasons:

l First, TCR recognizes composite ligands (pMHC) with such a low avidity that a

simultaneous interaction of co-receptors (e.g., CD4, CD8, CD28, and CD154)

and/or adhesion receptors (e.g., CD2, LFA-1) is necessary to trigger T cell

activation. These two co-signals augment the messages sent through the differ-

ent intracellular signal transmission pathways. Consequently, not only the TCR–

pMHC interaction (the clonal signal 1) is a target for potentiating drugs but also

the interactions between the co-receptors or adhesion receptors (the non-clonal

signal 2) on T cells and their ligands on APC are possible, non-specific drug

targets.
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l Second, there are two levels of interactions between TCR and tumor antigens:

(1) initial activation recognition and (2) effector cell recognition. In responses

against tumor cells, these two processes are separated by the fact that CD4+

Th cells need MHCII to be triggered and the CD8+ effector CTL are MHCI

restricted (Krogsgaard and Davis 2005; Kärre et al. 1986, Janeway 1989). As

tumor cells are frequently MHCII�, the Th cell activation process has to take

place via a cross-presentation procedure, where APC takes up tumor cell antigen

as immature DC in the local tumor, process it, and present it on the outer cell

surface of mature DC in association with MHCII molecules in the draining

lymph nodes (Corthay et al. 2005). Activated CD4+ Th1 cells produce IL-2,

which appears necessary and sufficient for CTL differentiation (Denizot and

Rubin 1985). Furthermore, CD8+ CTL activation is also dependent on the

presence of mature DCs to initiate their differentiation program (van Stipdonk

et al. 2003).
l Third, once the CD8+ effector cells are activated and have matured, they can

interact with tumor cell ligands directly, provided that the tumor cells do present

tumor cell-specific peptides associated with MHCImolecules on their cell surface.

In the following sections, we will discuss the characteristics of tumor cell

development, the nature of the tumor antigens, and the way such antigens are

presented to the immune system. The common denominator of these sections will

be the definition of what the immune system “see” on tumor cells. After this, we

will discuss the innate and adaptive immune systems in three different tumor model

systems in mice. The purpose is to understand how the interaction between tumor

cells and immune cells can be efficiently manipulated for prevention or therapeutic

purpose. In these discussions, it is important to keep in mind that (1) a possible

drawback of induction of antitumor immune responses is the potential risk of

concomitant autoimmune reactions (Ludewig et al. 2000), and (2) tumor cells are

not “just” antigens, but cells that are self-sufficient in growth signals are insensitive

to growth-inhibitory signals, evade programmed cell death (apoptosis), have limit-

less replicative potential, have sustained angiogenesis, have tissue invasive and

metastatic properties (Hanahan and Wienberg 2000), and have apparent resistance

to the immune system once organized as an established tumor (Curiel 2007).

3 Tumor Cell Development and Its Danger Signals

Cancer develops from “sub-threshold neoplastic states” caused by viral, physical,

or chemical carcinogens, or UV or X-ray radiations that involve DNA change or

damage. Tumor progression is a selection for cells that survive and accumulate. The

selection results in a stepwise loss of growth control mechanisms and up-regulation

of growth mechanisms. Regulatory mechanisms such as checkpoint control and

apoptosis are absent or ineffective in tumor cells. Thus, developing tumor cells are

self-cells with abnormalities caused by structural changes in or altered levels of

expression of household proteins. These abnormalities may be due to irreversible
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genomic instability in the tumor cells or due to reversible selection exerted on

regulatory elements for genes encoding cell growth factors (Mueller and Fusenig

2004; Singh et al. 1992; Coussens and Werb 2002; Dunn et al. 2004). The most

common genetic changes found in neoplasia are the somatic mutations in the p53

gene. The p53 tumor-suppressor protein is a sequence-specific DNA-binding

protein that functions as a DNA repair factor. DNA damage activates p53, which

in turn induces expression of proteins that halt the cell-division cycle to allow for

DNA repair. Activation of p53 can also initiate programs of cell death (apoptosis)

or permanent growth arrest (senescence) if the DNA damage is persistent and

severe. Restoration of p53 expression leads to tumor regression (Xue et al. 2007).

A p53 response may also contribute to innate immunity by enhancing IFN-a
activity independently of its function as a proapoptotic and tumor-suppressor

gene (Munoz-Fontela et al. 2008).

3.1 Neoplastic Cells

Neoplastic cells may express membrane-bound molecules, which they did not

express before (or only in low quantities), or mutated membrane molecules. As a

selective response to immune destruction, tumor cells may use several escape

strategies, many of which involve down-regulation of MHCI molecules or other

molecules implicated in the antigen-presentation pathway (Ganss et al. 2004;

Mueller and Fusenig 2004; Singh et al. 1992; Coussens and Werb 2002; Dunn

et al. 2004; Schüler and Blankenstein 2003; Seliger et al. 2001). Such tumor cells do

not express tumor-specific peptides on the outer membrane, and consequently they

cannot be recognized by CTLs. Tumor cells may also directly inhibit the recogni-

tion or the function of immune cells by releasing immune inhibitory molecules,

e.g., IL-10 or TGFb. However, cells other than CTL attack tumor cells: NK cells,

polymorphonuclear leukocytes (PMN), and macrophages/DC do not recognize

tumor cells via peptide/MHCI ligands. These cells seem to be involved in the

recently described, natural immunity against tumor cells (Cui et al. 2003). More-

over, mice deficient in the innate immune system show higher incidence of tumor

cell induction and outgrowth compared to wild-type mice (Ljunggren and Kärre

1985; Gorelik et al. 1988; Kawano et al. 1986). Thus, cells from the innate immune

system may play a role both in the destruction of the tumor cells and in the

regulation of MHCI expression on cells with which they interact (Rubin et al.

2008). However, an important question in the discussion is whether the so-called

selective response of tumor cells to immune destruction is (1) a global inductible
response of all tumor cells, i.e., the immune system induces the tumor cells to

change character in such a way that the tumor cells become less sensitive to the

immune effectors, or (2) a selective response of surviving tumor cells, i.e., the
immune effectors kill sensitive tumor cells but not mutated tumor cells or tumor

cells that have changed (down-regulated) certain characters, which render them

invulnerable to the immune attack (Rubin et al. 2008).
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To activate the immune system, neoplastic cells must, in addition to the expres-

sion of tumor-associated antigens (TAA), induce cellular stress signals, danger

signals, or damage-associated signals that alert the innate immune system (Janeway

1989; Gardai et al. 2006). Cell death, damage-associated molecular-pattern mole-

cules (DAMPs), and endogenous danger signals are all associated with expression

of heat-shock proteins (HSP), chromatin-associated protein high-mobility group

box 1 (HMGB1), and others. This is followed by the expression of “eat me” signals

and suppression of “don’t eat me” signals (i.e., CD31 and CD47) on the “troubled”

cells, which are then taken-up by immature DCs. The consequence of the DC-

“troubled” cells interaction will greatly differ, depending on the necrotic versus

apoptotic status of the “troubled” cells. If the “troubled” cells are necrotic, then they

release inflammatory molecules that induce the immature DCs to mature and elicit

cross-priming of the immune system. Necrotic cell death releases HMGB1 and

proteins derived from the tissue injury, such as hyaluronan fragments and non-

protein purinergic molecules such as ATP and uric acid, and induces inflammation

due to IL-1b, IFNg, and TNFa (Sha et al. 2008). DAMPs activate cells of the innate

immune system by triggering TLR or other alarm-signal receptors (Bianchi 2007;

Rubartelli and Lotze 2007). In contrast, if the immature DCs take up “troubled”

cells undergoing apoptotic cell death, they turn into tolerogenic DCs due in part to

the activity of caspases 3 and 7 that render HMGB1 inactive. This causes absence of

induction of inflammation and no differentiation of immature DCs to mature DCs

(Kazama et al. 2008). In addition to DAMPs and endogenous danger signals, tumor

cells may release effector molecules that stimulate the immune cells to collaborate

in tumor growth in the sub-threshold neoplastic states (Prehn and Prehn 2008;

de Visser et al. 2006). The complement system, in particular C5a and properdin,

seems to play an important role in this process by amplifying the production of

reactive oxygen and nitrogen species by myeloid-derived suppressor cells (MDSC)

(Markiewski et al. 2008; Kemper et al. 2008). In fact, growing neoplastic cells may

be considered by the tissue as a physical wound, and the tissue response to such

“intrusion” is wound healing. This means attraction of stromal, endothelial, and

epithelial cells, release of chemokines and cytokines as well as molecules of the

blood-clotting system (Fig. 1).

Thus, both normal repair systems, different danger signals, and the immune

system may take part in the initiation process from a transformed neoplastic cell to

an established, solid tumor.

3.2 Chronic Inflammation

Chronic inflammation increases the risk of the development of transformed cells

and aggravates the development of established malignancies. Some of the proper-

ties of inflammation that contribute to these processes are understood, such as the

promotion of angiogenesis, the induction of tumor-promoting cytokines, the up-

regulation of anti-apoptotic genes, and uncontrolled feed-forward signaling in
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tumor cells through cell surface receptors such as the receptor for advanced

glycosylation end-products (RAGE). Many of these mechanisms are due to pertur-

bations in the tumor microenvironment that co-opt innate immunity to favor tumor

initiation and progression (Prehn and Prehn 2008; de Visser et al. 2006). Inflam-

mation also promotes tumor progression by blocking adaptive immunity through

the induction of MDSC (Zou 2006), which prevent the activation of CD4+ and

CD8+ T cells. The inflammatory stimuli are either the proinflammatory cytokines

IL-1b and IL-6 or PGE2. Mice with heightened levels of IL-1b or IL-6 in the tumor

microenvironment accumulate MDSC with enhanced suppressive activity. S100

proteins are calcium-binding proteins released by MDSC. These intracellular

molecules are released into extracellular compartments in response to cell damage,

infection, or inflammation, and they function as proinflammatory danger signals.

Innate Immune system
Macrophages
Dendritic cells
Granulocytes

Mast cells
NK cells

NKT cells

Adaptive Immune system
Th1 cells
Th2 cells

CTL
B cells

Vascular cells

Fibroblasts

Stromal cells
TUMOR CELLS

Chemokines

Chemokines

Cytokines

Proinflammatory
Anti-inflammatory

gd-T cells
CD4+CD25+Tregcells

Fig. 1 Interactions between growing tumor cells and the immune system. Tumor cells (violet
circles) develop due to changes in DNA (damage or mutation) or to virus infection. Cells from the

innate immune system recognize small growing tumors as a wound, and a wound healing process

is initiated. This may accelerate tumor development due to production of growth factors, chemo-

kines, and cytokines. Stromal cells (yellow) are attracted, and they create a type of maternal–fetus

relationship protecting the developing tumor cells from the adaptive immune system. Among

stromal cells are hematopoietic cells mediating suppressor function such as macrophages and Treg

cells (light blue). When the tumor attains a certain size, nutrients and oxygen cannot reach the

more interior parts of the tumor. Consequently, VEGF is produced by the tumor cells and/or

stromal cells, and vascularization is established and secures continuous growth of the tumor (red).
The vascular cells express low amounts of integrins necessary for immune cells to enter the tumor.

For further details, see text. Any reagent which can either block the interactions marked with

arrows or cancel the blockage of access to and function of the adaptive immune system may

increase the chance to fight tumor growth. Due to the complexity of the tumor–immune system

interactions, combined chemo-, radio-, and immunotherapy would be the most serious
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The proteins are chemotactic for leukocytes, thereby amplifying the local proin-

flammatory microenvironment, and they interact with plasma membrane receptors

on endothelial cells, macrophages and DC-like heparan sulfate, TLR4, or carboxyl

N-glycans. MDSC from tumor-bearing mice have receptors for S100 proteins, and

they synthesize S100 proteins providing an autocrine pathway of MDSC accumu-

lation (Sinha et al. 2008). Inhibition of cyclooxygenase 2 (COX-2) leads to marked

lymphocytic infiltration of the tumor and reduced tumor growth. Treatment of mice

with anti-PGE2 mAb replicates the growth reduction seen in tumor-bearing mice

treated with COX-2 inhibitors. It is concluded that abrogation of COX-2 expression

promotes antitumor reactivity by restoring the balance of IL-10 and IL-12 in vivo

(Stolina et al. 2000).

3.3 Stroma

All solid tumors are composed of malignant cells that are embedded in stroma

consisting of a variety of non-malignant cells and extracellular matrix. Stromal

cells include bone marrow-derived cells, such as macrophages, granulocytes, and

lymphocytes, and non-bone marrow-derived cells, such as endothelium and other

cells of vasculature and fibroblasts. Stroma is essential for the tumor growth as it

provides nutrition, growth factors, and cytokines (Mueller and Fusenig 2004). Thus,

a solid tumor is not just an accumulation of tumor cells, but forms an organ in

which transformed cells are surrounded and nurtured by the stroma cells (Fig. 1).

The effectiveness of antitumor strategies declines significantly with tumor size.

Stromal cells are known to produce factors that promote tumorigenesis and may

also contribute to immune evasion for instance by preventing DC maturation

(Ganss et al. 2004).

Thus, there is a fine balance between immune recognition and elimination of

tumor cells on one hand, and growth and organization of solid tumors on the other

hand. The more organized the tumor cells are, the more insensitive the tumor cells

become to both innate and adaptive immune cells.

4 Expression and Presentation of Tumor Antigens

TAA represent the consequences of the genetic and epigenetic alterations in cancer

cells. TAA may be released glycoproteins or glycolipids, i.e., glycosphingolipids

(Sriram et al. 2002; Wu et al. 2003), or they may be membrane-bound glycolipids,

proteins, or glycoproteins. The latter two may be classified into five groups: (1)

tumor-specific shared antigens, (2) antigens encoded by mutated genes, (3) differ-

entiation antigens, (4) over-expressed or ubiquitously expressed proteins, and (5)

virus-derived antigens (Sugiyama 2008). As discussed above, tumor cells dying by

necrotic or apoptotic mechanisms induce immunogenic or tolerogenic dendritic cells,

respectively (Sauter et al. 2000; Steinman et al. 2000). Soluble or membrane-bound
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TAA may be presented to the immune system by uptake and degradation/proces-

sing by APC. Processed TAA may be associated with MHCI, MHCII, or

non-classical MHCI such as CD1 molecules and thus, in principle, activate T

cells or NKT cells. If the TAA are normal self-structures, they may be expressed

in increased amounts as a consequence of carcinogenesis; e.g., Rae1 and H60

MHCI-like molecules are expressed in tumor cells, and less or not at all in normal

cells (Sauter et al. 2000). The MHCI-like molecules may also be induced by cellular

stress such as oncogene transformation, infection, heat shock, or DNA damage. The

up-regulation of MHCI-like molecules alerts the immune system for the presence

of damaged and potentially dangerous cells via NKG2D and other receptors

(Diefenbach et al. 2001). Furthermore, glycolipid-loaded DC induce tumor cell

immunity by NKT–DC interactions dependent on CD40-CD40L reactions (Corthay

et al. 2005), and such interactions induce tumor-specific memory (Fujii 2008).

A novel way to induce antitumor immunity is to vaccinate with GD2 ganglioside

mimotopes, which induces CD8+ T cells with reactivity to cell adhesion molecules

on the tumor cells, i.e., activated leukocyte adhesion molecule ALCAM/CD166

(Wierzbicki et al. 2008). In contrast, if the TAA are mutated household proteins,

they represent a new “foreign” structure and the foreignness may be presented to

the T cells by any of the various MHC molecules. Thus, haptenated self-proteins or

cells induce immune responses of normal type and magnitude (Rubin and Wigzell

1973; Preckel et al. 1997). Migrating phagocytes routinely ingest moribund neigh-

boring cells, infecting microbes and particulate debris. If the fragments are derived

from non-self-structures, the phagocytes (in particular, DC) add indicators of the

alien status of the ingest on the cell surface. Protein antigens delivered, e.g., via

Escherichia coli, which would be expected to activate TLR4, were fully processed

into peptide-loaded MHCII complexes and expressed at the DC surface. In contrast,

proteins delivered by phagocytosis of apoptotic cells, which lack TLR ligands, were

not presented by MHCII molecules on the DC surface (Blander and Medzhitov

2006). Mincle is a transmembrane CLR, which is expressed on macrophages, and is

augmented by stimulation with bacterial LPS or various fungi. Mincle recognizes a

soluble factor, spliceosome-associated protein 130 (SAP130), released by necrotic

cells (Yamasaki et al. 2008). The tumor necrosis factor superfamily member,

LIGHT, seems to bind to a herpesvirus entry receptor expressed on T cells (causing

T-cell priming) and to the lymphotoxin-b receptor expressed on stroma cells

(causing induction of T-cell attractive chemokines). LIGHT may be considered as

a “double-edged sword” for the immune system that can be turned from a barrier

against the immune cells to a participant in immune responses against cancer

(Yu et al. 2004).

Post-translational modifications that occur during cellular transformation, infec-

tion, or inflammation may result in the display of MHC-associated neoantigens.

Evidence suggests that peptides containing post-translational modifications such as

deamination, cysteinylation, glycosylation, or phosphorylation contribute to the

pool of MHCI-bound peptides presented on the cell surface, and they represent

potential targets for T-cell recognition. Therefore, transformed neoplastic cells may

have an altered self-repertoire (Rubin and Sönderstrup 2004; Mohammed et al.
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2008). The main message is that TAA associated with TLR or CLR induce DC

maturation with presentation of tumor-specific peptides to CD4+ Th1 cells that

initiate the CD8+ CTL response.

The level of MHC expression on live cells is a sensor for T, NK, or NKT cell

recognition and activation (Kärre et al. 1986; Cerwenka and Lanier 2001). A key

question is “What level of MHCI expression is advantageous for tumor cells in their

interactions with the immune system?” High levels of MHCI expression may

suppress CTL responses due to the action of inhibitory receptors (Vivier and

Anfossi, 2004), intermediate levels of MHCI expression would favor CTL killing,

and low levels of MHCI expression favor NK and NKT cell cytotoxicity (Krogs-

gaard and Davis 2005; Cerwenka and Lanier 2001). At the start of neoplastic cell

development, it would be an advantage for the tumor cells to maintain high levels of

MHCI expression, as the frequency of tumor-specific CTL is very low and the

number of NKT and NK cells is high: MHCIlow tumor cells produced fewer tumor

colonies compared to MHChigh tumor cells when injected into naı̈ve mice, indicat-

ing that innate effector cells are involved in this phenomenon (Ljunggren and Kärre

1985; Gorelik et al. 1988; Kawano et al. 1986). However, these considerations may

change as a function of the immunogenicity of the TAA. In summary, to activate an

adaptive tumor-specific immune response and memory, the innate immune system

has to recognize the “danger” of the presence of neoplastic cells.

In the next chapter, we discuss the results from tumor model systems in mice,

where important mechanisms in the “pas de deux” between immune cells and tumor

cells have been highlighted.

5 Mouse Models of Cancer

Several tumor models use, as tumor-specific antigens, peptides from proteins

against which specific TCRab transgenic mice have been made (Ganss et al.

2004; Schüler and Blankenstein 2003; Prévost-Blondel et al. 1998; Mocikat et al.

2003). These models systems have demonstrated that tumor cells may be killed

directly by specific CD8+ CTL and/or indirectly by released IFNg. However, most

systems showed that despite an overwhelming excess of tumor-specific T cells in

the transgenic mice, the tumor cells still grow and kill the hosts (Ganss et al. 2004;

Prévost-Blondel et al. 1998). Are these tumor-specific T cells activated, or do they

ignore the tumor cells, and in either case, why?

5.1 The LCMV Model to Study the Regulation of MHCI
Expression

LCMV peptide gp33-41 expressing B16.F10 (B16gp) melanoma cells expressed

low levels of MHCI at the cell surface, and this low level of MHCI expression

could be augmented by treatment with IFNg (Seliger et al. 2001; Böhm et al. 1998).
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As host for these B16gp cells were used TCR-transgenic mice bearing a TCRab
with specificity against the gp33-41 LCMV peptide, called P14 mice, were used as

hosts for these B16gp cell. Using this model, we investigated whether in vitro

incubation of B16gp cells with normal spleen cells (NSC) could augment MHCI

expression and thereby renders the B16gp cells vulnerable to CTL killing by P14

transgenic CTL. The rational was that NSC may either kill most MHCIlow B16gp

cells and consequently select cells with medium–high MHCI expression, or release

IFNg upon recognition of the low levels of MHCI and subsequently induce MHCI

expression on MHCIlow–medium B16 cells that escaped NK killing. Our experiments

showed that (1) NSC induce high MHCI expression on B16gplow cells in a cell–cell

contact and IFNg-dependent manner, and (2) as expected, such MHCIhigh B16gp

cells were very sensitive to CTL killing. The observed phenomenon was executed

by a collaboration of CD4+, CD1-independent NKT cells, CD4+, CD11c+ DC,

NK1.1+, and NK1.1+, DX5–NK cells. The phenomenon is not observed with

MHCIhigh tumor cells (Rubin et al. 2008). Our conclusion is that cells from the

innate immune system regulate MHCI expression on MHCIlow tumor cells. The

combination of the described NKT, DC, and NK cells is present in highest numbers

in spleen and lymph nodes, and in low levels in the peritoneum, thymus, or bone

marrow. These data have recently been confirmed in vivo using GFP-labeled B16

cells (Riond et al. 2009). Therefore, P14-transgenic mice (raised in SPF conditions)

should be able to reject injected B16gp cells by a combined increase in MHCI

expression induced by NSC and P14-CTL-mediated killing. However, the fact is

that the tumor cells grow apparently undisturbed (Prévost-Blondel et al. 1998;

Roehm et al. 2002). Possible reasons for the failure of P14-transgenic mice to reject

the B16gp tumor cells could be that the tumor cells quickly protect themselves with

stromal cells and/or that they release inhibitory cytokines that down-regulate the

immune response. Another possibility is that the high amounts of B16gp-specific

P14-CTL are not activated, or activated too late. B16gp cells are MHCII�, which
means that they cannot activate CD4+ Th1 cells directly. Immature DCs recruited to

the tumor site have to phagocytose the tumor cells or tumor cell debris, process

possible TAA on B16gp cells, and express TAA peptides associated with MHCII on

mature DCs. Only then, CD4+ Th1 cells are activated and ready to trigger the P14-

CTLs. This process may take too long, and in the meantime the tumor cells have

organized themselves as a solid tumor, and neither the innate NKT–DC–NK cells

nor the activated CD8+ P14-CTLs have access to the tumor cells within the solid

tumor. The apparent failure of the P14-mice to combat and eradicate the B16gp

cells is likely the non-activated innate immune system. If the P14 TCRab trans-

genic mice are first immunized with live LCMV, then they become resistant to

tumor growth (Prévost-Blondel et al. 1998; Roehm et al. 2002). This indicates that

components of the innate immune system may have to be activated (probably via

Toll-like receptors interacting with DNA or RNA from dying virus) to trigger the

CD4+ Th1 cells and tumor-specific CTL. As discussed below, this idea is supported

by our findings that tumor-specific responses are much higher in conventional mice

compared to SPF mice due to an inefficiently activated innate immune system in

SPF mice (Rubin 2009). Moreover, injection of TLR ligands in SPF mice increases

108 B. Rubin and J.E. Gairin



significantly the tumor-specific responses (Rubin 2009; Garbi et al. 2004). It should

be investigated which of the innate immune cells in the LCMV-immunized mice

are the inducer and/or effector cells of tumor cell resistance. This could be done by

in vivo cell transfer of, e.g., LCMV-immune cells fractionated into macrophages,

DC, NK, NKT, granulocytes, or others. Identification of this subpopulation of

innate immune cells may lead to protocols or the development of drugs that can

directly activate such cells without immunization with either virus or inactivated/

attenuated tumor cells. Yet another possibility is that a direct interaction between

the P14 CTLs and B16gp cells leads to tolerance or anergy of the tumor-specific

CD8+ T cells due to lack of co-stimulation.

Then, we investigated whether MHCI down-regulation was an induced or a

selective phenomenon. We used the L12R4 lymphoma cells (see below) as targets

and P14 CTLs as effectors. Cell culture of gp33 peptide-loaded L12R4 cells in the

presence of P14-CTL resulted in the killing of about 95% of the L12R4 cells. The

surviving cells expressed lower levels of MHCI compared to wild-type cells. Then,

the surviving cells were re-incubated with gp33 peptide and subjected to P14-CTL.

Again more than 95% of the cells were killed, and 1–2 weeks later the surviving

cells had further decreased their level of MHCI expression. Further rounds of

selection culture were performed until we obtained a L12R4 variant cell line with

almost no MHCI expression. Without further immuno-selection, this MHCIlow

phenotype lasted for about 2–3 weeks, after which the L12R4 variant cells gradu-

ally regained the MHCIhigh phenotype. Cloning of the MHClow L12R4 cells after

the last P14-CTL selection resulted in only MHCIhigh L12R4 clones. Mammalian

cells go through cell-cycle-dependent variations in surface membrane protein

expression; momentarily MHCIlow L12R4 cells may survive the action of P14-

CTLs. Supernatants from cultures of gp33-loaded L12R4 cells and P14-CTLs

contained no substances that could down-regulate or maintain already down-

regulated MHCI expression on L12R4 MHCIlow variant. Thus, MHCI down-

regulation is most probably a selective process; however, it is not excluded that

CTLs may “impose on” the tumor cells to stay MHCIlow for a certain period of time

by a cell–cell contact-dependent mechanism. In conclusion, both the innate and the

adaptive immune systems play an important role in the regulation of MHCI

expression on tumor cells.

5.2 The L12R4 Vaccination Model

Vaccination of syngeneic mice (i.p.) with mitomycin C-treated L12R4 (L12R4M)

lymphoma cells induces a tumor-specific immune response with life-long specific

memory: the mice are resistant to further inoculation with live tumor cells even in

high quantities (Rubin 2009; Gonthier et al. 2004). In this model, CD4+ Th1 cells are

activated by L12R4-processed material associated with MHCII molecules on

mature DCs (Corthay et al. 2005), and the activated Th1 cells help the activation

and differentiation of CD8+ L12R4-specific CTL and memory cells (Denizot and
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Rubin 1985). These CTLs are specific for variable region epitope(s) on the TCR

expressed by the L12R4 cells (Va10/Vb12), or for unknown household protein

epitope(s). Thus, this is an example of a tumor-specific “antigen” which is normally

present in the antigenic repertoire of self; however, a special Va/Vb combination

with multiple CDR3 variations may be present in such low concentrations that the

negative selection in the thymus neglects such epitopes and lets the TCR repertoire

against such epitopes to migrate to the periphery. Here, they can serve as precursors

of anti-T-lymphoma effector T cells. There are at least two interesting and non-

solved problems in this model: (1) immunization with the L12R4 cells in Freund’s

complete adjuvant (FCA) induces a non-protective Th2-immune response, which

actually inhibits subsequent induction of Th1 responses in the same animals. Thus,

the route of vaccination and the physical state of the vaccinating tumor material (the

L12R4 cells in FCA are mostly dead necrotic cells, whereas L12R4M cells may

survive up to 3 days) play an important role in orienting the subsequent type of

immune response; (2) immunization of mice with already established tumors does

not protect the mice. Thus, everything takes place as if the growing tumor was

ignored by a highly activated immune system. The stromal cells may protect the

tumor cells from invading immune cells. The immune cells sense something “dan-

gerous,” but interaction with the stromal cells (which do not display danger signals)

convinces them that they were mistaken. The L12R4 cells grow as an ascites tumor

(single cell suspension, not protected by stromal cells), yet only vaccination before

challenge with live tumor cells saves the mice. Furthermore, adoptive transfer of

L12R4-specific CD8+CTL can protect themice from live tumor cells, however, only

if the immune T cells are given before or with the tumor cells, and not afterward

(Böhm et al. 1998; Rubin 2009). Thus, pre-established L12R4 tumors possess

sufficiently powerful arms against the immune system to avoid the immune attack.

Further experimentation is necessary to elucidate these problems.

An important observation is that if the vaccination with L12R4M cells is carried

out in SPF mice, the success of inducing a protective immune response and tumor-

specific memory is very low. The tumor-specific responses are much higher in

conventional mice compared to SPF mice due to an inefficiently activated innate

immune system in SPF mice (Rubin 2009). Injection of TLR ligands in SPF mice

may increase significantly the tumor-specific responses (Rubin 2009; Garbi et al.

2004), and transfer of SPF mice to a natural environment induces conditions

required for successful vaccination (Fig. 2).

Thus, as in the B16gp/P14 mouse model, pre-activation of the innate immune

system appears indispensable for induction of efficient tumor-specific immunity.

Furthermore, the data indicate that only Th1 immune responses are protective

against tumor cells.

5.3 The SR/CR Mouse Model

The SR/CR mice are resistant to multiple transplantable tumor cell lines. They were

developed from a BALB/c mouse that resisted the inoculation of virulent ascites
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tumor cells. In the SR/CR mice, the killing of tumor cells requires three distinct

phases. First, the migration of the leukocytes to the site of tumor cells after sensing

their presence. Second, the recognition by leukocytes of the unique properties of

the tumor cell surface and make tight contact with it. Third, the delivery of the

effector mechanisms to target cells. The difference between SR/CR mice and wild-

type mice seems to lie in one of the first two phases. Upon challenge with tumor

cells, wild-type mice lack leukocyte infiltration and rosette formation. Apparently,

a stable, heritable, and unknown mutation in SR/CR mice renders the leukocytes

capable of sensing unique diffusible and surface signals from tumor cells, and of

responding to the activation signals by migration and physical contact. Once the

first two phases are accomplished, unleashing the pre-existing effector mechanisms

for killing seems to ensue by default. The major effectors appear to be macro-

phages, which kill tumor cells via apoptosis induced by reactive oxygen species and

serine proteases. The mutated gene(s) in SR/CR mice may determine whether

leukocytes interpret the “signals” from the tumor cells as neglect or inhibition

(wild-type mice) or as activation of migration and of tumor cell recognition (SR/

CR leukocytes) (Cui et al. 2003; Hicks et al. 2006a,b). The mutated innate immune

cells can even recognize and kill the tumor cells autonomously without interference
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Fig. 2 Effect of exposure to natural environment on the success of vaccination. C57Bl/6 mice

(126) born and raised on SPF conditions were divided into 7 groups of 18 mice. An additional

group of 18 C57Bl/6 mice born and raised in conventional (natural) conditions was used as control

(total, meaning all the time in conventional conditions). Of the seven groups, one was kept under

SPF conditions, and the six others were transferred to a farm house, where they lived in a natural

environment with natural food (vegetables, grains, and source water). After 1, 2, 3, 4, 5, or

6 weeks, they were immunized 3� with mitomycin C-treated L12R4 lymphoma cells. The mice

kept under SPF or conventional conditions all their life were vaccinated at the same time as the

SPF mice having been in a natural environment for 6 weeks. After 3 weeks of rest, the mice were

challenged with 105 live L12R4 cells and protective immunity was observed. Each column

indicates the percentage of vaccinated mice that survived challenge with live L12R4 cells

(vaccination-protected mice)
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from an adaptive immune response, which develops only later in the mice that are

able to reject the tumor cells (Hicks et al. 2006a). The recognition mechanism is

unknown, but it is apparently non-specific and not MHC restricted, i.e., SR/CR

mice reject the original MHCIlow fibrosarcoma cells, S180, as well as other MHC-

incompatible MHClow or MHCIhigh tumor cells (Cui et al. 2003). Therefore, it

seems that this tumor model, as the two above-discussed models, strongly empha-

sizes the importance of activation of the innate immune system and its participation

in tumor eradication.

The three mouse model systems described above illustrate the major challenges

in tumor cell–immune system interactions.

l First, the innate immune system has to sense the presence of neoplastic cells:

under normal conditions, the innate immune system in both a natural environ-

ment and a SPF environment does not sense neoplastic cells immediately. Only

when the tumor cells and surrounding tissue send out danger signals, the innate

immune cells react, and innate immune cells partially activated in response to a

natural environment react much more efficiently than innate immune cells from

SPF mice (Rubin 2009; Gonthier et al. 2004). The sensing of tumor cells is

particularly strong in SR/CRmice, where the mutation(s) has rendered the innate

immune cells extremely sensitive to the presence of neoplastic cells (Cui et al.

2003; Gonthier et al. 2004; Hicks et al. 2006a). Thus, it seems that this tumor cell

model, as the two above-discussed models, strongly emphasizes the importance

of the innate immune system. Furthermore, the SR/CR model demonstrates

that the innate immune system may combat tumor cells very efficiently and

autonomously by a mechanism which is strictly regulated in normal mice.
l Second, with the assistance from the innate immune system, the TAA-specific

CD4+ Th1 cells have to be present in a state (Corthay et al. 2005) where they can

be activated. As TAA may be self-structures, the relevant CD4+ Th1 cells may

be absent, anergized, or kept silent by CD4+CD25+ Treg cells (see below).

Furthermore, the activation of the CD4+ Th1 cells may be dependent on cross-

presentation by mature DCs (Corthay et al. 2005). In addition, the activation

must take place in such a way that only Th1 cells are activated (presence of IFNg
and IL-12 among others), since Th2 responses are non-protective and inhibitory

for the development of protective Th1 responses (Rubin 2009). Unfortunately, it

is not clear which mechanisms are at play in the Th2-cell differentiation pathway

(MacDonald and Maizels 2008). Therefore, it is very important to clearly

establish, in a tumor model, how DCs process TAA and avoid the induction of

both TAA-specific tolerance and Th2-cell differentiation.
l Third, it is indispensable to know how a given tumor defends itself against the

immune system. The tissue response to developing neoplastic cells is like a

wound-type response, i.e., repair (Coussens and Werb 2002). Thus, neoplastic

cells become protected relatively quickly by stromal cells that do not present

TAA peptides on their MHC molecules and do not release danger signals. In

addition, tumor cells may release a series of inhibitory molecules, which

decrease the efficiency of the immune system: VEGF (which induces tumor
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vascularization and inhibits DC maturation), IL-6 and M-CSF (which push DC

into macrophage differentiation), prostaglandin E2, IL-10, TGFb, and ganglio-

sides (which all suppress DC maturation and function). The abundance of these

molecules causes presence of low concentrations of important immune stimula-

tory cytokines in the tumor environment: GM-CSF, IL-4 (DC activation and

differentiation), IL-12, and IFNg (Th1 cell activation and development) (Zou

2005; Rabinovich et al. 2007). Such an inhibitory, protective milieu may well be

the main reason for the inefficiency of tumor cell vaccination in individuals with

already established tumors (Ganss et al. 2004; Prévost-Blondel et al. 1998;

Rubin 2009; Gonthier et al. 2004).

6 Cellular and Molecular Regulation of Tumor Immunity

As discussed previously, CD4+ T cells are necessary for induction of TAA-specific

CD8+ CTL (Corthay et al. 2005; Denizot and Rubin 1985; van Stipdonk et al.

2003). When the CD4+ T cells are alerted and migrate to the tumor, they have the

immediate risk of being tolerized by the tumor cells that often do not express either

MHCII or co-receptor ligand molecules and by DCs that are in an immature state.

Not only may the CD4+ T cells be tolerized, but they may differentiate into TAA-

specific Treg cells (Chen et al. 2003), or they may simply ignore the tumor cells and

stay naı̈ve T cells. The problem in the clinical situation is that the presence or

absence of tumors is a matter of detection, i.e., we are always confronted with a

therapeutic situation (Van Elsas et al. 2001).

T-cell activation requires two signals, one provided by TCR–pMHC interactions

and another mediated by co-receptors such as CD28 or ICOS (see Sect. 1). CD28

interacts with CD80 (B7.1) and CD86 (B7.2), whereas ICOS has B7h as a ligand.

Absence of CD28 and ICOS co-stimulation causes induction of anergy or functional

tolerance in both CD4+ and CD8+ T cells, seemingly due to low IL-2 production.

Expression of two crucial components in T-cell activation, PLCg1 and PKC0, is

very low in anergized T cells, and signal pathways through MAP kinases, NK-kB,

and NFAT are impaired. Furthermore, expression of Th1 and Th2 as well as CTL

lineage commitment regulators (T-bet, GATA-3 and Eomes, respectively) is

greatly reduced. However, it seems that naı̈ve T cells receiving only TCR–pMHC

stimulation are not anergized. The necessary activators of anergy on APC may

come from negative co-stimulatory molecules such as CTLA-4, PD-1, B7-H3, and

B7-H4. The master regulator appears to be IL-2 that when produced in high

concentrations induces immunity (positive co-stimulation via CD28 and ICOS)

but when produced in low concentrations induces tolerance (negative CTLA-4,

PD-1, B7-H3/H4 co-stimulation). Thus, concerning possible anergized tumor-

specific T cells, it would be advantageous to augment positive co-stimulation and

block negative co-stimulation (Nurieva et al. 2006).

So, how can the host immune system be regulated in such a way that it mounts

stronger and, more importantly, protective tumor-specific immune responses?
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Many new therapeutic axes are available such as novel adjuvants, DC-based

immunotherapy, and adoptive T-cell immunotherapy. In case of tumor cells with

mutated self-proteins or with expression of viral proteins, the T-cell repertoire

would be of normal size and avidity. However, if the tumor cells express deregu-

lated quantities of self-proteins or differentiation proteins, the T-cell repertoire is

rather low and self-reactive T cells have TCR with low avidity. These cells can be

activated and induced into memory T cells with a significantly higher response

potential than naı̈ve T cells (Morgan et al. 1998; Cordaro et al. 2002). Possible ways

to activate low-avidity T cells are (1) the use of high vaccinating antigen concen-

tration [eventually using tumor TAA peptides inserted into the variable region of

immunoglobulins (Lee et al. 2008)], (2) the use of altered peptides (Slansky et al.

2000), and (3) the inhibition of the action of inhibitory molecules (e.g., CTLA-4) or

cells (such as CD4+CD25+ Treg cells) (Van Elsas et al. 2001). Often tumor antigenic

peptides do bind reasonably well to the MHC molecules; the weak point is the

interaction between the TCR and pMHC. One approach is to keep the MHC anchor

residues and change the TCR-binding residues. This may increase immunogenicity

up to 100 times and presents a promising way to augment tumor-specific immune

responses (Slansky et al. 2000). However, the difficulty is that when diagnosing

cancer in a given patient, you first have to identify the TAA, then the dominant

immunogenic peptide, and then alter this peptide to increase effectiveness. This

treatment is long and expensive, but tumor-specific and with possible induction of

T-cell memory. It is important to note that peptide-vaccination regimes should

favor induction of Th1 responses, which are solely responsible for significant

tumor-specific CD8+ CTL responses (Pardoll 2002; van Stipdonk et al. 2003;

Schüler and Blankenstein 2003; Mocikat et al. 2003; Gonthier et al. 2004). The

production of IL-12 by DCs, of IFNg by macrophages, DC, NK, and NKT cells, and

absence of the production of IL-4 by Th-2 have to be controlled (Lee et al. 2008).

Immune consequences of chemotherapy and/or X-ray radiation of solid tumors

are (1) increased immunogenicity through cross-presentation (Ganss et al. 2004;

Bhardwaj 2007), (2) increased TAA concentration and stromal cell load (Zhang

et al. 2007), (3) enhanced MHCI expression, (4) increased expression of ligands for

NK cells, and (5) enhanced NK cell activity (Reits et al. 2006). Adoptive transfer of

tumor-specific CTL may lead to complete tumor rejection (Bhardwaj 2007; Zhang

et al. 2007; Reits et al. 2006). Thus, a combined therapy of physico-chemical

destruction and of adoptive CTL transfer may convert the situation in tumor

cell–immune cell interactions from: “not enough of a good thing” and “too much

of a bad thing” (Curiel 2007) to the advantage of the patient.

The thymus accomplishes two essential tasks concerning maintenance of immu-

nological tolerance: (1) negative selection (clonal deletion) of potentially hazardous

self-reactive T cells, and (2) production of CD4+CD25+ Treg cells, which act in the

periphery to control self-reactive T cells that have escaped negative selection in the

thymus. It appears that expression of AIRE on medullary thymic epithelial cells and

of FOXP3 by maturing Treg cells play an important role in both thymic negative

selection and generation of Treg cells. Compared with the thymic selection of

conventional T cells, the selection of Treg cells requires agonistic interactions of
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higher avidity between T cell receptors in developing thymocytes and self-peptide/

MHC on thymic stromal cells (Sakaguchi et al. 2006; Hsieh et al. 2006; Nomura

and Sakagushi 2007; Aschenbrenner et al. 2007). Furthermore, it appears that

conventional effector T cells and Treg cells have very similar repertoires, even

though the Treg cells do only constitute about 5–10% of CD4+ T cells. Despite the

higher TCR avidity of Treg cells, they do no apparent harm to the host, because

triggering of their TCR does not induce proinflammatory cytokines (Sakaguchi

et al. 2006). CD4+CD25+ Treg cells may not be strictly lineage-specific; it has been

shown that CD4+CD25� naı̈ve or effector T cells can convert into CD4+CD25+ Treg

cells upon stimulation with TGFb (Chen et al. 2003), and Th2 cells may convert

into Th17 or Th9 cells (Tato and Cua 2008). This may have important bearing

on therapies involving Treg cell elimination by treatment with anti-CTLA4 or

anti-CD25 mAb.

Treg cells are antigen-specific in their differentiation and activation, but they may

exert their function in an antigen-independent manner whether through soluble or

cell–cell contact-dependent mechanisms. They deregulate effector cell function by

at least four different mechanisms: (1) suppression by inhibitory cytokines, (2)

suppression by cytolysis, (3) suppression by metabolic disruption, or (4) suppres-

sion by targeting DC. Treg cells suppress profoundly APC, T cells, and NK cells

probably by the inhibitory cytokines IL-10, IL-35, and TGFb. In contrast to normal

effector T cells, Treg cells express the high-avidity IL-2 receptor, IL-2Ra (CD25)/

IL-2Rb (CD122)/IL-2Rg (CD132). Consequently, they may suppress effector

T-cell function by IL-2 competition or consumption (Vignali et al. 2008; Curiel

2007; Zou 2005, 2006; Mills 2008; Pasare and Medzhitov 2003). Treg cells migrate

to and colonize the tumor mass by unknown mechanisms; however, it seems as if

MDSCs expressing B7-H1 or B7-H4 are involved in this process via interactions

with CTLA4 on the Treg cells. The production of IL-10 by Treg cells modulates

selectively the expression of B7 family members so as to tilt the balance toward

immune suppressive B7-H1 and B7-H4 up-regulation and co-receptor ligand B7.1

(CD80) or B7.2 (CD86) down-regulation. Presence of Treg cells and B7-H4+

macrophages is frequent in the tumor environment. The interaction of CTLA4 on

Treg cells and CD80 or CD86 on APC induces the latter to produce indoleamine-

2,3-dioxygenase (IDO) or arginase-1, which degrades the essential amino acids,

tryptophan and arginine, respectively, that are indispensable for T-cell activation

and function (Curiel 2007; Zou 2005, 2006). Activation of TLR9 by DNA or of

other TLRs by bacterial products may inhibit Treg cell activity by IL-6 dependent or

independent mechanisms. This ascertains that immune responses can – and should –

take the advantage over suppression (Mills 2008; Pasare and Medzhitov 2003).

Tumor cells generate chemokines that attract Treg cells to the tumor microenvi-

ronment, an effect inhibited by IL-6 (Pasare and Medzhitov 2003; Moutsopoulos

et al. 2008). If CD4+CD25+ Treg cells are not removed before establishment of a

solid tumor, these Treg cells infiltrate the tumor and participate in the change of

tumor vasculature to become less permeable to activated T cells. Both ICAM and

VCAM adhesion molecules are not up-regulated on tumor vasculature; anti-CD25

mAb treatment does decrease circulating Treg cells and augment effector T-cell
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generation but it does not decrease Treg in the tumor (Quezada et al. 2008). The

function of tumor-specific CD4+CD25+ Treg cells can be inhibited/attenuated by

several mechanisms: (1) inhibition of the production by tumor cells of cyclooxy-

genase-2 (Moutsopoulos et al. 2008), CD70, Galectin-1, TGFb, and IDO (Gajewsky

et al. 2006); (2) non-specific depletion by treatment with anti-CD25 mAb, with

IL-2-diphteria toxin, with cyclophosphamide, by vaccination against FOXP3 or

CpG treatment; (3) treatment with TAA-peptide to which Treg cell TCR binds with

much higher avidity compared to tumor-specific effector CTL, raising the effector

cell threshold by means of treatment with anti-CTLA4 antibodies (Chambers et al.

2001); and (4) blocking of Treg cell trafficking, effector function, or differentiation

(Curiel 2007). Expression and function of CTLA-4 can be regulated using anti-

CTLA4 antibody therapy (Quezada et al. 2008). Imatinib mesylate inhibits

CD4+CD25+ Treg cell activity and enhances active immunotherapy by a cell–cell

contact-dependent mechanism (Larmonier et al. 2008).

Tumor-associated macrophages are recruited to tumors and promote tumor

growth by enhancing inflammation and angiogenesis. Therapies, which neutralize

pathways of chronic production of proinflammatory cytokines, may limit tumor

growth (Bhardwaj 2007). TGFb is first produced by developing tumor cells, and

then by infiltrating TILs, NK cells, macrophages (in particular, MDSC), epithelial

cells, and stromal cells, all recruited by the tumor-produced TGFb. TGFb pervades

the milieu and profoundly influences the behavior of both tumor cells, stromal cells,

and immune cells. Tumor progression is promoted synergistically by epiregulin,

matrix metalloproteinases, and COX-2. TGFb together with IL-6 and IL-21 induces

Th17 cell differentiation, which has been linked to tumorigenesis. IL-17 is impli-

cated in recruitment of phagocytes and with increased angiogenesis (via CXCR2).

Th17 cells produce IL-21, IL-22, and TNFa, all proinflammatory cytokines that

may foment a tumor-supportive niche. TGFb has multiple actions: i) it promotes

Treg function, ii) it induces diminished DC maturation (with decreased expression

of MHCII and co-receptor ligands) and migration, iii) it increases DC sensitivity to

apoptosis, iv) it induces VEGF and vascularization, and v) it suppresses CD4+,

CD8+ T cell, and NK cell recognition, expansion, and function (Moutsopoulos et al.

2008). Transgenic mice, in which CD4+ and CD8+ T cells cannot signal through

TGFb, can mount a potent tumor-specific CTL response that results in tumor

eradication. However, TGFbR�/� T cells can only protect if given at the same

time or up to 3 days after the tumor cells. TGFbR�/�mice that have rejected tumors

do not develop tissue-specific immune destruction. It appears that only tumor-

specific T-cell responses are enhanced in the absence of TGFb signaling (Gorelik

and Flavell 2001).

T cells are dependent on a minimal number of TCR/CD3 complexes on the cell

surface for optimal effector function. Therefore, one efficient way to diminish

T-cell effector function (induction of tolerance or anergy) is to down-regulate

TCR/CD3 surface membrane expression. TCR/CD3 cell surface expression is

mainly controlled by CD3z (Geisler et al. 1992). Consequently, an efficient way

to attenuate T-cell effector function is to decrease CD3z biosynthesis, intracellular
transport, and surface membrane expression. An impressive number of tumors
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and chronic inflammatory diseases cause induction of nitric oxide (NO), reactive

oxygen species (ROS), arginase-1 (Rodriguez et al. 2002), or TNFa (see above), all

of which provoke CD3z down-regulation (Kiessling 1997; Baniyash 2004). These

activities are produced by tolerogenic DC, suppressive macrophages, or MDSC.

Furthermore, the tumor microenvironment produces inhibitory factors such as

hyaluronan fragments, which down-regulate CD3e (Kuang et al. 2008). As sup-

pression by these activities is reversible, it is possible to avoid this form of

immunosuppression by reagents which neutralize these activities.

In summary, an ultimate goal in the enhancement of antitumor cell immune

responses is to master the effects of Treg cells, Th17 cells, MDSC, and their

inhibitory molecules (Kryczek et al. 2007). A promising way is to render effector

T cells resistant to regulation by regulatory cells (Schneider et al. 2008; Toscano

et al. 2007). Both cytokines like TNFa, IL-4, IL-6, IL-7, IL-12, IL-15, and IL-21

impair Treg function (Schneider et al. 2008; Toscano et al. 2007), and the level of

glycosylation on the surface of Th1, Th2, or Th17 (Toscano et al. 2007) influences

the sensitivity of effector T cells to Treg cells.

7 Discussion

In the preceding chapters, we have described how developing and established

tumors interact with the microenvironment and the immune system. In addition,

we have given a description of the different aspects of the immune system. In this

final discussion, we summarize what the immune system can do to combat the

tumors, and, conversely, what the tumors can do to avoid the immune system

(Table 1). Through this discussion, the idea is to focus on possible ways to amplify

the antitumor immune response to render it efficient. As we have seen, the neoplas-

tic cells develop as a consequence of natural or imposed changes in the genome of

host cells. The presence of “changed” cells is interpreted by the host environment as

a wound that should be healed to re-establish order. However, the neoplastic cells

by themselves may have gained uncontrolled cell growth, and/or they may

be helped in the growth by stromal cells including immune cells and molecules.

In this situation, the tumor cells establish as a solid tumor at the same time, as the

immune system is triggered by the danger or damage signals sent out from the

tumor. Sometimes the immune system takes the advantage in this race, and some-

times it is the tumor cells that take over. In the human situation, most often we are

dealing with established tumors and an inefficient immune system. Thus, the

question is how can we attenuate/eradicate the tumor cells and amplify the destruc-

tive effect of the immune system. Solid tumors can in principle be removed by

surgery, and eventual residual tumor cells can be eradicated by chemotherapy and/

or irradiation. Pharmacological drugs with high efficiency against rapidly growing

cells are available, and pharmacological companies are developing increasingly

efficient anti-proliferation drugs (Muller and Scherle 2006; Zitvogel et al. 2008).

For immunotherapy, the three main problems are: (1) the specific activation of
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Table 1 Parameters in the immune system – tumor cell fight

1. What the immune system can do against tumors?

(a) Innate immune cells such as NK and NKT cells survey cells with anomalous expression of

MHCI molecules

(b) Innate immune cells such as macrophages or DCs sense “troubled” host cells. Innate immune

cells from SR/CR mice are particularly sensitive in this respect. Apoptotic cell death leads to

induction of tolerogenic DCs. Necrotic cell death leads to induction of immunogenic DCs,

which induces cross-priming of Th1 cells

(c) Innate immune cells help the establishment of neoplastic cells into solid tumors

(d) Vaccination increases the frequency and efficiency of tumor-specific effector cells and induces

specific memory

(e) Immune cells should avoid or fight against suppressive molecules or cells induced by

tumor cells

(f) Immune cells should have increased capacity to migrate and penetrate into tumors, i.e.,

increased expression of receptors for chemokines and adhesion molecules

(g) Augment the production of GM-CSF that converts immature DCs to mature DCs

(h) Increase production of IL-12 to enhance Th1 responses

(i) Tumor-specific effector T cells acquire resistance to Treg cells (IL-21)

(j) Avoid differentiation of CD8+CD205+ DCs, which are specialized to induce Foxp3+ Treg cells

(k) Avoid Th17 cell differentiation by TGFb, IL-6 and IL-21, or block IL-17 release (induce

phagocyte recruitment to tumor site and angiogenesis)

2. What the tumors can do to avoid the immune system?

(a) Get protected by stromal cells and nurtured by vascularization

(b) Make as little “noise” as possible by avoiding production of inflammation and danger signals

(c) Produce inhibitory substances against innate immune cells, adaptive immune cells, against cell

interactions or cell migration (chemo-attractants such as CXCL12 and cytokines such as IL-10

and TGFb)
(d) Use selective procedures as lack of tumor-associated antigens, of MHCI expression or of

molecules in the antigen-presentation pathway

(e) Convert tumor-specific Th1 cells into either Th2 cells or CD4+CD25+ Treg cells

(f) Induce death of activated T cells by, e.g., Fas (CD95) – FasL, or PD-1/PD-2 – ligand

interactions

(g) Become resistant to apoptosis induction (expression of FLIP and Survivin)

(h) Trigger differentiation of either TAM, MDSC, or CD8+CD205+ DCs, which can induce

Treg cells

(i) Induce tumor-specific tolerance

(j) Recruit inhibitory macrophages, MDSC and CD4+CD25+ Treg cells, or Th17 cells to tumor

niche

(k) Avoid expression of integrin and chemokine receptors on tumor cells, stromal cells, and

vascular cells

3. What can the researchers do amplify the immune cells and attenuate the tumor cells?

(a) Monoclonal antibodies against inhibitory cytokines/chemokines/hormones/growth factors in

the tumor microenvironment should be carried to and released in the solid tumor

(b) Tumor-specific monoclonal antibody-coupled liposomes (or other carriers) with encapsulated

tumor drugs should be targeted to and phagocytized by the tumor cells (Serre et al. 1998)

(c) Production of stable (not easily degradable) peptides which enhance interactions between TCR

and pMHCI, or block unsuitable interactions of integrins, adhesion receptors, cytokine

receptors, and chemokine receptors with their ligands

(d) Production of inhibitors against suppressor cells such as MDSC or natural or activated

Treg cells

(e) Production of reagents that block the activity of TGFb, IL-10, IL-35, and VEGF and can be

delivered locally (Homey et al. 2002)
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T cells in a situation where mechanisms of tumor-specific T-cell tolerance are

already present, (2) whether the tumor-specific T cells have the capacity to migrate

to and penetrate into the tumor (Rudd et al. 2008), and (3) the sensitivity of effector

T cells to tumor cell-produced inhibition (Muller and Scherle 2006). These

processes are regulated by CD4+CD25+ Treg cells, Th17 cells, and MDSC. There-

fore, a first step in attempting to increase tumor-specific immunity is by trying to

diminish the effect of these cells. A relatively straightforward method would be to

eliminate/inactivate Treg cells by treatment with mAb against CD25, CTLA-4,

GITR, or Foxp3 (Curiel 2007; Zou 2006; Van Elsas et al. 2001; Chambers et al.

2001). One promising way is to activate natural immunity, which mediates a

continuously activated innate immune system (Rubin 2009). Thus, activation of

TLR on APC by ligands such as CpG (TLR9), LPS (TLR4), or double-stranded

DNA (TLR3) induces increased TCR triggering (by slowing pMHCI decay rates on

the APC) (Rudd et al. 2008) and Treg cell activity inhibition (Zou 2006; Mills 2008).

The property of Treg cell TCRs in general to have a higher avidity than that of TAA-

specific effector T cells may be used to induce TAA-specific tolerance of the Treg

cells with appropriate doses of altered peptide (Hsieh et al. 2006; Mills 2008).

In the injured tissue, macrophages are supplemented from the circulation, and

the activities of the inflammatory cells are biased toward phagocytosis, extracellu-

lar proteolysis, and production of factors that promote growth and repair (Hume

2008). Endothelial cells express two endothelin receptors, ETRA and ETBR. In the

presence of endothelin, the adhesion of lymphocytes to endothelial cells is reduced.

This effect can be reversed by the ETBR inhibitor peptide, BQ-788, which up-

(f) Inhibit antigen-induced, activated T-cell death (Chang et al. 2008; Lu and Finn 2008; Nurieva

et al. 2006)

(g) Avoid induction of T-cell tolerance (unresponsiveness) by down-regulation of Treg cell activity

and up-regulation of low-avidity T-cell reactivity (Cordaro et al. 2002; Morgan et al. 1998;

Slansky et al. 2000)

(h) Induction of Treg cell resistance in tumor-specific effector T cells (Schneider et al. 2008;

Toscano et al. 2007)

(i) Blocking Treg cell trafficking (anti-CCL22 mAb) (Zou 2006)

(j) Restoration of normal p53 gene function and p53 protein stability (Xue et al. 2007)

(k) Avoid treatment with glucocorticoids during chemotherapy, and avoid removal of tumor-

draining lymph nodes (Zitvogel et al. 2008)

(l) Therapeutic induction of lymphopenia (Zitvogel et al. 2008)

(m) Combined treatment with IL-12 and doxorubicin (anthracycline) therapy (Zitvogel et al. 2008)

(n) Activate Vg9Vd2 T cells that augment antitumor immunotherapy (Caccamo et al. 2008;

Vantourout et al. 2008)

(o) Activate the innate immune system via TLR and/or CLR

(p) Immunize against ganglioside mimotopes (Wierzbicki et al. 2008)

(q) Altered tumor peptide therapy (Slansky et al. 2000)

(r) Control the chemokine balance in the tumor environment (Kiessling 1997)

(s) Small molecule inhibitors of IDO, ARG, iNOS, COX2, TGFbR1, JAK/STAT, VEGFR1,
CCR4, CXCR4, and CCR2 (Homey et al. 2002; Muller and Scherle 2006)

(t) Reactivate CD3z expression (Baniyash 2004; Geisler et al. 1992; Kiessling 1997; Rodriguez

et al. 2002)
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regulates expression of ICAM-1. ETBR ligation induces nitric oxide production

that plays a role in leukocyte recruitment to tissues, but also in production of VEGF.

Treatment of mice with BQ-788 could inhibit tumor growth and was associated

with increased lymphocyte infiltration into tumors (Buckanivich et al. 2008).

Activated DCs express the chemokine receptor, CCR7, which facilitates their

migration to lymph nodes and initiates DC maturation (Homey et al. 2002; Förster

et al. 2008). DCs can be “alarmed” by products (alarmins) of injured or dying

host cells. G protein-coupled receptors mediate a wide variety of sensory functions

by interacting with ligands as distinct as photons, hormones, neurotransmitters,

or proteins (peptides). One such receptor, GPR91, functions as a receptor for

succinate, which in addition to its metabolic function in cellular respiration

(Krebs cycle) may alert the innate system of immunological danger. Immature

DCs express high levels of GPR91, which bind to succinate released locally or in

the circulation and induces DC maturation. In this process, the DCs lose GPR91

expression (Rubic et al. 2008). These processes augment T-cell migration to and

penetration into the tumors.

One of the mechanisms to evade effective immunosurveillance is induction of

T-cell death by tumor cells. Chronic stimulation of T cells by tumors leads to

activation-induced cell death (AICD). Abortive stimulation of T cells by tolero-

genic DC loaded with tumor antigens or caused by cytokine withdrawal leads to

autonomous death of tumor-specific T cells (ACAD). Possible mechanisms are the

expression by tumor cells of Fas or B7-H1/H4, which interact with FasL or PD-1 or

PD-2 on activated T cells. Hyaluronan (a damage signal) participates in the

maturation of DCs and thereby activation of naı̈ve T cells. This causes expansion

of specific T cells. Thus, activated T cells express CD44 which binds hyaluronan

and mediates cell death (Ruffell and Johnson 2008) via a non-Fas (CD95)-dependent

but Bim-dependent mechanism (Green 2008). Therapeutic approaches that prevent

T-cell death in the tumor microenvironment and tumor-draining lymph nodes,

therefore, should be used. However, AICD and ACAD are also natural regulatory

pathways that control and stop normal immune responses, when these are no more

needed (Lu and Finn 2008).

Most patients do not experience tumor regressions in response to active immu-

nization. For tumor rejection to occur, activated effector T cells must migrate into

the tumor sites and gain contact with antigen-expressing tumor cells. In addition,

they must maintain their effector functions for a sufficient time to eradicate the

population of tumor cells. Th1 cells and CD8+ CTL express CCR2 [which binds

monocyte chemotactic proteins (MCPs) MCP-1, MCP-2, and MCP-3], CCR5

[macrophage inflammatory protein 1a (MIP-1a) and MIP-1b], and CXCR3 (which

binds IP-10, Mig, and I-TAC). In contrast, Th2 cells express CCR3, CCR4, CCR8,

and CXCR4 arguing that a partially distinct set of chemokines is responsible for

establishing this T-cell differentiation state. Treg cells are attracted by a separate

set of chemokines, i.e., thymus and activation-regulated chemokine (TARC) and

macrophage-derived chemoattractant (MDC) via CCR4. These observations

suggest that expression of the appropriate array of chemokines within a tumor

microenvironment that are chemotactic for IFNg-producing Th1 cells, with
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minimal expression of the Treg cell-recruiting TARC and MDC, might be important

for establishing the most effective microenvironment for executing the effector

phase of the antitumor immune response (Zou 2005; Wang et al. 2004).

The fact that tumors acquire such a complex program of immune evasion

mechanisms is striking. At first glance, it may not seem logical that tumor cells

should so readily orchestrate an immunosuppressive microenvironment. However,

from the evolutionary perspective, there is a clear developmental context in which

such a tolerogenic environment must be generated in normal physiology, which is

at the maternal/fetal interface. The mechanisms by which the placenta prevents

immune-mediated rejection of the semi-allogeneic fetus are strikingly similar to

those present in tumors (Petroff 2005).

From the discussion emerge some therapeutic opportunities (see also Table 1):

1. The greatest information can be gained by gene expression profiling on tumor

samples that capture the spectrum of cells in the tumor microenvironment

(Wang et al. 2004).

2. Intratumoral introduction of chemokines through the use of viral vectors would

serve as a proof of concept. Transduction of tumor cells to express specific

chemokines has shown benefit in some experimental murine models (Zitvogel

et al. 2008; Yingling et al. 2004).

3. Anergy of antitumor T cells is amenable to reversal or prevention in vivo. One

strategy may be to use homeostatic proliferation (Nair et al. 2003).

4. Another strategy would be to restore the expression of co-stimulatory ligands

and to decrease the expression of inhibitory ligands within the tumor microen-

vironment.

5. Depletion of Treg cells or interfering with their regulatory function (Schneider

et al. 2008; Toscano et al. 2007).

6. Interfere with intratumoral migration of Treg by blocking TARC or MDC and/

or inhibiting the engagement of CCR4 (Homey et al. 2002; Förster et al. 2008;

Buckanivich et al. 2008).

7. Try to counter metabolic dysregulation at tumor sites (Stolina et al. 2000;

Gajewsky et al. 2006).

8. Inhibit STAT3 function. STAT3 inhibitors have been shown to augment

the attraction of effector T cells to the tumor site, in addition to their effect

as negative regulators of vascularization (inhibition of VEGF production).

Down-regulation of VEGF further avoids interference with DC generation

and maturation (Wang et al. 2004).

9. Tumor cells are relatively resistant to apoptosis in contrast to stromal cells.

Therefore, one should use the lower threshold of stromal cell killing compared

to tumor cells.

10. Combined immunotherapy against tumor antigens and VEGF or VEGFR-2 cau-

ses tumor cell rejection even when given after tumor cell implantation (Nair

et al. 2003).

In summary, we have discussed that even when tumor antigen-specific T cells

are appropriately activated and home to tumor tissues, they must maintain their
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effector function and overcome local mechanisms of immune suppression in the

tumor microenvironment for tumor eradication to be achieved. There are multiple

possible combinations of different types of therapies, and only our imagination may

be at default. However, the main message is that all environmental factors which

can activate the innate immune system and maintain its activity are beneficial in our

combat against cancer. In addition, effector T cells have to be rendered insensitive

to tumor environment-related inhibition.

Acknowledgement We wish to thank the CNRS, Pierre Fabre Laboratories, the french Associa-

tion for Research on Cancer ARC and the European Union for grants and financial supports.

References

Adams EJ, Strop P, Shin S, Chien YH, Garcia KC (2008) An autonomous CDR3d is sufficient for
recognition of the nonclassical MHCI molecules T10 and T22 by gd T cells. Nat Immunol

9:777–784
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Abstract Cancer immunotherapies have yielded promising results in recent years,

but new approaches must be utilized if more patients are to experience the benefits

of these therapies. Angiogenesis and the tumor endothelium confer unique immune

privilege to a growing tumor, with significant effects on diverse immunological

processes such as hematopoietic cell maturation, antigen presentation, effector

T cell differentiation, cytokine production, adhesion, and T cell homing and

extravasation. Here, we review the role of angiogenesis and the tumor endothelium

on regulation of the antitumor immune response. We place particular emphasis

on the role of vascular endothelial growth factor (VEGF) in the suppression of

numerous immunological processes that control tumor progression. Further, we
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describe the unique crosstalk between the VEGF and endothelin systems, and

how their interactions may shape the antitumor immune response. These insights

establish new targets for combinatorial approaches to modify existing cancer

immunotherapies.

Abbreviations

ACT Adoptive cell transfer

APC Antigen-presenting cell

CD Cluster of differentiation

CTLA-4 Cytotoxic T-lymphocyte antigen-4

DC Dendritic cell

ECE Endothelin-converting enzymes

EDB+ FN Extra domain-B containing fibronectin

ET Endothelin

ETAR Endothelin receptor A

ETBR Endothelin receptor B

GM-CSF Granulocyte macrophage colony stimulating factor

GPCR G protein-coupled receptors

HUVEC Human umbilical vascular endothelial cell

ICAM-1 Intercellular adhesion molecule-1

IFN-g Interferon-gamma

IL Interleukin

NF-kB Nuclear factor-kappa B

NO Nitric oxide

PD-1 Programmed death-1

PlGF Placenta growth factor

TGF-b Transforming growth factor-beta

Th T helper

TIL Tumor-infiltrating lymphocyte

TNF-a Tumor necrosis factor-alpha

Treg Regulatory T cell

VCAM-1 Vascular cell adhesion molecule-1

VEGF Vascular endothelial growth factor

VEGF-R Vascular endothelial growth factor receptor

1 Introduction

In recent years, cancer immunotherapy has had promising successes, resulting in

objective clinical responses in patients with melanoma and other tumors (a histori-

cal perspective of cancer immunotherapy has been reviewed in detail by Rosenberg
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et al. 2008 and Gattinoni et al. 2006b). Conventionally, investigational approaches

have centered on nonspecific immune modulation capitalizing on intrinsic tumor

immunogenicity (e.g., therapeutic use of interleukin-2 [IL-2] or blocking antibody

against cytotoxic T-lymphocyte antigen-4 [CTLA-4]) (Phan et al. 2003; Rosenberg

et al. 1985, 1998), cancer vaccines (using tumor antigens or tumor antigen-pulsed

antigen-presenting cells) (Chiang et al. 2010), or adoptive cell therapy (ACT) using

expanded, autologous tumor-infiltrating lymphocytes (TILs) (Gattinoni et al.

2006a; Rosenberg et al. 2008). Several of these therapies have yielded substantial

results (particularly ACT), while other strategies have been less successful (cancer

vaccines), or have produced significant adverse effects (severe autoimmunity in

anti-CTLA-4 treated patients) (Phan et al. 2003). Therefore, new combinatorial

approaches toward cancer immunotherapy must be considered to improve the clinical

outcome for all patients.

Although generating more effective antitumor immune response is extremely

pertinent to the success of future immune therapies, a major obstacle impeding

the success of cancer immunotherapy is the tumor microenvironment itself. The

tumor microenvironment consists of the tumor cells, blood vessels, stromal cells,

immune cells, extracellular matrix components, cytokines, and proteases (Hanahan

and Weinberg 2000). The tumor microenvironment can impede the success of

immune-based therapies through the suppression of homing, extravasation, and

effector functions of effector lymphocytes (Witz 2008). In this review, we describe

the underappreciated role of tumor angiogenesis, and vascular endothelial growth

factor (VEGF) in particular, in modulating the antitumor response. Additionally, we

review the crosstalk between VEGF and the endothelin signaling pathways, and its

relationship to antitumor immunity.

2 Angiogenesis and Cancer

Proposed in 1971 by Judah Folkman (Folkman 1971) as an important mechanism

for tumor growth, angiogenesis is now a well-established facet of tumor biology

and is key to the progression of cancer. Angiogenesis is important for the supply of

oxygen, nutrients, growth factors, and additional survival factors necessary for

the cellular function and subsistence of tumors. Angiogenesis is considered a

balance between pro- and antiangiogenic forces, and the “switch” to a proangio-

genic phenotype is one of the hallmarks of malignant processes involved in cancer

(Hanahan and Weinberg 2000). Importantly, increased vascularization and the

expression of proangiogenic factors are commonly associated with an advanced

tumor stage and a poor prognosis in cancer patients (Dvorak et al. 1995; Hicklin and

Ellis 2005).

Angiogenesis is a multistep, complex process that begins with the recruitment of

sprouting vessels from the existing vasculature and incorporation of endothelial

progenitor cells into the newly developing vascular bed (Hicklin and Ellis 2005;

Rafii et al. 2002). Endothelial cells proliferate, migrate, and invade the new area
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forming functional tubular structures that mature into fully formed vessels.

Although the development and maturation of new vessel growth is multifaceted,

requiring the precise and coordinated activation of a multitude of ligands and

receptors (e.g., PDGF, Tie-1, Tie-2), the most pivotal regulator in both physiologic

and pathologic angiogenesis is the VEGF and VEGF-receptor (VEGF-R) system

(Hicklin and Ellis 2005; Rafii et al. 2002). VEGF signaling remains a critical rate-

limiting agent in angiogenesis with pleiotropic effects controlling a multitude of

angiogenic processes (Ferrara 2004).

VEGF overexpression is associated with tumorigenesis and a poor prognosis in a

multitude of cancers, including gastric carcinoma (Maeda et al. 1996), colorectal

carcinoma (Lee et al. 2000; Takahashi et al. 1995), lung cancer (Fontanini et al.

1997), melanoma (Gorski et al. 2003), prostate cancer (George et al. 2001), breast

(Berns et al. 2003), and ovarian carcinoma (Paley et al. 1997). VEGF is upregulated

in cancer cells in vivo by hypoxia and starvation (Zhang et al. 2002), and also by

oncogene activation, which drives constitutive VEGF overexpression (Zhang et al.

2003b). VEGF directly promotes tumor angiogenesis through multiple mechanisms

such as endothelial cell proliferation and survival, endothelial cell migration, vessel

destabilization via Tie-2 (Zhang et al. 2003c), and enhancing chemotaxis of bone

marrow-derived vascular precursor cells (e.g., endothelial cells, pericytes, vascular

leukocytes) (Conejo-Garcia et al. 2004; Ellis and Hicklin 2008). In addition, VEGF

promotes tumorigenesis through autocrine signaling, regulating tumor cell func-

tions and driving tumor metastases (Ellis and Hicklin 2008). Important for cancer

immunotherapy, VEGF has significant roles in modulation of the immune system

and tuning the vascular endothelium, leading to the immune evasion by the tumor.

3 Vascular Endothelial Growth Factor

The mammalian VEGF family is comprised of five proteins: VEGF-A, VEGF-B,

VEGF-C, VEGF-D, and placenta growth factor (PlGF). The most well-studied

family member is VEGF-A (frequently referred to as simply VEGF) (Ellis and

Hicklin 2008; Hicklin and Ellis 2005). Alternative splicing of VEGF leads to the

expression of multiple functional isoforms of the VEGF protein containing 121,

165, 189, and 206 amino acids. VEGF165 is the predominant functional isoform

(Ellis and Hicklin 2008; Hicklin and Ellis 2005). The VEGF ligands bind and

activate three structurally similar receptors, tyrosine kinases, VEGF-R1 (also

referred to as FLT1), VEGF-R2 (or KDR), and VEGF-R3 (or FTL4). The different

VEGF ligands have unique binding specificities for each of these receptors, leading

to a complex diversity of function following ligation (Ferrara 2004). In addition,

neuropilins (NP-1 and -2) act as coreceptors, increasing the binding affinity of

VEGF for VEGF-Rs (Soker et al. 1998). It has been proposed that NPs may signal

independently of VEGF-Rs, but this has not been definitively demonstrated.

Ligation of the VEGF-Rs initiates multiple signal transduction cascades unique

to each individual VEGF-R, and is responsible for activating the appropriate gene
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networks (Kowanetz and Ferrara 2006). VEGF-R2 is expressed primarily in the

vasculature, and is the key mediator of VEGF-induced angiogenesis. VEGF-R1 is

also expressed on the vasculature, and can also be found on other cell types.

Although VEGF-R1 has a higher binding affinity relative to VEGF-R2, it induces

less activation than VEGF-R2 (Waltenberger et al. 1994). Therefore, VEGF-R1

may act as a functional inhibitor of VEGF-R2 mediated angiogenesis through

competitive binding (Hiratsuka et al. 1998). VEGF-R3 primarily binds VEGF-C

and -D, and has important roles in cardiovascular development as well as lymphan-

giogenesis (Ellis and Hicklin 2008; Kukk et al. 1996).

4 Direct Effects of VEGF on Leukocytes

4.1 Dendritic Cell Defects in Cancer Patients and Mouse
Models: A Role for VEGF

Dendritic cells (DCs) are central to the generation of an antitumor response. As

professional antigen-presenting cells (APC), they present tumor antigens to both B

cells and T cells, generating an antigen-specific antitumor response. Defective DC

function, combined with a failure of DCmaturation, is frequently observed in cancer

patients and in tumor-bearing mice. These defects occur in DCs found in the blood,

tumor tissue, or draining lymph nodes (Almand et al. 2000; Gabrilovich et al. 1996a,

b, 1997; Nestle et al. 1997). The effects of defective DC function (i.e., defective

antigen presentation) on the antitumor response are somewhat clear; lack of tumor

antigen presentation means lack of effective antitumor response or even worse,

active tolerance. Indeed, it has been speculated that immature or incompletely

matured DCs may mediate tumor tolerance, inducing T cell anergy or the expansion

of regulatory T cells (Tregs) (Lutz and Schuler 2002; Mahnke et al. 2002).

The clinical significance of DC dysfunction has been demonstrated in a study of

patients with breast, neck/head, and lung cancer (Almand et al. 2000); DCs isolated

from cancer patients were functionally impaired in a mixed leukocyte reaction, and

this functional impairment corresponded to a more severe cancer diagnosis (higher

stage) (Almand et al. 2000). Further, both the percentage and the total number of

DCs were significantly reduced in the peripheral blood of cancer patients, and this

observation correlated with an increase in the total number of immature hemato-

poietic cells. The increase of immature cells in the blood was closely correlated

to serum VEGF levels, but not transforming growth factor-beta (TGF-b), IL-6,
or granulocyte macrophage colony stimulating factor (GM-CSF) (Almand et al.

2000). Importantly, these aberrations in DCs were somewhat corrected following

chemotherapy and anti-VEGF therapy (Almand et al. 2000).

DC defects can be induced by tumor-derived TGF-b (Geissmann et al. 1999) and

IL-10 (Steinbrink et al. 1999). However, VEGF plays a significant role in the

suppression of DC maturation and function. Although DC defects in cancer patients
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and tumor-bearing mice had been appreciated for several years prior, Gabrilovich

and colleagues were the first to identify a soluble factor, released from tumor

cells, that was capable of impairing both DC function and DC maturation from

CD34+ hematopoietic precursors (Gabrilovich et al. 1996a). By using neutralizing

blocking antibodies, the tumor-derived soluble factor was discovered to be VEGF,

and antibodies against IL-10 or TGF-b were unable to reverse the suppression

(Gabrilovich et al. 1996a). Similar observations of defective DCs in cancer patients,

with a dependence or association with VEGF, have since been made (Della Porta

et al. 2005; Takahashi et al. 2004; Yang and Carbone 2004). Experimentally, these

finding have been recapitulated in the mouse, suggesting a common mechanism and

inherent role for VEGF in the antitumor response. In particular, Ishida and collea-

gues demonstrated that tumor-bearing mice displayed defects in DC numbers as

well as function, and that VEGF blocking antibody reversed these defects (Ishida

et al. 1998).

Although several mechanisms may be involved in the generation of DC defects,

VEGF can exert its immunosuppressive effects through the disruption of normal

hematopoiesis. VEGF continually infused in mice, at levels commonly associated

with cancer pathology, resulted not only in defects of DC maturation and function,

but also in widespread changes in the differentiation of multiple hematopoietic

lineages. For example, VEGF infusion induced a significant increase in B cells and

Gr-1þ immature myeloid cells (Della Porta et al. 2005; Gabrilovich et al. 1996a,

1998; Ishida et al. 1998; Ohm and Carbone 2001; Ohm et al. 1999; Takahashi et al.

2004; Yang and Carbone 2004). It has been discovered that VEGF mediates the

suppression of DC maturation through the impairment of normal nuclear factor-

kappa B (NF-kB) signaling during hematopoiesis (Oyama et al. 1998), mediated

through VEGF-R1 signaling on CD34+ hematopoietic progenitor cells (Dikov et al.

2005).

The effects of VEGF on DC maturation and function can be partially reversed

through VEGF blockade. Treatment of patients with the VEGF blocking antibody,

Bevacizumab, has been shown to partially reverse some of the DC defects. In an

initial study by Almand et al., cancer patients receiving anti-VEGF antibody

demonstrated a reversal of maturation defects of their DCs, and this observation

has also been observed by others (Almand et al. 2000; Fricke et al. 2007; Osada

et al. 2008). These observations have also been recapitulated experimentally in

mouse tumor models (Gabrilovich et al. 1999; Nair et al. 2003; Roland et al. 2009).

Therefore, VEGF blockade may be critical to the success of any cancer immuno-

therapeutic strategy.

VEGF likely exerts effects on the immune system beyond its role in the

suppression of hematopoiesis. B7-H1 is expressed on tumor cells, but it is also

highly expressed on tumor-associated myeloid DCs in ovarian cancer patients

(Curiel et al. 2003). Interestingly, incubation of blood myeloid DCs with VEGF

induced robust expression of B7-H1 on the cell surface (Curiel et al. 2003). B7-H1

is a cell surface protein belonging to the B7 family of costimulatory molecules.

B7-H1 may inhibit T cell growth by ligation of the programmed death-1 (PD-1)

receptor, as well as promote programmed cell death of effector T cells through
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an unknown mechanism (Curiel et al. 2003). Therefore, expression of B7-H1 is

associated with suppression of T cell effector functions. Thus, VEGF has potential

roles in multiple aspects of immunosuppression mediated through DCs.

4.2 Effects of VEGF on T Cells

In the context of cancer immunotherapy, T cells have a well-appreciated role in the

antitumor response, and cancer immunotherapies rely on the use of autologous,

tumor-reactive T cells to mediate tumor regression (Rosenberg et al. 2008). In

ovarian cancer, our lab has demonstrated that the presence of intratumoral T cells

(also called intraepithelial T cells) was significantly associated with an increase in

the five-year overall survival rate (Zhang et al. 2003a). Specifically, the five-year

overall survival rate was 38% for patients with intratumoral T cells, and only 4.5%

in patients whose tumor islets contained no T cells (Zhang et al. 2003a). This

observation is not unique to ovarian cancer as the infiltration of T cells into tumors

has been associated with positive clinical outcomes in breast (Marrogi et al. 1997),

prostate (Vesalainen et al. 1994), esophageal (Schumacher et al. 2001), and colo-

rectal cancers (Naito et al. 1998). The effects of VEGF extend to many cell types in

the hematopoietic system, and are not exclusive to DCs (Gabrilovich et al. 1998;

Huang et al. 2007). VEGF-Rs are expressed on many additional cell types, notably

T cells. Interestingly, we observed that ovarian tumors expressing high levels of

VEGF were rarely associated with intratumoral T cells (Zhang et al. 2003a).

Whether this observation is mediated by VEGF through direct or indirect action

on T cells remains to be determined.

Thymic atrophy is a common characteristic of cancer patients (Ohm et al. 2003).

Although most cancer patients tend to be older, premature thymic atrophy occurs

in many childhood cancers, which is partially reversible upon treatment (Ohm et al.

2003). Further, thymic involution occurs in tumor-bearing mice, suggesting a

common mechanism (Ohm et al. 2003). In addition to negative effects on DC

maturation, VEGF is also believed to suppress proper T cell development (Huang

et al. 2007; Ohm et al. 2003). Treatment of mice with pathologic levels of VEGF,

comparable to that seen in cancer patients, induced a robust thymic atrophy, and a

significant reduction in CD4þ and CD8þ T cells (Ohm et al. 2003). Further, VEGF

blockade in tumor-bearing mice partially reversed the thymic atrophy (Ohm et al.

2003). The immunosuppressive effects of VEGF on T cells occurred on bone

marrow precursors, as VEGF did not appreciably disrupt maturation of T cells

already in the thymus (Ohm et al. 2003). These effects likely occur through VEGF-

R2 signaling on bone marrow precursor cells (Huang et al. 2007). Although

pathologic levels of VEGF clearly influence the proper development of T cells,

the relevance of these findings and their impact on the antitumor response remain

undefined.
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Tregs control peripheral tolerance through the suppression of autoreactivity,

but are believed to also suppress antitumor immunity. CD4þCD25þFoxp3þ
Tregs isolated from tumors were recently demonstrated to suppress tumor-specific

T cell immunity both in vitro and in vivo, and importantly, an accumulation of

tumor Tregs was associated with reduced survival and a high death hazard (Curiel

et al. 2004). However, the precise mechanisms controlling the activation and

accumulation of Tregs into tumors remain poorly defined. NP-1, a coreceptor that

interacts with VEGF-R1 and -R2, has been detected on CD4þCD25þ Tregs (Sarris

et al. 2008). Enhanced activation of NP-1 increased CD4þCD25þ Treg interac-

tions with DCs in preference to T helper (Th) cells (Sarris et al. 2008). Although not

specifically demonstrated, enhanced VEGF signaling, in conjunction with NP-1,

may enhance Treg activation, creating a tolerogenic environment and tumor eva-

sion. Additionally, VEGF treatment of mouse splenocytes during T cell stimulation

has been demonstrated to induce IL-10 production from T cells while suppressing

IFN-g production (Shin et al. 2009). This immunosuppressive effect was attributed

to VEGF-R1 expressed on T cells (Shin et al. 2009). Therefore, although it remains

to be specifically demonstrated, direct VEGF signaling on T cells may enhance

T cell regulatory functions, contributing to an immunosuppressive environment.

In contrast to the observations above, it has been suggested that direct VEGF

signaling on T cells may enhance T cell functions (Mor et al. 2004). Coincubation

with VEGF of concanavalin A or antigen-stimulated T cells supported Th1 differ-

entiation, enhanced IFN-g production, and suppressed IL-10 production (Mor et al.

2004). Further, VEGF treatment of T cells during peptide stimulation enhanced the

severity of an adoptive transfer model of experimental allergic encephalomyelitis

(Mor et al. 2004). In addition, both VEGF-R1 and -R2 were expressed in memory

phenotype CD4þCD45ROþ cells in human T cells, but not naı̈ve cells (Basu et al.

2010). VEGF treatment of these cells activated the MAPK and the PI3K-Akt

pathways and enhanced IFN-g production. Further, VEGF was chemotactic for

the CD4þCD45ROþ T cells (Basu et al. 2010).

Clearly, the direct effects of VEGF on T cell functions remain inconclusive.

However, insights into the roles of VEGF on the T cell antitumor response, either

direct or indirect, can be gleaned from studies using VEGF blocking antibodies. In

one single-arm clinical trial of a tumor vaccine combined with anti-VEGF therapy

(Bevacizumab), it has been shown that the combination is associated with a high

rate of T cell specific immune response, characterized by increased IFN-g levels

and T cell proliferation following stimulation with antigen (Rini et al. 2006).

Supporting this observation, VEGF-R2 blockade in mice using an anti-VEGF-R2

antibody has been demonstrated to induce a de novo T cell-mediated antitumor

response in mice (Manning et al. 2007). VEGF-R2 blockade resulted in spontane-

ous infiltration of CD4þ and CD8þ T cells that produced IFN-g, and VEGF-R2

blockade protected against subsequent tumor challenge in a tumor vaccine model

(Manning et al. 2007). However, VEGF-R2 blockade resulted in a substantial

increase in serum VEGF levels. Therefore, it is unknown whether the antitumor

T cell response was generated through blockade of tumorigenic angiogenesis, or

increased serum VEGF enhanced activation of T cells through VEGF-R1 signaling.
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On the other hand, consistent with a role for VEGF signaling in CD4þCD25þ
Tregs, VEGF-R2 blockade in this study enhanced T cell effector functions in a

tolerized mouse tumor model system (Manning et al. 2007). This observation is

supported by the demonstration that anti-VEGF treatment in mice reduced the

number of Tregs, decreased Foxp3 expression, enhanced cytotoxic lymphocyte

(CTL) induction, and increased tumor vaccine efficacy (Li et al. 2006). In con-

clusion, VEGF or VEGF-R blockade predominantly enhances T cell antitumor

immunity, an effect most consistent with the concept that VEGF has direct

immunosuppressive functions on T cells.

5 VEGF, the Tumor Vascular Endothelium, and Immune

Evasion

5.1 The Vascular Endothelium

The tumor vascular endothelium presents a significant challenge to the success

of immune therapy, as it provides a physical barrier through which tumor-reactive

T cells must extravasate, recognize tumors, and exert their cytotoxic effects. The

vascular endothelial barrier, frequently prohibitive to tumor-reactive T cells, is

maintained by locally expressed cytokines, growth factors, and the nature

and quantity of adhesion molecules expressed by the endothelium (Zitvogel et al.

2006). In many of the T cell immune therapies that have been conducted, it has been

noted that while activated T cells could be found in the periphery, they often failed

to infiltrate the tumor itself (Boon et al. 2006; Dudley et al. 2002; Lurquin et al.

2005). Thus, successful transmigration through the tumor endothelial barrier is

required for activated or administered lymphocytes to execute their effector func-

tions, resulting in tumor regression. Precisely how the tumor vasculature establishes

immune privilege is not well known, but the ongoing processes of angiogenesis

may participate in immune escape. Specifically, tumor-derived VEGF may play a

pivotal role in reducing leukocyte homing to and extravasation through the vascular

endothelium.

5.2 VEGF and Adhesion Molecule Expression

T cells extravasate through the endothelium to the tumor in a multistep process that

includes binding to adhesion molecules expressed on endothelial cells, and is

followed by diapedesis. VEGF has been demonstrated to increase the expression

of many endothelial cell adhesion molecules (CAMs), particularly in the context of

angiogenesis (reviewed in detail by Francavilla et al. 2009). In agreement with this

observation, VEGF-induced enhancement of CAM expression has been associated
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with increased leukocyte adhesion both in vitro and in vivo (Detmar et al. 1998; Min

et al. 2005). However, understanding the role of VEGF in leukocyte adhesion is

complicated by reports that demonstrate VEGF may actually inhibit adhesion

molecule expression on endothelial cells (Bouzin et al. 2007; Detmar et al. 1998;

Dirkx et al. 2003; Griffioen et al. 1996a,b; Min et al. 2005).

Although the role of VEGF signaling and leukocyte adhesion may be difficult

to discern, in the context of a proinflammatory environment the emerging concept

is that angiogenic growth factors impair immune cell adhesion (Bouzin et al.

2007; Griffioen et al. 1996a, b). For example, Griffioen and colleagues demon-

strated reduced expression of adhesion molecules intercellular adhesion molecule-1

(ICAM-1) and vascular cell adhesion molecule (VCAM-1) after treatment of tumor

necrosis factor-alpha (TNF-a) stimulated HUVEC with basic fibroblast growth

factor (bFGF) or VEGF (Griffioen et al. 1996a). In a similar manner, Bouzin and

colleagues observed reductions in ICAM-1 and VCAM-1 expression in TNF-a
stimulated HUVECs as early as 2 h after VEGF addition (Bouzin et al. 2007).

Although these effects on adhesion molecule expression were transient, longer

treatment times demonstrated a disruption of adhesion molecule organization and

clustering on the cell surface (Bouzin et al. 2007). This response was associated

with a perturbation of the spatial organization and clustering of ICAM-1, and was

dependent on caveolin-1 and nitric oxide (Bouzin et al. 2007).

6 The Tumor Endothelium and VEGF Crosstalk: A Role

for the Endothelin System

6.1 The Endothelin System

Members of the endothelin system have been identified in a broad array of tissue

types, including neuronal, renal, and vascular tissues, and regulate a number of

critical physiological processes including reproduction, embryonic development,

and cardiovascular homeostasis (Grant et al. 2003; Kedzierski and Yanagisawa

2001; Meidan and Levy 2007; Yanagisawa et al. 1998). The endothelin system has

well-known roles in regulating vasoconstriction and mediates both cardiovascular

and renal disorders (Bagnato and Rosano 2008; Nelson et al. 2003). Particularly, the

endothelin system is an important regulator of physiologic and pathogenic angio-

genesis, and VEGF signaling is intimately involved in dynamic crosstalk with the

endothelin system (Bagnato and Rosano 2008; Nelson et al. 2003).

The endothelin system is comprised of four endothelin (ET) peptide ligands,

ET-1, ET-2, ET-3, and ET-4 (Saida et al. 1989; Yanagisawa and Masaki 1989) that

signal through their two G protein-coupled receptors (GPCR), ETAR and ETBR

(Frommer and Muller-Ladner 2008; Meidan and Levy 2007). Biologically active

ETs are derived from precursor proteins following cleavage by membrane-bound

metalloproteinases termed endothelin-converting enzymes (ECE) (Valdenaire et al.
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1995). Amongst the four endothelin ligands, ET-1 is the most potent ligand and is

widely expressed in multiple cells types, notably endothelial cells (Luscher and

Barton 2000). Binding of the ETAR and ETBR by ET peptides triggers downstream

signal transduction pathways, including, but not limited to, the RAF/MEK/MAPK

pathway and PI3K/AKT pathway (Nelson et al. 2003).

The endothelin axis has been speculated to play significant roles in tumorigen-

esis. Endothelin or the endothelin receptors or both are upregulated in a number of

cancers including ovarian, breast, renal, colon, and prostate cancer (Bagnato and

Rosano 2008; Nelson et al. 2003). Importantly, the use of specific endothelin

receptor antagonists has been demonstrated to slow tumor growth in patients,

or prevent tumor growth in mouse models (Bagnato and Rosano 2008; Nelson

et al. 2003). In addition to its role in angiogenesis described in more detail below,

the endothelin axis is believed to activate autocrine/paracrine loops that promote

proliferation, protection from apoptosis, immune evasion, vasculogenesis, and

invasion and metastatic dissemination of tumors (Bagnato and Rosano 2008;

Nelson et al. 2003).

6.2 Endothelin and Tumor Angiogenesis

The interactions between endothelin and VEGF regulate multiple aspects of

angiogenesis including endothelial cell proliferation, migration, invasion, vessel

formation, and neovascularization (Nelson et al. 2003). Further, endothelin and

VEGF signaling influence the regulation of vascular permeability (Nelson et al.

2003). In the context of angiogenesis, ET-1 upregulates the expression of the

extra domain-B containing fibronectin (EDB+ FN) in human vascular endothelial

cells (Bagnato and Spinella 2003; Khan et al. 2005). EDB+ FN has been sug-

gested as a marker of angiogenesis in human cancers and is believed to control

ocular neovascularization in patients with proliferative diabetic retinopathy (Bag-

nato and Spinella 2003; Khan et al. 2005). Additionally, the expression of

endothelins, or their receptors, correlates with high expression of VEGF in a

multitude of tumor types (Boldrini et al. 2006; Salani et al. 2000a; Wulfing et al.

2004), and elevated expression of ET-1 and VEGF was associated with lymphatic

vessel invasion and poor outcomes in invasive ductal breast carcinoma (Gasparini

et al. 1994).

ET-1 induces the expression of VEGF in cancer cell lines in vitro (Rosano et al.

2003; Salani et al. 2000b; Spinella et al. 2002, 2007). ET-1 increases VEGF

production through HIF-1a (Salani et al. 2000b) by ovarian cancer cells via

ETAR activation (Spinella et al. 2004). Additionally, ovarian tumor growth in

nude mice was inhibited after treatment with the ETAR-selective antagonist

ABT-627, an effect associated with reduced VEGF expression (Spinella et al.

2004). ETBR activation counters ET-1/ETAR activity by increasing production of

nitric oxide, promoting ET-1 clearance, triggering apoptotic pathways, and block-

ing cell growth. However, it is unclear whether this antagonism occurs in tumor
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cells (Lalich et al. 2007). As such, there may also be role for ETBR in tumor

angiogenesis and cancer development (Bagnato and Rosano 2008). ET-1 has been

shown to directly promote tumor angiogenesis by inducing endothelial cell sur-

vival, proliferation, and invasion in an ETBR-dependent manner (Salani et al.

2000b). ETBR may promote angiogenesis indirectly by upregulating VEGF pro-

duction in the vasculature (Jesmin et al. 2006). Furthermore, there is a strong

correlation between ETBR and VEGF expression in a number of different tumor

specimens (Kato et al. 2001). In summary, the interaction of the endothelin system

and angiogenesis, and VEGF in particular, may be a significant regulator of

tumorigenesis.

6.3 ETBR and the Tumor Endothelial Barrier to T Cell Homing

ETBR is overexpressed in melanoma and is associated with aggressive tumor

phenotype (Bachmann-Brandt et al. 2000). Highlighting the role of ETBR in

melanoma, the receptor antagonist BQ-788 inhibited the growth of human mela-

noma cell lines and reduced human melanoma tumor growth in a nude mouse

model (Lahav 2005; Lahav et al. 1999). ETBR is also overexpressed in ovarian

cancer, Kaposi’s sarcoma, glioblastoma, and breast cancer (Bagnato et al. 2004;

Egidy et al. 2000; Kefford et al. 2007; Rosano 2003). Interestingly, ETBR upregu-

lation predicts poor outcome in both breast and ovarian cancers (Grimshaw et al.

2004; Wulfing et al. 2003), and ETBR overexpression has even been proposed as

tumor progression marker (Demunter et al. 2001).

Our laboratory has recently demonstrated a novel role for ETBR in tumor

immunotherapy (Buckanovich et al. 2008). Microarray analysis was conducted

using the endothelial cells isolated using laser capture microdissection. ETBR was

discovered as one of the few genes overexpressed in the endothelial cells of tumors

lacking TILs (Buckanovich et al. 2008). Immunohistochemical staining of ovarian

cancer tumors confirmed this result, and ETBR was localized to the endothelium

and the stroma. Importantly, ETBR overexpression was associated with poor sur-

vival, likely due to lack of TILs, which was previously demonstrated as an indicator

of a good prognosis (Zhang 2003). Further, recombinant human ET-1 blocked the

adhesion of activated T cells to human umbilical vein endothelial cells (HUVECs)

in vitro (Buckanovich et al. 2008). This effect was reversed if HUVECs were

treated with the specific ETBR antagonist, BQ-788. ET-1 signaling through ETBR

was discovered to block T cell adhesion to the endothelium through suppression of

ICAM-1 expression. ETBR blockade upregulated ICAM-1, promoted ICAM-1

clustering, and restored T cell adhesion (Buckanovich et al. 2008). Thus, these

data provide a mechanistic link between the observations made in ovarian cancer

patients.

TNF-a is a major inflammatory cytokine implicated in carcinogenesis, tumor

angiogenesis, and progression; and it is upregulated in ovarian cancer (Merogi et al.

1997). It has been previously reported that the overall TNF-a mRNA levels are
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similar in ovarian tumors with or without intraepithelial T cells (Zhang et al.

2003a). This was counterintuitive, as TNF-a is a major factor activating endothe-

lium and promoting adhesion of T cells. It has now been found that ET-1 efficiently

blocks adhesion of T cells to endothelial cells even when endothelial cells are

activated with TNF-a (Buckanovich et al. 2008). This observation explains the

paradox of how tumors may exhibit inflammation yet be prohibitive to T cell

infiltration, thus establishing immune privilege even in the face of inflammation.

Based on the above data, the effectiveness of ETBR blockade, using the receptor

antagonist BQ-788, was determined using a tumor vaccine therapy that controls

tumor growth very poorly. In this context, the tumor vaccine had little effect on

tumor growth, but ETBR blockade significantly enhanced the antitumor effect by

permitting the infiltration of tumor antigen-specific T cells into the tumor site

(Buckanovich et al. 2008). The benefits of ETBR blockade were attenuated with

the use of an ICAM-1 neutralizing antibody, indicating that adhesion molecule

interactions between the endothelium and T cells were responsible for the anti-

tumor effects of ETBR blockade (Buckanovich et al. 2008). Thus, in tumors there is

likely a hyperactivation of ET-1/ETBR signaling that is responsible for the sup-

pression of T cell homing. Furthermore, these results establish a vascular mecha-

nism of tumor immune evasion mediated by the endothelium, and also present a

new opportunity to target the ETBR to prevent tumor growth and enhance cancer

immunotherapy.

7 Concluding Statements

The mechanisms regulating the overexpression of ETBR on the tumor endothelium

are unknown. However, the overexpression of ETBR may participate in a feed-

forward loop of autocrine/paracrine ET-1 production and ET receptor signaling

between the tumor and the vascular endothelium. Thus, enhanced ET-1 signaling in

tumor and endothelial cells through ETBR would lead to enhanced NO and HIF-1a
production, followed by increased VEGF production by tumor cells. In the context

of inflammation, ETBR and VEGF signaling on endothelial cells would shut down

the capacity of T cells to extravasate through the endothelium to attack the

tumor through a reduction in adhesion molecule expression, particularly ICAM-1.

Further, enhanced VEGF production would support ongoing maturation defects in

DCs and possibly T cells, while enhancing Treg activation, leading to reduced

antigen presentation and immune evasion.

If this hypothesis is correct, targeted therapies to break the cyclical enhancement

of VEGF, ET-1, and NO production should be the key components of any cancer

immunotherapy. The use of ETBR receptor antagonists combined with anti-VEGF

antibody administration may function synergistically to sanction the tumor envi-

ronment to attack by the immune system. Thus, new complimentary approaches to
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existing cancer immunotherapies may enhance the existing therapies and extend

their benefits to more patients.
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Abstract Cell-based therapies with various lymphocytes and antigen-presenting

cells are promising approaches for cancer immunotherapy. The transfusion of T

lymphocytes, also called adoptive cell therapy (ACT), is an effective treatment for

viral infections, has induced regression of cancer in early stage clinical trials, and

may be a particularly important and efficacious modality in the period following
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hematopoietic stem cell transplantation (HSCT). Immune reconstitution post-SCT

is often slow and incomplete, which in turn leads to an increased risk of infection

and may impact relapse risk in patients with malignant disease. Immunization post-

HSCT is frequently unsuccessful, due to the prolonged lymphopenia, especially of

CD4 T cells, seen following transplant. ACT has the potential to enhance antitumor

and overall immunity, and augment vaccine efficacy in the post-transplant setting.

The ability to genetically engineer lymphocyte subsets has the further potential to

improve the natural immune response, correct impaired immunity, and redirect

T cells to an antitumor effector response. This chapter focuses on various applications

of ACT for cancer immunotherapy, and we discuss some of the latest progress and

hurdles in translating these technologies to the clinic.

1 Introduction

The principles of adoptive immunotherapy established in animal models have

formed the basis for the testing of therapeutic strategies for human tumors. The

primary rationale for the use of T cells for adoptive therapy is their ability to

specifically target tumor cells that express small peptides, even if the intact target

protein itself is not expressed on the cell surface. A second attraction is the poten-

tially long clonal lifespan of memory T cell subsets, so that both therapeutic and

immunoprophylactic therapies can be envisioned. A third feature is that T cells are

well suited for genetic manipulation, so that the adoptive transfer of engineered

T cells with enhanced antitumor properties is being tested in pilot clinical trials.

Finally, there is a prospect for significant expansion of therapeutic T cells in vivo, if

the appropriate methods are used to culture and expand T cells, and if the host is

conditioned to promote homeostatic expansion.

The infusion of various mature lymphocyte subsets into patients with the goal of

treating cancer or correcting immunodeficiency is an old concept that has recently

gained momentum in the clinic (Fig. 1). Both allogeneic and autologous lympho-

cytes have been used over the years. In studies later criticized for ethical concerns

(Lerner 2004), Southam and colleagues demonstrated that the subcutaneous growth

of human tumor autografts to patients bearing advanced cancers was inhibited by

cotransfer of autologous leukocytes in about half of the patients (Southam et al.

1966), suggesting that lymphocytes with a specific inhibitory effect on the implan-

tation and growth of cancer cells were present in many patients. Perhaps the most

potent therapeutic benefit yet realized with unmodified lymphocytes is due to the

allogeneic effect, a term referring to the tumoricidal activity following an infusion

of allogeneic lymphocytes. It was only retrospectively appreciated that the power-

ful and durable antitumor effects of bone marrow transplantation can largely be

ascribed to allogeneic T cell transfer (Weiden et al. 1979).

Interest in genetically modifying lymphocytes has increased dramatically in

recent years, as a number of basic and translational scientists have concluded

that the modification of autologous lymphocytes should enable the creation of
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pharmacologically enhanced immune systems that are more potent and have a

larger therapeutic window than allogeneic T cell transfer. In 1990, the first study

using gene-modified T cell infusions in patients with cancer reported retrovirus-

mediated insertion of the neomycin phosphotransferase gene into the genome of

lymphocytes (Rosenberg et al. 1990). The goal of these studies was to mark but not

pharmacologically alter the function of the infused T cells in order to track tumor

infiltration following infusion. The study was a clinical success in that there was no

significant toxicity; however, scientifically there was much room for improvement

in that at 1 week after infusion barely 0.01% of transferred T cells remained in the

circulation. Significant progress has been achieved since then, and in this chapter

we provide an overview of adoptive cell transfer therapy and discuss some of the

issues and challenges currently facing the field.

2 Finding the Right Tool for the Job

Until recently, mature T cells were thought to be comprised primarily of CD4+

helper cells and CD8+ killer cells, and for several decades most investigators

focused adoptive cell therapy (ACT) on approaches that used CD8+ cytotoxic T

lymphocytes (CTLs). However, a series of recent discoveries from developmental

immunologists indicates that mature lymphocytes have a bewildering and complex

set of differentiation choices (Zhou et al. 2009). There are a number of implications

Priming
vaccine

Harvest draining
lymph nodes

Host Condition
Chemotherapy

Cancer patient Lymphodepleted
cancer patient

HSC

Booster
vaccines

T cell
transfer

T cell
transfer

Harvest PBMC
by apheresis

T cell in vitro
activation and expansion

T cell in vitro
activation and expansion

Fig. 1 General schema for adoptive transfer strategies. For melanoma, input lymphocytes are

obtained from tumor, and tumor infiltrating lymphocytes (TIL) propagated. For other cancers,

input lymphocytes are obtained from peripheral blood and expanded. The activated lymphocytes
are returned to the patient, often after iatrogenic immunosuppression induced by chemotherapy or

other means, including hematopoietic stem cell transplantation (HSCT)
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from the emerging understanding of the complexity of lymphocyte differentiation

states. Bulk populations of lymphocytes may contain mixtures of cells that are

potentially inflammatory, cytotoxic or suppressive. The host response to the chronic

inflammation that is characteristic of cancer (Mueller and Fusenig 2004; de Visser

et al. 2006) includes numerous adaptive changes to the immune system such as

increases in IL-17 (Kryczek et al. 2009), increased numbers and functional potency

of regulatory T cells (Tregs) (Woo et al. 2001), and accumulations of myeloid

derived suppressor cells (Clark et al. 2007). The outcome of ACT may be optimized

by the use of lymphocyte subsets with desired properties of trafficking, enhanced

likelihood of long-term persistence, potential for expansion to reach efficacious

effector:target ratios, and by removing suppressive cells.

A major issue facing the field is what are the optimal lymphocyte subsets for

ACT? In humans, a predictive biomarker of control of tumors by natural immunity

is the presence of CTLs and cells that secrete IFN-g (Clemente et al. 1998; Zhang

et al. 2003). Many studies in mice indicate that adoptively transferred CTLs, also

referred to as Tc1 cells, are effective for antitumor effects. Because CTLs require

cytokines and other signals from CD4 cells to maintain function, there is an

increasing use of cell populations that contain CD4þ Th1 cells to provide help to

the infused CD8+ effector cells (June 2007).

In addition to Th1 and Th2 cells, a third subset of effector Th cells has recently

been described in mice and humans, and termed Th17. Th17 cells produce IL-17,

IL-17F, IL-21, IL-22, and induce the recruitment of neutrophils and macrophages to

tissues (Korn et al. 2009). Based on previous studies, Th1 and Tc1 cells (CTLs)

have been widely considered to be the optimal cells for ACT. However, recent

studies report that Th17-polarized cells were more effective in mediating regression

of B16 melanoma than Th0 (unpolarized) or Th1-polarized cells (Muranski et al.

2008; Martin-Orozco et al. 2009). CD8 cells that secrete IL-17 (Tc17 cells) also are

effective as a form of ACT for cancer in preclinical models (Hinrichs et al. 2009). It

should be noted that IL-17 and IL-23 can promote tumor growth through tissue

remodeling and other mechanisms (Langowski et al. 2006; Lin and Karin 2007),

and that the potential use of Th17 cells for ACT is distinct from their potential roles

in the pathogenesis of inflammation leading to cancer. Preclinical models indicate

that it is the IFN-g secreted by Th17 cells that promotes tumor rejection, and that

the IL-17 secretion is not sustained by the Th17 cells after adoptive transfer

(Muranski et al. 2008).

T cells with highly active and specific effector function can be engineered in a

variety of ways (see below). The central issues that must be addressed to achieve

clinical efficacy of ACT are the related issues of expansion and persistence of

therapeutic cells after infusion. Expansion is required to achieve an adequate

effector:target ratio, persistence may be needed to achieve full cytoreduction of

tumor, and, if long-term immunosurveillance is desired, long-term persistence is

necessary. Well-defined subsets of memory T cells appear to be the key to under-

standing and optimizing persistence and expansion. Two subsets of memory cells,

“effector memory” (TEM) and “central memory” (TCM), were originally identified

on the basis of tissue homing molecules and effector function (Sallusto et al. 2004).
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TCM were described as CCR7+ cells that home to lymph nodes and have relatively

low immediate effector function and a higher replicative capacity. TEM were

defined as CCR7 cells that preferentially home to peripheral tissues and inflamma-

tory sites and possess relatively high immediate effector function. In mice with

acute lymphocytic choriomeningitis virus infection, the adoptive transfer of TCM

was highly effective (Barber et al. 2003). Retrospective studies in melanoma

patients indicate that, on a per cell basis, adoptive transfer of tumor infiltrating

lymphocytes (TIL) cells with extensive replicative capacity resulted in both

improved engraftment and antitumor effects compared with patients infused with

terminally differentiated effector cells that have a more potent cytotoxic effector

function (Zhou et al. 2005). This paradox is likely explained by the ability of TCM to

expand and self renew as well as differentiate into effector T cells in vivo, while

TEM have limited renewal and expansion capacity (Lanzavecchia and Sallusto

2005; Seder et al. 2008).

A controversy has arisen in the field as to how best to achieve the dual goals of

persistence/expansion and a high effector:target ratio. One approach is to isolate TCM

cells with the desired specificity in vitro by sorting or other means of physical

separation, engineer the desired specificity, expand and then infuse the TCM cells

(Berger et al. 2009). We have proposed that specific costimulation of bulk T cell

culture conditions can enrich and maintain TCM cells, obviate the need for cell sorting

procedures, while providing a streamlined process yielding a higher number of T cells

for ACT in the clinical setting. Our group and others have found that cell culture

conditions that augment CD28 andCD137 (4-1BB) costimulation in vitro promote the

maintenance of TCM cells in vitro (Levine et al. 1997; Maus et al. 2004; Bondanza

et al. 2006) and in vivo (Pulle et al. 2006; Zhang et al. 2007; Zhu et al. 2007).

Several laboratories have described the existence of mature CD8+ T cells that

have characteristics of stem cells in the mouse (Fearon et al. 2001; Zhang et al.

2005) and in humans (Turtle et al. 2009). The use of memory stem T cells for ACT

has significant potential; however, the developmental relationship of these cells in

the murine and primate immune systems remains unknown. For many principles of

ACT therapy, the conserved nature of T cell biology has meant that approaches

developed in the mouse are often predictive of results seen in the human clinical

setting. However, caution in this area is warranted because of fundamental differ-

ences in mechanisms of immunosenescence between mice and humans (Weng

2006) and in the regulation of CD28 expression on CD8+ cells (Azuma et al.

1993) that have important implications for adoptive T cell transfer therapeutics

and in the optimal selection of lymphocyte subsets for cancer therapy.

3 Considerations of Cell Culture Technology

Currently, most oncologists have a bias that ACT as an example of personalized

medicine will always remain on the sidelines as a “boutique” treatment rather than a

mainstream therapy for oncology. At present, the only form of adoptive cellular
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therapy routinely used in the practice of medicine is allogeneic bone marrow or

peripheral blood stem cell transplantation (Thomas 1999). In this setting, donor

leukocyte infusions mediate various potent antitumor effects (Barrett and Jiang

2000). The adoptive transfer of activated donor (allogeneic) T cells has promise to

augment this effect (Fowler et al. 2006; Porter et al. 2006).However, formost patients,

comorbidity, increasing age, and the challenges in finding a suitably matched alloge-

neic donor mean that effective autologous approaches would be preferred. Therefore,

a central issue for the development of widely available clinical ACT strategies has

been the development of efficient and robust culture systems in order to produce

adequate numbers of T cells for autologous therapy. An emerging principle is that cell

culture conditions must be optimized for the propagation of desired lymphocyte

subsets; the one size fits all approach does not apply to lymphocyte cell culture.

3.1 General Approaches for Cell Manufacturing

An overview of cell culture approaches used for various lymphocyte subsets that

have been tested in human trials is shown in Fig. 2. The basic principles of T cell

CTLs CD4 γδ iNKT

Ag-APC

MHC class I APC
Feeder cells

Rapid expansion method
aAPC: 4-1BBL, CD83
IL-2, IL-7, IL-15, IL-21

IL-2
Rapamycin

HDAC inhibitors
Vit D3

Te Treg

Isopentenyl pyrophosphate
Aminobisphosphonates

e.g. zoledronate
IL-2, IL-7, IL-15, IL-21

α-Galactosylceramide-pulsed APC
IL-2, IL-7, IL-15

IL-2
IL-7, IL-15

IL-21

Vγ9Vδ2

Vα24Jα18CD1d

α-GalCer

MHC class II APC
aAPC (beads or cell based)

Fig. 2 Cell culture approaches for adoptive transfer of lymphocyte subsets. Culture conditions

required for distinct lymphocyte subsets vary, depending on the activation and costimulatory

requirements. CTLs express ab TCRs and are stimulated by APCs that express MHC class I. CTLs

require 4-1BB stimulation for optimal expansion and have been expanded by the addition of feeder

cells or artificial APC that express the costimulatory ligands. CD4 T cells are stimulated by APC

that express peptide loaded MHC class II. The dominant costimulatory molecule for CD4 cells is

CD28. Effector CD4 cells can be stimulated by beads or cell based aAPC in the presence of various

cytokines. Regulatory CD4 T cells (Tregs) require culture in IL-2, and the addition of number of

reagents to the culture may enhance the suppressive functions of ex vivo expanded Tregs. CD1d-

restricted Va24 iNKTs are stimulated by a-GalCer. Cells expressing gd TCRs are stimulated by

APC that present exogenous isopentenyl pyrophosphate or other endogenous ligands stimulated by

aminobisphosphonates such as zoledronate
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biology can be used for a bottom-up approach to engineer efficient culture

processes using engineered cells or synthetic substrates. The first approach has

been to isolate and activate antigen-specific T cells from peripheral blood or

tumor specimens in vitro, and then to use repetitive stimulation with antigen-

presenting cells (APCs) or feeder cells to clonally expand the antigen-specific

cells in vitro by various approaches. The most appropriate methods of ex vivo

T cell culture mimic the physiologic processes whereby dendritic cells (DCs)

generate a constellation of antigen-specific and costimulatory signals in the

T cells. The best results to date have been with the rapid expansion method

developed by Riddell and coworkers, which uses irradiated allogeneic peripheral

blood mononuclear cells as feeder cells to expand CTLs for adoptive transfer

(Riddell and Greenberg 1990). The main limitation of this approach is in scale-up

because FDA-mandated requirements for the validation and qualification of

allogeneic feeder cells can be tedious and expensive. Schultze and coworkers have

shown that CD40-stimulated B cells, which have an extensive replicative potential,

are an efficient means to propagate antigen-specific T cells (Schultze et al. 1997).

Thus, while previous effective but unwieldy tissue culture approaches have provided

proof-of-concept for adoptive therapy, a current priority is to develop alternative

approaches that can support large scale trials required for FDA approval and wider

clinical application.

3.2 Artificial APC

To generate antigen-specific T cells, clonal cell lines and even beads can be

engineered as artificial antigen-presenting cells (aAPCs) and avoid the need

to use autologous APCs for patient-specific cultures (reviewed in Kim et al.

2004). General approaches have been to produce aAPCs, either by coating beads

with CD3-specific antibody or peptide–MHC complexes or by transfecting cells

that lack endogenous MHC molecules with MHC molecules and costimulatory

molecules. Enhanced polyclonal T cell activation and proliferation results when

cells are stimulated through the TCR and CD28 (Levine et al. 1997). In addi-

tion, CD28 stimulation maintains telomere length in human T cells, and this is

associated with improved engraftment and the persistence of the adoptively

transferred T cells (Weng et al. 1997; Zhou et al. 2005). This culture system

has been adapted for clinical use, and starting with an initial apheresis product, it

is possible to generate a number of mature T cells equivalent to the entire T cell

mass of an adult (1012 cells) within about 2 weeks of ex vivo culture (Kalamasz

et al. 2004).

Magnetic beads coated with recombinant MHC class I dimeric molecules loaded

with specific peptide have been used to elicit antigen-specific T cell propagation

(Oelke et al. 2003). Following isolation and expansion, cell populations generated

using such beads specifically kill antigen-expressing target cells in vitro and display
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antiviral therapeutic effects in rodents (Luxembourg et al. 1998). Others have used

nonmagnetic microspheres coated with complexes of recombinant peptide–loaded

MHC molecules to successfully generate CTLs ex vivo from naı̈ve precursors

(Lone et al. 1998).

Sadelain and colleagues have engineered APCs that could be used to stimulate

T cells of many patients expressing a specific HLA allele (Latouche and Sadelain

2000). Mouse fibroblasts were retrovirally transduced with a single HLA class I

complex along with the human accessory molecules CD80 (also known as B7-1),

CD54 (also known as ICAM-1), and CD58 (also known as LFA-3). A panel of

these aAPCs consistently selected and expanded relevant CTLs from most

patients with many common HLA alleles (Hasan et al. 2009). K562 cells are

particularly attractive for use as aAPCs, as we were able to obtain simultaneous

expression of up to seven transgenes (costimulatory molecules, HLA alleles, and

cytokines) in a single aAPC (Suhoski et al. 2007). aAPCs that express 4-1BB

ligand efficiently expand human CD8+ TCM cells that have potent cytolytic func-

tion (Maus et al. 2002, 2004), and have a specialized ability to expand human

TEM cells that no longer express CD28 (Suhoski et al. 2007). Others have shown

that CD83 expression on aAPCs enhances the generation of CTLs (Hirano et al.

2006).

3.3 Moving to the Dark Side: Culture Systems for Tregs

Tregs are essential for maintaining tolerance in healthy individuals, and in cancer

there is often a “gain of function” of Tregs, in which a relative or absolute

increase in Tregs can be demonstrated in the tumor microenvironment (Curiel

2007), which may supply one mechanism of immune evasion. CD28 costimula-

tion is essential for the development of Tregs in mice (Salomon et al. 2000), and

in humans CD28 costimulation is essential for ex vivo expansion and to maintain

suppressive function of Tregs (Golovina et al. 2008). In mice, adoptive transfer of

ex vivo expanded Tregs can prevent lethal graft-versus-host disease (GVHD)

(Taylor et al. 2002). Based on these findings, a clinical trial testing the safety and

feasibility of ex vivo expanded cord blood Tregs to prevent GVHD in adults with

hematologic malignancies has just been completed at the University of Minne-

sota. Current issues regarding Treg cell biology and the status of clinical trials

with adoptively transferred Treg cells have been reviewed recently (Riley et al.

2009). Ex vivo culture approaches to alter the ratio of effector T cells, and Tregs

have the potential to decrease the risk of GVHD while preserving antitumor

effects (Edinger et al. 2003). In future, infusions of Tregs may be used to prevent

or treat GVHD that may occur with the adoptive transfer of allogeneic T cells

(donor leukocyte infusions), or for more specialized purposes, such as to induce

tolerance to transgenes that are incorporated into ACT protocols using autolo-

gous engineered lymphocytes.
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4 Engineering T Cells

Mature T cells are among the most suitable cells for modification, and stable modifi-

cation has been achieved using a number of approaches. The efficiency of mature

lymphocyte modification has been consistently higher than with hematopoietic stem

cells (HSCs), such thatwith current technologies, transgene delivery and expression in

adoptively transferred T cells are not limiting (June et al. 2009). Immunotherapy

with engineered T cells is attractive for several reasons, including significantly

improved persistence that has been demonstrated in humans following adoptive

transfer (Muul et al. 2003). A major advantage of ACT is that the therapeutic effects

can be augmented by isolating the lymphocytes with desired effector or regulatory

properties, while removing the cells that may have antagonistic effects. Clinical

studies with effector T cells are most mature and have progressed to a Phase III

clinical trial testing the efficacy of T cells that are transduced to express a herpes

simplex virus thymidine kinase (HSV-TK) conditional “safety switch” in the setting

of haploidentical stem cell transplantation for high-risk acute leukemia in remission

(Ciceri et al. 2009). In this approach, allogeneic T cells can mediate antitumor

effects in the context of allogeneic stem cell transplantation, and in the event of

significant GVHD, the cells can be ablated by administration of the antiviral drug

gancyclovir.

4.1 Introduction of Transgenic TCRs

At present, there is considerable enthusiasm for adoptive transfer of engineered

CD8+ CTLs. The transfer of MHC class I-restricted TCRs can “convert” a popula-

tion of polyclonal CD8+ T cells to CTLs with a monoclonal TCR specificity

(Cooper et al. 2000). This approach is attractive because high-affinity CTLs of

appropriate specificity are generally lacking in patients with advanced cancer or

chronic infections. Thus, the introduction of TCRs with higher affinity or even a

supraphysiological affinity has the potential to increase recognition and killing of

tumor cells that have low expression of cognate peptide–MHC class I complexes. In

the case of exogenous antigens, high-affinity TCRs seem to have an improved

ability to control viral infection and to delay the appearance of escape virus mutants

(Varela-Rohena et al. 2008). Clinical trials testing the adoptive transfer of engi-

neered TCRs for self antigens in cancer patients have been reported with promising

clinical results and acceptable tissue-specific “on-target” toxicity (Johnson et al.

2009).

The expression of additional TCR chains in T cells can lead to the generation of

T cells with potentially novel specificity, due to the formation of mixed dimers

between the endogenous and introduced TCR chains (Schumacher 2002), as the

endogenous TCR does not undergo allelic exclusion as a result of expression of the

introduced TCR. One approach to mitigate the possibility of forming mixed dimers
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is to incorporate an additional disulfide bond between the introduced TCR chains by

cysteine modification of the transgenic TCR chains (Boulter et al. 2003). This may

facilitate matched pairing of the introduced TCR chains. Another approach is the

use of gd T cells, which can be engineered to express ab TCRs (van der Veeken

et al. 2009). Cell-based therapies with gd T cells may provide a significant safety

feature over the use of TCR-engineered ab T cells, taking advantage of the finding

that ab TCRs cannot pair with gd TCRs. The open questions regarding engineered

gd T cells are whether the adoptively transferred cells will home to tumor or sites of

inflammation, and if so, what is the best source of gd T cells? Blood-derived

Vg9Vd2+ T cells are the most convenient cells to harvest and are cytotoxic for a

variety of tumors (Thedrez et al. 2007), but Vg9Vd2 T cells derived from tissues

may be preferable as they may have longer persistence and improved homing

capacity, especially for patients with tumors located in the skin and intestines,

sites that are preferentially targeted by gd T cells.

4.2 Creation of MHC-Independent T Cells with Chimeric Antigen
Receptors

Since the development of chimeric antigen receptors (CARs) was first reported

in mice more than two decades previously (Gross et al. 1989), the transfer of

CD8þ T cells engineered to express MHC-unrestricted CARs is now rapidly

advancing in human trials. CARs have the potential to serve as an “off the

shelf” reagent to redirect T cells with cytotoxic or regulatory functions to desired

cell surface ligands in a variety of tumor, stromal, and viral targets (Sadelain et al.

2009). Because CARs bind to target antigens in an HLA-unrestricted manner,

they are resistant to many of the immune evasion mechanisms of tumor, such as

downregulation of HLA class I molecules or failure to process or present proteins.

Our previous studies showed that infusions of autologous T cells expressing

the CD4z CAR in patients with HIV infection were safe. In addition, the use

of a CD3/CD28 costimulated activated T cell product in which the CAR was

expressed resulted in prolonged high level engraftment for up to 6 months (Deeks

et al. 2002).

The first report of CAR-modified T cells specific for neuroblastoma was

published in 2001 (Rossig et al. 2001), and research since that time has led to

an early-phase clinical trial published in 2007 (Park et al. 2007). To safely redirect

T cells against a tumor, the CAR must target a tumor-specific antigen that is

minimally expressed on normal tissues. In the Park trial, the authors targeted a

potential neuroblastoma antigen, the L1 cell-adhesion molecule (L1-CAM).

While outcome was not a primary measure of the trial, there was at least one

patient with a complete response. An important 2008 study from the Brenner

group used an approach to address problems of persistence of infused cells,

engineering Epstein–Barr virus-specific cytotoxic T lymphocytes (EBV-CTLs)
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to express a first-generation CAR recognizing the well-characterized neuroblas-

toma disialoganglioside antigen GD2 and using the TCRz domain to provide an

activation signal in a 11-patient clinical trial. This trial used improved methods of

cell culture that were shown to contribute to enhanced persistence of the adop-

tively transferred CAR-modified T cells. In specific, the study demonstrated much

better persistence of the EBV-CTLs compared to CD3-activated T cells, and

clinical responses were seen in four patients (Pule et al. 2008). More advanced

vector designs incorporating lentiviral vector technology and multiple costimu-

latory domains are now entering clinical trials at various centers (Maher et al.

2002; Carpenito et al. 2009; Milone et al. 2009).

4.3 Issues Facing the Field with Gene-Modified ACT

The major issues with engineered T cell therapies in cancer patients relate to the

low levels of persistence in the trials reported to date, and to potential toxicity.

Again, issues of persistence and expansion have limited the efficacy of CAR

therapy. There are two cell engineering considerations that may apply. First is the

T cell product used for CAR introduction and means by which the T cells are

expanded ex vivo. Second, there may be an impact of CAR design on persistence

related to nonphysiologic signal transduction that occurs as a result of the structure

of the CAR and the signaling domains that are included in the signal transduction

portion of the CAR. Our group has shown that incorporation of the signaling

domain from the TNF family molecule CD137 (4-1BB) can enhance persistence

(Carpenito et al. 2009), and others have shown that other TNF family members such

as Ox40 can have similar effects (Pule et al. 2005). Similarly, modifications of the

CD28 signaling domain to remove the dileucine motif can improve CAR function

in mouse T cells (Nguyen et al. 2003).

One approach to improve the survival of CAR T cells is to engineer them into

central memory cells, cells that presumably have already been selected for long-

term survival. For example, it has been shown that endogenous cytotoxic CD4þ
T cells specific for varicella zoster virus (VZV) can be engineered to express tumor-

specific CARs, and that the VSV-specific T cells can be expanded in vivo by

stimulation of their native receptor by administration of VZV vaccine, while

retaining the ability of the VZV-CAR CD4þ T cells to recognize and lyse tumor

targets in a MHC-independent manner (Landmeier et al. 2007). Together, these

results are important because tumor cells often have decreased expression of

antigen-loaded MHC molecules, and low levels of stimulation in the context

of the immunosuppressive tumor microenvironment will promote loss of function

of the T cells, or to poor persistence.

Recently, serious adverse events (SAEs) were reported in two subjects enrolled

in trials containing CARs, raising concerns about this form of T cell therapy. The

first event occurred in a patient with advanced chronic lymphocytic leukemia who

died following infusion of a CD19-specific CAR that contained CD28 signaling
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domain (Brentjens et al. 2010). The second case occurred in a patient with widely

metastatic colon cancer who died shortly after treatment with a CAR targeting

HER2/neu containing CD28 and 4-1BB signaling domains after intensive lympho-

depletion (Morgan et al. 2010). In both cases, elevated cytokine levels were seen in

the serum and the cause of death was not clear at necropsy. The first adverse event

appeared to result from “on-target” toxicity, as there was evidence of tumor lysis

syndrome in a patient with a high tumor burden, while in the case of the HER2/neu

CAR, the toxicity was most likely due to “on-target off-organ” toxicity triggered by

low level expression of HER2/neu in the cardiopulmonary tissues, rather than by

CAR signaling triggered by the HER2/neu overexpressed on tumor tissues. Similar

but manageable toxicities have been reported previously in a trial of patients treated

with a CAR specific for carbonic anhydrase IX expressed on renal cell carcinoma

cells, and later found to be expressed on biliary tract epithelium after patients

developed significant liver toxicity (Lamers et al. 2006). A number of strategies

are being tested to ameliorate or prevent toxicity from CARs (Sadelain et al. 2009),

but in the short term the key is selection of a tumor antigen target with limited

normal tissue expression. Finally, another potential toxicity concern in the use of

genetically engineered T cells expressing CARs or exogenous TCRs relates to

genotoxicity. This concern is raised by the T cell leukemias that have occurred in

patients given genetically modified HSC to correct IL-2R g chain deficiency, a

syndrome in males termed X-linked severe combined immunodeficiency-X1

(Hacein-Bey-Abina et al. 2008). However, none of the clinical trials carried

out so far using mature T cells genetically modified using gammaretrovirus or

lentivirus vectors have reported adverse events due to insertional mutagenesis

(June et al. 2009).

5 Post-Transplant ACT

In addition to compromising the ability of hematopoietic stem cell transplantation

(HSCT) patients to mount effective antitumor immune responses, post-transplant

immune suppression clearly increases the risk for serious infections with VZV,

cytomegalovirus (CMV), and Streptococcus pneumoniae (Hoyle and Goldman

1994). Late infectious complications are common after autologous and allogeneic

HSCT, particularly cord blood HSCT (Hamza et al. 2004). Early recovery of

lymphocytes and lymphocyte function has been linked to improved survival fol-

lowing both auto- and allotransplantation (Porrata et al. 2001; Ege et al. 2008). In

the immediate post-transplant period, lymphocyte restoration is achieved by

expansion of mature T cells present in the graft and not de novo production

from the thymus or bone marrow (Roux et al. 1996; Hakim et al. 1997). CD4+

T cell regeneration occurs by a thymus-dependent mechanism, while CD8+ T cell

regeneration occurs by a thymus-independent pathway (Mackall et al. 1997).

Therefore, after transplant, there is a prolonged deficiency of CD4+ compared

to CD8+ T cells, particularly in older patients, secondary to limited thymic
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regenerative capacity and impaired homeostatic proliferation in vivo. Increased

homeostatic proliferation in the post-SCT setting is due at least in part to com-

pensatorily elevated levels of IL-7 as a result of severe lymphopenia. In addition,

the inflammatory milieu seen in the immediate post-SCT may augment homeo-

static proliferation (Rapoport et al. 2009). However, IL-7 signaling on IL-7

receptor-a–positive DCs in lymphopenic settings paradoxically diminishes the

homeostatic proliferation of CD4+ T cells. Chronically elevated systemic IL-7

levels diminish the capacity for IL-7 receptor-a DCs to support CD4 homeostatic

expansion, at least in part via IL-7 mediated downregulation of MHC II expres-

sion (Guimond et al. 2009). While younger patients eventually recover thymic

output, the thymic deficiency seen post-transplant often fails to fully correct in older

patients (Storek et al. 2001, 2004).

The post-transplant setting is an ideal platform for ACT strategies to capitalize

on homeostatic T cell proliferation (Surh and Sprent 2008), in which naive T cells

begin to proliferate and differentiate into memory-like T cells when total numbers

of naive T cells are reduced below a certain threshold. Host lymphodepletion may

enhance the effectiveness of adoptively transferred T cells (Dummer et al. 2002).

Homeostatic T cell proliferation can result in the induction of autoimmunity (King

et al. 2004), providing a clue to improved antitumor strategies. T cells can undergo

up to seven rounds of cell division after being deprived of contact with APC (Kaech

and Ahmed 2001). This homeostatic response of T cells is directed largely to self

antigens (Ernst et al. 1999). The use of ACT in the setting of homeostatic expansion

was first tested clinically in patients with relapsed or refractory non-Hodgkin’s

lymphoma after autologous HSCT (Laport et al. 2003). In these studies, a high rate

of clinical disease regression was observed in patients who received a lymphode-

pleting conditioning regimen prior to adoptive transfer of costimulated autologous

T cells.

The CD4+ T cell deficiency noted after transplant is particularly significant, as

several studies have demonstrated the importance of these cells in the stimulation of

CD8+ T cells and the enhancement of antibody production by B cells. CD8+ T cells

that engage antigen in the absence of CD4+ T cells develop normally but do not

proliferate well and do not persist, becoming so-called helpless T cells (Janssen

et al. 2003). In addition to providing a critical stimulus for CD8+ T cells, CD4+

T cells are required for maximal antibody production. The importance of CD4+

T cells has been demonstrated in humans where responses to immunization and

severity of infection have been correlated with CD4 counts (Kroon et al. 1994).

Humoral immunity recovers more quickly than cellular immunity in the imme-

diate post-transplant period; however, immunoglobulin subset levels are often

suppressed such that protective immunity is compromised and response to vaccina-

tion remains a significant problem in HSCT patients (Avigan et al. 2001). In the

setting of allogeneic HSCT, immunization of the donor has led to increased titers of

Haemophilus influenzae type B (HiB) and tetanus toxoid antibodies (Molrine et al.

1996; Storek et al. 2003). In this age when so many promising tumor vaccines are in

clinical trials, strategies to optimize responses in HSCT patients to vaccination have

become increasingly important.
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5.1 ACT for Hematologic Malignancies

We have completed three phase I/II trials in patients transplanted for hematologic

malignancies using ex vivo activated and expanded autologous T cells stimulated

by coculture with immunomagnetic beads to which anti-CD3 and anti-CD28 mono-

clonal antibodies had been conjugated to form aAPCs (Levine et al. 1995) using

the general trial design shown in Fig. 3. In the first trial, patients with relapsed or

refractory non-Hodgkin’s lymphoma were treated with CD34+-selected HSCT

followed by infusion of up to 1 � 1010 CD3+ autologous T cells at day 14 after

transplant (Laport et al. 2003). Infusion of autologous costimulated T cells resulted

in a rapid, dose-dependent reconstitution of lymphocyte counts. Importantly, the

expanded cells were functionally superior to those obtained directly from the patients,

as determined by interferon-g secretion. Complete or partial responses were observed

in eight of the 17 patients infused, although it was not possible to discriminate

antitumor effects of the ACT from the transplant itself.

In a second phase I/II trial, we examined the role of pre-transplant immunization

and costimulated/activated ACT in autologous transplantation for multiple mye-

loma (Rapoport et al. 2005). All patients received two doses of Prevnar1, the seven-

valent pneumococcal conjugate vaccine (PCV), beginning 1 month after transplant.

Half of the patients received an additional PCV vaccine 2 weeks prior to a steady-

state leukapheresis. The harvested T cells were expanded in vitro using the beads

described above. Patients received a standard, non-lymphocyte–depleted, auto-

logous HSCT after melphalan conditioning, and then received approximately

1 � 1010 autologous, CD3/CD28 bead expanded CD3+ T cells based on

Fig. 3 Approach for combination vaccine and adoptive transfer strategies. For vaccine prime

boost strategies, patients are primed with vaccine after protocol enrollment, followed by lympho-

cyte harvest several weeks later. The autologous T cells undergo polyclonal in vitro activation and

expansion and are reinfused on day 2 after lymphodepleting chemotherapy; Tregs may be depleted

during the expansion procedure. Antigen-specific immune function is measured after the adminis-

tration of booster vaccines
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randomization to either 14 days or 100 days post-transplant. Consistent with our

initial experience with this T cell product, early T cell recovery was observed in both

patient groups that received the day 14 T cell add-back while the day 100 add-back

groups remained significantly lymphopenic. We also found that only those indivi-

duals who received PCV-primed T cells early after transplant developed and main-

tained protective levels of antipneumococcal antibodies, as well as PCV-specific

CD4 responses. Notably, T cell responses to antigens not included in the vaccine

were also improved in this group. These data demonstrated that combination immu-

notherapy consisting of a single early post-transplant infusion of antigen-primed,

ex vivo costimulated autologous T cells followed by post-transplant booster immu-

nizations improved the severe immunodeficiency associated with high-dose chemo-

therapy, and led to clinically relevant immunity in adults within a month following

transplantation.

The above studies together with the studies in neuroblastoma described below

provide “proof-of-concept” that immunosuppressed patients can be vaccinated

and rapidly develop potent responses against foreign antigens. However, with the

exception of virally induced tumors such as cervical cancer and some EBV-

induced lymphomas, human tumors such as myeloma do not have foreign anti-

gens. Instead, the tumors express weaker self antigens to which some degree of

tolerance exists and that tend to induce T cells with lower avidity TCRs. To begin

to establish whether the combined vaccine and adoptive transfer approach could

augment antitumor immunity, a two arm trial in which the HLA-A2+ patients

were vaccinated with a multipeptide vaccine to hTERT and survivin was recently

completed. This was designed as a pilot study to determine whether combined

vaccines and vaccine-primed T cell infusions generate antitumor/antiself

responses in the setting of an autologous HSCT. The main differences between

this trial and the earlier trials were that: (1) this trial incorporated the multipeptide

peptide tumor vaccine; (2) the T cell infusions were given on day +2 post-HSCT

rather than day +12; and (3) the dose of T cells was increased from 1 � 1010 to

5 � 1010. Clinically, the day +2 T cell transfers were well tolerated with the most

common adverse effects being chills/rigors, nausea, and low-grade fevers.

Immune reconstitution was rapid and robust, as a relative and absolute lympho-

cytosis developed in the week following the ACT, which persisted in many cases

throughout the transplant period (Rapoport et al. 2009). The lymphocytosis was

comprised of CD3+ T cells that have markers consistent with TCM cells. It is

intriguing to note that the lymphocytosis was not observed in earlier trials when

the T cell infusions were given later after chemotherapy and HSCT. The T cell

lymphocytosis is remarkable in that patients were not treated with exogenous

cytokines such as IL-2 or IL-7. In addition to the accelerated immune reconstitu-

tion, a subset of patients developed a T cell “engraftment syndrome” characterized

by diarrhea, fever, rash, and colitis that was clinically and histopathologically

indistinguishable from acute GVHD. The mechanism of the T cell lymphocytosis

is under investigation, and in part, may be attributed to a relative paucity of Tregs

after day 2 ACT. The engraftment syndrome does not appear to be specifically

related to myeloma and the high levels of IL-6 that are characteristic of myeloma
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(Bataille et al. 1989), because a similar syndrome has been observed in our trials

of neuroblastoma (described below). It is intriguing to note that the survival of

patients with multiple myeloma after unmodified HSCT directly correlates both

with lymphocyte counts early (on day 15) after HSCT (Porrata et al. 2001).

Furthermore, the survival of newly diagnosed MM patients is strongly correlated

with the lymphocyte count at presentation (Ege et al. 2008).

5.2 ACT for Neuroblastoma

Neuroblastoma is the most common extracranial solid tumor of childhood and an

important cause of childhood cancer mortality. High-risk neuroblastoma has proven

refractory to conventional treatment modalities (Matthay et al. 1999; Grupp et al.

2000b; Maris et al. 2007), although some improvements in outcome have been

achieved through chemotherapeutic dose escalation (Cheung and Heller 1991).

This concept has reached a practical limit with the use of tandem stem cell

transplantation approaches, which have achieved potentially promising results

(Grupp et al. 2000a, b; Kletzel et al. 2002; George et al. 2006). Having reached

an effective limit in chemotherapeutic intensity with tandem transplant, any further

improvement of survival in children with high-risk neuroblastoma will have to

come from novel therapeutic approaches. The most immediate hope for an effective

and distinct treatment modality lies in immunotherapy. There is already data

suggesting a potential benefit of antineuroblastoma monoclonal antibodies (Cheung

et al. 2001; Simon et al. 2004), strengthening the case appropriately-targeted for

cell-based therapy in neuroblastoma.

EBV lymphoproliferative disease has been seen among patients treated on the

largest published tandem transplant study for neuroblastoma (Powell et al. 2004).

EBV lymphoproliferative disease is associated with significant immunosuppres-

sion, is usually uncommon following autologous HSCT, and these cases suggest

that immunosuppression induced by autologous HSCT is extremely important

when considering immunotherapeutic approaches to treating high-risk neuroblas-

toma. ACT, possibly paired with a cancer vaccine, represents a major area to

explore novel treatments. However, the limitations are clear: ACT, which may

have antitumor efficacy, is almost certainly best deployed at the point of minimal

residual disease rather than treating bulk disease. In neuroblastoma, this point is

reached after chemotherapy, surgery, radiation, and HSCT. Immunotherapy and/or

tumor vaccines should be deployed as quickly as possible after completion of con-

ventional therapy, but this is also a point where numbers of T cells and effector

function are minimal to absent. One solution to this problem is to provide activated

polyclonal T cells to the patient in an attempt to speed immunological recovery,

based on the improved ability of costimulated/activated T cells to engraft. This also

has the potential to harness a profoundly lymphopenic environment supportive of

homeostatic expansion. Unfortunately, the passenger T cells provided with a PBSC

product, although large in number, do not provide this solution, as recovery of
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cellular immunity after standard autologous HSCT takes many months, and many

T cells fail to persist due to increased rates of apoptosis (Hakim et al. 1997).

We have recently tested an alternative approach in studies at the University of

Pennsylvania and Children’s Hospital of Philadelphia. Again, the cell product used

is ex vivo costimulated autologous T cells cultured on anti CD3/CD28 beads. This

GMP cell manufacturing process produces a highly activated polyclonal T cell popu-

lation, with a T cell repertoire representative of the full repertoire of the cells input into

the culture. In ongoing studies, we have tested costimulated/activated ACT in patients

with high-risk neuroblastoma (S. Grupp, unpublished data). In a series of studies, we

are assessing the impact of activated ACT on immune reconstitution in these

profoundly immunodeficient patients. These patients are an interesting group to

study ACT, as the need for HSCT is known at diagnosis and T cells may thus be

collected prior to exposure to any immunosuppressive chemotherapy. While

patients getting a CD34-selected PBSC product have recovery of CD4+ T cells

that may take 4–6 months, we have seen that both CD4 and CD8 recovery is

significantly and strikingly improved after activated T cells are given on d + 12

after PBSC infusion. Interestingly, CD4 recovery is even more rapid when the

infusion time is moved to d + 2, with supranormal lymphocyte and T cell counts

apparent as soon at 10 days after costimulated/activated T cell infusion. Among

patients receiving d + 2 ACT, we have observed lymphocyte counts on d + 12

post-HSCT as high at 10,000/mL. Four of these patients experienced a GVHD-like

engraftment syndrome similar to that seen in the myeloma study (Rapoport, et al.

2009). In addition, protective antibody responses emerge as early as d + 30 follow-

ing a d + 12 immunization with a PCV (S. Grupp, unpublished data). This experi-

ence supports the hypothesis that activated ACT could be used to support an

anticancer immunization strategy early after HSCT.

6 Concluding Remarks

Progress in the understanding of the biology of T cell mediated antitumor effects

have opened up real opportunities to ACT for clinical benefit in cancer patients.

While clear proof of principle has been demonstrated, substantial work is needed to

optimize these therapies and enhance the effectiveness of tumor-directed therapies.

For the first time, improved culture technology is permitting randomized controlled

studies. A humbling observation is that though adoptive T cell therapy of rodent

malignancies was first reported in 1955 (Mitchison 1955), there are as yet no forms

of FDA-approved ACT available after more than 60 years of research into adoptive

immunity for tumors. However, the first autologous cellular vaccine for prostate

cancer has just been approved by the FDA, initiating the era of clinical personalized

cell therapies. There is increasing optimism that the scientific barriers preventing

clinically effective adoptive immunotherapy have been addressed. Advances in the

understanding of the T cell biology and T cell engineering have provided multiple

novel adoptive transfer strategies that are now poised for translation into clinical
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trials. Finally, it is likely that adoptive immunotherapy will not be used alone, but

rather in combination with other forms of immunotherapy and chemotherapy, to

maximize both passive and active immunity.
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Abstract Current active immunotherapy trials have shown durable tumor regres-

sions in a fraction of patients. However, the clinical efficacy of current vaccines is

limited, possibly because tumors skew the immune system by means of myeloid-

derived suppressor cells, inflammatory Type 2 T cells and regulatory T cells

(Tregs), all of which prevent the generation of effector cells. To improve the
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clinical efficacy of cancer vaccines in patients with metastatic disease, we need to

design novel and improved strategies that can boost adaptive immunity to cancer,

help overcome Tregs and allow the breakdown of the immunosuppressive tumor

microenvironment. This can be achieved by exploiting the fast increasing knowl-

edge about the dendritic cell (DC) system, including the existence of distinct DC

subsets. Critical to the design of better vaccines is the concept of distinct DC

subsets and distinct DC activation pathways, all contributing to the generation of

unique adaptive immune responses. Such novel DC vaccines will be used as

monotherapy in patients with resected disease and in combination with antibodies

and/or drugs targeting suppressor pathways and modulation of the tumor environ-

ment in patients with metastatic disease.

1 Introduction

Vaccines against infectious agents demonstrate the power of manipulating the

immune system. Vaccines have spared countless numbers of people from polio,

measles, tetanus, etc. (Nossal 1997), even though they have not been designed

according to immunological principles (Doherty et al. 2006). Immunology has the

potential to identify vaccines, i.e., antigen-specific, durable, non-noxious preven-

tions and therapies for infections, cancer, allergy, autoimmunity, transplantation.

This has formed a conceptual basis for the development of therapeutic vaccines in

cancer. Molecular identification of human cancer antigens has ushered in a new

era of antigen specific cancer immunotherapy specifically targeting these anti-

gens. Initial attempts (e.g., peptides, DNA vaccines, viral vectors and first gener-

ation dendritic cell (DC)-based vaccines) have thus far met with a limited success

in the clinic. However, cancer vaccines are in a renaissance era due to recent

clinical trials showing promising immunological data and some clinical benefit to

the patients. For example, an active immunotherapy product, sipuleucel-T

(APC8015) based on antigen-loaded and GM-CSF activated PBMCs, appears to

contribute to prolonged median survival in phase III trials in patients with

prostate cancer (Higano et al. 2009). Similarly, a randomized phase II trial of a

pox viral-based vaccine targeting PSA (PROSTVAC) in men with metastatic

castration-resistant prostate cancer showed improved overall survival in patients

who received PROSTVAC compared to those who received control vectors

(Kantoff et al. 2010). While these first generation positive randomized phase II/

III clinical trials need further analysis and mechanistic studies, they underline the

therapeutic potential of the immune system that can be tapped into. Vaccines act

through DCs, which induce, regulate and maintain T cell immunity. In this

chapter, we summarize our recent studies aimed at a better understanding of the

DC system to unravel the pathophysiology of cancer and to design novel cancer

vaccines.
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2 Dendritic Cells

Generating the right type of immune response can be a matter of life and death. In

leprosy, for instance, the tuberculoid form of the disease is characterized by a Type

1 response which keeps the disease in check, while the lepromatous form induces an

often fatal Type 2 response (Yamamura et al. 1991). These responses are under the

control of DCs (Banchereau and Steinman 1998; Steinman and Banchereau 2007).

DCs reside in peripheral tissues and in lymph nodes where they are poised to

capture antigens (Ags). DCs present processed protein and lipid Ags to T cells

via both classical (MHC class I and class II) and non-classical (CD1 family) antigen

presenting molecules (Heath and Carbone 2009) (Fig. 1). In the steady state, non-

activated (immature) DCs present self-antigens to T cells, which leads to tolerance

(Hawiger et al. 2001; Steinman et al. 2003). DCs induce immune tolerance in a

number of ways including (a) T cell deletion (Fairchild and Austyn 1990; Zal et al.

1994; Volkmann et al. 1997); (b) induction of T cell unresponsiveness (Hawiger

et al. 2004); and (c) activation of regulatory T cells (Tregs) (Jonuleit et al. 2000;

Akbari et al. 2001; Wing and Sakaguchi 2010; Zheng et al. 2010). Once activated

(mature), antigen-loaded DCs are geared towards the launching of antigen-specific

immunity (Finkelman et al. 1996; Brimnes et al. 2003) leading to the T cell

proliferation and differentiation into helper and effector cells. DCs are also impor-

tant in launching humoral immunity partly due to their capacity to directly interact

with B cells (Jego et al. 2005; Qi et al. 2006) and to present unprocessed

antigens (Zhong et al. 1997; Wykes et al. 1998; Bergtold et al. 2005; Batista and

Harwood 2009).

2.1 Human Dendritic Cell Subsets

To allow resistance to infection and tolerance to self, DCs are endowed with two

critical features: subsets and functional plasticity (Steinman and Banchereau 2007).

The two major subsets are the myeloid DCs (mDCs) and the plasmacytoid DCs

(pDCs). The best studied human mDC subsets are those from skin, where three

subsets can be identified. The epidermis hosts only Langerhans Cells (LCs) while

the dermis displays two mDC subsets, CD1a+ DCs and CD14+ DCs, as well as

macrophages (Zaba et al. 2007; Klechevsky et al. 2008; Merad et al. 2008; Nestle

et al. 2009).

2.1.1 Dermal DCs, Antibody Responses and IL-12

In the mid 1990s, we observed that CD14+ DCs derived from CD34+ hematopoietic

progenitor cells (HPCs) induce CD40-activated naı̈ve B cells to differentiate into

IgM-producing plasma cells through the secretion of IL-6 and IL-12 (Caux et al. 1997).
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A decade later, we found that CD14+ DCs, but not LCs, induce naı̈ve CD4+ T cells

to differentiate into cells with properties of T follicular helper cells (Tfh) (Kle-

chevsky et al. 2008), a CD4+ T cell subset specialized in B cell help (King et al.

2008; Fazilleau et al. 2009). There, CD4+ T cells primed by CD14+ DCs help naı̈ve

B cells to produce large amounts of IgM, and switch isotypes towards IgG and IgA.

Our recent studies in human indicate that acquisition of Tfh phenotype and function

depends on IL-12p70 (Schmitt et al. 2009).
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Fig. 1 Dendritic cells. DCs reside in the tissue where they are poised to capture antigens

(Geissmann et al. 2010). During inflammation, circulating precursor DC enter tissues as immature

DC (Geissmann et al. 2010). DCs can encounter pathogens (e.g., viruses) directly, which induce

secretion of cytokines (e.g., IFN-a); or indirectly through the pathogen effect on stromal cells.

Cytokines secreted by DCs in turn activate effector cells of innate immunity such as eosinophils,

macrophages and NK cells. Microbe activation triggers DCs migration towards secondary lym-

phoid organs and simultaneous activation (maturation). These activated migratory DCs that enter

lymphoid organs display antigens in the context of classical MHC class I and class II or non-

classical CD1 molecules, which allow selection of rare circulating antigen-specific T lymphocytes.

Activated T cells help drive DCs toward their terminal maturation, which allows lymphocyte

expansion and differentiation. Activated T lymphocytes traverse inflamed epithelia and reach the

injured tissue, where they eliminate microbes and/or microbe-infected cells. B cells, activated by

DCs and T cells, migrate into various areas where they mature into plasma cells that produce

antibodies that neutralize the initial pathogen. Antigen can also reach draining lymph nodes

without involvement of peripheral tissue DCs and be captured and presented by lymph node

resident DCs (Itano et al. 2003)
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Thus, IL-12 appears to contribute to humoral immunity in humans through a direct

path in DC-B interaction, and an indirect path in DC-T cell interaction and induction

of Tfh cells. These findings might explain the modest clinical efficacy of systemic

IL-12 administration in cancer patients (Motzer et al. 2001; Cheever 2008). Further-

more, the injection of IL-12 into tumor sites of head and neck cancer patients resulted

in the activation of B cells in the draining lymph nodes, which was associated with

their infiltration into tumor sites and tumor regression (van Herpen et al. 2008).

2.1.2 LCs and CD8+ T Cell Responses

LCs induce a robust proliferation of naı̈ve allogeneic CD8+ T cells when compared

to CD14+ DCs (Klechevsky et al. 2008). Furthermore, when pulsed with MHC class

I peptides derived from tumor or viral antigens, LCs are far more efficient than

CD14+ DCs in the priming of antigen-specific CD8+ T cells. LCs are also efficient

in cross-presenting peptides from protein antigens to CD8+ T cells. CD8+ T cells

primed by LCs show high avidity in tetramer binding assays and express higher

levels of cytotoxic molecules, such as granzymes and perforin. Accordingly, they

are remarkably more efficient in killing target cells; in particular tumor cells that

express low level of peptide/HLA complexes (Klechevsky et al. 2008). IL-15 might

explain the remarkable effects of LCs in the development of Cytotoxic T Lympho-

cyte (CTL) responses (Mohamadzadeh et al. 2001; Dubsky et al. 2007; Klechevsky

et al. 2009). Thus, the two different arms of adaptive immunity, i.e., humoral and

cellular arms, might be differentially regulated by the two skin mDC subsets

(Fig. 2). Such a framework might be of capital importance for the understanding

of the immune alteration in malignancy and for the development of novel and

improved vaccination strategies against cancer, as well as chronic infections.

2.1.3 Plasmacytoid DCs

Plasmacytoid DCs (pDCs) are considered as the front line in anti-viral immunity

owning to their capacity to rapidly produce high amounts of Type I interferon

(Siegal et al. 1999; Liu 2005). Similar to mDCs, pDCs display a remarkable

functional plasticity. Thus, pDCs exposed to viruses, such as live influenza virus,

are able to launch memory responses by inducing the expansion and differentiation

of antigen-specific memory B and T lymphocytes into plasma cells (Jego et al.

2003), and CTLs (Fonteneau et al. 2003; Di Pucchio et al. 2008), respectively. On

the contrary, pDCs activated with CpG or IL-3/CD40L induce in vitro IL-

10-secreting regulatory CD4+ T cells (Ito et al. 2007) as well as suppressor CD8+

T cells through the expression of ICOS ligand (Gilliet and Liu 2002).

Human pDCs, in fact, are composed of two subsets, distinguished by the

expression of CD2 (Matsui et al. 2009). CD2high pDCs are more potent than the

CD2low pDCs to induce allogeneic T cell proliferation. These different functional

properties of CD2high pDCs and CD2low pDCs are associated with distinct
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transcription profiles, differential secretion of IL12 p40 and differential expression

of co-stimulatory molecule CD80 on activation. Additional studies will be neces-

sary to understand the biological role of these two pDC subsets.

2.2 DCs in Tumor Environment

Numerous studies in humans have concluded that DCs can infiltrate tumors. We

found that breast cancer tumor beds are infiltrated with immature DCs. In contrast,

mature DCs are found in the peri-tumoral areas in�60% of cases (Bell et al. 1999).

A number of studies have suggested that DCs can contribute to tumor development.

Our studies in breast cancer indicate that tumor cells polarize mDCs into a state that

drives the differentiation of naı̈ve CD4+ T cells into IL-13-secreting T cells (Aspord

et al. 2007). These Type 2 T cells in turn facilitate breast tumor development in

xenograft model as it can be partly inhibited by administration of IL-13 antagonists

(Fig. 3). The role of Th2 cells was further established in a spontaneous mouse breast
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Fig. 2 DCs as tools for vaccination. We envision that targeting antigens and activation of distinct

mDC subsets, with different specializations, will result in the generation of a broad and long lived

immune protection. Thus, the most efficient cancer vaccines might be those that will target LCs

thereby allowing the maximal stimulation of cellular immune responses and the generation of

long-term memory protection
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cancer model, where Th2 cells facilitate the development of lung metastasis

through macrophage activation (DeNardo et al. 2009). In several other mouse

tumor models, IL-13 produced by NKT cells induces myeloid cells to make TGF-b
that inhibits CTL functions (Berzofsky and Terabe 2008). Thus, Type 2 cytokines

are involved in tumorigenesis through various mechanisms. mDCs can also have

direct interactions with tumor cells as shown in multiple myeloma where they

directly promote the survival and clonogenicity of tumor cells (Kukreja et al.

2006; Bahlis et al. 2007).

pDCs have been found in approximately 10% of breast carcinomas and are

associated with poor prognosis (Treilleux et al. 2004). The infiltrating pDCs

produce little Type I IFN upon TLR ligation (Hartmann et al. 2003). This inhibition

appears to depend on the ligation of ILT7 on pDCs binding by BST2 expressed on

tumor cells (Cao et al. 2009). Likewise, in ovarian carcinoma, tumor-infiltrating

pDCs do not induce effector CD8+ T cell responses, but rather promote the

differentiation of IL10+ CCR7+ CD8+ Tregs (Wei et al. 2005). Finally, pDCs may

promote tumor angiogenesis by the secretion of proangiogenic cytokines (Curiel

et al. 2004; Coukos et al. 2005).

DC can fight back tumors at least through two pathways: an indirect one with the

induction of potent CTL responses, and a direct one through DC-dependent tumor

cytotoxicity. For example, pDCs appear to directly contribute to the anti-tumor activity

of in vivo-administered Imiquimod (TLR7 ligand), which is used for the treatment

of basal cell carcinoma (Urosevic et al. 2005; Panelli et al. 2007; Stary et al. 2007).

Clearly, understanding the functions ofDCs in the tumor bed represents an important

area of future investigations and exploitation for therapy. An interesting strategy would

be to rewire their molecular pathways from “pro-tumor” DCs into “anti-tumor” DCs.

CD8+T cells

mDC

TAA

Breast Cancer

CD4+T cells

PRO-CANCER

ANTI-CANCERIL-4
IL-10
IL-13

TAA

pDC

Tregs

Fig. 3 DCs as targets for therapy. Cancer cells attract immature DC possibly through chemokines

such as MIP3 alpha and/or SDF-1. The DC can then be either blocked or skewed in their

maturation, for example by VEGF, leading to induction of polarized CD4+T cells that promote

the expansion of cancer cells (pro-cancer) at the expense of CD8+T cells that can cause tumor

regression (anti-cancer). An interesting strategy would be to rewire their molecular pathways from

“pro-cancer” DCs into “anti-cancer” DCs for example with antibodies or DC activators
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3 Dendritic Cells in Vaccination Against Cancer

3.1 Outcomes of Current DC Vaccination Trials

Ex vivo-generated DCs have been used as therapeutic vaccines in patients with

metastatic cancer for over a decade and early studies have been discussed in detail

elsewhere (Palucka et al. 2007). While a fraction of patients can experience durable

tumor regressions (Palucka et al. 2006), the most common outcome of the current

DC vaccination protocols is a demonstration of expanded antigen-specific immu-

nity, most often using IFN-g ELISPOT, but no durable objective tumor regression.

Altogether, three outcomes emerge from our studies:

(1) No immune response. Patients of this group usually progress quickly. These

patients mount immune responses to control antigens such as KLH or viral peptides

(Flu-M1 or CMV). In vitro experiments indicated that T cells of several patients can

be primed to differentiate into CTLs with specificity for multiple melanoma anti-

gens (Berard et al. 2000). Thus, tumor antigen-specific CD8+ T cells are kept

anergic rather than deleted. This inability to mount immune responses to tumor

antigens in vivo might be at least partly related to the presence of tumor antigen-

specific Tregs (Vence et al. 2007; Andrews et al. 2008). Tregs limit the onset of

protective immunity through several mechanisms, for example by eliminating DCs

in lymph nodes (Boissonnas et al. 2010). As discussed later, the control of Tregs

becomes a key target to address first the coming vaccination trials. (2) Immune
response without clinical response. The most common outcome of current DC

vaccination protocols is the induction of immune responses in the absence of

clinical responses. This might in part be explained by the quality of the elicited

T cells including their capacity to migrate into tumors and penetrate tumor stroma

(Gajewski 2007). Improved immunomonitoring is expected to provide insights into

the mechanisms of immune efficacy as discussed hereunder (Butterfield et al. 2008;

Tahara et al. 2009). (3) Immune response and clinical response. Vaccination with

DCs can elicit therapeutic immunity. These patients represent a formidable oppor-

tunity for the development of cancer immunotherapy. The challenge is twofold:

first, establishing the immunological mechanism that allowed tumor eradication

and second, finding ways to increase the fraction of patients experiencing durable

tumor regression and/or prolonged survival.

3.2 The Quality of Elicited Antigen-Specific Immune Responses

Establishing causative links in clinical studies is a difficult task which often requires

large patient cohorts. The current data suggest an association between the tumor-

specific CD8+ T cell responses and clinical outcomes. In our view, four critical

components will determine whether the induced immune response will be thera-

peutic: (1) the quality of elicited CTLs; (2) the quality of induced CD4+ helper
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T cells; (3) the elimination and/or non-activation of Tregs; and (4) the breakdown of

immunosuppressive tumor microenvironment.

Indeed, the immune responses elicited by the first generation DC vaccines might

not be of the quality required to allow the rejection of bulky tumors. For example,

the induced T cells might not migrate into the tumor lesions (Appay et al. 2008;

Harlin et al. 2009). Furthermore, low avidity T cells might be unable to recognize

peptide-MHC class I complexes on tumor cells and/or to kill them (Appay et al.

2008). Finally, the tumor micro-environment might inhibit effector T cell functions,

for example by action of myeloid derived suppressor cells and Tregs as summarized

in recent reviews, respectively (Gabrilovich and Nagaraj 2009; Menetrier-Caux

et al. 2009).

The recent progresses in immunomonitoring of specific immune responses in the

blood and at the tumor site should help us address these questions (Palucka et al.

2006; Vence et al. 2007; Butterfield et al. 2008; Janetzki et al. 2009; Tahara et al.

2009). Modern approaches including polychromatic flow cytometry rather than the

analysis of a single cytokine (e.g., IFN-g ELISPOT) and/or frequency of tetramer

positive cells will contribute to a better assessment of the quality of the immune

responses elicited in the patients (Kammula et al. 1999; Lee et al. 1999). Indeed,

several studies, mostly performed in the context of HIV vaccines, have led to the

conclusion that a mere measurement of the frequency of IFN-g secreting CD8+

T cells is insufficient to evaluate the quality of vaccine-elicited immunity (Wille-

Reece et al. 2006; Appay et al. 2008; Seder et al. 2008).

4 Building on Dendritic Cell Subsets to Improve

Cancer Vaccines

4.1 Optimal DCs

The results summarized above prompted us to hypothesize that DCs with the

properties of LCs might prove to be the best ones for the generation of strong

cellular immunity (Fig. 2). In line with this, the combination of cytokines used to

differentiate monocytes into DCs play a critical role in determining the quality of

the elicited T cell responses. For example, DCs generated with GM-CSF and IL-15

display the phenotype and characteristics of LCs. In particular, they are more

efficient in priming melanoma-antigen specific CD8+ T cells in vitro than DCs

derived with GM-CSF and IL-4 (Mohamadzadeh et al. 2001; Dubsky et al. 2007).

Thus, vaccination with IL15-DCs might elicit stronger CD8+ T cell responses that

might lead to improved clinical responses. We are currently initiating such a

clinical trial in patients with malignant melanoma. The selected method for activat-

ing DCs also represents a critical parameter is the DC activation pathway. First,

immature (non-activated) DCs induce antigen specific IL-10 producing T cells

(Dhodapkar et al. 2001; Dhodapkar and Steinman 2002). Second, IL-4 DCs
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activated with a cocktail of IFN-a, polyI:C, IL-1b, TNF, and IFN-g induce up to 40
times more melanoma-specific CTLs in vitro than DCs matured with the “standard”

cocktail of IL-1b/TNF/IL-6/prostaglandin E2 (PGE2) (Mailliard et al. 2004; Fujita

et al. 2009; Giermasz et al. 2009). Additional studies will be necessary to establish

the therapeutic value of these newer generation DC vaccines in patients. These

studies are critical to the understanding of the human immune system because they

permit us to assess in vivo the type of immune responses elicited by human DCs

generated in different cytokine environments.

This in turn is essential for building a novel approach to vaccination that is based

on the delivery of antigens directly to DCs in vivo using chimeric proteins that are

made of an anti-DC receptor antibody molecularly fused to a selected antigen (DC

targeting). Studies in mice demonstrate that the specific targeting of antigen to DCs

in vivo results in considerable potentiation of antigen-specific CD4+ and CD8+

T cell immunity if the DC maturation signal is provided (Hawiger et al. 2001;

Bonifaz et al. 2002, 2004). Otherwise, tolerance ensues (Hawiger et al. 2001). Thus,

selection of appropriate adjuvant is also a critical parameter for the induction of the

immunity of the desired type. Although TLR-ligands are widely considered to

promote protective immunity against infectious agents, selecting the appropriate

ligand will be critical. For instance, TLR2 ligation, which promotes the induction of

Tregs rather than Th1 or Th17 cells (Manicassamy et al. 2009), does not appear to

be a preferred option for cancer vaccines.

These pioneering studies have been already extended to demonstrate the target-

ing of tumor antigens to DCs (Caminschi et al. 2009) and Langerhans cells (LCs) in

animal models (Flacher et al. 2008, 2009) and the generation of anti-tumor immu-

nity (Wei et al. 2009). The therapeutic success of these vaccines will build on the

recent knowledge and progress in our understanding of the biology of human DC

subsets, cutaneous myeloid DCs (mDCs) in particular.

4.2 “Ideal” Antigens

Assuming that appropriate solutions are identified to reverse immunosuppression,

there is a need for an “ideal” set of target antigens. An “ideal” antigen is one which

is necessary for cancer cells to survive and/or for which strong immunity able to

reject the tumor and prevent its growth can be elicited.

Candidate tumor antigens include: (a) unique (mutated) antigens; and (b) shared

self-antigens including cancer/testis antigens and tissue differentiation antigens

(Gilboa 1999; Vlad et al. 2004; Boon et al. 2006; Parmiani et al. 2007). The choice

between these types of antigens for vaccination could be viewed as a choice

between inducing immunity (mutated antigens) or breaking tolerance and inducing

autoimmunity (self antigens). The debate about which type of antigen will be more

efficient is still open. Mutated antigens are postulated to present several advantages,

for example their specific T cell repertoire should not be deleted as they are not

recognized as “self ” by immune cells (Parmiani et al. 2007). Shared antigens are
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attractive as they might allow us to establish “generic” vaccines; however, the

enthusiasm for these antigens might be dampened because of (a) their relatively

weak immunogenicity due to the negative selection of high affinity auto-reactive

cells and (b) the existence of antigen specific Tregs (Hoos et al. 2007).

Perhaps the most compelling evidence of active in vivo tumor antigen-specific

immune responses arises from the study of paraneoplastic neurologic disorders

(PNDs) that led to the discovery of onconeural antigens (Darnell 1996). PNDs

develop as remote effects of systemic malignancies. The discovery of onconeural

antibodies led to the proposal that paraneoplastic cerebellar degeneration (PCD),

associated to breast and ovarian cancer, is an autoimmune disorder mediated by the

humoral arm of the immune system. These antibodies permitted the cloning of the

cdr2 antigen, a protein with a coil/leucine zipper domain. It has now been shown

that the disease is due to the development of cdr-2 specific CD8+ CTL (Albert et al.

1998). The list of onconeural antigens is growing and, besides cdr2, two other

antigens such as Nova and amphiphysin appear as potential targets of the immune

system (Floyd et al. 1998; Rosin et al. 1998).

An important shift in the selection of antigen targets might be brought about by

the identification of cancer stem cells (Jordan et al. 2006; Polyak and Hahn 2006;

Rossi et al. 2008). While a majority of studies have focused on eliminating mature

cancer cells with limited proliferation capacity, it seems more efficient to target the

self-renewing cancer stem cells. The importance of stem cell associated antigens in

malignancy can be best illustrated by the presence of SOX-2-specific immunity

in patients with monoclonal gammopathy (Spisek et al. 2007). This immunity is lost

in patients who developed multiple myeloma suggesting differential antigenic

targets at pre-malignant and malignant stages. In fact, the major factor from the

immunization point of view is the linkage between expression of genes associated

with pluripotency and those expressed in cancer. Ideal target genes would be those

shared between cancer cells and embryonal cells, which are necessary for cancer

cell survival but not expressed in adult stem cells (Dhodapkar 2010).

Thus far, all antigenic targets are protein antigens whose peptides can be

presented on the cell surface in the form of complexes with classical MHC

molecules (Townsend et al. 1985). However, tumors express altered lipids and

sugars that can be bound by CD1 molecules on APCs and presented to NKT cells as

well as T cells (Beckman et al. 1994; Fujii et al. 2002; Hava et al. 2005). These lipid

antigens might possibly be harnessed for improved vaccination.

4.3 Combining DC Vaccines with Other Therapies

In view of the remarkable diversity of regulatory/suppressive pathways present in

patients with metastatic cancer, any durable clinical response elicited by vaccina-

tion with DCs is already a remarkable achievement. However, to improve the

outcomes in metastatic disease, DC vaccines need to be combined with

other therapies that offset the suppressive environment created by the tumor
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(Dougan and Dranoff 2009). Such combination regimens will involve several drugs

that target different pathways (Fig. 4).

In particular antibodies, or other soluble antagonists such as engineered recep-

tors, can be exploited for the blockade of suppressive cytokines in the tumor

microenvironment such as IL-10 (Moore et al. 2001), IL-13 (Terabe et al. 2000),

TGF-b (Li et al. 2005; Terabe et al. 2009) and VEGF (Gabrilovich 2004; Rabinovich

et al. 2007). They can also be used to block inhibitory ligand:receptor interactions

(Melero et al. 2007) by acting on antigen presenting cells such as tumor or DCs (for

example anti-PD-L1) or on lymphocytes as illustrated by anti-CTLA-4 (Peggs et al.

2006, 2009) and/or anti-PD1 (Day et al. 2006; Curran et al. 2010; Pilon-Thomas

et al. 2010). In contrast, agonistic antibodies (Gabrilovich 2004; Rabinovich et al.

2007) might further promote co-stimulation of effector T cells as for example with

anti-CD137 (Watts 2005), a ligand for 4-1BB (Maus et al. 2002). Just as different

tumors are treated with different combinations of cytostatic drugs and targeted

therapies, we foresee development of clinical protocols combining DC vaccines

with individualized adjunct therapies.

T
helper

CTL

Tumor

Tregs

Improved DC
vaccines

DC targeting

DC
activators

anti-inflammatory
drugs

anti-cytokine
IL-10
IL-13

Th2anti-inhibitory
receptors Ab

B7/PD1

anti-regulatory
molecules Ab

CTLA4

Fig. 4 DC vaccines in combination therapies. Current active immunotherapy trials have shown

durable tumor regressions in a fraction of patients. However, clinical efficacy of current

approaches is limited, possibly because tumors invade the immune system by means of mye-

loid-derived suppressor cells, inflammatory Type 2 T cells and regulatory T cells (Tregs). To

improve the clinical efficacy of immunotherapies, we need to design novel and improved strategies

that can boost adaptive immunity to cancer, help overcome Tregs and allow the breakdown of an

immunosuppressive tumor microenvironment. This can be achieved by developing combination

therapies targeting these three major components
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5 Concluding Remarks

The considerable progresses made in the knowledge of DC biology as well as

effector/regulatory T cell biology clearly open the avenues for the development of

vastly improved clinical protocols. These, optimized vaccines eliciting strong and

long-lived antigens-specific CD8+ T cell immunity will be offered to patients in the

early stage of the disease. For patients with late stage disease, strategies that

combine novel highly immunogenic vaccines and immunomodulatory antibodies

will have high impact on enhancing therapeutic immunity in cancer by simulta-

neously increasing the potency of beneficial immune arms and offsetting immuno-

regulatory pathways (Fig. 4). These optimized therapeutic strategies will be tailored

to the patient and to the specific suppressive pathways that the patient displays

(Fig. 5).

MHC class I

MHC class II

EX VIVO GENERATED
ANTIGEN-LOADED DCs

Ex vivo instruction to generate
cytotoxic effectors and to limit 
unwanted responses

Anti-DC antibody fused
to viral/cancer antigens

and DC activators

Peptides with adjuvants
Viral vectors

DNA vaccines
Transduced tumor cells

RANDOM DC TARGETING

SPECIFIC DC TARGETING

Building on inherent 
properties of DC subsets

 in vivo

i. Optimized 
DC-based vaccines

ii. Blockade of
regulatory/suppressive pathways

iii. Breakdown of tumor envrionment
iv. Personalized therapy

COMBINATORIAL
APPROACHES

Fig. 5 Approaches to DC-based immune intervention in cancer. (1) Vaccines based on antigen

with or without adjuvant that target DCs randomly. That might result in vaccine antigens being

taken up by a “wrong” type of DCs in the periphery which might lead to “unwanted” type of

immune response. Vaccine antigens could also flow to draining lymph nodes where they can be

captured by resident DCs; (2) Vaccines based on ex-vivo generated tumor antigen-loaded DCs that

are injected back into patients; and (3) specific in vivo DC targeting with anti-DC antibodies fused

with antigens and with DC activators. (4) Next generation clinical trials will test optimized DC

vaccines combined with patient-adjusted approaches to block Tregs and to breakdown the tumor

environment. These therapies will be tested in pre-selected patients thereby leading to persona-

lized therapy
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Abstract Idiotype protein, among the first identified tumor-specific antigens, has

been found to stimulate both humoral and cellular responses in lymphoma and

myeloma patients. With the increasing use of B cell depletion treatments such as

rituximab in clinic, the cellular response mediated by idiotype-specific T cells has

become increasingly important as an adjunct therapy for lymphoma and myeloma.

Here, we review the idiotype protein as a tumor antigen and the characteristics of

the T cell response elicited idiotype vaccination. We also analyze the T cell

epitopes that have been identified in idiotype protein and introduce our new findings

of additional T cell epitopes derived from the Ig light chain. Finally, we propose

new directions in the generation of idiotype-specific T cells for tumor therapy.
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1 Introduction

Vaccination against infectious diseases has been a great success of modern medi-

cine. Since the discovery that many human tumors contain tumor-specific antigens

that can stimulate human immune response, there has been much effort to use this

knowledge for immunotherapy during the past decades (Hareuveni et al. 1990). The

fact that malignant B cell tumors such as lymphoma and myeloma produce a tumor-

specific immunoglobulin, known as “idiotype” (Id) protein, has been known for

more than 30 years (Sirisinha and Eisen 1971; Lynch et al. 1972). Early studies of

idiotype protein immunotherapy were focused on humoral immune responses as

anti-idiotype protein antibodies could easily be detected in vaccinated animals or

patients (Stevenson and Stevenson 1975). With the development of new techniques

in immunology, a cellular response has been frequently observed in idiotype

protein-vaccinated patients, particularly with idiotype-specific T cells.

2 Idiotype Protein as a Tumor Antigen: Discovery Research

Idiotype refers to the very tip of the F(ab) region of immunoglobulin that mediates

the binding of antibody with specific antigen. Immunoglobulin can either be

expressed on the cell surface of lymphoma cell or secreted in the serum by

myeloma cells. The cell surface immunoglobulin mediates important cell functions

for B cells including antigen recognition, cell growth, and cell survival (Kuppers

2005; Herzog et al. 2009). Under normal conditions, each B cell synthesizes or

secretes only one type of immunoglobulin that is unique to the B cell. Since

lymphoma and myeloma are clonal B cell tumors, the immunoglobulin produced

by lymphoma and myeloma has been considered a tumor-specific antigen (Kwak

and Longo 1996). In addition, studies have shown that there are few lymphomas or

myelomas that lose the expression of immunoglobulin (Kuppers 2005). Hence, the

idiotype proteins of lymphoma or myeloma have several desirable characteristics of

an ideal tumor antigen: (1) they are essential to cell function, (2) cell specific, (3)

and over expressed in tumors, thus making them ideal candidates as targets for

tumor immunotherapy.

The preclinical rationale for idiotype vaccination was first demonstrated by

Lynch and Eisen in the 1970s and later confirmed by others in different tumor

models (Lynch et al. 1972; Stevenson and Stevenson 1975; Kaminski et al. 1987).

Kwak, working in the laboratory of Levy at Stanford University, pioneered the first

study translating therapeutic idiotype vaccines to human patients (Kwak et al.

1992). This small pilot study demonstrated that specific antibody responses could

be elicited in patients with low-grade lymphoma. Subsequently, the Kwak labora-

tory at the National Cancer Institute (NCI) discovered that the addition of GM-CSF

substantially improved vaccine potency and successfully induced T cell responses

in murine lymphoma models (Kwak et al. 1996).
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3 Clinical Investigational New Drug Vaccine Development

With dedicated process development support by the Biological Resources Branch

at NCI, the first investigational new drug (IND)-supported study of the prototype

idiotype vaccine product (patient-specific, hybridoma-generated, idiotype protein

chemically linked with keyhole limpet hemocyanin [KLH]) was a phase II clinical

trial for previously untreated patients with follicular lymphoma (FL) by the Kwak

laboratory (Bendandi et al. 1999). This trial used soluble GM-CSF as an integral

part of the vaccine. All patients on this study received treatment with a uniform

chemotherapy regimen, which produced a homogeneous group of 20 patients

who were all in first complete remission (minimal residual disease state). After

a 6-month break following induction therapy (to allow for immune reconstitution

after the immunosuppressive effects of chemotherapy), soluble, recombinant

GM-CSF was mixed with Id-KLH, and the complete vaccine was injected s.c.

in 5 monthly doses. This study was the first to show convincing lymphoma-

specific CD8+ T cell responses in the vast majority of patients (85%). In addition,

evidence for molecular remissions was obtained in most of the subset of patients

whose lymphomas could be detected by this technique. Particularly compelling

were the clinical outcomes of this phase II study. After a median follow-up of 9.2

years, the median disease-free survival (DFS) was 8 years and overall survival

was 95% (Bendandi et al. 1999). The DFS was superior to that of a historical,

ProMACE chemotherapy-treated control group (median DFS, about 2.2 years)

(Longo et al. 2000). These results were subsequently confirmed in other, non-IND

studies of various vaccine formulations using hybridoma-generated idiotype

proteins (Houot and Levy 2009).

4 Pivotal Phase III Trials

Three randomized double-blind placebo controlled multicenter clinical trials

were designed to formally determine the clinical efficacy of therapeutic idiotype

vaccination in FL. The first phase III trial was initiated by the NCI, and sub-

sequently sponsored by Biovest International, Inc. Patients with previously

untreated advanced stage FL were treated with PACE chemotherapy regimen

until clinical remission. Patients achieving complete remission were randomized

at a ratio of 2:1 to receive Id-KLH (BiovaxID) plus GM-CSF or KLH plus

GM-CSF. The primary endpoint for this trial was DFS. About 177 out of 234

enrolled patients achieved complete response and were subsequently randomized

to receive either active or control vaccine. Of these, 117 patients maintained

remission for the 6-month rest period and received at least one dose of vaccine.

This group of patients were treated as intended, and as such constituted the

modified intent-to-treat analysis. Seventy-six patients received Id-KLH plus

GM-CSF and 41 patients received KLH plus GM-CSF. Both arms were balanced
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for International Prognostic Index (IPI) and other relevant clinical factors. After a

median follow-up of 56.6 months (range 12.6–89.3 months), median time to

relapse after randomization for the Id-KLH/GM-CSF arm was 44.2 months vs.

30.6 months for the control arm (P-value ¼ 0.045; HR ¼ 1.6) (Schuster et al.

2009).

The other two phase III trials differed in terms of induction therapy, eligibility

of the patients, and method of idiotype production. The Genitope sponsored trial

used CVP chemotherapy regimen (cyclophosphamide, vincristine, and predni-

sone), enrolled complete response and partial response patients, and used recom-

binant DNA technology for production of idiotype protein. Eligible patients were

randomized to receive MyVax (Id-KLH+GM-CSF) or control vaccine (KLH+

GM-CSF) in a 2:1 ratio for 6 months after completion of eight cycles of CVP. A

series of seven immunizations was administered over 24 weeks. Out of 287

randomized patients 278 received at least 1 vaccination. Forty-one percent of

evaluable patients showed specific anti-Id antibody responses. No statistical differ-

ence was observed between the two arms in terms of PFS (Levy et al. 2008). The

third phase III trial, sponsored by Favrille, investigated the efficacy of recombinant

Id-KLH vaccination after treatment with rituximab. Previously untreated and

relapsed/refractory FL patients in complete response, partial response or stable

disease 2 months after a standard 4-week course of rituximab were randomized

1:1 to receive Id-KLH (Mitumprotimub-t) plus GMCSF or control (Placebo+GM-

CSF) vaccine. Patients were immunized six times monthly, and then six times every

other month, and then every 3 months until disease progression. The primary

efficacy endpoint was time to progression. After a median follow up of 40 months,

this trial showed no improvement in time to progression with Mitumprotimub-t plus

GM-CSF when compared with control arm (Freedman et al. 2009).

Several differences in the above trials likely account for their disparate results.

First, only patients who achieved complete remission were randomized in the

BiovaxID clinical trial, whereas the MyVax trial included patients in partial

response and the Mitumprotimub-t trial included patients in partial and stable

disease. Moreover, the choice of a doxorubicin-containing chemotherapy regimen

likely resulted in a higher proportion of patients achieving complete remission in

the BiovaxID trial. Results from these trials suggest that a minimal residual disease

state may be required for the vaccine-induced immune responses to be effective.

Second, BiovaxID was prepared using the heterohybridoma method whereas

MyVax and Mitumprotimub-t are recombinant proteins, suggesting that the immu-

nogenicity of the idiotype vaccines may be different between the different formula-

tions. Finally, it is possible that B cell depletion, resulting from the use of rituximab

in the Mitumprotimub-t trial, may have had a deleterious effect on subsequent

vaccine efficacy. Taken together, we speculate that minimal residual disease status,

as exemplified by complete clinical remission, appears to be necessary for the

clinical antitumor effect of idiotype vaccines, as demonstrated by the success of

BiovaxID in a pivotal phase III trial.
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5 Idiotype-Specific T Cell Immunity Elicited by Idiotype

Vaccination in Preclinical Models

There are about ten billion different immunoglobulins in humans (Fanning et al.

1996). The acquisition of such huge repertoire of antibodies in one individual is

achieved through the mechanism of V(D)J recombination and somatic hypermuta-

tion (Butler 1997). The highly variable region of an antibody that mediates the

binding of antibody with antigen is composed of multiple domains (Fig. 1) (Berman

et al. 1986). Each domain of antibody is encoded by genes that were selected from a

large chromosome region. For example, the heavy chain variable region contains at

least 55 different variable domain (V) genes, plus 27 diversity (D) genes, and six

joining (J) genes that are located together on chromosome 14 (Fanning et al. 1996).

The Ig light chain contains 124 IGLV subgroups for lambda light chain on the

chromosome 22 and 200 IGKV subgroups for kappa light chain on the chromosome

2 in humans. These V, D, J genes and IGLV and IGLK subgroups are all candidates

for the synthesis of heavy and light chain of idiotype protein (Dudley et al. 2005).

V, D, J genes and IGLV and IGKV subgroups are selected by cell-type specificity,

intra- and inter-locus ordering, and allelic exclusion mechanism and joined together

by recombinases, to ensure that every antibody generated is different. After V(D)J

recombination, some antibodies undergo further somatic hypermutation in the

highly variable region to generate new antibodies for new antigens. Somatic

hypermutation only affects the individual B cells and is not transmitted to offspring

B cells. Because of V(D)J recombination and somatic hypermutation, it is ensured

that there are enough antibodies to recognize and eliminate different types of
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Fig. 1 The term idiotype refers to the unique amino acid sequences within the highly variable

regions of the heavy and light chains of the surface immunoglobulin expressed on B cell

malignancies. Idiotype includes both three complementarity-determining regions (CDR) and

three framework region (FR) of immunoglobulin
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antigens in human body. These processes also ensure that each malignant B cell

expresses a unique idiotype protein.

Previous studies in mice have shown that idiotype proteins can be engulfed and

processed through the exogenous pathway and presented in MHC I and II mole-

cules(Weiss and Bogen 1991). Idiotype protein synthesized in the cytoplasmic

compartment can also be processed and presented through the endogenous pathway

(Yi et al. 1997). Idiotype-specific T cells can recognize the idiotype epitope derived

from idiotype proteins on the cell surface of tumor B cells (Yi et al. 1993). These

findings indicate that the idiotype protein can be processed and presented as a target

for T cell recognition.

The search for cytokines and experimental adjuvants in preclinical models that

could enhance idiotype-specific tumor immunity further suggested a role for

T cells. The use of free granulocyte/macrophage colony-stimulating factor (GM-

CSF) as an adjuvant drastically enhanced the cellular immune response of Id-KLH

vaccination (Kwak et al. 1996). In this study, they investigated that low doses of

GM-CSF 10,000 units i.p. or locally s.c. daily for 4 days significantly enhanced

protective antitumor immunity induced by s.c. Id-keyhole limpet hemocyanin

(KLH) immunization. This effect was critically dependent upon effector CD4 and

CD8 T cells and was not associated with any increased anti-idiotypic antibody

production. Specifically, 50% of mice immunized with Id-KLH plus GM-CSF on

the same day of tumor challenge remained tumor-free at day 80, compared with

17% for Id-KLH alone, when immunization was combined with cyclophospha-

mide. Depletion of CD4 or CD8 T cells by using anti-CD8 or anti-CD4 antibody

drastically decreased the protective role of idiotype vaccine (Kwak et al. 1996).

It was likely that the mechanism of GM-CSF in the enhancement of vaccination

was related to dendritic cell attraction and activation by GM-CSF (Wadhwa et al.

2003). This observation demonstrated that Id-KLH vaccines can stimulate a strong

T cell immune response when combined with appropriate adjuvants.

Similarly, it was demonstrated that antitumor idiotype immune responses could

be greatly enhanced by administration of myotoxins at the vaccine sites (Qin et al.

2009). In the study, ten BALB/c mice per group were injected intramuscularly with

6.8 mg cardiotoxin (A) or 0.1 mg crotoxin (B) followed by intramuscular vaccination

at the same site 5 days later with 50 mg plasmid DNA encoding MCP3 chemokine-

fused A20 lymphoma-derived idiotype antigen (MCP3-sFv). TLR agonists, includ-

ing TLR3 agonist Poly I:C, TLR4 agonist MPL, TLR7 agonist (M001), and TLR7/

8 agonist (M003), respectively, were given on the next day of vaccination at a dose

of 50 mg. A total of three vaccinations were given with an interval of 14 days. Two

weeks after final vaccination, all mice were challenged with a lethal dose of

2 � 105 A20 lymphoma cells by intraperitoneal injection and were followed for

survival for 80 days. The authors found that administration of myotoxins at

vaccination sites significantly enhanced idiotype DNA vaccine-induced tumor

protection. About 90% mice from myotoxin treated group survived over the

80 days compared to only 10% mice, which survived in the control group. These

data were also confirmed with two other chemotactic peptide-fused idiotype

DNA vaccines with either defensin2b- or MIP3a-fused antigen. DNA vaccine
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combinations with Poly I:C (TLR3 agonist ), MPL (TLR4 agonist), M001 (TLR7

agonist), and M003 (TLR7/8 agonist), respectively, failed to enhance tumor pro-

tection. Both memory and therapeutic antitumor immunity were enhanced by the

use of myotoxin, as more than 80% of mice protected by combination DNA vaccine

plus cardiotoxin were resistant to tumor rechallenge, compared with less than 40%

of mice protected by DNA vaccine alone (P ¼ 0.01). Importantly, the authors

found that the protective idiotype immunity was mediated by T cells, because

depleting CD8+ T cells in vivo after vaccination plus cardiotoxin was clearly

associated with reduced tumor protection, and depletion of both CD4+ and CD8+

T cell subsets abrogated protection completely. Of primary revelance, this study

was the first to show that humoral immunity, however, was dispensable for anti-

tumor immunity, as DNA vaccine plus cardiotoxin protected both genetically B

cell-deficient Jh mice and wild-type mice equally from tumor challenge. More than

80% of tumor-free Jh mice surviving from the primary challenge were surprisingly

highly resistant to tumor rechallenge, which suggests that anti-idiotype antibodies

did not contribute principally to memory antitumor immunity. The memory

antitumor immunity developed in Jh mice was comparable to that found in

vaccinated wild-type counterparts.

6 Human T Cell Epitopes Identified in Lymphoma-Derived

Idiotype Proteins

Although initial human studies suggest that idiotype-specific T cells can be generated

by vaccination, the precise antigenic determinants, or T cell epitopes of idiotype

protein, are only partially characterized. The structure and sequence of each

idiotype protein is different, and T cell epitopes usually represent a 8–15-amino

acid long sequence. These factors make the characterization of idiotype epitope

extremely time consuming and expensive. However, characterization of T cell

epitopes derived from human idiotype proteins would be highly significant. First,

we may be able to identify universal idiotype epitopes shared by patients, thus

relieving the effort to prepare idiotype vaccine for each patient. Second, peptide-

tetramers can be synthesized and used to monitor T cell immunity in idiotype

vaccinated-patients. Third, idiotype peptides could be used to develop novel pep-

tide-vaccine strategies. Finally, idiotype peptides may be used to selectively expand

idiotype-specific T cells in vitro for adoptive T cell transfer, as peptides are much

more effective antigen for T cell stimulation than the intact idiotype protein

(Hansson et al. 2003).

Trojan et al. (2000) combined bioinformatics and in vitro T cell expansion

system to identify human immunoglobulin-derived peptides capable of inducing

cytotoxic T lymphocyte responses. They cloned 128 heavy chain and 35 light chain

sequences from 192 patients and synthesized 794 peptides from 65 patients that

were HLA-A2 positive. Among these peptides, 229 (28.8%) were derived from the
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complementarity-determining regions (CDRs) of the immunoglobulin and the

remaining 565 peptides (71.2%) were derived from framework region (FR) motifs.

Because of the high homology of amino acid sequences in FR, 29.5% FR-derived

peptides were shared by patients. The authors then stimulated purified CD8 T cells

from HLA-A2 positive healthy donors with irradiated monocyte-derived peptide-

pulsed dendritic cells and restimulated with irradiated, peptide-pulsed, CD40-

activated B cells. They found nine FR-derived and one CDR-derived peptide that

could stimulate CTLs from healthy donors. Five idiotype peptide-stimulated CTLs

could kill both the peptide-pulsed CD40-activated B cells and CLL cells that

expressed this peptide. Three peptides could stimulate both allogenic and autolo-

gous CTLs (Trojan et al. 2000). This study represents the first large scale and

detailed characterization of CD8 T cell epitopes in idiotype protein. Although the

percentage of T cell epitopes found in the study was quite low, a framework region

(FR3) derived CD8 T cell epitope was found to be shared by patients. This means

that one idiotype-peptide specific CTLs may potentially target tumors from several

patients. By employing a strategy using heteroclitic peptides, the authors found

additional CD8 T cell epitopes from idiotype protein and in their subsequent studies,

confirmed that idiotype protein is an immunogenic antigen (Trojan et al. 2000;

Harig et al. 2001; Zirlik et al. 2006).

Another important study identifying human T cell epitopes in idiotype protein

came from the NCI phase II clinical trial. Instead of using naı̈ve T cells from

healthy donors, Baskar et al. (2004) used peripheral blood mononuclear cells

(PBMC) from idiotype protein-vaccinated patients. By T cell proliferation and

cytokine secretion assays, using that postvaccination patients’ PBMC, they demon-

strated recognition of multiple CD4 and CD8 T cell epitopes that were exclusively

located in the CDRs of idiotype protein. The idiotype-specific CD4 T cells in this

study recognized the idiotype protein-pulsed autologous PBMC and HLA-matched

EBV B cell lines in an MHC II-dependent manner. Interestingly, the idiotype CD4

T cells recognized the idiotype epitope on multiple HLA class II alleles, including

MHC II DR, DQ, and DP, indicating the proximal binding ability of idiotype

epitope on the MHC class II molecules. The CD8 T cell line isolated from a post

vaccine patient recognized the epitope on the HLA-B08 allele only. Through

peptide mapping experiments, they found the minimal determinant of an immuno-

dominant epitope to be composed of critical amino acid residues that may be a

product of somatic hypermutation (Baskar et al. 2004). This study confirmed the

long-held belief that idiotype vaccination can induce both CD4 and CD8 T cell

responses and that there are CD4 and CD8 T cell epitopes in idiotype protein

(Bendandi et al. 1999). However, the mapping of most T cell epitopes to the

CDR2 and CDR3s of idiotype protein was different from the predominant localiza-

tion of epitopes to the FR regions by Trojan et al. (2000).

The issue of whether the CDR or FR regions of idiotype protein contribute more

T cell epitopes was addressed by another group in Europe, which showed that the

CDRs of patients contained more HLA-binding epitopes than the FRs. By using bio-

informatics and molecular analysis section (BIMAS) and SYFPEITHI, two online

programs, Hansson et al. (2003) found 456 HLA-binding peptides from the CDR
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but only about 233 HLA-binding epitopes from the FR of the idiotype protein. They

also found that most of the predicted peptides were confined to the CDR2-FR3-

CDR3 “geographic” region of the Ig-VH region (70%), and that significantly fewer

peptides were found within the flanking (FR1-CDR1-FR2 and FR4) regions

(P < 0.01). Naturally occurring T cells in the myeloma patients’ blood recognizing

the CDR-derived peptide was found by ELISPOT assay.

Other smaller studies from other groups have tried to characterize the T cell

epitopes from the idiotype protein. Wen and Lim (1997) found the CDR3 of the

heavy chain of idiotype proteins to contain a strong immunogenic epitope that can

stimulate T cell proliferation, cytokine secretion, and cytotoxic activity. Dabadghao

et al. (1998) study found that dendritic cells pulsed with idiotype heavy chain are

muchmore immunogenic than dendritic cells pulsed with idiotype light chain, so they

hypothesized that idiotype heavy chain may contain more epitopes than the light

chain. In the study by Fagerberg et al. (1999), candidate peptides from the heavy

chain of idiotype protein responded to the idiotype-specific T cells. In contrast,

peptides from idiotype light chain could not be recognized by idiotype-specific

T cells, so they concluded that idiotype light chains contain no T cell epitopes.

7 Ig Light-Chain as a Source of Idiotype Peptide

Recognized by Human T Cells

The search for T cell epitopes in idiotype proteins will continue to be an area of

interest for tumor immunologists, because the identification of immunogenic epi-

topes can serve as a gateway for developing subsequent immunotherapy, as

described earlier. Studies have shown that there is preferential usage of specific

variable, diversity, and joining genes at different stages of B cell development and in

B cell malignancies (Li et al. 2004a). We propose that there are T cell epitopes

in both FR and CDR of idiotype proteins, and the idiotype epitope can stimulate both

CD4 and CD8 T cells. One limitation of the studies to date is that they have focused

mostly on the heavy chain of idiotype proteins. It is generally believed that the heavy

chain contains highly variable diversity-joining parts (VH-D-JH) in the CDR3,

which is more immunogenic to T cells (Cohen et al. 2009). However, the idiotype

light chains are not well studied to date. Since the highly variable region of idiotype

protein contain both heavy chain and light chain and the idiotype light chain are also

generated through V(D)J recombination and somatic hypermutation process, it

is plausible that the idiotype light chain also contains T cell epitopes.

Recently, we have tried to answer this question with human U266 myeloma cell

line and PBMC from healthy donors. The idiotype light chain of U266 was cloned

and sequenced with primers published previously (Tiller et al. 2008). Fifteen

peptides corresponding to idiotype light chain of U266 idiotype protein were

selected based on the binding capacity to HLA-A2 molecules. The peptides were

then dissolved in DMSO and used to stimulate PBMC from an HLA-A2-positive
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healthy donor by using a published protocol (Hida et al. 2002). Briefly, PBMCs

(1 � 105/well) obtained from HLAA2 positive healthy donors were incubated with

10 mg/ml (10 mM) peptide in 96-well plate in the presence of 100 U/ml interleukin-

2 at day 0 with media that consist of 50% RPMI1640 and 50% AIM-V from

Invitrogen. At culture days 4, 7, 10, and 13, half of the cultured media were

removed and the cells were restimulated with 10 mg/ml of the peptide. At day 15,

the cultured cells were resuspended in fresh medium and mixed with T2 cells

loaded with corresponding peptide. T2 cells loaded with HIV peptide were used

as a control. After 18 h of coculture, the concentration of IFN-g in the culture

supernatants was collected and measured by ELISA. As shown in Fig. 2, the U266

idiotype light chain-derived peptides P28 (GVTISCSGST) stimulated T cells that

secreted a large amount of IFN-gwhen cocultured with T2 loaded with P28 peptide,
indicating the presence of peptide-specific T cells. The peptide-stimulated T cells

were further expanded and analyzed by cytotoxic assay. T2 cells loaded with 40 mM
idiotype light chain peptide P28 in the presence of 3 mg/ml b2-microglobulin were

labeled with chromium-51 and cocultured with P28 peptide stimulated T cells at

different concentrations. As shown in Fig. 3, the P28 peptide stimulated CTLs that

can efficiently kill T2 cells loaded with P28 peptide but not T2 cells loaded with

HIV peptide, indicating that these T cells are peptide-specific CTLs (Fig. 3). To test

PTEN

Growth Factor
Receptors

p85 p110

mTORC2
Rictor

PDK1

PP2A

In
ac

ti
ve

 A
K

T

A
K

T

Active AKT

T308

MetabolismCell SurvivalCell ProliferationTranslationAngiogenesis

PI3-Kinase

PHLPPs

PH

K
in

as
e

H
M

PH

HM

K
in

as
e

PH HMKinase

CTMP

TRB3PHLDA3

PP

P
P

P

P

P

P

PI-4,
5 P2

PI-3,4,
5 P3

PI-3,4,
5 P3

S473

Fig. 2 IFN-g ELISA. 1 � 105 idiotype light chain peptide-specific T cells secreted a large amount

of IFN-g when cocultured with 1 � 105 T2 cells loaded with 10 mM corresponding peptide (P28)

compared with T2 loaded with 10 mM HIV peptide

202 J. Weng et al.



whether the peptide was processed and presented by U266 myeloma cells, we

cocultured the T cells with U266 myeloma cell at different concentrations. As

shown in Fig. 4, idiotype light chain peptide stimulated T cells that can efficiently

kill U266 tumor cells but not the control human myeloma ARP-1 cells, indicating

that the idiotype light chain peptide was processed and presented on the cell surface

of U266 cells. To determine whether the epitope was conjugated with the MHC

allele of U266 cells, we performed an MHC antibody blocking assay. U266

myeloma cells were labeled with chromium-51, washed, and incubated with

MHC antibodies for 1 h before coculturing with P28 CTLs. As shown in Fig. 4,

the killing of U266 by P28 peptide-specific CTLs was blocked by MHC class I
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antibody but not by MHC class II antibody, indicating that the epitope was

presented with the MHC class I allele of U266 cells (Fig. 4). Our preliminary

studies have expanded the repertoire of T cell epitopes in idiotype protein. In

addition, it is known that about 20% myeloma tumors have lost heavy chain

expression; therefore, CTLs targeting the idiotype light chain epitope may be of

great value to this group of patients (Cohen et al. 2009). The cytotoxic effect of

idiotype light chain of CTLs is being further tested in an in vivo system in our

laboratory now.

Somatic hypermutation is a mechanism of B cells that is used to further increase

antibody diversity and to adapt to new foreign agents. Somatic hypermutation

occurs in the immunoglobulin variable region at a rate of 10�3 mutations per

base pair per cell division, which is 106-fold higher than the spontaneous mutation

rate in somatic cells (Li et al. 2004b). The mechanism of somatic hypermutation

involves the deamination of cytosine to uracil in DNA by an enzyme called

activation-induced (cytidine) deaminase, or AID (Larson and Maizels 2004). The

mismatched uracil:guanine pair are then removed by uracil-DNA glycosylase and

filled by error-prone DNA polymerases to create mutations in the highly variable

region of idiotype protein (Teng and Papavasiliou 2007). On the one hand, mis-

regulated somatic hypermutation has been found to play a role in the development

of B cell lymphomas and myeloma (Odegard and Schatz 2006). On the other hand,

somatic hypermutation is also found to contribute to autoimmunity in humans

(Atassi and Casali 2008). In the tumor immunity, germline cell lymphomas have

been found to be more aggressive than lymphomas with somatic hypermutation

(Hamblin et al. 1999; Mauerer et al. 2005). Naturally occurring CTLs isolated from

patients recognized peptides encompassing the somatic hypermutation site

(Rezvany et al. 2000). In studies by Baskar et al. (2004) and Hansson et al.

(2003), somatic hypermutation may have generated T cell epitopes. Replacement

or deletion of the somatic hypermuation resulted in the loss of recognition by T

cells. These observations indicate that somatic hypermutation may play an impor-

tant role in T cell epitope generation. In our recent studies, we have identified

idiotype T cell epitopes with somatic hypermutations, but epitopes without somatic

hypermutation were also identified (data not shown). This indicates that both

mutated and unmutated sites of idiotype protein may generate epitopes recognized

by CTLs. Since somatic hypermutation affects only individual B cells and the

mutations are not transmitted to offspring, the targeting of tumor cells via somatic

hypermutation may be a patient-specific strategy.

8 Future Directions for Idiotype-Specific T Cell

Immunotherapy

For 30 years, idiotype vaccination has been shown to generate a protective immune

response against lymphoma and myeloma tumors, mainly in preclinical models.

Future directions will focus on how to improve the effect of the T cell response
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generated by idiotype vaccination in human patients. As shown by the example of

the idiotype-KLH-GMCSF vaccine, an effective vaccine will depend on three

factors: tumor antigen, carrier molecules, and vaccine adjuvant. Because KLH

has a large molecular weight and is more immunogenic than other molecules, it

has become the most widely employed carrier protein for idiotype vaccination.

Recently, the alternative conjugation using the maleimide-based method has been

reported to significantly enhance the immunogenicity of both human and murine Id-

KLH vaccines in preclinical studies (Kafi et al. 2009). The mechanism of GM-CSF

in the enhancement of T cell response in idiotype vaccination involved dendritic

cell differentiation, migration, and maturation by GM-CSF through the STAT5

signaling pathway (Esashi et al. 2008). Dendritic cells are the most potent antigen

presenting cell (APC) to induce antigen-specific T cells in vivo. Recent studies

demonstrated that Toll-like receptor signaling pathways also play important roles in

the differentiation, maturation, and activation of dendritic cells (Biragyn et al.

2002; Schjetne et al. 2003). Activation of Toll-like receptor signaling by CpG

strongly enhances dendritic cell-mediated vaccine efficiency (Speiser et al. 2005).

How to incorporate the growing knowledge of Toll-like receptor signaling pathway

and dendritic cell activation into our idiotype T cell generation will be important for

idiotype vaccination.

The observation that over 50% cancer patients can respond to the adoptive T cell

transfer has made the adoptive immunotherapy one of the most attractive strategies

(Dudley et al. 2002). A previous study has demonstrated that it is feasible to transfer

idiotype-specific T cells from healthy donors to recipients (Kwak et al. 1995). The

transferred idiotype-specific T cells protected mice against established tumor in

mouse model (Hornung et al. 1995). T cells can also be generated in large number

in vitro for adoptive T cell transfer. It has been demonstrated that the success of

T cell transfer will depend heavily on the quality of transferred T cells. T cells that

belong to central memory (TCM) type but not terminal differentiated type (TEM) can

proliferate well and exert a protective role after adoptive transfer (Wherry et al.

2003; Gattinoni et al. 2005). Generating T cells that have a high percentage of TCM

cells is essential for the success of adoptive T cell transfer. IL-15 and IL-7 have

been reported to increase the percentage of TCM cells in the T cell population

(Ku et al. 2000; Schluns et al. 2000; Tan et al. 2002). Recent studies also have

demonstrated CD28 and CD27 expression and 4-1BB ligand interaction to increase

the pool of TCM cells (Acuto and Michel 2003; Oelke et al. 2003; Topp et al. 2003).

Telomeres of TCM cells are characteristically longer than those of TEM cells, which

make TCM capable of going through multiple cell divisions (Weng et al. 1997;

Rufer et al. 2003). IL-15 is capable of activating telomere synthesis in memory CD8

T cells via Jak3 and PI3K signaling pathways (Li et al. 2005). Further studies of the

T cell population will help us to achieve the best culture conditions for preparing

idiotype specific TCM cells for adoptive T cell transfer. Moreover, CD4 T cells

have proven to be able to improve and expand CD8 T cell function through

cytokine- and CD40L-dependent pathways (Bevan 2004). Adoptive transfer of

both CD4 and CD8 T cells produced a greater effect than single CD8 T cell transfer
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(Ossendorp et al. 1998). Therefore in the future, idiotype-specific adoptive T cell

transfer may involve both CD4 and CD8 T cells.

A healthy microenvironment has been demonstrated to be extremely important

for the T cell response in vivo. For example, an increase in CD4+CD25+ Treg cell

has been observed in lymphoma and myeloma patients (Beyer et al. 2006; Yang

et al. 2006). In normal healthy donors, this group of T cells can suppress the

autoimmunity mediated by T cells. However, in a tumor environment, this group

of T cells can inhibit the immune response of tumor-specific T cells. In both human

and mouse studies, it has been shown that the depletion of Treg can drastically

increase the antitumor effect of immune system (Sutmuller et al. 2001; Dannull

et al. 2005). Moreover CTLs have been reported to express inhibitor molecules,

such as PD-1, CTLA4, and B7-1. These molecules can interfere with the cytotoxic

function of CTLs, and the inhibition of these molecules has been shown to improve

the antitumor immunity by tumor antigen-specific CTLs (Sutmuller et al. 2001;

Iwai et al. 2002; Curiel et al. 2003). Taken together, these studies demonstrate that

the combination therapy of active immunization and adoptive T cell transfer,

together with immune suppressive pathway inhibition, may be the ideal immuno-

therapy strategy for hematologic malignancies in the future.
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Abstract The rational manipulation of antigen-specific T cells to reignite a tumor-

specific immune response in cancer patients is a challenge for cancer immunotherapy.

Targeting coinhibitory and costimulatory T cell receptors with specific antibodies

in cancer patients is an emerging approach to T cell manipulation, namely “immune

modulation.” Cytotoxic T-lymphocyte antigen-4 (CTLA-4) and glucocorticoid-

induced tumor necrosis factor family receptor (GITR) are potential targets for

immune modulation through anti-CTLA-4 blocking antibodies and anti-GITR

agonistic antibodies, respectively. In this review, we first discuss preclinical find-

ings key to the understanding of the mechanisms of action of these immunomodu-

latory antibodies and the preclinical evidence of antitumor activity which preceded

translation into the clinic. We next describe the outcomes and immune related

adverse effects associated with anti-CTLA-4 based clinical trials with particular

emphasis on specific biomarkers used to elucidate the mechanisms of tumor

immunity in patients. The experience with anti-CTLA-4 therapy and the durable

clinical benefit observed provide proof of principle to effective antitumor immune

modulation and the promise of future clinical immune modulatory antibodies.

1 Introduction

In the late nineteenth century, the antitumor effects of Coley’s toxin provided the

first suggestive evidence that the immune system could be harnessed to combat

cancer. Over 100 years later, we now possess a better understanding of mechanisms

of T cell activation and the technology to manipulate these findings in the clinical

setting. Current clinical, immunotherapeutic treatments, although not exclusively

effective in one disease, have been most successful in melanoma. FDA approved

treatments for melanoma include the adjuvant use of high-dose interferon alpha and

high-dose IL-2 in the metastastic setting. The complete list of approved therapies

for melanoma only requires the addition of dacarbazine (DTIC), the only FDA

approved chemotherapeutic agent for melanoma. The modest response rates for

both IL-2 and DTIC coupled with recent epidemiological data demonstrating an

increasing incidence of melanoma provide incentive for alternative strategies.

Recent advances in immunology have led to a more profound insight regarding
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the function of costimulatory and coinhibitory receptors expressed by different

T cell subsets, providing a novel approach to optimize immunotherapies through

immune modulation.

During the primary activation of naı̈ve T lymphocytes, the immune system uti-

lizes various checks and balances to maintain tolerance to self while assuring

appropriate activation against foreign and self antigens. Although primary antigen

recognition occurs through the interactions of the T cell receptor (TCR) and peptide-

MHC complexes, without costimulation through CD28 binding to either B7-1

(CD80) or B7-2 (CD86), cognate antigen recognition will result only in T cell

anergy induction (Linsley and Ledbetter 1993). This first check is followed by

additional signals mediated by coinhibitory/costimulatory receptors, such as cyto-

toxic T-lymphocyte antigen-4 (CTLA-4) and glucocorticoid-induced tumor necro-

sis factor family receptor (GITR), which further shape the resulting effector function

and dictate its efficacy and duration. Since their discovery, much effort has been put

into understanding the immunomodulatory properties of CTLA-4 andGITR inmice.

The development of antibodies specifically targeting these receptors andmodulating

their functions has provided a new perspective for immunotherapeutic approaches.

Under physiological stimulus, TCR binding causes activation of a complex

signaling cascade culminating in downstream activation of the NF-kB, NFAT
pathways and target gene transcription (Chan et al. 1995; Zhang et al. 1998; van

Leeuwen and Samelson 1999; Tybulewicz et al. 2003). However, naive T cells

require CD28 costimulation to maintain this cascade. When CD28 is activated, it

potentiates the cascade through activation of PI3K and Sos resulting in stabilization

of mRNA for NF-kB, NFAT (Pages et al. 1994). The importance of costimulation

in T cell physiology is highlighted by CD28�/� mice which have dramatic

reduction in the ability to maintain T cell activation (Lucas et al. 1995). Thus,

CD28 provides the first checkpoint in T cell activation, sensing the expression of

CD80/CD86 on an activated antigen presenting cell (APC). If the APC has not

experienced the proper “danger signals” (e.g., cytokines, TLR, Fc Receptor stimu-

lus), it will not optimally upregulate the expression of CD80/CD86. This need for

CD28 costimulation is thought to reduce inadvertent activation of possibly self-

reactive T cell clones in the periphery, which have escaped thymic deletion.

Reinforcing this checkpoint is CTLA-4, which acts as a coinhibitory molecule.

Antagonizing CD28 T cell costimulation, CTLA-4 binds with much greater affinity

to CD80/CD86 and effectively shuts off TCR signaling (van der Merwe et al. 1997).

2 CTLA-4 Preclinical Data

CTLA-4 is a member of the CD28:B7 immunoglobulin superfamily. In contrast to

CD28, CTLA-4 is normally expressed at low levels on the surface of naive effector

T cells (Teff) and mainly exists in prepackaged vesicles inside the cytosol (Alegre

et al. 1996). When the TCR stimulus to the naive T cell is too strong or lasts too

long, CTLA-4 is recruited to the cell surface in a polar manner with release at the
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site of the immunological synapse (IS) (Linsley et al. 1996). Once at the IS, CTLA-4

can now compete with CD28 for CD80/CD86 (Chuang et al. 1999; Carreno et al.

2000; Cinek et al. 2000), effectively shutting off TCR signaling (van der Merwe

et al. 1997). While CTLA-4 translocation to the cell membrane has been shown to

depend on many events downstream of TCR signaling (reviewed in (Rudd et al.

2009)), it is not yet entirely clear how CTLA-4 mediates TCR signaling shut down

upon binding to CD80/CD86. CTLA-4 does not have traditional immune tyrosine

inhibitory motif (ITIM) domains, which are known to recruit regulatory proteins

through binding of SH2 domains to phosphorylated tyrosine residues in the (I/V/L/

S)xYxx(L/V) motif (Blank et al. 2009). However, CTLA-4 does have other tyrosine

motifs which have been shown to recruit phosphatases SHP-2, and PP2A, yet the

functional significance of these interactions remain unclear. For instance, SHP-2 also

associates with CD28 and has been shown to potentiate the TCR cascade (Gadina

et al. 1998). Although PP2A may act as a negative regulator of the TCR cascade,

whether or not it does this through its interactions with CTLA-4 is also not fully

established (Chuang et al. 2000). Besides directing downstream signaling events, it

is thought that CTLA-4 may function simply to sequester CD80/CD86 away from

CD28 because of its higher affinity for these molecules. In fact, mutant CTLA-4

molecules with levels of surface expression that lack tyrosines or prolines in their

cytoplasmic tail are still able to suppress CD80-mediated CD28 activation signals

(Carreno et al. 2000; Cinek et al. 2000).

Once it has been triggered, CTLA-4 may destabilize components of the super

molecular activation complex (SMAC) in the IS. In fact, CTLA-4 was shown to

alter lipid raft formation, resulting in reduced phosphorylation of linker for the

activation of T cells (LAT) after TCR and CD28 stimulation (Martin et al. 2001).

This block in IS formation applies also to ZAP-70 microclusters which are needed

to maintain calcium flux and downstream events in TCR signaling (Bunnell et al.

2002; Schneider et al. 2008). Thus, CTLA-4 requires initial TCR signaling for its

membrane targeting, and subsequently shuts off these early activation events.

2.1 CTLA-4: A “Brake” on T Cell Activation

The importance of CTLA-4 control of T cell activation was originally demonstrated

by studies showing that blockade of CTLA-4:B7 interactions enhanced T cell

responses in vitro (Walunas et al. 1994). In vivo adoptive transfer experiments

confirmed that anti-CTLA-4 antibodies or Fab fragments greatly enhanced the

accumulation of OVA-specific CD4+ T cells following peptide immunization

(Kearney et al. 1995). Further proof of the major role for CTLA-4 in inhibiting

T cell expansion came from the phenotype of CTLA-4�/� mice, which die within

3–4 weeks of birth because of lymphoproliferation and fatal tissue destruction in

multiple organs (Waterhouse et al. 1995; Tivol et al. 1995). Administration of

recombinant CTLA-4-Ig protected CTLA-4�/�mice from lethal lymphoprolifera-

tion (Tivol et al. 1997), corroborating the concept that CTLA-4 is a negative
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regulator of CD28-dependent T cell responses in vivo, which is further supported

by evidence that CTLA-4/B7-1/B7-2 triple KO mice lack lymphoproliferative

disease (Mandelbrot et al. 1999).

2.1.1 Cell Intrinsic Suppression

Both CD4+ and CD8+ T cells show higher proliferative potential and an activated

phenotype when lacking CTLA-4 in vitro and in vivo (Chambers et al. 1997, 1998,

1999; Greenwald et al. 2001, 2002; McCoy et al. 1999). Interestingly, lack of

CTLA-4 had a more dramatic effect on the proliferation of CD4+ T cells in vivo,

resulting in a skewing of the CD4/CD8 ratio toward CD4+ T cells. In addition, CD4+ T

cells were necessary and sufficient for the massive infiltration of peripheral organs,

and CD8+ T cell activation was entirely CD4+ T cell dependent (Chambers et al.

1997). The function of CTLA-4 in CD4+ T cells was then more closely investigated

using TCR transgenic mice. Lack of CTLA-4 enhanced both primary and secondary

peptide-specific responses of CD4+ and TCR tg and DO11 TCR tg CD4+ T cells

(Chambers et al. 1999; Greenwald et al. 2001). CTLA-4�/� DO11 TCR tg T cells

were also resistant to tolerance induction. Additionally, experiments with anti-

CTLA-4 blocking antibodies consistently showed that CTLA-4 engagement

induced peripheral CD4+ T cell tolerance (Perez et al. 1997) and regulated CD4+

T cell activation in a cell intrinsic manner by modulating cell cycle progression

(Greenwald et al. 2001, 2002). To investigate the role of CTLA-4 in CD8+ T cells,

adoptive transfer experiments were performed with pmel-1 TCR tg mice, specific

for the self antigen gp100, which showed that lack of CTLA-4 did not have evident

cell intrinsic effects on CD8+ T cells. In fact, pmel-1 CTLA-4�/� mice developed

autoimmune hypopigmentation in a CD4+ T cell dependent manner (Gattinoni

et al. 2006). However, experiments with 2CT TCR tg T cells indicated that

secondary CD8+ responses significantly increased in the absence of CTLA-4

(Chambers et al. 1998). Similarly, in response to a dendritic cell based vaccine,

318 TCR tg T cells proliferated more in the presence of anti-CTLA-4 neutralizing

antibodies in a CD4-independent fashion (McCoy et al. 1999). Consistent with

CTLA-4�/� mice, TCR transgenic mice lacking CTLA-4 developed lymphoproli-

ferative disease, although with a delayed onset, which was abrogated in a RAG�/�
background. This indicated that T cells specific for an endogenous self-antigen are

likely required to trigger tissue destruction in the absence of CTLA-4.

2.1.2 Cell Extrinsic Suppression

Reconstitution of RAG1/2�/� animals with wild type (WT) and/or CTLA-4�/� bone

marrow cells or T cells demonstrated that tissue damage induced by transferred

CTLA-4�/� cells could be inhibited in a dose-dependent manner by concomitant

transfer of WT cells (Bachmann et al. 1999; Tivol and Gorski 2002; Friedline et al.

2009). These experiments suggested that CTLA-4 dependent inhibition is not only
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cell autonomous. In fact, CD25+CD4+ T cells and not CD8+ T cells or NKT cells

were required to mediate the CTLA-4-dependent extrinsic immune-suppression, in

an IL-10 independent fashion (Friedline et al. 2009). This trans-regulation
depended on the persistent presence of WT suppressor cells and was reversible.

Tolerized CTLA-4�/� Teff cells in WT:KO chimeras became pathogenic when

transferred into a new Rag1�/� recipient without WT cells. Overall, these experi-

ments showed that regulatory T cells (Tregs) expressing CTLA-4 maintain self

tolerance and immune homeostasis in a dominant fashion. This was confirmed by

the phenotype of conditional knockout mice lacking CTLA-4 in the CD4+Foxp3+

Treg cell compartment (CKO) (Wing et al. 2008), which developed systemic

lymphoproliferation, indicating that CTLA-4 deficiency in Foxp3+ T cells is

sufficient to destabilize immune homeostasis. Of note, the onset of disease in

CKO mice is delayed as compared to CTLA-4, indicating that CTLA-4 expression

on effector cells contributes to control disease progression. These findings indicate

that the extrinsic suppressive mechanism of CTLA-4 has a more pronounced role in

immune homeostasis and self tolerance as compared to the intrinsic suppression.

The relative contribution of CTLA-4 blockade on Tregs versus Teffs can be dif-

ferent in different disease models. For instance, blocking CTLA-4 on Tregs alone is

not sufficient to promote T cell mediated tumor rejection in a mousemelanomamodel

that is responsive to anti-CTLA-4 treatment in combination with vaccine (Peggs et al.

2009; Quezada et al. 2006). In this case, blocking CTLA-4 on Teffs is necessary to

induce tumor immunity, although additional CTLA-4 blockade on Tregs has added

effects that lead to maximal tumor immunity. By contrast, in a T cell-mediated colitis

model (Read et al. 2000), anti-CTLA-4 mAb induced colitis by primarily affecting

Tregs and not colitogenic Teffs (Read et al. 2006). The nature of the target antigen and

the inflammatory stimulus that trigger the response may explain the different out-

comes. In addition, a CTLA-4 splice variant (liCTLA-4) has recently been identified

which is expressed at high levels on resting T cells (Vijayakrishnan et al. 2004).

As liCTLA-4 lacks the B7 binding domain, its suppressive function is absent in

CTLA-4�/�mice, but is not abrogated by anti-CTLA-4 blocking antibodies, perhaps

explaining some of the discrepancies observed. Similarly, the fact that CTLA-4

deficient Tregs express more IL-10 and TGF-b as compared to WT Tregs (Tang

et al. 2004) might also account for some of the differences.

The mechanism(s) underlying the extrinsic inhibitory effect of CTLA-4 is/are

still largely unknown. It is possible that CTLA-4 expressing Tregs directly inhibit

Teffs through the release of immunosuppressive cytokines. Another possible sce-

nario is that CTLA-4 expressing Tregs “condition” other cells, which in turn inhibit

Teffs. It has been shown, for example, that CTLA-4 positive TCR tg T cells failed

to form long-term interactions with APCs in the presence of antigen in vitro and

in vivo (Schneider et al. 2006), suggesting that dendritic cells may be important to

induce/maintain CTLA-4-dependent Treg-mediated immune suppression. Indeed,

CD4 + CD25+ cells can induce dendritic cells to express enzyme indoleamine 2,3-

dioxygenase (IDO) in vitro (Fallarino et al. 2003), possibly via a CTLA-4 dependent

mechanism. Similarly, CTLA-4 expression on Foxp3+ Tregs mediates downregu-

lation of CD80 and CD86 on splenic dendritic cells in vitro (Wing et al. 2008).
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The CTLA-4 dependent suppressive activity of T regs in vivo may therefore be

mediated, at least in part, by APCs such as dendritic cells.

2.2 Preclinical Studies Using CTLA-4 Blocking Antibodies

As an immunosuppressive role of CTLA-4 was becoming apparent, the possibility

that inhibiting CTLA-4:B7 interaction could have beneficial antitumor effects, by

enhancing tumor-specific T cell responses, was hypothesized.

2.2.1 Monotherapy

The initial evidence that blocking CTLA-4 with anti-CTLA-4 antibody could treat

established tumors came from studies done in transplantable tumor models of colon

carcinoma (51BLim10), fibrosarcoma (Sa1N and CSA1M), ovarian carcinoma

(OV-HM), and prostate cancer (TRAMPC1) (Leach et al. 1996; Kwon et al. 1997;

Yang et al. 1997). Not only did these models demonstrate that blocking CTLA-4

caused tumor regression as a single agent, but they also showed that the immunity

generated provided protection to subsequent challenge with the same tumor. While

the use of anti-CTLA-4 as a single agent to treat established tumors showed very

promising results in immunogenic cell lines, the beneficial effect was only marginal

in the case of established poorly immunogenic tumors (immunogenicity being

defined in general as the ability of an irradiated cell line to induce rejection of a

subsequent challenge with the same cell line).

2.2.2 CTLA-4 and Active/Passive Immunization

Combination of anti-CTLA-4 with GM-CSF-expressing tumor vaccines resulted in

the regression of the poorly immunogenic SM1 mammary tumor (Hurwitz et al.

1998) and B16 melanoma (van Elsas et al. 1999). The same approach showed

promising effects in the transgenic adenocarcinoma of the mouse prostate

(TRAMP) mouse model, decreasing tumor incidence and grade (Hurwitz et al.

2000). In these preclinical models, treatment with anti-CTLA-4 or the GM-CSF

expressing vaccine alone was not sufficient to mediate tumor regression, but the

combination of the two treatments had a synergistic effect. The nature of the

immune response required for tumor rejection varied depending on the tumor

model. In fact, both CD4+ and CD8+ T cell responses could mediate rejection of

the SM1 mammary tumor; by contrast, rejection of B16 was mediated by CD8+

T cells and natural killer (NK) cells as well as required perforin and Fas/FasL

interactions, but not CD4+ T cells and TNFa (van Elsas et al. 2001).

CTLA-4 blockade has also shown synergistic effects with other vaccination

strategies, such as TRP-2 peptide in CpG-ODN adjuvant (Davila et al. 2003) or

TRP-2, gp100, and PSMA xenogeneic DNA vaccines (Gregor et al. 2004) for
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melanoma and prostate cancer. Interestingly, CTLA-4 blockade did not provide

additional benefit when combined with an idiotypic vaccine that induced dormancy

in mice with BCL1 lymphoma, suggesting that anti-CTLA-4 might not enhance

antigen-specific antitumor effects that are B cell mediated (Pop et al. 2005).

The possibility that CTLA-4 blockade could enhance the antitumor potency of

adoptive T cell transfer has also been investigated in mice. Although the transfer of

OVA-specific CD8+ T cells along with anti-CTLA-4 showed synergistic CD4-

dependent effects against the OVA-expressing thymoma E.G7 (Shrikant et al.

1999), lack of CTLA-4 expression did not enhance antitumor efficacy of adoptively

transferred gp100-specific CD8+ T cells in conjunction with rFPhgp100 vaccine

and rhIL2 (Gattinoni et al. 2006). This could possibly be due to differences in the

antigen and/or the adjuvant used to activate the transferred T cells. Further experi-

ments would be important to address these discrepancies.

2.2.3 CTLA-4 and Chemotherapy/Radiotherapy/Tumor Ablation

Synergy between ionizing radiation therapy and anti-CTLA-4 has been reported in

the 4T1 and TSA mammary tumor and MCA38 colon carcinoma models (Demaria

et al. 2005). Combination of the two treatments showed a systemic antitumor effect

that inhibited the growth of a distant tumor outside the radiation field, suggesting

that the combination of CTLA-4 blockade and local radiation enhanced a tumor-

specific immune response. It is possible that while radiation provided a source of

antigen or increased MHC I expression/peptide processing on tumor cells and

stroma (Reits et al. 2006; Zhang et al. 2007), anti-CTLA-4 treatment synergistically

empowered the effects of cross-presentation. Anti-CTLA-4 also enhanced antitu-

mor immunity when combined with in situ tumor destructive cryoablation or

radiofrequency ablation in a transplantable melanoma model expressing the nonself

model antigen OVA (den Brok et al. 2006). It will be interesting to see whether such

synergy occurs in nonmanipulated tumors and if tolerance against self antigens can

be averted by this means.

Furthermore, CTLA-4 blockade has shown significant therapeutic benefits in

mice bearing the MOPC-315 transplantable plasmacytoma tumor, when combined

with a subtherapeutic dose of the chemotherapeutic agent melphalan, perhaps

reflecting a synergy provided by targeting multiple immunoregulatory pathways

(Mokyr et al. 1998a, b). The combination between chemotherapy and CTLA-4

blockade in animal models warrants further investigation. It will be interesting to

dissect whether possible synergies require an effect of the chemotherapeutic agents

on immune cells or tumors.

2.2.4 CTLA-4 and Other Immunostimulatory Strategies

CTLA-4 blocking antibody dramatically enhanced the antitumor efficacy of a

recombinant oncolytic virus developed to preferentially target breast cancer cells
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(Gao et al. 2009). Targeting tumor cells with viruses may therefore represent a

valuable approach to enhance inflammation at the tumor site and to increase tumor

immunogenicity locally, thus providing a window of opportunity for treatment with

anti-CTLA-4.

Another way to increase the efficacy of anti-CTLA-4 blockade could be to

combine it with other monoclonal antibodies that target immune receptors. It has

been recently shown that combining anti-CTLA-4 with the agonistic anti-OX40

mAb (OX86) potentiates the systemic effects of intratumoral CpG treatments in a

mouse lymphoma model (Houot and Levy 2009). Several other immunomodulatory

mAbs have shown potent anticancer effects in mouse models including the anti-

GITR agonistic mAb DTA-1, described later in this chapter, and might be future

candidates to combine with anti-CTLA-4.

3 GITR Preclinical

GITR was originally described by Nocentini et al. after being cloned from

dexamethasone-treated murine T cell hybridomas (Nocentini et al. 1997). Unlike

CD28 and CTLA-4, GITR has a very low basal expression on naive CD4+ and

CD8+ T cells (Ronchetti et al. 2004). This is in contrast to Treg cells which

express both CTLA-4 and GITR at high levels constitutively. After activation,

both naive and Treg cells upregulate expression of GITR which lasts several days

and is highest in tumor infiltrating lymphocytes (Tone et al. 2003; Cohen unpub-

lished results).

GITR ligand (GITR-L) is expressed at low levels by APCs such as macrophages,

dendritic cells, and B cells. Like CD80/CD86, GITR-L is upregulated upon activa-

tion with stimuli such as TLR ligands (Tone et al. 2003; Suvas et al. 2005). Similar

to other members of the TNF superfamily, GITR contains TNF receptor associate

factor (TRAF) binding domains in its cytoplasmic tail; however, it does not contain

so called death domains which directly mediate apoptosis found on Fas and Trail

(reviewed in Nocentini and Riccardi (2005)). Through yeast two hybrid screening,

GITR was shown to interact specifically with TRAF 1, 2, and 3 which mediate

downstream signaling from the receptor. Stimulation of GITR can cause activation

of NF-kB (Nocentini et al. 1997; Ronchetti et al. 2004). In addition, GITR has been

shown to activate members of the MAPK pathway, including p38, JNK, and ERK

(Esparza and Arch 2005). By activating these pathways and their downstream

events, GITR ligation is in turn believed to enhance T cell survival by upregulating

IL-2Ra, IL-2, and IFNg, along with rescuing T cells from anti-CD3 mediated

apoptosis (Ronchetti et al. 2004). While GITR does not have canonical death

domains in its cytoplasmic tail, GITR has been shown to bind to the death domain

containing protein, Siva (Spinicelli et al. 2002). As a result of its interaction with

Siva, Spinicelli et al. demonstrated that GITR ligation can induce apoptosis in Cos7

cells. However, how this interaction modulates GITR function in primary T cells

has yet to be established.

Modulation of CTLA-4 and GITR for Cancer Immunotherapy 219



3.1 GITR: “Accelerator” of Effector Function

Triggering or blocking GITR signaling on immune cells has provided most of the

evidence that GITR may be a T cell costimulatory receptor. GITR ligation by

GITR-L enhances both CD4+ and CD8+ T cell proliferation and effector functions,

particularly in the setting of suboptimal TCR stimulation (Tone et al. 2003;

Kanamaru et al. 2004; Kohm et al. 2004; Ronchetti et al. 2004). In contrast,

blocking GITR-GITR-L signaling with anti-GITR-L antibodies inhibited lympho-

cyte proliferation (Stephens et al. 2004). Consistent with this idea, injection of anti-

GITR agonistic antibody in neonatal mice induced overt autoimmune disease

(Shimizu et al. 2002).

Similar to the differential roles that CTLA-4 plays on various T cell subsets,

GITR stimulation may affect Tregs differently from Teffs. Treatment of Tregs with

anti-GITR polyclonal sera (McHugh et al. 2002) or with the rat monoclonal anti-

GITR antibody DTA-1 (Shimizu et al. 2002) inhibited the suppression induced

in vitro by CD4+ CD25+ T cells when cocultured with CD4+ CD25� or CD8+ T

cells with anti-CD3 stimulation and irradiated APCs. Addition of recombinant

GITRL or cells transfected with GITRL to Treg/Teff cocultures had similar out-

comes (Tone et al. 2003).

These experiments raised the question regarding the relative contribution of

GITR signaling to Tregs and Teffs. Experiments done in vitro have shown that

GITR stimulation induced direct proliferation of Tregs (McHugh et al. 2002;

Ronchetti et al. 2002) and of effector cells (Ronchetti et al. 2002; Tone et al.

2003; Kanamaru et al. 2004). In addition to the direct proliferative effects, GITR

ligation on Teffs may allow these cells to overcome Treg-mediated suppression

(Stephens et al. 2004; Zhou et al. 2007). Other data showed that GITR ligation on

Tregs could also indirectly contribute to immunostimulation by inhibiting their

suppressive activity (Shimizu et al. 2002; Ronchetti et al. 2004).

Interestingly, studies done with GITR KO mice showed that GITR-deficient

lymphocytes proliferate more and are more sensitive to activation induced cell

death (AICD) as compared to lymphocytes expressing GITR (Ronchetti et al.

2002), supporting a role for this pathway in lymphocyte proliferation/survival.

CD4+CD25+ T cells lacking GITR, instead, were equally able to suppress when

compared to WT CD4+CD25+ T cells, suggesting that GITR signaling may be

more relevant on Teffs rather than Tregs.

3.2 Preclinical Studies Using GITR Agonist Antibody

The observation that GITR stimulation has immunostimulatory effects in vitro and

induced autoimmunity in vivo prompted the investigation of the antitumor potency

of triggering this pathway.
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3.2.1 Monotherapy

Injection of the anti-GITR agonistic antibody DTA-1 eradicated established Meth

A fibrosarcoma and CT26 carcinoma in an IFN-g dependent manner and induced

tumor specific CD4+ and CD8+ T cell responses (Ko et al. 2005). This immuno-

modulatory antibody was most effective eight days after tumor inoculation, possi-

bly implying a requirement for tumor-dependent T cell priming and/or the

establishment of a structured tumor microenvironment. DTA-1 treatment could

also induce concomitant tumor immunity that resulted in rejection of a distal poorly

immunogenic B16 melanoma (Turk et al. 2004). The growth of the primary B16

melanoma was transiently slowed by a single DTA-1 dose and the tumor was

rejected by multiple DTA-1 doses (at day 1, 4, and 9 after tumor inoculation) in a

T cell (both CD4+ and CD8+) and NK cell dependent fashion. In this model, DTA-1’s

mechanism of action required IFN-g and FasL, but not perforin while inducing

tumor immunity through endogenous T cell response against B16 (Ramirez-

Montagut et al. 2006). Furthermore, as observed in vitro, DTA-1 treatment also

expanded Foxp3+ Tregs in vivo. Interestingly, the expanded Tregs retained their

suppressive capabilities, as assessed by ex vivo suppression assays, but their

expansion did not impact negatively on tumor growth. While Tregs are still

suppressive in the periphery, we have recently demonstrated, using the B16 mela-

noma model, that GITR modulation has a profound effect on intra-tumor Tregs.

Treatment with DTA-1 causes a significant impairment of intra-tumor Treg accu-

mulation and loss of FoxP3 expression (Cohen et al. 2010). This results in a much

more favorable intra-tumor Teff:Treg ratio and enhanced tumor-specific CD8+

T-cell activity. Impairment of Treg infiltration was lost if Tregs were GITR�/�,

and the protective effect of DTA-1 was reduced in reconstituted RAG1�/� mice if

either the Treg or Teff subset were GITR-negative and absent if both were negative.

Our recent data further corroborates the concept that DTA-1 administration has

effects on both Teffs and Tregs in vivo, both of which may be important to the

generation of tumor immunity.

3.2.2 GITR and Active Immunization

Consistent with the hypothesis that DTA-1 has a direct role on Teff cell expansion

and activation, administration of DTA-1 enhanced effector and memory CD8+ T

cell responses to self antigens improved tumor protection when combined with a

xenogenic DNA vaccine for gp100 or TRP-2 (Cohen et al. 2006). Importantly,

DTA-1 was most effective when boosting vaccine-induced CD8+ T cells before the

second immunization. By contrast, DTA-1 administration before the first immuni-

zation failed to enhance tumor rejection, possibly by enhancing AICD rather than

T cell expansion. This indicated that triggering GITR signaling with DTA-1 in vivo

has different outcomes on T cell activation depending on the timing with respect

to the antigenic stimulation. The exact reason for this is unknown, but it may

reflect differences in the signaling pathways activated at different stages of priming.

Modulation of CTLA-4 and GITR for Cancer Immunotherapy 221



This consideration will be extremely important when designing combination cancer

immunotherapies based on the use of DTA-1.

Overall, immune modulation of CTLA-4 and GITR with blocking and agonistic

monoclonal antibodies, respectively, has proven effective in a variety of pre-

clinical tumor models. Although the mechanism of action differs for the two

antibodies, they share the complexity of affecting distinct T cell populations with

opposing outcomes, as illustrated in Fig. 1.

4 Clinical Experiences with CTLA-4 Blockade

Clinical application of immunomodulatory antibodies has presented a new approach

to systemic anticancer therapy. These agents are designed to activate the patient’s

immune system to eliminate cancer as opposed to administration of cytotoxic

agents directed at the tumor itself (treating the patient versus treating the cancer).

Fig. 1 Differential outcomes of CTLA-4 and GITR monoclonal antibody therapy on different T

cell lineages. Although CTLA-4 and GITR are present on both Teffs and Tregs, it has become

apparent that each lineage incorporates signals from these receptors differently. In Teffs, CTLA-4

provides a strong negative signal which blocks positive stimuli from the TCR and CD28 during

priming. GITR on the other hand, provides additional positive stimuli that may overcome CTLA-

4’s negative effect. Unlike Teffs, Tregs express CTLA-4 and GITR constitutively, an initial clue to

a variation in their roles. In fact, Tregs have been shown to be nonfunctional without CTLA-4

expression. This suggests that Tregs may see signals from CTLA-4 as a “positive stimulus” as part

of their “suppressive effector functions.” Likewise, evidence has shown that under certain condi-

tions, GITR ligation on Tregs may negatively modulate their suppressive ability. The divergent

incorporation of signals from these receptors is why the effects of antibody therapy to these

receptors may have different effects on each lineage. Blocking CTLA-4 antibodies prevents

negative signals to Teffs while at the same time stopping Tregs from receiving positive stimuli.

Agonist GITR antibodies work in reverse, providing costimulatory signals to Teffs whereas Tregs

may see this stimulus in a negative manner. Thus, while these antibodies enhance desired Teff

antitumor activity, they may have the added benefit of negating the suppressive functions of Tregs
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Given these fundamental differences from cytotoxic chemotherapy, it was not

unexpected to observe differences in the kinetics of the antitumor response, dura-

tion of response, and immune related adverse effects. In fact, the efficacy of

ipilimumab, an anti-CTLA-4 antibody, appears to be independent of currently

accepted negative clinical prognostic factors (Wolchok et al. 2009a).

Currently, there are two available CTLA-4 blocking monoclonal antibodies,

ipilimumab (MDX-010) and tremelimumab (CP-675,206) (Phan et al. 2003; Ribas

et al. 2005, 2008; Weber 2008). Both antibodies were developed in mice transgenic

for human immunoglobulin genes, thereby producing fully human antibodies

against CTLA-4. These agents have been most extensively studied in melanoma;

however, there have also been durable responses noted in prostate, ovarian, breast,

and renal cell cancer (Table 1). For metastatic melanoma in particular, anti-CTLA-4

blockade opens up a new avenue of treatment for patients that have very few options

and have only a historical 6–9 month median survival without therapy.

4.1 CTLA-4 Monotherapy

In an initial trial of 17 patients with unresectable melanoma treated with ipilimu-

mab, there were two partial responses (PRs) at the starting dose of 3 mg/kg

administered as a single dose. These responses were durable and treatment was

well tolerated but for a mild rash (Tchekmedyian et al. 2002). A second pilot trial

was conducted with patients that had been prior participants in tumor vaccine

studies for metastatic disease. Nine patients who were previously treated with a

GM-CSF secreting tumor cell vaccine, including seven with metastatic melanoma

and two with ovarian carcinoma, were treated with a single dose of ipilimumab at

3 mg/kg. Here, there was some evidence of efficacy with tumor biopsies of five

melanoma patients revealing necrosis, and in the ovarian cancer patients there was a

decrease or stabilization of CA-125, an ovarian cancer tumor marker (Hodi et al.

2003). Ipilimumab was then combined with a gp100 peptide vaccine in a phase I

clinical trial, where 14 stage IV melanoma patients were treated with 3 mg/kg

ipilimumab followed by a gp100 peptide vaccine. While three objective responses

were noted including two complete responses (CRs), accrual was discontinued

when >3 individuals developed grade III and IV immune related adverse events

(irAEs) including dermatitis, enterocolitis, hypophysitis, and hepatitis (Phan et al.

2003). Following this, 56 patients with stage IV melanoma previously vaccinated

with gp100 peptide received ipilimumab with an overall response rate (ORR) of

13% (7/56) with two CRs and five PRs. Interestingly, 36% of patients with irAEs

experienced tumor regression compared with 5% of patients without irAEs (Attia

et al. 2005).

Several dose escalation trials followed; in one trial, 88 patients with either

unresectable stage III or IV melanoma received ipilimumab with a dose escalation

from 2.8 mg/kg up to 20 mg/kg. Four patients obtained objective responses with one

CR and three PRs, and an additional 14 patients had prolonged stable disease (SD)
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with a median time of 194 days. The objective responders also maintained a long

duration of response of greater than 638 days (Weber et al. 2008). Another phase II

trial of 139 patients treated at doses from 3–9 mg/kg of ipilimumab with or without

peptide vaccine resulted in a 17%ORR with 3 CRs and 20 PRs. Sixty two percent of

the patients had some form of irAEs which in this study was statistically associated

with a higher likelihood of antitumor response (Downey et al. 2007).

Subsequently, there was a dose–response relationship demonstrated in a double-

blind phase II trial of ipilimumab with three dose levels administered as a mono-

therapy to 217 unresectable stage III/IV patients. These patients received 0.3, 3, or

10 mg/kg of antibody every 3 weeks for four doses, followed by a maintenance dose

once every 12 weeks starting at week 24 in the setting of SD or better without grade

III/IV toxicity. The 10 mg/kg cohort had the greatest response rate at 11% with a

median overall survival of 14 months. Consequently, the 10 mg/kg dosage is

considered the optimal dosing to achieve clinical benefit although associated with

the greatest rate of irAEs (Wolchok et al. 2009c). It is important to note that most

irAEs can be easily medically managed with corticosteroids using simple algo-

rithms. In fact, use of immunosuppressive drugs does not interfere with antitumor

effects, for unclear reasons at this time. In an additional phase II trial of ipilimumab

in advanced stage melanoma patients progressing on prior therapies, 150 patients

were treated with 10 mg/kg of ipilimumab and the best overall response rate

(BORR) was shown to be 5.8% (O’Day et al. 2008). A phase III registration trial

which began in 2006 is currently ongoing comparing combined DTIC and ipilimu-

mab with DTIC alone as front-line therapy. A separate phase III registration trial

with 676 enrolled patients for second-line therapy with ipilimumab has just been

completed, assessing the safety and efficacy of ipilimumab in combination with

gp100 peptide vaccines, or single agents.

4.2 Postsurgical Adjuvant Therapy

Ipilimumab has also been tested in the adjuvant setting for high risk patients that

had been rendered free of disease by surgery. In this trial, anti-CTLA-4 therapy was

given at 0.3, 1 or 3 mg/kg every 4 weeks combined with a gp100, MART-1, and

tyrosinase peptide vaccine to 19 stage III and IV resected melanoma patients. Eight

patients experienced evidence of irAEs with three patients experiencing grade III

gastrointestinal toxicity. Interestingly, 3 of 8 patients with irAEs experienced

relapse while 9 out of 11 patients without irAEs experienced relapse (Sanderson

et al. 2005). Similar results were seen in a subsequent phase II trial of ipilimumab at

3 mg/kg with a multipeptide vaccine in 25 patients who had resected stage IIIC/IV

melanoma with no evidence of disease, which resulted in ten relapses at 22 months

(Weber et al. 2006). Finally, the efficacy of ipilimumab in the adjuvant setting will

soon be determined by an ongoing phase III double blinded placebo controlled

clinical trial for stage III melanoma patients with no evidence of disease, with an

estimated enrollment of 950 patients.

Modulation of CTLA-4 and GITR for Cancer Immunotherapy 225



4.3 Combinations

Ipilimumab has also been combined with standard therapies. In a phase I/II clinical

trial, 36 patients were treated with 0.1–3 mg/kg of ipilimumab every 3 weeks

combined with IL-2. However, the ORR of 22% with three CRs and five PRs

suggested no synergistic effect in combining IL-2 compared to ipilimumab alone

(Maker et al. 2005b). Chemotherapy has also been rationally combined with

ipilimumab on the basis of the potential for tumor antigen release, or depletion of

Tregs. In a phase II randomized trial, 72 patients were treated with 3 mg/kg of

ipilimumab, with or without DTIC. From this trial, it appeared that DTIC aug-

mented the efficacy of ipilimumab with a 21.6% disease control rate in the

ipilimumab alone arm and 31.4% in the combination arm (Hersh et al. 2008). In a

follow up report, the investigators demonstrated an overall 57% 1 year survival rate

with the combined DTIC and ipilimumab arm having a superior survival rate

(Hersh et al. 2009). Currently ongoing is another three arm trial with 60 patients,

where ipilimumab is being administered alone or in combination with carboplatin

and paclitaxel, or with DTIC (NCT00796991).

4.4 Tremelimumab

A dose escalation study with tremelimumab ranging from 0.03 to 15 mg/kg in 34

patients demonstrated durable responses with eight objective responses, including

two CRs, two PRs and four patients with SD (Ribas et al. 2005). A follow up phase

II study of 20 patients receiving tremelimumab at 10 mg/kg monthly and ten

patients receiving 15 mg/kg every 3 months resulted in five total responders with

four occurring in individuals who developed irAEs (Reuben et al. 2006). In a third

phase II study, 84 patients received tremelimumab at 10 mg/kg or 15 mg/kg with an

ORR of 10% and medium survival of 10.2 months at the 10 mg/kg dose, and with a

7% ORR and 11.5 month median survival at the 15 mg/kg dose (Camacho et al.

2009). A further phase II trial at 15 mg/kg for stage IV malignant melanoma

patients who had progressed on prior chemotherapy was conducted with an end-

point of achieving at least a 15% ORR. Reported at the American Society of

Clinical Oncology (ASCO) 2008 Meeting, this trial of 258 patients treated with

tremelimumab showed an ORR of 8.3% with a median survival of 10.0 months

(Kirkwood et al. 2008). A large randomized phase III trial has been completed

with tremelimumab 15 mg/kg compared to either DTIC or temozolomide in 550

patients. Unfortunately this trial was halted in its second interim analysis with a

median overall survival of 10.7 months for the chemotherapy arm and 11.7 months

for the tremelimumab arm. The hazard ratio was 1.05 with survival curves over-

lapping and thus it did not meet its primary endpoint (Ribas 2008).
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4.5 Immune Related Adverse Effects

Since the initial studies with ipilimumab, there has been evidence of irAEs, most of

which included diarrhea, colitis, rash, hypophysitis, and rare incidences of uveitis

and adrenal insufficiency (Blansfield et al. 2005). To determine if the incidence of

diarrhea could be decreased, 115 stage IV melanoma patients participated in a

randomized phase II trial with ipilimumab with or without budesonide, a nonab-

sorbed oral steroid. These patients were treated with or without budesonide and

received ipilimumab at 10 mg/kg every 3 weeks for four doses. Overall, ipilimumab

was well tolerated with the best ORR of 12.1% in the budesonide arm and 15.8% in

the placebo controlled arm, with no effect of budesonide on the rate of grade III or

greater diarrhea (Weber et al. 2009). As noted above, most irAEs are easily

managed with corticosteroids and those few patients with steroid-refractory disease

respond to TNF-blocking agents or mycophenolate. Intriguingly, despite the rapid

resolution of symptoms from irAEs using immunosuppressive medications, such

drugs do not seem to temper antitumor effects.

4.6 Novel Criteria for Antitumor Response to Ipilimumab
and Increased Duration of Response

Traditional standards for evaluation of antitumor response have been based on the

Response Evaluation Criteria in Solid Tumors (RECIST) or WHO criteria, which

may not adequately reflect the patterns of response for immunotherapies. A set of

novel immune related response criteria (irRC) was recently proposed to more

accurately describe the clinical activity of immunotherapies. It has not been

uncommon to see late responses, sometimes happening 5–6 months after initiating

treatment, even occurring after progression of index and/or new lesions. This may

be related to the time needed for specific activation of the immune system to

recognize antigens expressed by individual tumors, or a function of the kinetics

regarding immune mediated tumor destruction. This should be contrasted with

relatively short periods of time expected for observation of direct cytotoxic effects

from chemotherapy. In addition, radiological evidence of progression of disease at

early time points may reflect a heterogenous mixture of inflammation, edema, and

lymphocytic infiltration as opposed to true increase in tumor volume.

To develop irRC, phase II clinical trial data from the ipilimumab program were

utilized to define four patterns of response: (1) decrease in baseline lesions without

evidence of new lesions, (2) durable SD with possible slow, steady decline in tumor

burden, (3) response of tumor volume after initial increase in total tumor burden,

and (4) response in the presence of new lesions. All of these response patterns were

associated with increased overall survival (Wolchok et al. 2009b). Duration of

response also appears to be increased in comparison to standard therapies. In fact,

a recent ASCO abstract provided updated survival data from three phase II clinical

trials of pretreated advanced stage melanoma patients. Here, they showed that the
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18 month overall survival ranged from 34.5 to 39.4% for the 288 previously treated

melanoma patients (O’Day et al. 2009).

4.7 Other Malignancies

While the vast clinical experience of CTLA-4 blockade has been with melanoma,

there is increasing evidence of efficacy in other malignancies. In prostate cancer,

ipilimumab was studied in a phase II trial of comparing ipilimumab with or without

docetaxel in chemotherapy-naive hormone refractory prostate cancer patients. Six of

43 patients with three in each arm had decreases of PSA >50%. Three patients had

durable PSA responses greater than 79, 169, and 280 days. Immune related adverse

effects were similar to those noted in melanoma, including adrenal insufficiency and

colitis (Small et al. 2006). Other combinatorial treatment strategies include a phase

I/II clinical trial in 45 metastatic castrate resistant prostate cancer patients treated

with ipilimumab and radiation therapy. Here, ten patients had decreases of PSA

greater than 50% while radiation therapy did not appear to impact the effects of

ipilimumab (Slovin et al. 2009). A combinatorial approach using a PSA-TRICOM

vaccine, a pox based viral vector expressing PSA and three costimulatory molecules

including ICAM-I, LFA-3, and B7.1 and GM-CSF, has been tested in combination

with ipilimumab in 30 metastatic castrate resistant prostate cancer patients as well.

Twenty-four chemotherapy naive patients had an increased PSA doubling time from

2.5 to 6 months. In addition, 14 of 30 patients had PSA decreases from baseline or

peak PSA on study. The therapy was well tolerated with no dose limiting toxicity,

although again there was a correlation with increasing dose and incidence of irAE

(Mohebtash et al. 2009). While most trials have been performed in solid malignan-

cies, a phase I trial of ipilimumab has been performed in 18 non-Hodgkin’s lym-

phoma patients. The therapy was safely tolerated and two patients had a clinical

response, with one CR and one durable PR (Ansell et al. 2009). Ipilimumab has also

been tested in relapsed allogeneic transplant patients, based on the hypothesis that

CTLA-4 blockade could augment the graft versus tumor effect. Interestingly, in the

29 patients receiving a single infusion of ipilimumab at either 0.1 mg/kg or 3 mg/kg,

there was no exacerbation of graft versus host disease, although four patients

experienced organ specific immune related adverse effects including grade 3 arthri-

tis, grade 2 hyperthyroidism, and recurrent grade 4 pneumonitis. In that trial, there

were three overall responders with two CRs and one PR (Bashey et al. 2009).

Tremelimumab has been evaluated in 25 advanced breast cancer patients. A phase

I open label trial of tremelimumab combined with exemestane resulted in a best

response of eight patients with SD lasting a median of 8 months. The expected dose

limiting toxicities included transient grade 3 transaminitis, diarrhea, and thyroiditis

(Vonderheide et al. 2009). A phase II trial of tremelimumab versus best supportive

care in 87 patients with nonsmall cell lung cancer has also been reported. Two of

44 (4.8%) patients treated with tremelimumab experienced an objective response,

compared with zero in the best supportive care group (Zatloukal et al. 2009).

Ipilimumab is also being tested in lung cancer in a phase II trial comparing
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carboplatin and paclitaxel with or without ipilimumab (NCT00527735). For renal

cell carcinoma, anti-CTLA-4 antibodies have been tested alone and with sunitinib.

In a phase II trial of ipilimumab, 61 patients were treated in sequential cohorts of

increased doses. Twenty-one patients were treated at 3 mg/kg followed by 1 mg/kg

q3weeks with one PR. Five of the 40 patients at 3 mg/kg every 3 weeks had PRs

(Yang et al. 2007). Finally, tremelimumab has been combined with sunitinib, a

multitargeted tyrosine kinase inhibitor, in a phase I clinical trial. The combination

with sunitinib was chosen on the basis of evidence of sunitinib inhibiting myeloid-

derived suppressor cells. There were five PRs noted in the 21 patients treated. There

were multiple adverse effects noted including a ruptured diverticula, grade 3 muco-

sitis, sudden death, and acute renal failure (Gordon et al. 2009).

There are other clinical trials with either ipilimumab or tremelimumab that are

still ongoing and have not yet been reported. These include ipilimumab in unre-

sectable pancreatic cancer and advanced hepatocellular carcinoma (NCT00836407)

(NCT01008358) along with neoadjuvant ipilimumab being assessed in urothelial

carcinoma undergoing surgical resection (NCT00362713). The later trial will

provide an ideal trial design to assess the impact of immune modulation on the

local tumor microenvironment. Adoptive T cell therapy is also being combined

with ipilimumab in treatment of metastatic melanoma patients. NY-ESO-1 specific

CD8+ T cells are currently being studied in cyclophosphamide treated metastatic

melanoma patients with or without CTLA-4 blockade (NCT00871481). If success-

ful, this strategy would support anti-CTLA-4 therapy preventing possible local

tumor microenvironment inhibition of Teffs. (NCT00871481).

5 From Clinical Trials, Back to the Bench

As described above, anti-CTLA-4 therapy has shown clinical activity as an immune

modulator, inducing durable objective responses as a monotherapy, and demonstrat-

ing efficacy with combination therapies that direct the immune response to the

cancer. However, we have yet to fully investigate the heterogeneity of responses

that have been observedwith anti-CTLA-4 therapy. Detailed analysis of anti-CTLA-

4 treated patients may assist us in discovering mechanisms that are critical to the

antitumor response. This section outlines several current directions in the field of

immune monitoring i.e., the study of individual responses to anti-CTLA-4 therapy.

5.1 Monitoring Antigen-Specific CD4+ and CD8+ T Cell
Activity and Polyfunctionality

Antigen-specific T cell activity can be evaluated using in vitro stimulation assays, or

by staining peripheral T cells with antigen-specific MHC tetramers. Such analyses

were recently conducted on selected melanoma patients receiving ipilimumab (Yuan

et al. 2008). Of eight clinical responders, five demonstrated antibody,CD4+, andCD8+
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responses to NY-ESO-1, a prototypical cancer testis antigen. In contrast, only 1/7

nonresponders mounted a CD4+ response, but no CD8+ or antibody response (Yuan

et al. 2008). These data imply that antigen-specific immunity may be associated with

clinical benefit, and suggest a rationale for future trials combining vaccination to

NY-ESO-1 or other antigens with anti-CTLA-4 therapy.

Using the same techniques, specificity to other antigens has also been investigated.

In a phase I trial of 24 prostate cancer patients treated with ipilimumab +GM-CSF,

no antigen-specific T cell responses were detected against PSA or other known

prostate differentiation antigens, including PAP, PSMA, EphA2, or survivin (Fong

et al. 2009). However, in an analysis of a melanoma patient experiencing CR from

treatment with ipilimumab, both Melan-A-specific peripheral T cells and tumor-

infiltrating T cells were identified (Klein et al. 2009). These Melan-A/MART1

specific CD8+ cells were expanded in culture, and were demonstrated to exhibit

potent killing activity in vitro against SK-Mel-14, a Melan-A-expressing cell line.

This case report calls for further studies examining Melan-A-specific immunity as a

possible marker for positive therapeutic response (Klein et al. 2009). In some cases,

peripheral T cell specificity may not capture intratumoral immune events as analysis

of patients receiving tremelimumab showed no trend of increased gp100, Melan-A/

MART1, or tyrosinase-specific peripheral CD8+ cells (Comin-Anduix et al. 2008).

Still, analysis of tumor infiltrate in regressing lesions demonstrated marked enrich-

ment of gp100-specific CD8+ cells, which suggests that peripheral specificity may

not always correlate with intratumoral T cell specificity (Comin-Anduix et al. 2008).

Polyfunctional T cell subsets – T cell subsets that generate multiple cytokines –

can be measured by multiparametric flow cytometry, and are markers of robust

immune activity. Polyfunctional T cells have been associated with nonprogression

of HIV2 infection (Makedonas and Betts 2006; Duvall et al. 2008) and vaccine

responses to Hepatitis B virus (De Rosa et al. 2004) and vaccinia (Precopio et al.

2007). Recently, polyfunctional CD8+ T cells were also demonstrated in a melanoma

patient receiving adjuvant therapy with GM-CSF DNA and gp100/tyrosinase peptide

vaccines with polyfunctionality coinciding at the time point of maximal IFN-g
production (Perales et al. 2008). An analysis of polyfunctionality in ipilimumab

patients found that patients experiencing clinical benefit demonstrated CD4+, CD8+,

and/or antibody responses to NY-ESO-1. In fact, T cells from clinical benefiters were

found to be polyfunctional, producing IFN-g, MIP-1b, and/or TNFa in response to

NY-ESO-1 peptide stimulation, while none of the nine nonresponders demonstrated a

polyfunctional T cell response. These results suggest that antigen-specific polyfunc-

tionality could be a possible marker of anti-CTLA-4 activity (Yuan et al. 2008).

5.2 Cellular Phenotype Analysis: ICOS, Foxp3,
HLA-DR and IDO

Another immune monitoring strategy is to utilize flow cytometric analysis and other

techniques to examine changes in cellular phenotype, with the hope of identifying

biomarkers for clinical response.
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5.3 ICOS

ICOS is a T cell specific surface protein structurally related to CD28 and CTLA-4,

which becomes expressed on the cell surface following T cell activation (Hutloff

et al. 1999; Liakou et al. 2008). T cells expressing intermediate levels of ICOS are

associated with synthesis of the TH2 cytokines IL-4, IL-5, and IL-13, whereas T

cells expressing high levels of ICOS (ICOShigh) correlate with the production of IL-

10, an immunosuppressive cytokine, in some studies (Lohning et al. 2003). Studies

showing a relationship between ICOS expression with increased Teff cell survival

(Burmeister et al. 2008) serve to highlight the significance of ICOS as a possible

marker of anti-CTLA-4 activity. This has been recently investigated in a series of

six bladder cancer patients receiving anti-CTLA-4 therapy preoperatively. In these

patients, an increase in the number of CD4+ICOShigh cells was observed in periph-

eral blood mononuclear cells and in tumor infiltrates. These cells exhibited

increased IFN-g production, and in 3/3 of these patients who had NY-ESO-1

expressing tumors, IFN-g was produced in response to stimulation with NY-ESO-1

peptides (Liakou et al. 2008). These data imply that ICOS expression could be

correlated with clinical activity; however, this must be further investigated.

5.4 Foxp3

Foxp3, a member of the forkhead box family of transcription factors, is necessary

for Treg function. The overall frequency of Foxp3+ Treg cells in untreated cancer

patients tends to be higher than in normal healthy donors, which implies that Foxp3

levels may correlate with tumor immune evasion (Liakou et al. 2008). The role of

Foxp3 as a biomarker of anti-CTLA-4 induced Treg modulation is being investi-

gated. In the series of bladder patients above, Foxp3 expression was not consis-

tently altered by CTLA-4 blockade (Liakou et al. 2008). In an analysis of eight

patients receiving tremelimumab, no statistical change was seen in predosing and

postdosing levels of peripheral Foxp3 mRNA production. However, a recent

analysis of tumor biopsies taken at week 0 and week 4 in ipilimumab patients

showed a statistical correlation of clinical benefit with changes from pretreatment

Foxp3 expression (Hamid et al. 2009).

5.5 HLA-DR

Several markers of T cell activation have been screened as possible biomarkers for

anti-CTLA-4 activity. HLA-DR is a cell surface molecule which appears on both

CD25+ and CD25� T cells late after activation. In a recent analysis of 30 patients

treated with ipilimumab, posttreatment increases in the percentage of HLA-DR

expression were seen in both CD4+CD25� and CD4+CD25+ cells. (Maker et al.
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2005a) A separate analysis demonstrated that HLA-DR expression on CD8+ cells

after two doses of tremelimumab could differentiate responders from nonrespon-

ders (comin-Anduix et al. 2008). Further work must be performed to validate HLA-

DR expression as a biomarker.

5.6 IDO

Treg cells from tumor-draining lymph nodes in mouse models have been shown to

become highly activated by exposure to the immunoregulatory enzyme indolea-

mine 2,3-dioxygenase (IDO), an enzyme expressed in specific subsets of plasma-

cytoid dendritic cells (Sharma et al. 2009). Additionally, blockade of IDO

expression has been shown to convert Tregs into a nonsuppressive, proinflamma-

tory phenotype similar to TH17 cells. As such, IDO has been implicated as a

“switch” for Treg mediated immune regulation, and thus levels of IDO expression

could be used as a biomarker. To date, this has yet to be validated. Analysis of pre

and postdosing tumor biopsies in four patients receiving tremelimumab failed to

show an association of IDO+ T cell staining with tumor response (Ribas et al. 2009).

Analysis of tumor biopsies in ipilimumab patients showed a statistical correlation

of clinical benefit with week 0 IDO expression (Hamid et al. 2009). Further studies

are pending.

5.7 Antibody Responses

Differentiation antigens (for example, PSA, Melan-A/MART1, and gp100), cancer

testis antigens (for example, NY-ESO-1 and MAGE), and products of DNA dam-

age (for example, Bcr/Abl or mutated p53) have all been associated with antigen-

specific humoral and/or T cell responses (Houghton et al. 1982; Chen et al. 1997;

Perales et al. 2002; Nakada et al. 2003). CTLA-4 blockade may indirectly activate

the humoral response by stimulating CD4-mediated priming of B cells, thereby

inducing antibody production against tumor antigens.

In a recent serologic analysis of melanoma patients treated with ipilimumab,

22% of patients (9/41) produced antibodies against NY-ESO-1, an antigen

expressed in a significant fraction of melanoma, lung, and bladder cancer speci-

mens (Gnjatic et al. 2008). The majority (66%) of these patients experienced

clinical benefit, and of the three nonresponders, one had a transient mixed response

and another had a PR prior to requiring steroids for treatment-related colitis

(Gnjatic et al. 2008). Anti-CTLA-4 induced NY-ESO-1 antibody responses have

also been demonstrated in prostate cancer patients (Fong et al. 2009). Further

investigation must be conducted to determine whether such antibodies are protec-

tive, or are simply surrogates for another protective immune process.

Antibodies against products secreted from tumors have also been observed with

CTLA-4 blockade. Some patients who have responded clinically to anti-CTLA-4

232 F. Avogadri et al.



therapy developed high titers of antibodies against MHC class I chain-related

protein A (MICA) (Fong and Small 2008). MICA and related proteins including

ULBP normally stimulate NK or CD8+ T cell mediated cytotoxicity by binding to

NK cell receptor NKG2D. However, tumor metastases may evolve to shed soluble

MICA or ULBP, thereby suppressing cytolytic activity (Paschen et al. 2009). It is

possible that part of the clinical benefit from anti-CTLA-4-induced anti-MICA

antibody production may be the reduced soluble MICA enabling better NK-

mediated tumor killing (Jinushi et al. 2006; Fong and Small 2008).

5.8 The “Immunogram”: A Tool to Synthesize Immune
Monitoring

The ever expanding and evolving data from correlative immunologic studies of

patients undergoing immune modulation may in fact become overwhelming. To

mitigate this, we introduced the concept of the “immunogram,” which synthesizes

current immune monitoring data and allows us to distill important lessons from

individual patients. The immunogram is simply a modular, chronological illustra-

tion of treatment history, dissected radiographic response, blood counts, serologic

measurements of immune response, cellular phenotype markers, and measurements

of antigen-specific response. With changes in technology and data collection, the

immunogram can evolve to include different types of information.

The immunogram of patient IMF-16 (Fig. 2) anecdotally validates a wealth of

data regarding the mechanism of anti-CTLA-4 therapy (Yuan et al. 2010). For

example, the immunogram illustrates that steroid treatment in this patient did not

clearly affect therapy and that early lymphocyte expansion, along with ICOS

increases, may predict clinical outcome. In addition, responses seen may also be

correlated with NY-ESO-1 specific T cell and B cell activity. This immunogram

prompted a follow-up study analyzing the tumor-antigen and tumor-infiltrating

lymphocyte profile of the resected “escape” lesion. Here, we learned that NY-

ESO-1-specific T cells were engaging the tumor, which was still expressing NY-

ESO-1 antigen, but that Tregs were heavily abundant in the tumor. This suggests

that, in IMF-16, tumor escape was mediated by Treg suppression of antigen-specific

Teff activity. The immunogram – a newly-described graphical synthesis of treat-

ment data and immune correlates in individual patients – may help us to confirm,

reject, or formulate hypotheses of the mechanism of anti-CTLA-4 activity.

6 Future Directions

Immunomodulation with monoclonal antibodies targeting immune receptors, such

as CTLA-4 and GITR, has shown efficacy as an anticancer therapeutic approach

both as a single agent and in combination with other drugs in different pre-clinical

tumor models. Experiments done in mice indicate that anti-CTLA-4 is effective on
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Fig. 2 Immunogram of patient IMF-16. (a) Patient IMF-16 received ipilimumab therapy as part of

protocol CA183-008, and received four induction doses at 10 mg/kg every 3 weeks followed by

maintenance doses every 3 months. The patient received intermittent low-dose oral steroids to treat

grade 2 rash and pruritis; (b) Response of target lesions is illustrated as percent change of maximal

tumor diameter from baseline. The patient underwent resection of progressive iliac lymph nodes

(“x”); (c) WBC and ALC are graphed in �103/mm3 units; (d) Peripheral CD4+ and CD8+ lines

expanded with therapy, measured by flow cytometry; (e) Peripheral expressions of phenotype

markers ICOS and Foxp3 were both transiently expanded with therapy; (f) NY-ESO-1 titers are

graphed in log10 as an inverse titer. CD8+ NY-ESO-1 specific function was measured by flow

cytometry using HLA-A*0201/NY-ESO-1157–165 tetramer stain. (Reproduced with permission

from Yuan et al. 2010). Ipi ipilimumab, LN lymph node, Tet tetramer, ALC absolute lymphocyte

count
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tumor bearing hosts if a certain threshold of “tumor-immunogenicity” is reached.

For example, the tumor itself can be intrinsically immunogenic or rendered immu-

nogenic by other means such as transfection, vaccination, or immunomodulation.

Conventional chemotherapeutic agents or radiotherapy have also shown efficacy

in combination with anti-CTLA-4. This might depend on effects of the chemo/

radiotherapy on “tumor-immunogenicity” either by directly affecting immune cell

populations (e.g., Inducing lymphopenia and promoting activation of adaptive

immune responses during recovery from lymphopenia) or by favoring antigen

release, increasing MHC I expression and/or inducing local inflammation. Further

dissecting the effects of conventional therapies on tumor immunogenicity when

combined with CTLA-4 blockade will be important to provide more rationale for

clinical studies.

Although the amount of preclinical work done with anti-GITR agonist antibody

is not yet as thorough as what has been done with anti-CTLA-4, it is very clear that

DTA-1 has striking antitumor properties in mouse models both as a monotherapy

and in combination with vaccines. The mechanisms of action of DTA-1 are still

under investigation and its relative effect on Tregs versus Teffs or perhaps other

cells, such as endothelial cells, is not yet entirely clear. Anti-GITR is therefore an

interesting new drug to test in patients and to consider for combinations with other

immunomodulatory antibodies and vaccines.

Conceptually, optimal tumor vaccination would involve production of increased

amounts of tumor antigen in order to drive a tumor specific response. There are

currently promising small molecule inhibitors targeting melanoma harboring

genetic mutations including BRAF, the presence of which appears to confer sensi-

tivity to BRAF inhibitors. Preliminary phase I and II clinical trials have reported

high rates of response, however, with a median duration of response reported to

be only 6 months. We hypothesize that the antigenic release with these small

molecule inhibitors coupled with immune modulating antibodies to lower the

immune threshold for antitumor response may be synergistic in providing long-

lasting tumor immunity.

Finally, durable responses induced by anti-CTLA-4 therapy correlate with markers

of immune activity such as antigen-specificCD4+ orCD8+ cytokine release, antitumor

antibody formation, or cellular phenotype differentiation. Some patients exhibit

atypical responses to anti-CTLA-4 therapy, demonstrating transient/delayed

responses or heterogeneity by lesion site. Such atypical responses may offer insight

into the mechanism of anti-CTLA-4 therapy. Immune monitoring of individual

patients enables us to hypothesize regarding the mechanism of anti-CTLA-4 therapy.

When analyzed in a compendium, such analyses might assist us in determining

which immune processes are key, which combination therapies to pursue, and which

immune parameters can be used to guide treatment fine-tuning of the immune

system to achieve an optimal clinical result.
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Abstract Cancer immunotherapy is finally entering a new era with manipulation of

cosignaling pathways as a therapeutic approach, for which the principle was proved

nearly two decades ago. In addition to CTLA-4, CD137 and B7-H1/PD-1 pathways

are two new targets in the stage. CD137 pathway is costimulatory and its agonistic

antibody delivers potent signal to drive T cell growth and activation. On the other

hand, blockade of B7-H1/PD-1 pathway with antagonistic antibody has shown to
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protect ongoing T cell responses from impairment by immune evasion mechanism

in cancer microenvironment. With these tools in hand, a mechanism-based design

of combined immunotherapy with high efficacy is becoming a reality.

Abbreviations

APCs Antigen presenting cells

DCs Dendritic cells

HSV Herpes simplex virus

IDO Indoleamine-2,3-dioxygenase

LCMV Lymphocytic choriomeningitis virus

mAb Monoclonal antibody

MDCs Myeloid DCs

MHC Major histocompatibility complex

NK Natural killer

OVA Ovalbumin

TCR T cell receptor

TDLN Tumor-draining lymph node

TIL Tumor infiltrating T lymphocytes

TNF Tumor necrosis factor

1 Introduction

T-lymphocytes play a pivotal role in the control of cancer progression. The inherent

genetic instability in tumor cells results in the expression of aberrant antigenic

epitopes or the overexpression of normally repressed genes that could be recognized

by T cells of the host immune system (Pardoll 2003). However, the engagement of

T-cell receptors (TCRs) on T cells by the antigenic peptide/major histocompatibility

complex (MHC) on the surface of antigen-presenting cells is often not sufficient to

drive the activation of naive T cells leading to optimal immune responses (Lenschow

et al. 1996; Chen et al. 1994). Productive T-cell activation requires a second antigen-

independent cosignal, the “costimulatory signal” provided by the interaction of

accessory surface molecules between T cells and antigen presenting cells (APCs).

In the absence of costimulation, TCR-mediated activation of T cells resulted in

antigen-specific unresponsiveness (termed T-cell anergy), rendering the T cells

unable to respond to subsequent exposure to antigen (Schwartz 2003; Harding

et al. 1992). On the other hand, activated T cells are under tight control by different

sets of cell surface molecules through “co-inhibitory signal” to attenuate T cell

responses. These co-inhibitory signals are inducible or strengthen in responding to
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activation and has been shown to be a very powerful mechanism in negative

regulation of T cell-mediated immune responses (Chen 2004).

CD28 is the first identified costimulatory receptor constitutively expressed on

naı̈ve T cells. Upon binding to its ligands, B7-1 (CD80) and B7-2 (CD86) on APCs,

CD28 provides a potent costimulatory signal to T cells activated through their

TCRs, which enhances T-cell proliferation by induction of IL-2 transcription,

expression of IL-2 receptor CD25 and also confers critical survival signals to

T cells through the Bcl-XL pathway. Once T cells are activated, a closely related

molecule, cytotoxic T-lymphocyte antigen-4 (CTLA-4) (CD152), is induced to

express on the surface of activated T cells. CTLA-4 has higher affinity than

CD28 for the same ligands but appears to inhibit IL-2 production, IL-2 receptor

expression, and cell cycle progression, which attenuate the immune responses and

prevent autoimmune diseases (Carreno and Collins 2002; Sharpe and Freeman

2002). At present, a broad array of proteins has been identified to be involved in

T-cell costimulation. The specific binding between the paired costimulatory ligands

and receptors enhance or inhibit T cell responses by costimulatory signaling or

coinhibitory signaling through TCRs. These cosignaling interactions form a deli-

cate network to regulate and control initiation, expansion, development of effector

and memory T cell responses as well as T cell homeostasis at multiple stages of the

immune responses (Chen 2004; Wang and Chen 2004).

In the last two decades, the identification of tumor-associated antigens led to

development of a variety of vaccine strategies for tumor immunotherapy, including

peptides, proteins, whole cells, recombinant viral vectors, and antigen-pulsed

dendritic cells, aiming to parallel the successes achieved in developing vaccines

for infectious diseases. However, the attempts to target human cancers have been

significantly less successful than was initially envisaged possible. In some

instances, failure of consistent clinical responses including tumor regression has

occurred despite impressive immunologic responses, particularly those elicited

using anchor-modified epitopes as immunogens. The adoptive transfer of antigen-

specific T-cells has also showed limited success in patients with melanoma and

renal cell carcinoma (Morgan et al. 2006). These results offer evidences that

generation of a large in vivo population of tumor-reactive CD8+ T cells is not

singularly sufficient to mediate clinically significant tumor regression. This conclu-

sion is not so surprised because the challenges of delivering effective vaccines or

immunotherapies for tumor are aligned much more closely with those associated

with therapy of chronic or even ongoing infections than more acute infections, in

which the majority of the successes have come with prophylactic vaccination

strategies. Once the antigen-specific T cells are fully activated to become effector

cells, most of them are dead of apoptosis and less develop into functional memory

T cells compared to acute viral infection. Persistent antigen stimulation result in

corruption of effector T cell functions such as in chronic viral infections or tumor-

bearing state. Ex vivo analysis of tumor infiltrating lymphocytes (TILs) has gener-

ally demonstrated a dysfunctional state (Lee et al. 1999), which can be reversed

upon culture in vitro (Radoja et al. 2001). It is obvious that the long-term mainte-

nance of potent T-cells represents a significant challenge in patients with
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established or recurrent tumors. Fortunately, the positive and negative costimula-

tory pathways have been showed to play critical roles in regulating the survival and

functional corruptions (including anergy, tolerance, exhaustion, and dysfunction) of

effector T cell in the settings of persistent antigen stimulation, such as chronic viral

infections and the tumor-bearing state. In this context, CD137 and B7-H1/PD-1

cosignaling pathways are most promising candidates for manipulation to achieve

long-term potent anti-tumor T cell responses in patients.

2 The Costimulatory CD137 Signaling Pathway

2.1 The Expression of CD137L and CD137

CD137 (4-1BB, ILA, TNFRFS9) belongs to the tumor necrosis factor (TNF)

receptor superfamily and is inducibly expressed on T cells following stimulation

through the TCR complex (Pollok et al. 1993). With soluble antigens, such as

superantigens or ovalbumin (OVA) delivered with lipopolysaccharide (LPS),

CD137 is expressed only transiently on the T cells in vivo (Takahashi et al.

1999). However, CD137 expression can be prolonged with persistent antigen

stimulation, such as cardiac allograft rejection, adenovirus delivered antigen, per-

sistent herpes simplex virus (HSV)-1 infection, or severe influenza infection (Tan

et al. 2000; Seo et al. 2003; Lin et al. 2009). Thus, the effects of CD137 on activated

T cells may depend in part on its expression pattern in the particular model studied.

In addition to antigen stimulation, the cytokines of interleukin 2 (IL-2) and IL-15

can induce expression of CD137 on memory but not naive CD8+ T cells in vitro,
which may contribute to memory T cell survival after antigen clearance (Pulle et al.

2006; Sabbagh et al. 2007). Both CD8+ and CD4+ T cells, including Th1 and Th2

cells, can be induced to express CD137; however, at least in some circumstances,

CD8+ T cells can upregulate CD137 more rapidly and to higher levels than CD4+ T

cells (Wen et al. 2002; Futagawa et al. 2002). In addition to its well-established role

as an inducible costimulatory receptor on T cells, CD137 was also expressed on

activated natural killer (NK), dendritic cells (DCs), hepatoma cells and blood

vessels from individuals with malignant tumors (Futagawa et al. 2002; Broll et al.

2001; Melero et al. 1998a; Schwarz et al. 1995).

CD137L, a member of TNF superfamily, was found to be expressed following

stimulation on professional APCs including DCs and macrophages as well as

activated B cells (Alderson et al. 1994; Pollok et al. 1994), and is also expressed

on myeloid progenitors and hematopoietic stem cells (Lee et al. 2008; Jiang et al.

2008). CD137L expression appears to be tightly regulated in vivo, such that its

expression during an ongoing immune response in vivo is difficult to be detected at

the protein level (Lin et al. 2009). However, during chronic and inflammatory

conditions CD137L is more readily detectable at the mRNA or protein level (Tan

et al. 2000; Lin et al. 2009; Mack et al. 2008). The low and transient level of
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CD137L expression has made it difficult to study the immediate effects of CD137L

binding to CD137 in vivo.
When coupled with a strong signal through the TCR, engagement of CD137 can

induce IL-2 production of T cells independent of CD28 ligation. Early studies

demonstrated that ligation of CD137 by either cell surface CD137L or specific

antibodies provide a costimulatory signal to T cells, including both CD4+ and

CD8+ T cells, enhancing proliferation, cytokine production, and particularly sur-

vival (Takahashi et al. 1999; Schwarz et al. 1995; Alderson et al. 1994; Shuford

et al. 1997; Hurtado et al. 1997). The costimulatory signal has been shown to be

more potent for CD8+ T cells than CD4+ T cells (Shuford et al. 1997). Later studies

point to the role of CD137 engagement in augmenting rather than initiating T-cell

response and in sustaining their effector functions.

CD137 engagement on DCs using antibodies or transfected ligand enhances

their production of inflammatory cytokines, including IL-12 (p40/70) and IL-6, and

enhances their ability to activate T cells (Futagawa et al. 2002; Wilcox et al. 2002).

However, the relative importance of CD137 signaling in APCs versus T cells during

an ongoing immune response is unknown. Since anti-CD137 induced enhancement

of T-cell expansion in vivo appears to act primarily through CD137 on the T cells

rather than on the APCs (Sabbagh et al. 2008). Similarly, anti-CD137-induced

expansion of adoptively-transferred memory T cells required CD137 on the

T cells but not in the host (Zhu et al. 2007), arguing for direct effects of CD137

in the T cells.

2.2 Role of CD137 Cosignaling in Effector/Memory T Cells

The up-regulation of CD137 on antigen-experienced T cells suggests that CD137

cosignaling may target these primed T cells differentially, influencing those T cells

preferentially with highest avidity receptors. When wild-type or CD137L-deficient

mice were infected intraperitoneally with influenza A/X31, the primary expansion

and contraction of CD8+ T cells was indistinguishable over the first 2 weeks of the

response. However, there was a two- to threefold defect in the number of CD8+

T cells persisting at 3–5 weeks after infection, and a two- to threefold decrease in

the recall response to influenza A/PR8 in the CD137L-deficient mice (Bertram et al.

2002). This observation revealed a role for CD137L in controlling influenza

specific effector-memory T-cell numbers late in the primary response. In an adop-

tive transfer experiment, TCR-transgenic T cells were cultured with OVA antigen

peptide followed by human IL-15 to produce the cells with the surface phenotype of

central-memory T cells (CD62Lhigh CD44high IL-7R+ CCR7+ CD69+) (Manjunath

et al. 2001). Transfer of these in vitro-derived “memory phenotype” cells into

otherwise unmanipulated naive-wild-type or CD137L-deficient mice showed that

the absence of CD137L in the host resulted in a two- to threefold decrease in the

number of adoptively transferred T cells recovered in the spleen and bone marrow

compared with wild-type mice by 3 weeks post transfer under conditions where the
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rate of cell division (about one or two divisions in 3 weeks) was indistinguishable in

the mice (Pulle et al. 2006). Taken together, the CD137/CD137L interaction may

play a role in survival of effector-memory CD8+ T cell after antigen has been

cleared.

Our recent study found that systemic administration of anti-CD137 antibodies

induced expansion of CD4+ and CD8+ T cells with memory but not naı̈ve pheno-

type in mice (Zhu et al. 2007). The T cell activation and proliferation is antigen

independent. CD137 is required on the T cells and is dispensable in the host for anti-

CD137 to expand memory T cells. With systemic antibody treatment, both CD4+

and CD8+ memory T cells were expanded, and this expansion was due to increased

division as measured by bromodeoxyuridine incorporation. In contrast, CD137L

deficiency influenced the CD8+ but not the CD4+ memory T-cell pool largely

through effects on survival rather than on cell division (Pulle et al. 2006). It is

possible that the supraphysiological anti-CD137 or overexpressed CD137L signal

is sufficient to drive T-cell proliferation, whereas the endogenous level of CD137L

in the host may not be sufficient for this effect. In summary, data from both

knockout mice as well as from systemic treatment of unimmunized mice with

stimulatory anti-CD137 antibodies support a role for CD137 on memory T cells

receiving signals from CD137L in the host to maintain CD8+ T-cell memory.

3 Strategies to Augment Tumor Immunity by Stimulating

CD137

Ligation of costimulatory receptor CD137 by either its ligand or agonistic anti-

bodies has been shown to provide a potent costimulatory signal, which is more

potent for CD8+ T cells than for CD4+ T cells. Particularly, CD137 is specifically

expressed on antigen-activated T cells and provides a potent costimulatory signal

for enhancing the functions of effector/memory T cells and for maintaining the

T cells survival. These results raise great interest in manipulation of the CD137

pathway as a therapeutic target for cancer therapy.

3.1 Tumor Therapy with Agonist Anti-CD137 Antibody

In an early study, agonist anti-CD137 mAb was shown to induce regression of

established tumors including the poor immunogenic Ag104A sarcoma and the

highly tumorigenic p815 mastocytoma in mouse models (Melero et al. 1997). The

anti-tumor effect required both CD4+ and CD8+ T cells and was accompanied by

marked augmentation of tumor-specific CTL activity. Subsequent studies showed

that agonist anti-CD137 mAbs induced the complete regression of many types

of established tumors induced by transplantable syngeneic mouse tumor lines

(May et al. 2002; Kim et al. 2001; Lynch 2008).
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The mechanisms of CD137 mAb-mediated tumor regression are yet to be

elucidated. Several possible mechanisms include the breaking of immunological

ignorance, prevention of T cell tolerance/anergy and deletion, and are largely

dependent on the models employed. In an established C3 tumor model, CTLs

against a model tumor antigen, human papillomavirus E7 oncoprotein, are not

anergic or deleted, but remain naı̈ve. Immunological ignorance of specific CTLs

appears to prevent anti–CD137 mAb from activating tumor immunity, since anti–

CD137 mAb itself neither activates tumor-specific CTLs nor induces the regression

of established C3 tumors. Similar observations were made in the TC-1 lung

carcinoma and B16-F10 melanoma models. Immunization with E7 tumor peptide

in the presence of adjuvant stimulated E7-specific CD8+ CTL, leading to elimina-

tion of T cell ignorance, albeit is still insufficient to regress the established C3

tumor. In combination with anti-CD137 mAb, a high level of E7-specific CTLs was

elicited, leading to the complete regression of established C3 tumors in vivo. These
studies indicate that cancer cells may not be able to initiate antigen-specific CTL

response and initial trigger of such responses is critical. Similarly, treatment of

tumor-bearing mice with Flt3L (a cytokine that promotes the generation of large

numbers of DCs in vivo) resulted in the generation of effective CD8+ T-cell-

mediated immune responses by enhancing the efficiency of antigen presentation

to T cells. There was a clear cooperative effect when Flt3L and anti-CD137

treatments were combined in tumor-bearing mice (Miller et al. 2002). Treatment

of mice that have been immunized with either GM-CSF-secreting tumor cells or a

DC-based vaccine with CD137 mAb also results in augmentation of the anti-tumor

immune responses (Li et al. 2007; Ito et al. 2004). Collectively, these results

suggest that selective stimulation of antigen-specific T cells is prerequisite for

CD137 agonists to operate. Interestingly, several reports in rodent models have

also shown synergistic effects of agonistic anti-CD137 mAb in combination with

anti-tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and CD40

mAbs (Uno et al. 2006), with intratumoral introduction of the IL-12 gene (Xu et al.

2005), or with chemotherapy or radiotherapy (McMillin et al. 2006; Shi and

Siemann 2006). These observations provide important information for developing

combination studies in the clinic.

A somewhat unusual feature accompanied with anti-CD137 mAb therapy is

diminished pathology in autoimmune disease models. Sun and colleagues showed

that the same agonist anti-CD137 antibody used to promote anti-tumor immunity

resulted in ameliorating both the incidence and severity of experimental autoimmune

encephalomyelitis (EAE) (Sun et al. 2002a). Many other studies have confirmed

the beneficial effects of anti-CD137 mAb in various autoimmune disease models

including rheumatoid arthritis (Seo et al. 2004), and systemic lupus erythematosis

(Vinay et al. 2006). In a transplantation model, anti-CD137 was also shown to

inhibit rejection of intestinal allografts in mice (Wang et al. 2003a). Although a

complete understanding of these differential effects is lacking, the promotion of

regulatory T cell development and activity is believed to play a role. Additional

potential explanations for immune suppression in some settings include the apparent

ability to delete CD4+ T cells, retard B-cell function, and upregulation of
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indoleamine-2,3-dioxygenase (IDO) and IFN-g (Sun et al. 2002a, 2002b; Seo et al.

2004; Vinay et al. 2006). Therefore, anti-CD137 mAb represents a unique immuno-

therapeutic agent that could be applied to both immune potentiating for tumor

immunity and immune suppressive for certain autoimmune diseases.

3.2 Whole Cell Vaccines with Capacity to Stimulate CD137

Introduction of costimulatory molecules into tumor cells to improve its ability as

better APCs has become a common therapeutic vaccine in tumor immunotherapy.

Transfection of tumor cells to express CD137L showed to enhance immunogenicity

of murine P815 mastocytoma or AG104A sarcoma lines by developing a strong

CTL response, which rejected these tumors (Melero et al. 1998b). Although CD137

is an independent costimulator, optimal effect of CD137L in CTL stimulation may

require B7-CD28 interaction since blockade of this interaction by antibodies down-

regulated the expression of CD137 on T cells and decreased CTL activity. Further-

more, co-expression of CD137L and B7-1 in the poorly immunogenic AG104A

sarcoma enhanced the induction of effector CTL and the rejection of the wild-type

tumor while neither CD137L nor B7-1 single transfectants were effective (Melero

et al. 1998b). In a later study using the A20, a B-cell lymphoma cell line, a similar

result was obtained (Guinn et al. 1999). These results suggest that a synergistic

effect between the CD137 and the CD28 co-stimulatory pathways in the anti-tumor

immune responses. Although CD137 can function independently of CD28 to deliver

a co-mitogenic signal for T cell proliferation and IL-2 production (DeBenedette

et al. 1997), B7-CD28 costimulatory signaling is required for the optimal expression

of CD137 on T cells, which in return further promote the anti-tumor functions of

the activated T cells.

In order to deliver CD137L to tumor for tumor therapy, a replication-defective

adenovirus expressing CD137L genewas constructed. In a syngeneic mousemodel of

liver tumor metastasis induced by intrahepatic injection of the poorly immunogenic

MCA26 colon cancer cells, various combinations of replication-defective adeno-

viruses expressing IL-12 and CD137L cDNA were injected into the established

liver tumor. The long-term survival rate of mice treated with the combination of

IL-12 and CD137L were significantly improved over that of animals in the control

groups. In vivo depletion of NK cells or CD8+ T cells completely abolished the long-

term survival advantage of the IL-12 plus CD137L-treated animals (Martinet et al.

2000). When combined with IL-12 gene transfer, systemic administration of the

Ig-CD137L fusion protein can generate a better antitumor response than local gene

delivery. In this combination therapy, the Ig-CD137L is as potent as the agonistic

anti-CD137 antibody for the treatment of hepatic MCA26 colon carcinoma, resulting

in 50% complete tumor regression and long-term survival. In long-term surviving

mice, both treatment modalities induced persistent tumor-specific CTL activity

(Xu et al. 2005).
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It would appear that the transfection of CD137L cDNA into tumor cells as a

whole cell tumor vaccine may not be as effective as anti-CD137 mAb. In the murine

sarcoma line Ag104, the tumor cells which express CD137L had no therapeutic

activity unless they were also transfected with B7-1 (Melero et al. 1998b).

However, the injection of anti-CD137 mAb into mice with the same tumor

(Ag104) caused tumor destruction (Melero et al. 1997). In order to create a vaccine

that stimulate the immune system as a monoclonal antibody does, Ye and collea-

gues constructed a vector encoding cell-bound single-chain Fv fragments from a

hybridoma secreting CD137 mAb, and transfected to express this gene into K1735

melanoma cells which expressed low levels of MHC class I molecules and were

poorly immunogenicity. Mice vaccinated with modified tumor cells rejected estab-

lished wild-type K1735 tumors growing as subcutaneous nodules or in the lung

(Ye et al. 2002).

3.3 Adoptive Transfer of T Cells with CD137 Costimulation

Adoptive transfer of tumor-reactive T cells represents an effective immunothera-

peutic strategy for cancer treatment. Clinical trials have demonstrated beneficial

effects of adoptive immunotherapy in malignant melanoma (Dudley et al. 2002;

Yee et al. 2002), renal cell carcinoma (Kawai et al. 2003), EBV-associated naso-

pharyngeal carcinoma (Straathof et al. 2005), Hodgkin’s Disease (Bollard et al.

2004) and glioma (Tsuboi et al. 2003) with ex vivo expanded CTLs. Efficacy of

T-cell adoptive transfer may be improved through optimization of in vitro expan-

sion, characterization of effector populations, and/or by enhancing the function and

survival of transferred CTLs to facilitate establishment of immunologic memory.

Several studies have examined the possibility of using CD137 costimulation for

the generation of tumor-reactive T cells for adoptive immunotherapy. Addition of

an agonistic anti-CD137 mAb to in vitro cultures of tumor-draining lymph node

(TDLN) cells with anti-CD3/anti-CD28 antibodies enhanced expansion, type 1

cytokine production, and survival of T cells. When anti-CD3/anti-CD28/anti-

CD137-expanded TDLN cells were adoptively transferred into MCA 205 tumor-

bearing mice, significantly fewer metastatic lesions and prolonged survival of mice

were observed compared with TDLN cells stimulated without anti-CD137 (Li et al.

2003). Strome et al. (2000) isolated T cells from the TDLN of mice bearing

disseminated micrometastasis of a poorly immunogenic, MHC class I-negative

A9P squamous cell carcinoma. The T cells expended with combination of anti-

CD3/anti-CD28/anti-CD137 were more effective than those activated by anti-CD3

alone or anti-CD3/anti-CD28 in mediating antitumor reactivity.

Currently, a majority of investigators generated T cells for clinical trials of

adoptive immunotherapy by repetitive TCR-based stimulation of peripheral blood

lymphocytes using various APCs. The CD28 costimulation is a commonly used

approach for expanding T cells since B7/CD28 pathway is widely considered an

important costimulatory pathway for TCR activation. However, bead-based
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anti-CD3/CD28 artificial APCs (aAPCs) induced brisk expansion of CD4+ popula-

tions but not CD8+ T cells (Deeths et al. 1999; Laux et al. 2000), demonstrating that

the CD28 costimulation may not be sufficient for expansion of CD8+ CTL. Maus

et al. (2002) demonstrated that the incorporation of CD137L into an aAPC greatly

augmented the capacity for Ag-specific expansion of CD8+ T cells ex vivo. Zhang
et al. (2007) directly compared the efficacy of CD28 vs. CD137 signaling in the

expansion of CD8+ CTL, and showed that anti-CD3/CD137L aAPCs preferentially

expand memory CD8+ T cells, resulting in an increased frequency of cells respond-

ing to viral recall antigens in the expanded cultures from healthy donors, whereas

anti-CD3/anti-CD28 aAPCs preferentially expand naı̈ve CD8+ cells and therefore

do not enrich for viral-specific CTL. The CTL expanded using CD137 costimula-

tion mediate enhanced cytolytic capacity compared with using CD28 costimulation.

For more effectively expanding tumor-specific CTL, the recombinant replication-

defective adenovirus and HSV amplicons encoding CD137L were constructed and

used to convert autologous monocytes or tumor cells into efficient APC (Serghides

et al. 2005; Yi et al. 2007). These systems provide theoretical means to selectively

expand tumor-specific effector populations without the need for pre-sorting for

tumor-reactive T cells.

As an alternative to deliver the CD137 signal, Stephan and colleagues (Stephan

et al. 2007) recently employed a genetic approach to constitutively co-express

CD80 and CD137L in primary human cytomegalovirus (CMV)-specific T cells

and prostate-specific membrane antigen (PSMA)-targeted T cells, substituting for

the lack of these ligands on APCs. The T cells expressing CD80 and CD137L

vigorously respond to tumor cells lacking costimulatory ligands and provoked

potent rejection of large, systemic tumors in immunodeficient mice. These findings

obtained in a very challenging tumor model, underscore the remarkable biological

activity and potency of constitutive, high-level expression of costimulatory ligands

on T cells.

4 The Coinhibitory B7-H1/PD-1 Signaling Pathway

4.1 Expression of B7-H1, B7-DC and PD-1

B7-H1 (CD274) (Dong et al. 1999) and B7-DC (CD273) (Tseng et al. 2001) were

initially identified as a potential costimulatory molecule that could stimulate T cell

responses in the presence of TCR signaling. While the overall expression of B7-H1

and B7-DC transcripts is similarly found in various lymphoid and nonlymphoid

tissues (Dong et al. 1999; Freeman et al. 2000; Latchman et al. 2001; Tamura et al.

2001), the expression profiles of cell surface proteins are quite distinct. The

expression of B7-H1 protein, although virtually absent in normal tissues except

macrophage and dendritic cell-like cells, could be induced in a variety of tissues

and cell types, such as DCs, macrophages, B cells, T cells, NK cells, and bone
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marrow-derived mast cells, epithelial cells, muscle cells, trophoblast, endothelial

cells and various tumor cells (Dong et al. 1999; Tamura et al. 2001). On the

contrary, cell surface B7-DC was mainly detected on several types of myeloid

cells including DCs and macrophages (Tseng et al. 2001). Cell surface expression

of both B7-H1 and B7-DC could be up-regulated upon activation or IFN-g treat-

ment of human monocytes and DCs (Tseng et al. 2001; Dong et al. 2002).

PD-1 is a distant homologue of CTLA-4 molecule, which was originally identi-

fied as a gene that was highly expressed by cell lines undergoing programmed cell

death (Ishida et al. 1992). PD-1 is not detectable on naive T cells but its expression

goes up in T cells, B cells, and myeloid cells after activation (Freeman et al. 2000;

Agata et al. 1996). PD-1 expression is also upregulated on purified human T cells by

cytokines using the common gamma chain including IL-2, IL-7, IL-15, and IL-21 in

the absence of TCR ligation (Kinter et al. 2008). PD-1 is retained in an intracellular

compartment of freshly isolated regulatory T cells, but is translocated to the cell

surface after TCR stimulation (Raimondi et al. 2006). The expression of PD-1 is

particularly high on the surface of functionally exhausted CD8+ effector T cells

during persistent viral infections in both mice and humans (Barber et al. 2006; Day

et al. 2006).

4.2 Complex Interactions Among B7-H1, B7-DC, B7-1, PD-1,
and Possible Additional Binding Partners

Both B7-H1 and B7-DC were found to bind PD-1 and, therefore, were renamed as

PD ligand 1 (PD-L1) and PD ligand 2 (PD-L2), respectively, to emphasize PD-1 as

a receptor (Freeman et al. 2000; Latchman et al. 2001). This nomenclature, however,

undermines the complex costimulatory interactions within this pathway because

subsequent studies demonstrated that B7-H1 could suppress T cell responses by

interacting with another independent receptor B7-1 (Butte et al. 2007, 2008).

Furthermore, B7-H1 was shown to be a receptor and could utilize PD-1 as a ligand

to deliver an anti-apoptotic signal (Azuma et al. 2008).

The predominant role of PD-1 is inhibitory for immune responses, and this

notion is supported by the phenotypes of lymphoproliferative/autoimmune diseases

in PD-1-deficient mice (Okazaki and Honjo 2006). There is ample evidence that the

major ligand for the suppressive function of PD-1 in vivo appears to be B7-H1

because results obtained from PD-1 or B7-H1 deficient mice as well as blocking

antibodies against PD-1 or B7-H1 are often similar (Nishimura et al. 1999, 2001).

However, B7-H1 deficient mice do not develop autoimmune diseases, albeit mild to

moderate levels of CD8+ T cell accumulation are common in peripheral organs

(Dong et al. 2004). In T cell culture systems, studies reveal either positive or

negative function of B7-H1 and B7-DC in T cell growth and cytokine production,

highlighting a lack of reliable in vitro models for the prediction of their functions

in vivo. Possible interpretations for these somewhat confusing data are either
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additional receptor(s) for B7-H1 and B7-DC or possible receptor functions of these

so-called “ligand” molecules. B7-H1 was recently shown to mediate suppressive

functions through B7-1 on T cells (Butte et al. 2007). Our studies using structural

biology and site-directed mutagenesis approaches have led to the characterization

of B7-H1 and B7-DC mutants with abolished PD-1 binding capacity (Wang et al.

2003b). Interestingly, several such mutants are still able to costimulate proliferation

and cytokine production of T cells from normal or even PD-1–/– mice at a compa-

rable level to wild type B7-H1 and B7-DC. The costimulation of B7-DC in

conjunction with B7-1 for cytokine production is also shown to be PD-1 indepen-

dent (Shin et al. 2003). Therefore, B7-H1 and B7-DC may costimulate T cell

growth through a receptor other than PD-1 and B7-1. In addition to being a ligand,

B7-H1 could also act as a receptor and utilize PD-1 as the ligand. By transfection of

intracellular domain-deficient B7-H1 or PD-1 into tumor cells or T cells, respec-

tively, cancer cells expressing truncated B7-H1 lost their resistance to lysis by

tumor antigen-specific CD8+ T cells. In contrast, truncated PD-1 on T cells was still

able to act as a ligand for full length B7-H1 on cancer cells to deliver an anti-

apoptotic signal (Azuma et al. 2008). Therefore, it is premature to conclude that the

interaction between B7-H1 and PD-1 is exclusively suppressive.

4.3 B7-H1/PD-1 Interaction in the Suppression of Immune
Responses

The broad distribution of B7-H1 in non-lymphoid organs and the autoimmune

phenotype of PD-1�/� mice suggest a role of PD-1 signaling in the regulation of

peripheral self-tolerance of T cells. PD-1�/� mice on the C57BL/6 background

develop a lupus-like arthritis (Nishimura et al. 1999), while BALB/c mice develop a

cardiomyopathy secondary to the production of an autoantibody directed against

cardiac troponin (Nishimura et al. 2001; Okazaki et al. 2003). The autoimmunity

that occurred in PD-1�/�mice is different from that which developed in CTLA-4�/�

mice. The CTLA-4 deficient mice died within 3�4 weeks of birth from massive

lymphocytic infiltration and tissue destruction in critical organs (Waterhouse et al.

1995; Tivol et al. 1995), while PD-1�/� mice developed strain-specific autoimmu-

nity in old age (Nishimura et al. 1999, 2001). These differences may reflect the

different regulatory roles of these two negative cosignaling pathways in self-reactive

T cells. CTLA-4 signaling controls the activation of self-reactive T cells, while PD-1

signaling plays critical roles in regulating the effector functions of activated self-

reactive T cells in peripheral tissues. In addition, PD-1 and B7-H1 have also been

shown to be involved in fetomaternal tolerance (Guleria et al. 2005), the regulation

of alloimmune responses (Sandner et al. 2005), graft-versus-host disease (Blazar

et al. 2003), and autoimmune disease in multiple mouse models (Wang et al. 2005;

Salama et al. 2003; Ansari et al. 2003; Matsumoto et al. 2004). These results suggest
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a predominant role of B7-H1 and PD-1 interactions in the establishment and/or

maintenance of peripheral tolerance.

B7-H1/PD-1 interaction appears to play a critical role in regulation of exhausted

virus-specific CD8+ effector T cells during persistent viral infections. PD-1 is

upregulated upon activation, and a functionally significant high level of expression

is maintained by exhausted CD8+ T cells in mice chronically infected with lym-

phocytic choriomeningitis virus (LCMV) (Barber et al. 2006). In vivo administra-

tion of antibodies that block the interaction of B7-H1 and PD-1 restores the ability

of the exhausted CD8+ T cells to proliferate, secrete cytokines, kill infected targets,

and decrease viral load in the animals. Similarly, PD-1 is expressed at high levels on

non-functional T cells during human immunodeficiency virus (HIV) infections, and

anti-PD-1 or anti-B7-H1 antibodies are able to restore their proliferation and

effector functions, at least in vitro (Day et al. 2006; Trautmann et al. 2006).

Comparable findings have been observed during chronic infections with hepatitis

B and C viruses (Boni et al. 2007; Urbani et al. 2006; Penna et al. 2007),

Helicobacter pylori (Das et al. 2006), and Mycobacterium tuberculosis (Jurado

et al. 2008). PD-1 expression was dramatically upregulated on effector CD8+

T cells in acute and chronic LCMV infection, and was then rapidly downregulated

after the virus is cleared in acutely infected mice. In contrast, PD-1 expression

continued to increase on virus-specific CD8+ T cells in chronically infected mice,

and the high level of expression was sustained (Barber et al. 2006).

5 Manipulation of B7-H1/PD-1 Pathway in Tumor

Immunotherapy

5.1 B7-H1/PD-1 Pathway in the Evasion of Tumor Immunity

Our early observation that multiple human tumor lines and freshly isolated cancer

cells over-express B7-H1 (Dong et al. 2002) has prompted the investigation of the

potential role of B7-H1/PD-1 pathway in the regulation of tumor immunity. Many

human cancers have been reported to aberrantly express B7-H1 (Dong et al. 2002;

Hamanishi et al. 2007). Upregulation of B7-H1 is strongly associated with local

inflammatory and immune responses because IFN-g is found to be the most potent

inducer of B7-H1 (Keir et al. 2008). Retrospective studies showed a significant

correlation of intra-tumor B7-H1 expression with poor prognosis in ovarian cancer

(Hamanishi et al. 2007), renal cancer (Thompson et al. 2004, 2006), pancreatic

cancer (Nomi et al. 2007), breast cancer (Ghebeh et al. 2006), and bladder urothelial

carcinoma (Inman et al. 2007; Nakanishi et al. 2007). In addition, 41% of TILs

expressed B7-H1 in breast cancer, which was associated with a large tumor size and

Her2/neu–positive status (Ghebeh et al. 2006). In renal cell cancer, a high expres-

sion level of B7-H1 on both tumor cells and TILs correlated with aggressive tumor

behavior and was associated with a 4.5-fold higher risk of cancer-related death than
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patients with low B7-H1 (Thompson et al. 2004). Interestingly, the expression level

of B7-H1 on tumor cells was found to correlate inversely with numbers of ovarian

intraepithelial CD8+ T cells, the presence of which was associated with impro-

ved patient outcomes (Hamanishi et al. 2007). In contrast to B7-H1, expression of

B7-DC in tumors was much less frequent, which is due to the fact that B7-DC is

generally limited to myeloid cells.

To test whether over-expression of B7-H1 on tumor cells impaired anti-tumor

immunity, murine immunogenic P815 cells were transfected to express B7-H1.

B7-H1 expressing tumor cells were relatively resistant to in vitro cytolysis of

tumor-specific CTL compared with control P815 cells (Iwai et al. 2002; Hirano

et al. 2005) and resistant to immunotherapy of anti-CD137 mAb. But blockade

with anti-B7-H1 restores the response to anti-CD137 treatment (Hirano et al.

2005). In a different model, the effect of over expression of B7-H1 on the murine

squamous cell cancer cell line SCCVII resulted in diminished immune-mediated

control that was restored upon B7-H1 blockade (Strome et al. 2003). Tumor

outgrowth of the naturally B7-H1-expressing J558L myeloma cell line was con-

trolled in syngeneic PD-1�/� mice and in wild type mice treated with anti-B7-H1

mAb (Iwai et al. 2002).

In addition to a direct effect by B7-H1 expressed on tumor cells, tumor-associated

APCs can also utilize the B7-H1/PD-1 pathway to control antitumor T cell

responses. Myeloid DCs (MDCs) generated from peripheral blood of ovarian cancer

patients express high levels of B7-H1, which could be upregulated by tumor

environmental factors IL-10 and vascular endothelial growth factor (VEGF)

in vitro. T cells stimulated in the presence of autologous tumor MDCs and anti-

B7-H1 mAb augmented T-cell effector function and led to improved control of the

growth of human ovarian carcinomas inoculated in non-obese diabetic (NOD)/

severe combined immunodeficiency (SCID) mice (Curiel et al. 2003). Plasmacytoid

DCs in the TDLN of B16 melanoma express IDO, which strongly activates the

suppressive activity of regulatory T cells. The suppressive activity of IDO-treated

regulatory T cells required cell contact with IDO-expressing DCs and was abrogated

by B7-H1 blockade (Sharma et al. 2007).

Although the outcome of B7-H1 expression on cancer microenvironment, espe-

cially on cancer cells, remains to be determined in a prospective study, ample

evidence supports that aberrant over-expression of B7-H1 on tumor cells impairs

antitumor immunity – resulting in the immune evasion in cancer microenviron-

ment. The mechanisms by which tumor-associated B7-H1 might protect tumors

from T-cell-mediated immune destruction have been explored by the induction of

tumor-specific T cell death (Dong et al. 2002) or by making the tumor cells resistant

to T-cell-mediated destruction (Hirano et al. 2005). Like the “exhausted” viral

antigen-specific T cells in chronic viral infection, the majority of TILs express

high level of PD-1 compared with the T cells in normal tissues and peripheral blood

lymphocytes. The overwhelming majority of CD8 T cells specific for the tumor

differentiation antigen MART-1/ Melan-A (hereafter, MART-1) expressed high

levels of PD-1 in tumors compared with MART-specific T cells in peripheral blood

in the same patients. PD-1 expression correlated with an exhausted phenotype and
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impaired effector function (Ahmadzadeh et al. 2009). Two independent groups

(Zhang et al. 2009; Mumprecht et al. 2009) also showed that tumor-specific CTLs

express high levels of PD-1 and have impaired function in a mouse model of

chronic myelogenous leukemia (CML) and acute myelogenous leukemia (AML).

They confirmed not only that PD-1 expression is a marker of T-cell exhaustion, but

also that B7-H1 expressed by tumor cells contributes to T-lymphocyte dysfunction.

These findings suggest that the tumor microenvironment can lead to up-regulation

of PD-1 on tumor-reactive T cells and contribute to impaired antitumor immune

responses.

5.2 Blocking B7-H1/PD-1 Pathway in Cancer Therapy

With extensive data showing that the B7-H1/PD-1 pathway plays a critical role in

evasion of tumor immunity, ironically, blockade of B7-H1 or PD-1 by mAb as

single agent is often not very effective in treating established tumors induced by

transplantable murine tumor lines. In several tumor models using highly immuno-

genic murine tumors, marginal to moderate therapeutic effects were observed

(Nomi et al. 2007; Iwai et al. 2002, 2005; Strome et al. 2003; Webster et al.

2007). These findings, however, are not totally unexpected because blockade of

B7-H1 or PD-1 is not expected to directly stimulate immune responses, but protect

ongoing T cell responses to tumor antigens. In the majority of transplantable tumor

models, rapid growth of transplanted tumors in syngeneic mice may not allow

development of a significant T cell response against the tumor, and the majority of

tumor antigen-specific T cells remain ignorant (Chen 1998). To support this notion,

immunization of tumor-bearing mice with cancer vaccines (Webster et al. 2007) or

other means to stimulate T cell response (Nomi et al. 2007; Hirano et al. 2005;

Strome et al. 2003) together with blockade of anti-B7-H1 or anti-PD-1 mAb often

gives dramatic synergistic effects. These observations highlight the importance of

mechanism–based design of cancer therapeutics to maximize efficacy.

Two phase I clinical trials using anti-PD-1 antibodies have been completed for

the treatment of patients with advanced malignancies. CT-011 is a humanized

antibody against PD-1, and the ability of CT-011 to enhance the function of

human tumor-specific T cells has been tested in vitro (Wong et al. 2007). Blockade

of PD-1 with this mAb during in vitro stimulation with melanoma peptide increased

the numbers and effector activity of tumor-specific human T cells. Both Th1

and Th2 cytokine production were increased. PD-1 blockade did not change the

percentage of apoptotic antigen-specific human T cells, suggesting that the increase

in number was due to increased proliferation, not decreased death. A phase I

clinical trial in 17 patients with advanced hematologic malignancies showed that

this antibody was well tolerated and has had clinical benefit in 33% of patients with

one complete remission. Development of autoimmunity was not reported in this

trial (Berger et al. 2008). In a phase I study of MDX-1106, a fully human mAb

against PD-1, in patients with advanced solid cancer, 39 patients with colorectal
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cancer, melanoma, prostate cancer, non-small cell lung carcinoma and renal cell

carcinoma were treated with MDX-1106 from 0.3 to 10 mg/kg. Administration of

MDX-1106 was safe in general and even high doses of antibody were well

tolerated. Toxicities include grade 2–3 anemia, lymphopenia, colitis, and arthritis.

Clinical responses include one durable complete response (CR), two partial

response (PR) and two mixed responses in 39 patients (Brahmer et al. 2008).

Experimental and clinical results indicates that manipulation of B7-H1/PD-1

pathway provides a new class of agents and represents a promising new strategy for

tumor therapy that might be able to synergize with other therapeutic approaches to

increase efficacy of the cancer treatments.

References

Agata Y, Kawasaki A, Nishimura H, Ishida Y, Tsubata T, Yagita H, Honjo T (1996) Expression

of the PD-1 antigen on the surface of stimulated mouse T and B lymphocytes. Int Immunol 8:

765–772

Ahmadzadeh M, Johnson LA, Heemskerk B, Wunderlich JR, Dudley ME, White DE, Rosenberg

SA (2009) Tumor antigen-specific CD8 T cells infiltrating the tumor express high levels of PD-

1 and are functionally impaired. Blood 114:1537–1544

Alderson MR, Smith CA, Tough TW, Davis-Smith T, Armitage RJ, Falk B, Roux E, Baker E,

Sutherland GR, DinWS (1994) Molecular and biological characterization of human 4-1BB and

its ligand. Eur J Immunol 24:2219–2227

Ansari MJ, Salama AD, Chitnis T, Smith RN, Yagita H, Akiba H, Yamazaki T, Azuma M, Iwai H,

Khoury SJ, Auchincloss H Jr, Sayegh MH (2003) The programmed death-1 (PD-1) pathway

regulates autoimmune diabetes in nonobese diabetic (NOD) mice. J Exp Med 198:63–69

Azuma T, Yao S, Zhu G, Flies AS, Flies SJ, Chen L (2008) B7-H1 is a ubiquitous antiapoptotic

receptor on cancer cells. Blood 111:3635–3643

Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, Freeman GJ, Ahmed R

(2006) Restoring function in exhausted CD8 T cells during chronic viral infection. Nature 439:

682–687

Berger R, Rotem-Yehudar R, Slama G, Landes S, Kneller A, Leiba M, Koren-Michowitz M,

Shimoni A, Nagler A (2008) Phase I safety and pharmacokinetic study of CT-011, a humanized

antibody interacting with PD-1, in patients with advanced hematologic malignancies. Clin

Cancer Res 14:3044–3051

Bertram EM, Lau P, Watts TH (2002) Temporal segregation of 4-1BB versus CD28-mediated

costimulation: 4-1BB ligand influences T cell numbers late in the primary response and

regulates the size of the T cell memory response following influenza infection. J Immunol

168:3777–3785

Blazar BR, Carreno BM, Panoskaltsis-Mortari A, Carter L, Iwai Y, Yagita H, Nishimura H, Taylor

PA (2003) Blockade of programmed death-1 engagement accelerates graft-versus-host disease

lethality by an IFN-gamma-dependent mechanism. J Immunol 171:1272–1277

Bollard CM, Aguilar L, Straathof KC, Gahn B, Huls MH, Rousseau A, Sixbey J, Gresik MV,

Carrum G, Hudson M, Dilloo D, Gee A, Brenner MK, Rooney CM, Heslop HE (2004)

Cytotoxic T lymphocyte therapy for Epstein-Barr virus+ Hodgkin’s disease. J Exp Med

200:1623–1633

Boni C, Fisicaro P, Valdatta C, Amadei B, Di Vincenzo P, Giuberti T, Laccabue D, Zerbini A,

Cavalli A, Missale G, Bertoletti A, Ferrari C (2007) Characterization of hepatitis B virus

(HBV)-specific T-cell dysfunction in chronic HBV infection. J Virol 81:4215–4225

260 S. Wang and L. Chen



Brahmer JR, Topalian S, Wollner I, Powderly JD, Picus J, Drake C, Covino J, Korman A,

Pardoll D, Lowy I (2008) Safty and activity of MDX-1106 (ONO-4538), an anti-PD-1

monoclonal antibody, in patients with slected refractory or relapsed malignancies. J Clin

Oncol 26(May 20 suppl 15S):3006

Broll K, Richter G, Pauly S, Hofstaedter F, Schwarz H (2001) CD137 expression in tumor vessel

walls. High correlation with malignant tumors. Am J Clin Pathol 115:543–549

Butte MJ, Keir ME, Phamduy TB, Sharpe AH, Freeman GJ (2007) Programmed death-1 ligand 1

interacts specifically with the B7-1 costimulatory molecule to inhibit T cell responses. Immu-

nity 27:111–122

Butte MJ, Pena-Cruz V, KimMJ, Freeman GJ, Sharpe AH (2008) Interaction of human PD-L1 and

B7-1. Mol Immunol 45:3567–3572

Carreno BM, Collins M (2002) The B7 family of ligands and its receptors: new pathways for

costimulation and inhibition of immune responses. Annu Rev Immunol 20:29–53

Chen L (1998) Immunological ignorance of silent antigens as an explanation of tumor evasion.

Immunol Today 19:27–30

Chen L (2004) Co-inhibitory molecules of the B7-CD28 family in the control of T-cell immunity.

Nat Rev 4:336–347

Chen L, McGowan P, Ashe S, Johnston J, Li Y, Hellstrom I, Hellstrom KE (1994) Tumor

immunogenicity determines the effect of B7 costimulation on T cell-mediated tumor immunity.

J Exp Med 179:523–532

Curiel TJ, Wei S, Dong H, Alvarez X, Cheng P, Mottram P, Krzysiek R, Knutson KL, Daniel B,

Zimmermann MC, David O, Burow M, Gordon A, Dhurandhar N, Myers L, Berggren R,

Hemminki A, Alvarez RD, Emilie D, Curiel DT, Chen L, Zou W (2003) Blockade of B7-H1

improves myeloid dendritic cell-mediated antitumor immunity. Nat Med 9:562–567

Das S, Suarez G, Beswick EJ, Sierra JC, Graham DY, Reyes VE (2006) Expression of B7-H1 on

gastric epithelial cells: its potential role in regulating T cells during Helicobacter pylori

infection. J Immunol 176:3000–3009

Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, Mackey EW, Miller JD,

Leslie AJ, DePierres C, Mncube Z, Duraiswamy J, Zhu B, Eichbaum Q, Altfeld M, Wherry EJ,

Coovadia HM, Goulder PJ, Klenerman P, Ahmed R, Freeman GJ, Walker BD (2006) PD-1

expression on HIV-specific T cells is associated with T-cell exhaustion and disease progres-

sion. Nature 443:350–354

DeBenedette MA, Shahinian A, Mak TW, Watts TH (1997) Costimulation of CD28- T lympho-

cytes by 4-1BB ligand. J Immunol 158:551–559

Deeths MJ, Kedl RM, Mescher MF (1999) CD8+ T cells become nonresponsive (anergic)

following activation in the presence of costimulation. J Immunol 163:102–110

Dong H, Zhu G, Tamada K, Chen L (1999) B7-H1, a third member of the B7 family, co-stimulates

T-cell proliferation and interleukin-10 secretion. Nat Med 5:1365–1369

Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB, Roche PC, Lu J, Zhu G,

Tamada K, Lennon VA, Celis E, Chen L (2002) Tumor-associated B7-H1 promotes T-cell

apoptosis: a potential mechanism of immune evasion. Nat Med 8:793–800

Dong H, Zhu G, Tamada K, Flies DB, van Deursen JM, Chen L (2004) B7-H1 determines

accumulation and deletion of intrahepatic CD8(+) T lymphocytes. Immunity 20:327–336

Dudley ME, Wunderlich JR, Robbins PF, Yang JC, Hwu P, Schwartzentruber DJ, Topalian SL,

Sherry R, Restifo NP, Hubicki AM, Robinson MR, Raffeld M, Duray P, Seipp CA, Rogers-

Freezer L, Morton KE, Mavroukakis SA, White DE, Rosenberg SA (2002) Cancer regression

and autoimmunity in patients after clonal repopulation with antitumor lymphocytes. Science

298:850–854

Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, Fitz LJ, Malenkovich N,

Okazaki T, Byrne MC, Horton HF, Fouser L, Carter L, Ling V, Bowman MR, Carreno BM,

Collins M, Wood CR, Honjo T (2000) Engagement of the PD-1 immunoinhibitory receptor by

a novel B7 family member leads to negative regulation of lymphocyte activation. J Exp Med

192:1027–1034

Immunobiology of Cancer Therapies Targeting CD137 and B7-H1/PD-1 Cosignal Pathways 261



Futagawa T, Akiba H, Kodama T, Takeda K, Hosoda Y, Yagita H, Okumura K (2002) Expression

and function of 4-1BB and 4-1BB ligand on murine dendritic cells. Int Immunol 14:275–286

Ghebeh H, Mohammed S, Al-Omair A, Qattan A, Lehe C, Al-Qudaihi G, ElkumN, AlshabanahM,

Bin Amer S, Tulbah A, Ajarim D, Al-Tweigeri T, Dermime S (2006) The B7-H1 (PD-L1)

T lymphocyte-inhibitory molecule is expressed in breast cancer patients with infiltrating ductal

carcinoma: correlation with important high-risk prognostic factors. Neoplasia 8:190–198

Guinn BA, DeBenedette MA, Watts TH, Berinstein NL (1999) 4-1BBL cooperates with B7-1 and

B7-2 in converting a B cell lymphoma cell line into a long-lasting antitumor vaccine.

J Immunol 162:5003–5010

Guleria I, Khosroshahi A, Ansari MJ, Habicht A, Azuma M, Yagita H, Noelle RJ, Coyle A, Mellor

AL, Khoury SJ, Sayegh MH (2005) A critical role for the programmed death ligand 1 in

fetomaternal tolerance. J Exp Med 202:231–237

Hamanishi J, Mandai M, Iwasaki M, Okazaki T, Tanaka Y, Yamaguchi K, Higuchi T, Yagi H,

Takakura K, Minato N, Honjo T, Fujii S (2007) Programmed cell death 1 ligand 1 and tumor-

infiltrating CD8+ T lymphocytes are prognostic factors of human ovarian cancer. Proc Natl

Acad Sci U S A 104:3360–3365

Harding FA, McArthur JG, Gross JA, Raulet DH, Allison JP (1992) CD28-mediated signalling

co-stimulates murine T cells and prevents induction of anergy in T-cell clones. Nature 356:

607–609

Hirano F, Kaneko K, Tamura H, Dong H, Wang S, Ichikawa M, Rietz C, Flies DB, Lau JS, Zhu G,

Tamada K, Chen L (2005) Blockade of B7-H1 and PD-1 by monoclonal antibodies potentiates

cancer therapeutic immunity. Cancer Res 65:1089–1096

Hurtado JC, Kim YJ, Kwon BS (1997) Signals through 4-1BB are costimulatory to previously

activated splenic T cells and inhibit activation-induced cell death. J Immunol 158:2600–2609

Inman BA, Sebo TJ, Frigola X, Dong H, Bergstralh EJ, Frank I, Fradet Y, Lacombe L, Kwon ED

(2007) PD-L1 (B7-H1) expression by urothelial carcinoma of the bladder and BCG-induced

granulomata: associations with localized stage progression. Cancer 109:1499–1505

Ishida Y, Agata Y, Shibahara K, Honjo T (1992) Induced expression of PD-1, a novel member of

the immunoglobulin gene superfamily, upon programmed cell death. EMBO J 11:3887–3895

Ito F, Li Q, Shreiner AB, Okuyama R, Jure-Kunkel MN, Teitz-Tennenbaum S, Chang AE (2004)

Anti-CD137 monoclonal antibody administration augments the antitumor efficacy of dendritic

cell-based vaccines. Cancer Res 64:8411–8419

Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T, Minato N (2002) Involvement of PD-L1 on

tumor cells in the escape from host immune system and tumor immunotherapy by PD-L1

blockade. Proc Natl Acad Sci U S A 99:12293–12297

Iwai Y, Terawaki S, Honjo T (2005) PD-1 blockade inhibits hematogenous spread of poorly

immunogenic tumor cells by enhanced recruitment of effector T cells. Int Immunol 17:

133–144

Jiang D, Chen Y, Schwarz H (2008) CD137 induces proliferation of murine hematopoietic

progenitor cells and differentiation to macrophages. J Immunol 181:3923–3932

Jurado JO, Alvarez IB, Pasquinelli V, Martinez GJ, Quiroga MF, Abbate E, Musella RM,

Chuluyan HE, Garcia VE (2008) Programmed death (PD)-1:PD-ligand 1/PD-ligand 2 pathway

inhibits T cell effector functions during human tuberculosis. J Immunol 181:116–125

Kawai K, Saijo K, Oikawa T, Morishita Y, Noguchi M, Ohno T, Akaza H (2003) Clinical course

and immune response of a renal cell carcinoma patient to adoptive transfer of autologous

cytotoxic T lymphocytes. Clin Exp Immunol 134:264–269

Keir ME, Butte MJ, Freeman GJ, Sharpe AH (2008) PD-1 and its ligands in tolerance and

immunity. Annu Rev Immunol 26:677–704

Kim JA, Averbook BJ, Chambers K, Rothchild K, Kjaergaard J, Papay R, Shu S (2001) Divergent

effects of 4-1BB antibodies on antitumor immunity and on tumor-reactive T-cell generation.

Cancer Res 61:2031–2037

Kinter AL, Godbout EJ, McNally JP, Sereti I, Roby GA, O’Shea MA, Fauci AS (2008) The

common gamma-chain cytokines IL-2, IL-7, IL-15, and IL-21 induce the expression of

programmed death-1 and its ligands. J Immunol 181:6738–6746

262 S. Wang and L. Chen



Latchman Y, Wood CR, Chernova T, Chaudhary D, Borde M, Chernova I, Iwai Y, Long AJ,

Brown JA, Nunes R, Greenfield EA, Bourque K, Boussiotis VA, Carter LL, Carreno BM,

Malenkovich N, Nishimura H, Okazaki T, Honjo T, Sharpe AH, Freeman GJ (2001) PD-L2 is a

second ligand for PD-1 and inhibits T cell activation. Nat Immunol 2:261–268

Laux I, Khoshnan A, Tindell C, Bae D, Zhu X, June CH, Effros RB, Nel A (2000) Response

differences between human CD4(+) and CD8(+) T-cells during CD28 costimulation: implica-

tions for immune cell-based therapies and studies related to the expansion of double-positive

T-cells during aging. Clin Immunol 96:187–197

Lee PP, Yee C, Savage PA, Fong L, Brockstedt D, Weber JS, Johnson D, Swetter S, Thompson J,

Greenberg PD, Roederer M, Davis MM (1999) Characterization of circulating T cells specific

for tumor-associated antigens in melanoma patients. Nat Med 5:677–685

Lee SW, Park Y, So T, Kwon BS, Cheroutre H, Mittler RS, Croft M (2008) Identification of

regulatory functions for 4-1BB and 4-1BBL in myelopoiesis and the development of dendritic

cells. Nat Immunol 9:917–926

Lenschow DJ, Walunas TL, Bluestone JA (1996) CD28/B7 system of T cell costimulation. Annu

Rev Immunol 14:233–258

Li Q, Carr A, Ito F, Teitz-Tennenbaum S, Chang AE (2003) Polarization effects of 4-1BB during

CD28 costimulation in generating tumor-reactive T cells for cancer immunotherapy. Cancer

Res 63:2546–2552

Li B, Lin J, Vanroey M, Jure-Kunkel M, Jooss K (2007) Established B16 tumors are rejected

following treatment with GM-CSF-secreting tumor cell immunotherapy in combination with

anti-4-1BB mAb. Clin Immunol 125:76–87

Lin GH, Sedgmen BJ, Moraes TJ, Snell LM, Topham DJ, Watts TH (2009) Endogenous 4-1BB

ligand plays a critical role in protection from influenza-induced disease. J Immunol 182:

934–947

Lynch DH (2008) The promise of 4-1BB (CD137)-mediated immunomodulation and the immu-

notherapy of cancer. Immunol Rev 222:277–286

Mack DG, Lanham AK, Palmer BE, Maier LA, Watts TH, Fontenot AP (2008) 4-1BB enhances

proliferation of beryllium-specific T cells in the lung of subjects with chronic beryllium

disease. J Immunol 181:4381–4388

Manjunath N, Shankar P, Wan J, Weninger W, Crowley MA, Hieshima K, Springer TA, Fan X,

Shen H, Lieberman J, von Andrian UH (2001) Effector differentiation is not prerequisite for

generation of memory cytotoxic T lymphocytes. J Clin Invest 108:871–878

Martinet O, Ermekova V, Qiao JQ, Sauter B, Mandeli J, Chen L, Chen SH (2000) Immunomodu-

latory gene therapy with interleukin 12 and 4-1BB ligand: long- term remission of liver

metastases in a mouse model. J Natl Cancer Inst 92:931–936

Matsumoto K, Inoue H, Nakano T, Tsuda M, Yoshiura Y, Fukuyama S, Tsushima F, Hoshino T,

Aizawa H, Akiba H, Pardoll D, Hara N, Yagita H, Azuma M, Nakanishi Y (2004) B7-DC

regulates asthmatic response by an IFN-gamma-dependent mechanism. J Immunol 172:

2530–2541

Maus MV, Thomas AK, Leonard DG, Allman D, Addya K, Schlienger K, Riley JL, June CH

(2002) Ex vivo expansion of polyclonal and antigen-specific cytotoxic T lymphocytes by

artificial APCs expressing ligands for the T-cell receptor, CD28 and 4-1BB. Nat Biotechnol

20:143–148

May KF Jr, Chen L, Zheng P, Liu Y (2002) Anti-4-1BB monoclonal antibody enhances rejection

of large tumor burden by promoting survival but not clonal expansion of tumor-specific CD8+

T cells. Cancer Res 62:3459–3465

McMillin DW, Hewes B, Gangadharan B, Archer DR, Mittler RS, Spencer HT (2006) Complete

regression of large solid tumors using engineered drug-resistant hematopoietic cells and anti-

CD137 immunotherapy. Hum Gene Ther 17:798–806

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 estab-

lished tumors. Nat Med 3:682–685

Immunobiology of Cancer Therapies Targeting CD137 and B7-H1/PD-1 Cosignal Pathways 263



Melero I, Johnston JV, Shufford WW, Mittler RS, Chen L (1998a) NK1.1 cells express 4-1BB

(CDw137) costimulatory molecule and are required for tumor immunity elicited by anti-4-1BB

monoclonal antibodies. Cell Immunol 190:167–172

Melero I, Bach N, Hellstrom KE, Aruffo A, Mittler RS, Chen L (1998b) Amplification of

tumor immunity by gene transfer of the co-stimulatory 4-1BB ligand: synergy with the

CD28 co-stimulatory pathway. Eur J Immunol 28:1116–1121

Miller RE, Jones J, Le T, Whitmore J, Boiani N, Gliniak B, Lynch DH (2002) 4-1BB-specific

monoclonal antibody promotes the generation of tumor-specific immune responses by direct

activation of CD8 T cells in a CD40-dependent manner. J Immunol 169:1792–1800

Morgan RA, Dudley ME, Wunderlich JR, Hughes MS, Yang JC, Sherry RM, Royal RE, Topalian

SL, Kammula US, RestifoNP, Zheng Z, Nahvi A, deVries CR, Rogers-Freezer LJ,Mavroukakis

SA, Rosenberg SA (2006) Cancer regression in patients after transfer of genetically engineered

lymphocytes. Science 314:126–129

Mumprecht S, Schurch C, Schwaller J, Solenthaler M, Ochsenbein AF (2009) Programmed death 1

signaling on chronic myeloid leukemia-specific T cells results in T-cell exhaustion and disease

progression. Blood 114:1528–1536

Nakanishi J, Wada Y, Matsumoto K, Azuma M, Kikuchi K, Ueda S (2007) Overexpression of B7-

H1 (PD-L1) significantly associates with tumor grade and postoperative prognosis in human

urothelial cancers. Cancer Immunol Immunother 56:1173–1182

Nishimura H, Nose M, Hiai H, Minato N, Honjo T (1999) Development of lupus-like autoimmune

diseases by disruption of the PD-1 gene encoding an ITIM motif-carrying immunoreceptor.

Immunity 11:141–151

Nishimura H, Okazaki T, Tanaka Y, Nakatani K, Hara M, Matsumori A, Sasayama S, Mizoguchi

A, Hiai H, Minato N, Honjo T (2001) Autoimmune dilated cardiomyopathy in PD-1 receptor-

deficient mice. Science 291:319–322

Nomi T, Sho M, Akahori T, Hamada K, Kubo A, Kanehiro H, Nakamura S, Enomoto K, Yagita H,

Azuma M, Nakajima Y (2007) Clinical significance and therapeutic potential of the

programmed death-1 ligand/programmed death-1 pathway in human pancreatic cancer. Clin

Cancer Res 13:2151–2157

Okazaki T, Honjo T (2006) The PD-1-PD-L pathway in immunological tolerance. Trends Immu-

nol 27:195–201

Okazaki T, Tanaka Y, Nishio R, Mitsuiye T, Mizoguchi A, Wang J, Ishida M, Hiai H, Matsumori

A, Minato N, Honjo T (2003) Autoantibodies against cardiac troponin I are responsible for

dilated cardiomyopathy in PD-1-deficient mice. Nat Med 9:1477–1483

Pardoll D (2003) Does the immune system see tumors as foreign or self? Annu Rev Immunol

21:807–839

Penna A, Pilli M, Zerbini A, Orlandini A, Mezzadri S, Sacchelli L, Missale G, Ferrari C (2007)

Dysfunction and functional restoration of HCV-specific CD8 responses in chronic hepatitis C

virus infection. Hepatology 45:588–601

Pollok KE, Kim YJ, Zhou Z, Hurtado J, Kim KK, Pickard RT, Kwon BS (1993) Inducible T cell

antigen 4-1BB. Analysis of expression and function. J Immunol 150:771–781

Pollok KE, Kim YJ, Hurtado J, Zhou Z, Kim KK, Kwon BS (1994) 4-1BB T-cell antigen binds to

mature B cells and macrophages, and costimulates anti-mu-primed splenic B cells. Eur J

Immunol 24:367–374

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

Radoja S, Saio M, Frey AB (2001) CD8+ tumor-infiltrating lymphocytes are primed for Fas-

mediated activation-induced cell death but are not apoptotic in situ. J Immunol 166:6074–6083

Raimondi G, Shufesky WJ, Tokita D, Morelli AE, Thomson AW (2006) Regulated compartmen-

talization of programmed cell death-1 discriminates CD4+CD25+ resting regulatory T cells

from activated T cells. J Immunol 176:2808–2816

Sabbagh L, Snell LM, Watts TH (2007) TNF family ligands define niches for T cell memory.

Trends Immunol 28:333–339

264 S. Wang and L. Chen



Sabbagh L, Pulle G, Liu Y, Tsitsikov EN, Watts TH (2008) ERK-dependent Bim modulation

downstream of the 4-1BB-TRAF1 signaling axis is a critical mediator of CD8 T cell survival

in vivo. J Immunol 180:8093–8101

Salama AD, Chitnis T, Imitola J, Ansari MJ, Akiba H, Tushima F, Azuma M, Yagita H, Sayegh

MH, Khoury SJ (2003) Critical role of the programmed death-1 (PD-1) pathway in regulation

of experimental autoimmune encephalomyelitis. J Exp Med 198:71–78

Sandner SE, Clarkson MR, Salama AD, Sanchez-Fueyo A, Domenig C, Habicht A, Najafian N,

Yagita H, Azuma M, Turka LA, Sayegh MH (2005) Role of the programmed death-1 pathway

in regulation of alloimmune responses in vivo. J Immunol 174:3408–3415

Schwartz RH (2003) T cell anergy. Annu Rev Immunol 21:305–334

Schwarz H, Valbracht J, Tuckwell J, von Kempis J, Lotz M (1995) ILA, the human 4-1BB

homologue, is inducible in lymphoid and other cell lineages. Blood 85:1043–1052

Seo SK, Park HY, Choi JH, Kim WY, Kim YH, Jung HW, Kwon B, Lee HW, Kwon BS (2003)

Blocking 4-1BB/4-1BB ligand interactions prevents herpetic stromal keratitis. J Immunol

171:576–583

Seo SK, Choi JH, Kim YH, Kang WJ, Park HY, Suh JH, Choi BK, Vinay DS, Kwon BS (2004)

4-1BB-mediated immunotherapy of rheumatoid arthritis. Nat Med 10:1088–1094

Serghides L, Bukczynski J, Wen T, Wang C, Routy JP, Boulassel MR, Sekaly RP, Ostrowski M,

Bernard NF, Watts TH (2005) Evaluation of OX40 ligand as a costimulator of human antiviral

memory CD8 T cell responses: comparison with B7.1 and 4-1BBL. J Immunol 175:6368–6377

Sharma MD, Baban B, Chandler P, Hou DY, Singh N, Yagita H, Azuma M, Blazar BR, Mellor

AL, Munn DH (2007) Plasmacytoid dendritic cells from mouse tumor-draining lymph nodes

directly activate mature Tregs via indoleamine 2, 3-dioxygenase. J Clin Invest 117:2570–2582

Sharpe AH, Freeman GJ (2002) The B7-CD28 superfamily. Nat Rev 2:116–126

Shi W, Siemann DW (2006) Augmented antitumor effects of radiation therapy by 4-1BB antibody

(BMS-469492) treatment. Anticancer Res 26:3445–3453

Shin T, Kennedy G, Gorski K, Tsuchiya H, Koseki H, Azuma M, Yagita H, Chen L, Powell J,

Pardoll D, Housseau F (2003) Cooperative B7-1/2 (CD80/CD86) and B7-DC costimulation of

CD4+ T cells independent of the PD-1 receptor. J Exp Med 198:31–38

Shuford WW, Klussman K, Tritchler DD, Loo DT, Chalupny J, Siadak AW, Brown TJ, Emswiler

J, Raecho H, Larsen CP, Pearson TC, Ledbetter JA, Aruffo A, Mittler RS (1997) 4-1BB

costimulatory signals preferentially induce CD8+ T cell proliferation and lead to the amplifi-

cation in vivo of cytotoxic T cell responses. J Exp Med 186:47–55

Stephan MT, Ponomarev V, Brentjens RJ, Chang AH, Dobrenkov KV, Heller G, Sadelain M

(2007) T cell-encoded CD80 and 4-1BBL induce auto- and transcostimulation, resulting in

potent tumor rejection. Nat Med 13:1440–1449

Straathof KC, Bollard CM, Popat U, Huls MH, Lopez T, Morriss MC, Gresik MV, Gee AP,

Russell HV, Brenner MK, Rooney CM, Heslop HE (2005) Treatment of nasopharyngeal

carcinoma with Epstein-Barr virus–specific T lymphocytes. Blood 105:1898–1904

Strome SE, Martin B, Flies D, Tamada K, Chapoval AI, Sargent DJ, Shu S, Chen L (2000)

Enhanced therapeutic potential of adoptive immunotherapy by in vitro CD28/4-1BB costimu-

lation of tumor-reactive T cells against a poorly immunogenic, major histocompatibility

complex class I-negative A9P melanoma. J Immunother 23:430–437

Strome SE, Dong H, Tamura H, Voss SG, Flies DB, Tamada K, Salomao D, Cheville J, Hirano F,

Lin W, Kasperbauer JL, Ballman KV, Chen L (2003) B7-H1 blockade augments adoptive

T-cell immunotherapy for squamous cell carcinoma. Cancer Res 63:6501–6505

Sun Y, Lin X, Chen HM, Wu Q, Subudhi SK, Chen L, Fu YX (2002a) Administration of agonistic

anti-4-1BB monoclonal antibody leads to the amelioration of experimental autoimmune

encephalomyelitis. J Immunol 168:1457–1465

Sun Y, Chen HM, Subudhi SK, Chen J, Koka R, Chen L, Fu YX (2002b) Costimulatory molecule-

targeted antibody therapy of a spontaneous autoimmune disease. Nat Med 8:1405–1413

Takahashi C, Mittler RS, Vella AT (1999) Cutting edge: 4-1BB is a bona fide CD8 T cell survival

signal. J Immunol 162:5037–5040

Immunobiology of Cancer Therapies Targeting CD137 and B7-H1/PD-1 Cosignal Pathways 265



Tamura H, Dong H, Zhu G, Sica GL, Flies DB, Tamada K, Chen L (2001) B7-H1 costimulation

preferentially enhances CD28-independent T-helper cell function. Blood 97:1809–1816

Tan JT, Ha J, Cho HR, Tucker-Burden C, Hendrix RC, Mittler RS, Pearson TC, Larsen CP (2000)

Analysis of expression and function of the costimulatory molecule 4-1BB in alloimmune

responses. Transplantation 70:175–183

Thompson RH, Gillett MD, Cheville JC, Lohse CM, Dong H, Webster WS, Krejci KG, Lobo JR,

Sengupta S, Chen L, Zincke H, Blute ML, Strome SE, Leibovich BC, Kwon ED (2004)

Costimulatory B7-H1 in renal cell carcinoma patients: Indicator of tumor aggressiveness and

potential therapeutic target. Proc Natl Acad Sci USA 101:17174–17179

Thompson RH, Kuntz SM, Leibovich BC, Dong H, Lohse CM, Webster WS, Sengupta S, Frank I,

Parker AS, Zincke H, Blute ML, Sebo TJ, Cheville JC, Kwon ED (2006) Tumor B7-H1 is

associated with poor prognosis in renal cell carcinoma patients with long-term follow-up.

Cancer Res 66:3381–3385

Tivol EA, Borriello F, Schweitzer AN, Lynch WP, Bluestone JA, Sharpe AH (1995) Loss

of CTLA-4 leads to massive lymphoproliferation and fatal multiorgan tissue destruction,

revealing a critical negative regulatory role of CTLA-4. Immunity 3:541–547

Trautmann L, Janbazian L, Chomont N, Said EA, Gimmig S, Bessette B, Boulassel MR, Delwart

E, Sepulveda H, Balderas RS, Routy JP, Haddad EK, Sekaly RP (2006) Upregulation of PD-1

expression on HIV-specific CD8+ T cells leads to reversible immune dysfunction. Nat Med

12:1198–1202

Tseng SY, Otsuji M, Gorski K, Huang X, Slansky JE, Pai SI, Shalabi A, Shin T, Pardoll DM,

Tsuchiya H (2001) B7-DC, a new dendritic cell molecule with potent costimulatory properties

for T cells. J Exp Med 193:839–846

Tsuboi K, Saijo K, Ishikawa E, Tsurushima H, Takano S, Morishita Y, Ohno T (2003) Effects of

local injection of ex vivo expanded autologous tumor-specific T lymphocytes in cases with

recurrent malignant gliomas. Clin Cancer Res 9:3294–3302

Uno T, Takeda K, Kojima Y, Yoshizawa H, Akiba H, Mittler RS, Gejyo F, Okumura K, Yagita H,

Smyth MJ (2006) Eradication of established tumors in mice by a combination antibody-based

therapy. Nat Med 12:693–698

Urbani S, Amadei B, Tola D, Massari M, Schivazappa S, Missale G, Ferrari C (2006) PD-1

expression in acute hepatitis C virus (HCV) infection is associated with HCV-specific CD8

exhaustion. J Virol 80:11398–11403

Vinay DS, Cha K, Kwon BS (2006) Dual immunoregulatory pathways of 4-1BB signaling. J Mol

Med 84:726–736

Wang S, Chen L (2004) Co-signaling molecules of the B7-CD28 family in positive and negative

regulation of T lymphocyte responses. Microbes Infect 6:759–766

Wang J, Guo Z, Dong Y, Kim O, Hart J, Adams A, Larsen CP, Mittler RS, Newell KA (2003a)

Role of 4-1BB in allograft rejection mediated by CD8+ T cells. Am J Transplant 3:543–551

Wang S, Bajorath J, Flies DB,DongH,HonjoT, Chen L (2003b)Molecularmodeling and functional

mapping of B7-H1 and B7-DC uncouple costimulatory function from PD-1 interaction. J Exp

Med 197:1083–1091

Wang J, Yoshida T, Nakaki F, Hiai H, Okazaki T, Honjo T (2005) Establishment of NOD-

Pdcd1-/- mice as an efficient animal model of type I diabetes. Proc Natl Acad Sci U S A 102:

11823–11828

Waterhouse P, Penninger JM, Timms E, Wakeham A, Shahinian A, Lee KP, Thompson CB,

Griesser H, Mak TW (1995) Lymphoproliferative disorders with early lethality in mice

deficient in Ctla-4. Science 270:985–988

Webster WS, Thompson RH, Harris KJ, Frigola X, Kuntz S, Inman BA, Dong H (2007) Targeting

molecular and cellular inhibitory mechanisms for improvement of antitumor memory

responses reactivated by tumor cell vaccine. J Immunol 179:2860–2869

Wen T, Bukczynski J, Watts TH (2002) 4-1BB ligand-mediated costimulation of human T cells

induces CD4 and CD8 T cell expansion, cytokine production, and the development of cytolytic

effector function. J Immunol 168:4897–4906

266 S. Wang and L. Chen



Wilcox RA, Chapoval AI, Gorski KS, Otsuji M, Shin T, Flies DB, Tamada K, Mittler RS,

Tsuchiya H, Pardoll DM, Chen L (2002) Cutting edge: Expression of functional CD137

receptor by dendritic cells. J Immunol 168:4262–4267

Wong RM, Scotland RR, Lau RL, Wang C, Korman AJ, Kast WM, Weber JS (2007) Programmed

death-1 blockade enhances expansion and functional capacity of human melanoma antigen-

specific CTLs. Int Immunol 19:1223–1234

Xu DP, Sauter BV, Huang TG, Meseck M, Woo SL, Chen SH (2005) The systemic administration

of Ig-4-1BB ligand in combination with IL-12 gene transfer eradicates hepatic colon

carcinoma. Gene Ther 12:1526–1533

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

Yee C, Thompson JA, Byrd D, Riddell SR, Roche P, Celis E, Greenberg PD (2002) Adoptive

T cell therapy using antigen-specific CD8+ T cell clones for the treatment of patients with

metastatic melanoma: in vivo persistence, migration, and antitumor effect of transferred

T cells. Proc Natl Acad Sci USA 99:16168–16173

Yi KH, Nechushtan H, Bowers WJ, Walker GR, Zhang Y, Pham DG, Podack ER, Federoff HJ,

Tolba KA, Rosenblatt JD (2007) Adoptively transferred tumor-specific T cells stimulated

ex vivo using herpes simplex virus amplicons encoding 4-1BBL persist in the host and show

antitumor activity in vivo. Cancer Res 67:10027–10037
Zhang H, Snyder KM, Suhoski MM, Maus MV, Kapoor V, June CH, Mackall CL (2007) 4-1BB is

superior to CD28 costimulation for generating CD8+ cytotoxic lymphocytes for adoptive

immunotherapy. J Immunol 179:4910–4918

Zhang L, Gajewski TF, Kline J (2009) PD-1/PD-L1 interactions inhibit antitumor immune

responses in a murine acute myeloid leukemia model. Blood 114:1545–1552

Zhu Y, Zhu G, Luo L, Flies AS, Chen L (2007) CD137 stimulation delivers an antigen-indepen-

dent growth signal for T lymphocytes with memory phenotype. Blood 109:4882–4889

Immunobiology of Cancer Therapies Targeting CD137 and B7-H1/PD-1 Cosignal Pathways 267





LAG-3 in Cancer Immunotherapy

Monica V. Goldberg and Charles G. Drake

Contents

1 Structural Aspects of LAG-3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270

1.1 Basic Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270

1.2 LAG-3 Expression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270

1.3 Binding of Class II MHC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271

1.4 Localization of LAG-3 in T Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272

2 LAG-3 Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272

2.1 Role in CD4 T Cell Function and Expansion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272

2.2 Role of LAG-3 on Regulatory T Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273

2.3 Role of LAG-3 on CD8 T Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273

2.4 LAG-3 Mechanism of Action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274

3 LAG-3 in Cancer Immunotherapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275

3.1 Preclinical Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275

3.2 Clinical Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275

4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277

Abstract LAG-3 (CD223) is a cell surface molecule expressed on activated T cells

(Huard et al. Immunogenetics 39:213–217, 1994), NK cells (Triebel et al. J Exp

Med 171:1393–1405, 1990), B cells (Kisielow et al. Eur J Immunol 35:2081–2088,

2005), and plasmacytoid dendritic cells (Workman et al. J Immunol 182:1885–

1891, 2009) that plays an important but incompletely understood role in the

function of these lymphocyte subsets. In addition, the interaction between LAG-3

and its major ligand, Class II MHC, is thought to play a role in modulating dendritic
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cell function (Andreae et al. J Immunol 168:3874–3880, 2002). Recent preclinical

studies have documented a role for LAG-3 in CD8 T cell exhaustion (Blackburn

et al. Nat Immunol 10:29–37, 2009), and blockade of the LAG-3/Class II interac-

tion using a LAG-3 Ig fusion protein is being evaluated in a number of clinical trials

in cancer patients. In this review, we will first discuss the basic structural and

functional biology of LAG-3, followed by a review of preclinical and clinical data

pertinent to a role for LAG-3 in cancer immunotherapy.

Keywords Anergy � CD4 lymphocyte � CD8 lymphocyte � Checkpoint � Tolerance
� Treg � Tumor immunology � LAG-3

1 Structural Aspects of LAG-3

LAG-3 was initially discovered in an experiment designed to selectively isolate

molecules expressed in an IL-2-dependent NK cell line (Triebel et al. 1990). A unique,

489-amino acid membrane protein was found, and further analyses showed that the

coding region for this proteinwas located on the distal portion of the short armof human

chromosome 12, adjacent to the coding region for CD4. Analysis of the amino acid

sequence of LAG-3 revealed an Ig superfamilymember, with four IgG loops, similar to

that of CD4, and subsequent studies have been, to a large part, guided by this homology.

1.1 Basic Structure

The structure of LAG-3 is shown in Fig. 1. As above, both LAG-3 and CD4

molecules include four IgG domains. Although this structural homology is high,

at the amino acid level LAG-3 is less than 20% homologous to CD4, indicating that

the two genes likely diverged early in evolution (Dijkstra et al. 2006). The mem-

brane-distal D1 domain of LAG-3 contains a unique “extra loop,” to which anti-

bodies have been raised (Baixeras et al. 1992), and which is not present on any CD4

molecules thus sequenced. As will be discussed below, LAG-3 has been demon-

strated to bind to Class II MHC primarily through a small set of amino acids

localized to the D1 domain (Huard et al. 1997) – this is in sharp contrast to CD4

which interacts with Class II MHC through a fairly large surface involving multiple

residues (Fleury et al. 1991; Moebius et al. 1993). In addition, the intracellular

portion of LAG-3 is relatively short, containing a unique motif (KIEELE) that is

required for LAG-3 modulation of T cell function (Workman and Vignali 2003).

1.2 LAG-3 Expression

LAG-3 is in many ways a T cell activation marker, expressed on both CD4 and CD8

T cells 3–4 days post activation (Huard et al. 1994). It is also expressed on natural
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killer (NK) cells, although its function on that cell type is of uncertain significance

(Huard et al. 1998). One study suggests expression on activated B cells, although

those data have not been widely replicated (Kisielow et al. 2005). Finally, LAG-3

mRNA can also be found in the thymic medulla, the splenic red pulp, and the base

of the cerebellum (Workman et al. 2002). When T cells are activated, LAG-3

expression is first detectable approximately 24 h post activation, peaking around

day 2 and then gradually declining by day 8. Early studies on LAG-3 suggested that

its expression might serve to distinguish TH1 from TH2 CD4 T cells (Annunziato

et al. 1996); i.e., IL-12 potently stimulated LAG-3 expression, and blockade of

IFN-g decreased LAG-3 expression (Annunziato et al. 1997). More recently, these

findings have been called into question, with one study showing that LAG-3

expression might not reliably distinguish TH1 from TH2 cells, at least in humans

(Rogala et al. 2002).

1.3 Binding of Class II MHC

Based on the structural (but not amino acid) homology between LAG-3 and CD4,

early studies were performed to determine whether LAG-3 might interact with

Class II MHC. COS-7 cells were transfected with human LAG-3 and shown to

rosette human B cell tumors (Baixeras et al. 1992). This interaction could be

blocked via antibodies to either LAG-3 or HLA-DR, indicating the specificity of

KIEELE CP

IgG Domains

Extra Loop

CKIEELE

Cell 
Membrane

Cleaved (Soluble) 
Form

C

Fig. 1 LAG-3 structure: LAG-3 is a transmembrane protein with structural homology to CD4, in

which it includes four extracellular IgG domains. The membrane-distal IgG domain contains a

short amino acid sequence, the so-called extra loop that is not found in other IgG superfamily

proteins. The intracellular domain contains a unique amino acid sequence (KIEELE) that is

required for LAG-3 to exert a negative effect on T cell function. LAG-3 can be cleaved at the

connecting peptide (CP) by metalloproteases to generate a soluble form, which is detectable in

serum
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binding. Later studies characterized this interaction with a soluble LAG-3–Ig fusion

protein (Huard et al. 1995) and determined that the Kd for this association was a

remarkable 60 nM, several orders of magnitude higher affinity than that of CD4 for

class II MHC (10�4 M). Mutagenesis studies localized the LAG-3 residues involved

in MHC Class II binding to the D1 loop. Surprisingly, only a handful of residues

appeared to be involved in this interaction, again in sharp contrast to the extensive

Class II binding surface of CD4 (Fleury et al. 1991; Moebius et al. 1993). The

implications of these findings are not clear; it seems surprising that a high affinity,

nanomolar, interaction could be mediated by such a limited contact region.

1.4 Localization of LAG-3 in T Cells

Because LAG-3 bears structural homology to CD4, it seemed logical to hypothesize

that LAG-3 might co-segregate with CD4 in T cell activation. Instead, initial

studies showed that LAG-3 does not co-segregate with CD4 but rather localizes

with CD8 and CD3/TCR complexes (Hannier and Triebel 1999). These results have

been recently readdressed using a new murine anti-LAG-3 antibody, and once again

it was found that LAG-3 was not co-localized with CD4 either at the cell surface or

intracellularly (Woo et al. 2010). Interestingly, a significant fraction of the LAG-3

molecules in a CD4 T cell was stored in intracellular compartments in close

association with the microtubule organizing center, potentially facilitating rapid

transit to the T cell surface during activation.

2 LAG-3 Function

2.1 Role in CD4 T Cell Function and Expansion

Early studies using a monoclonal antibody to LAG-3 showed that human CD4

T cell clones exhibited more persistent proliferation when LAG-3 was blocked

in vitro (Huard et al. 1995). This proliferation was accompanied by enhanced

cytokine production with a mixed pattern (IL-2, IL-4, IFN-g). These pro-inflamma-

tory effects were limited to antigen-dependent stimuli and were not noted in CD8

T cells. These data were the first to suggest a negative regulatory effect of LAG-3

on T cell function, a role confirmed by later studies using human cells (Macon-

Lemaitre and Triebel 2005). However, the development of LAG-3 knockout

(Miyazaki et al. 1996) animals allowed a more precise inquiry into the role of

LAG-3 on T cells in murine models. These experiments showed a role for LAG-3 in

regulating the in vitro and in vivo expansion of both CD4 and CD8 T cells, thus

confirming its role as a negative regulator (Workman et al. 2002). Further studies

with a LAG-3 molecule lacking the KIEELE domain demonstrated a critical role
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for this motif in the negative regulatory function of LAG-3; i.e., LAG-3 molecules

lacking this domain could not negatively modulate T cell function in vitro or in vivo

(Workman and Vignali 2003).

A negative regulatory role for the LAG-3/Class II MHC interaction, however, is

not without controversy. Using a series of mixed lymphocyte reactions, one group

showed that soluble LAG-3 clearly down-modulated human CD4 T cell function

in vitro, suggesting that the interaction between LAG-3 and Class II MHC in these

culture conditions was a stimulatory one (Subramanyam et al. 1998). Interestingly,

this down-modulation of the MLR response was not noted in human CD8 T cells,

suggesting that the interaction between Class II and LAG-3 on CD8 T cells might

be functionally distinct from that on CD4 cells. These results are seemingly

contradictory to a subsequent series of experiments (see below), in which soluble

LAG-3–Ig was shown to function in vitro and in vivo as an activator of dendritic

cells.

2.2 Role of LAG-3 on Regulatory T Cells

Using microarray analyses, our group found that LAG-3 was relatively upregulated

on CD4 T cells that encounter self-antigen in vivo and adopt a regulatory phenotype

(Huang et al. 2004). In this model of self-tolerance, we found that a LAG-3-

blocking antibody appeared to mitigate regulatory T cell (Treg) function in vivo,

and transfection of antigen-specific CD4 T cells with full-length, but not truncated,

LAG-3 could confer in vitro regulatory properties. This finding is supported by

studies in patients with Hodgkins lymphoma, showing elevated Treg levels when

patients’ disease was active. In vitro studies showed that depletion of LAG-3+ CD4

T cells enhanced tumor-specific CD8 T cell reactivity, consistent with a role for

LAG-3 in suppressing antitumor immunity (Gandhi et al. 2006). This finding is

supported by more recent studies showing an enhanced suppressive capacity of

LAG-3+ CD4+ CD25+ cells versus LAG-3� cells from the tumor sites of cancer

patients (Camisaschi et al. 2010). A recent study also reports a role for LAG-3 in a

FoxP3+ subset of CD8 T cells with regulatory function (Joosten et al. 2007), a novel

finding that is especially interesting as regulatory CD8 T cells enjoy a resurgent

interest (Kapp and Bucy 2008).

2.3 Role of LAG-3 on CD8 T Cells

Although early studies questioned a role for LAG-3 in CD8 T cells, such findings

were curious given the five- to eightfold increased expression of LAG-3 in activated

CD8 versus CD4 cells, as well as the relative co-localization of LAG-3 and CD8

in activated T cells. Studies using LAG-3 knockout animals confirmed a role for

LAG-3 in regulating CD8 T cell homeostatic proliferation, as well as in the in vivo
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response to a superantigen (Workman et al. 2004). We confirmed this role by

adoptively transferring antigen-specific CD8 T cells to mice bearing their cognate

antigen as either a self or a tumor antigen (Grosso et al. 2007). In this setting,

LAG-3 knockout CD8 T cells showed enhanced proliferation and cytokine produc-

tion. Interestingly, administration of a LAG-3-blocking antibody around the time

of adoptive T cell transfer showed a similar enhancement of immune function,

suggesting a potential direct role for the blocking antibody on CD8 T cells. This

was verified by administering the blocking antibody to mice receiving an adoptive

transfer of LAG-3 knockout T cells, although here no additional effects were noted.

Recent studies using antibodies that block CTLA-4 found evidence for a similar

direct role on effector T cells, confirming that immune checkpoint blockade may, in

some circumstances, function via a cell-intrinsic mechanism (Peggs et al. 2009). In

terms of the intersection of LAG-3 with other immune checkpoints, it is important

to note a recent seminal study involving exhausted CD8 T cells in a model of

chronic viral infection. Here, it was found that nonfunctional CD8 T cells could

express multiple checkpoint molecules, and that some cells co-expressed both

LAG-3 and the well-described immune checkpoint molecule PD-1 (Blackburn

et al. 2009). In this model, blockade of both PD-1 and LAG-3 resulted in an

improved antiviral immune response as compared to either molecule alone. We

observed a similar phenotype in our model of self-antigen tolerance (Grosso et al.

2009), demonstrating a population of nonfunctional CD8 T cells that express both

LAG-3 and PD-1. These studies have recently been extended to human ovarian

carcinoma samples, where a significant fraction of tumor antigen-specific CD8

T cells co-express LAG-3 and PD-1 (Matsuzaki et al. 2010). Taken together,

these important studies suggest that immunotherapy of chronic infections and

cancer may require the blockade of multiple immune checkpoints.

2.4 LAG-3 Mechanism of Action

The precise mechanisms by which LAG-3 negatively modulates T cell function are

not completely understood. As above, it is clear that the unique intracellular

KIELLE domain is required for these effects. However, early studies on LAG-3

were able to demonstrate a soluble form of the molecule in the sera of certain

patients, suggesting that cleavage of LAG-3 might play some physiological role

(Triebel et al. 2006). In an elegant series of studies, the Vignali group expanded on

these findings, showing that LAG-3 is cleaved near the cell surface by two members

of the TNF alpha converting enzyme (TACE) family of metalloproteases known as

ADAM 10 and ADAM 17 (Li et al. 2007). Expression of a non-cleavable form of

LAG-3 mediated an irreversible defect in T cell function, showing that LAG-3

cleavage was a major mechanism by which its negative regulatory function was

mitigated. Interestingly, these studies revealed no role for the cleaved form of

LAG-3, in sharp contrast to the studies below involving a LAG-3–Ig fusion protein.
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3 LAG-3 in Cancer Immunotherapy

3.1 Preclinical Studies

Shortly after the generation of a LAG-3–Ig fusion protein for use in biochemical

and functional studies, this reagent was studied in vivo in a murine tumor model.

In contrast to the findings in a human mixed lymphocyte reaction, as well as to those

involving the cleaved portion of the molecule, soluble LAG-3–Ig mediated tumor

control and regression in mice bearing RENCA (kidney), MCA 205 (sarcoma), or

TS/A (mammary) tumors (Prigent et al. 1999). These findings could be replicated

by transduction of tumor cells with LAG-3, suggesting that LAG-3 might mediate

an antitumor effect by binding to Class II MHC on antigen-presenting cells and

potentially mediating their maturation or function. Indeed, in vitro studies using

human monocyte-derived dendritic cells confirmed this hypothesis, showing that

LAG-3–Ig upregulated the expression of co-stimulatory molecules and increased

IL-12 expression in dendritic cells (Andreae et al. 2002). These phenotypic changes

resulted in an enhanced ability of LAG-3–Ig-matured dendritic cells to mediate TH1

response, as documented by an increased production of IFN-g by responding

T cells. These results also suggested that LAG-3–Ig could potentially function as

an adjuvant, potentiating a vaccine response. This was indeed the case, as LAG-3–

Ig was shown to markedly enhance the CD8 T cell response to a soluble antigen

vaccine (Ovalbumin), as well as the humoral response to a particulate antigen

(hepatitis B surface antigen) in mice (El and Triebel 2000). This adjuvant effect

was extended to a cancer vaccine setting; here LAG-3–Ig was able to prevent

mammary carcinogenesis when administered along with a weak DNA vaccine in

HER-2/neu transgenic mice (Cappello et al. 2003). It should be appreciated that

these results, though exiting, seem to be somewhat contradictory to the fairly well-

documented negative role of LAG-3 on T cell proliferation and function. Indeed, it

seems counterintuitive that the interaction between LAG-3 and Class II could on one

hand mediate T cell downregulation, yet on the other hand send a pro-inflammatory

maturation signal to the class II expressing dendritic cells. In this context, one recent

study appears to contradict a pro-immune effect of LAG-3/Class II engagement on

dendritic cells, suggesting that LAG-3 on regulatory CD4 T cells in fact inhibits

dendritic cell function (Liang et al. 2008).

3.2 Clinical Studies

Shortly after the discovery of LAG-3, it was noted that some renal cell cancer

(RCC) patients have a dramatic expansion of LAG-3+ CD4+ tumor infiltrating

lymphocytes (Angevin et al. 1997). In follow-up work, it was found that LAG-3

expression in RCCTIL varied from 11% to 48%, whereas significant levels of CTLA-4

or the checkpoint molecule 4-1BB could not be detected (Demeure et al. 2001).
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However, LAG-3 blockade did not seem to augment CD8 T cell lysis in these

studies, suggesting that LAG-3 blockade might perhaps be more important in the

early, i.e., priming phase of T cell activation, or perhaps reflecting the technical

limitations inherent in using expanded human TIL as a reagent.

Based on the interesting murine studies using LAG-3–Ig, this reagent is being

commercially developed (IMP321, Immutep, Paris) and tested in several clinical

trials. In the first Phase I trial, IMP321 was administered in increasing doses with a

standard influenza vaccine (Brignone et al. 2007a). No dose-limiting toxicity was

observed, and adverse effects were minimal. No augmentation of the humoral

vaccine response was noted, but a TH1 CD4 T cell response could be detected in

several participants. A second, similar trial combined IMP321 with a commercial

hepatitis B vaccine (Brignone et al. 2007b). Interestingly, at higher dose levels,

CD4 and CD8 T cell responses could be detected after a single IMP321 treatment.

These results were subsequently extended to patients with renal cell carcinoma in a

single-agent, dose-escalation trial (Brignone et al. 2009). The agent was once again

well tolerated, and treatment appeared to correlate with the development of an

effector phenotype in CD8 but not CD4 T cells in the periphery. As is typical of

Phase I trials in cancer immunotherapy, no objective responses were noted, but

several patients showed stable disease. A more innovative trial combined IMP321

with taxane-based chemotherapy in women with breast cancer (Brignone et al.

2010). This single-armed trial demonstrated an objective response rate of 50%, as

compared with a historical response rate of approximately 25%. Although single-

armed studies in cancer immunotherapy must be interpreted with caution, a number

of additional phase II trials are either underway or in the planning phase

(www.clinicaltrials.gov; www.immutep.com).

4 Conclusions

On a basic level, LAG-3 is a remarkably interesting cell surface molecule. Phylo-

genetic studies show that it arose early, most likely sharing a common ancestor

with CD4. LAG-3 plays an important role in modulating T cell expansion and

function, and blockade of LAG-3 with monoclonal antibodies can augment T cell

function in multiple models. The mechanisms by which LAG-3 exerts its physio-

logical function are relatively poorly understood, but cleavage of LAG-3 by

metalloproteases is one way in which LAG-3 function can be attenuated. The

intracellular signaling pathways underlying LAG-3 function have been relatively

poorly investigated and may yield future insight into its role in T cell phenotype and

polarization. Although several key preclinical studies suggest a role for LAG-3

blocking antibodies in cancer immunotherapy, the majority of research in this area

revolves around LAG-3–Ig, which modulates dendritic cell function in vitro and

in vivo. The ultimate test of LAG-3–Ig as a clinical reagent depends on the

completion of several clinical trials, some of which are currently underway, and

for which final results are eagerly awaited.
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Abstract Our understanding of immunological regulation has progressed tremen-

dously alongside the development of materials science, and at their intersection

emerges the possibility to employ immunologically active biomaterials for cancer

immunotherapy. Strong and sustained anticancer, immune responses are required to

clear large tumor burdens in patients, but current approaches for immunotherapy

are formulated as products for delivery in bolus, which may be indiscriminate and/

or shortlived. Multifunctional biomaterial particles are now being developed to

target and sustain antigen and adjuvant delivery to dendritic cells in vivo, and these
have the potential to direct and prolong antigen-specific T cell responses. Three-

dimensional immune cell niches are also being developed to regulate the recruit-

ment, activation and deployment of immune cells in situ to promote potent
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antitumor responses. Recent studies demonstrate that materials with immune

targeting and stimulatory capabilities can enhance the magnitude and duration of

immune responses to cancer antigens, and preclinical results utilizing material-

based immunotherapy in tumor models show a strong therapeutic benefit, justifying

translation to and future testing in the clinic.

1 The Challenge of Cancer Immunotherapy

Effective cancer immunotherapy induces the killing of tumor cells by cytotoxic

T lymphocytes (CTLs), resulting in tumor regression and a survival benefit for

patients. Malignant tumors are often characterized by an intense proliferative

capacity, and local to systemic invasiveness (Mbeunkui and Johann 2009; Curiel

and Curiel 2002), and these lethal characteristics have rendered surgical resection,

radiation treatment, and chemotherapy ineffective for many cancer patients.

Tumors are also replete with antigens, resulting in immune recognition and signifi-

cant immune-cell infiltrates, but tumor cells create microenvironments (e.g., pro-

duction of immunosuppressive cytokines) that suppress anticancer activity

(Mbeunkui and Johann 2009; Curiel and Curiel 2002). The potential for the innate

immune system to react specifically and systemically against local and metastatic

lesions (Curiel and Curiel 2002), and to obtain memory that may prevent tumor

recurrence (Klebanoff et al. 2006) has inspired the development of immunoth-

erapies that seek to reprogram anticancer responses (Curiel and Curiel 2002;

Klebanoff et al. 2006). A key challenge is to formulate treatment modalities that

provide specific and persistent immunostimulation to sustain immune attack against

tumor cells (predominantly by CTLs) until patients’ tumors are completely cleared

(Curiel and Curiel 2002; Klebanoff et al. 2006; Banchereau and Steinman 2007;

Schuler et al. 2003).

Current immunotherapeutic approaches are of two main types: cancer vaccines

and adoptive T cell transfer (Curiel and Curiel 2002; Klebanoff et al. 2006;

Banchereau and Steinman 2007; Schuler et al. 2003). Cancer vaccines introduce

tumor-associated antigens at the vaccine site and seek to cause tumor regression by

relying on a cascade of events that are orchestrated by dendritic cells (DCs)

(Banchereau and Steinman 2007; Schuler et al. 2003). Innate antigen recognition

and processing is the responsibility of DCs, which, upon activation, have a potent

ability to present tumor-antigens processed onto major histocompatibility com-

plexes (MHC), and to translate pathogenic danger signals (e.g., lipopolysaccharides

and bacterial DNA) into the expression of specific stimulatory molecules and

cytokines (Banchereau and Steinman 1998, 2007; Mellman and Steinman 2001;

Holger et al. 2007). Activated DCs then migrate to lymphoid tissues to interact with

naı̈ve T cells by presenting MHC-antigen peptides and immunostimulatory cyto-

kines, which signal and propagate antigen-specific T cell differentiation and expan-

sion (Banchereau and Steinman 1998, 2007; Mellman and Steinman 2001; Holger

et al. 2007; Sozzani et al. 1998). The type and potency of the T cell response elicited
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by activated DCs, and, by extrapolation, cancer vaccines, depends on several

factors: the type of antigen (endogenous versus exogenous), the microenvironment

of the DC-antigen encounter, the extent of DC activation and the number of DCs

that stimulate CTL differentiation and expansion (Curiel and Curiel 2002;

Klebanoff et al. 2006; Banchereau and Steinman 1998, 2007; Schuler et al. 2003;

Mellman and Steinman 2001; Holger et al. 2007; Sozzani et al. 1998). In contrast to

vaccines, adoptive T cell transfer bypasses antigen delivery and mediators of T cell

activation, by transfusing autologous or allogenic T cells that have been modified in

ex vivo cultures and selected to target specific cancer antigens (Klebanoff et al.

2006; Celluzzi et al. 1996; Jenne et al. 2000; Plautz et al. 1998; Hinrichs et al.

2009).

Although cancer vaccines and adoptive T cell transfers have induced CTL

responses to specific tumor-associated antigens, and tumor regression in a subset

of cancer patients (Curiel and Curiel 2002; Klebanoff et al. 2006; Banchereau and

Steinman 2007; Schuler et al. 2003; Celluzzi et al. 1996; Jenne et al. 2000; Plautz

et al. 1998; Hinrichs et al. 2009; Yu et al. 2004), these treatments have failed to

confer reproducible survival benefit (Klebanoff et al. 2006; Rosenberg et al. 2004).

Clinical tests of cancer vaccines have utilized a variety of methods to deliver

antigen, including delivery of bulk antigen in the form of tumor lysates (Jenne

et al. 2000; Nestle et al. 1998) and irradiated tumor cells (Jinushi et al. 2008;

Nemunaitis et al. 2006) or patient-derived DCs pulsated with tumor antigen in

ex vivo cultures (Celluzzi et al. 1996). Adjuvants and toll-like receptor (TLR)

agonists are often mixed into vaccines to provide danger signals (factors associated

with infectious microenvironments) in order to enhance DCmaturation and amplify

effector responses (Banchereau and Steinman 2007; Holger et al. 2007). However,

the limitations of current approaches include short term antigen presentation and

immunostimulation due to short, in vivo half-lives (within tissues and immune

cells), and in the case of DC or T cell transplantation therapies, there is a rapid

loss in cell viability and no control over cell function upon transplantation (Curiel

and Curiel 2002; Klebanoff et al. 2006; Banchereau and Steinman 2007; Schuler

et al. 2003). The indiscriminate targeting and rapid loss of bioavailability and

bioactivity in relation to current therapies likely reduces their efficiency, which

limits DC and CTL activation resulting in transient to ineffective tumor attack.

Intuitively, persistent induction of antitumor CTL activity is required to mediate

tumor regression, and to clear large tumor burdens (Curiel and Curiel 2002;

Klebanoff et al. 2006; Banchereau and Steinman 2007; Schuler et al. 2003;

Rosenberg et al. 2004).

This review will discuss the development and application of immunologically

active biomaterials that specifically target DCs and T cells, and regulate their

responses to antigens and tumors. We specifically focus on two biomaterial

approaches that enable specific and sustained regulation of immune activity, and

controlled immunostimulation: drug delivery and three-dimensional cell niches.

Biopolymers of many different types have been formulated into particulate

systems that control the bioavailability, the pharmacokinetics and the localization

of proteins and nucleic acids, and we will discuss work to develop material vectors
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for antigen and adjuvants with DC targeting ability. Moreover, as an alternative to

approaches that utilize ex vivo cell manipulation (e.g., DC-based vaccines and

Adoptive T cell transfer), biomaterials have been fashioned into biofunctional,

three-dimensional matrices that create distinct, immunostimulatory microenviron-

ments and regulate DC and T cell trafficking and activation in situ. We also

highlight the use of these delivery systems and niches to prime DC and T cell

responses to tumors in animal models, and the prospects for their clinical impact in

cancer immunotherapy.

2 Sources and Inspiration for Biomaterials

Biomaterials are derived from various combinations of natural or synthetic compo-

nents, and, by definition, are intended to interact with biological systems. Bioma-

terials have historically been designed to augment cellular behavior that promotes

tissue regeneration [e.g., skin grafts (Powell and Boyce 2006; Marston et al. 2003)]

or to replace tissue function [e.g., stents and prosthetics (Huebsch and Mooney

2009; Dibra et al. 2010)]; traditionally, these materials were fabricated to minimize

host inflammatory and immune responses, due to their potentially destructive

affects (Dibra et al. 2010). However, our understanding of immunological regula-

tion has progressed tremendously alongside the development of materials science,

and at their intersection emerges the possibility to employ immunologically active

biomaterials for cancer immunotherapy. In this section we discuss the sources and

raw materials for the fabrication of biomaterial systems and the inspiration under-

lying their design as drug delivery agents and synthetic extracellular matrices to

control cell processes.

2.1 Raw Materials

Nature provides numerous sources of structural proteins and polysaccharides,

derived from plants and animals, that may be modified into immuno-active bioma-

terials. Natural materials, including collagen protein derived from the connective

tissue of animals, chitosan polysaccharides extracted from the exoskeleton of

crustaceans and alginate polysaccharides isolated from seaweed, have been fash-

ioned into gels and utilized as drug delivery devices or as depots for cell transplan-

tation (Huebsch and Mooney 2009; Ali and Mooney 2006; Eiselt et al. 2000;

Miyata et al. 1992; Li and Xu 2002). These materials have been utilized in the

clinic for cosmetic and wound care applications with established biocompatibility

(Ali and Mooney 2006; Eiselt et al. 2000; Rogero et al. 2003; Majeti and Kuma

2000; Li et al. 2005). Further, the concentrations, molecular weight and cross-

linking density of collagen, chitosan and alginate macromolecules can be modified

to develop gels with defined degradation rates, stiffness, and functional groups,
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which can influence the release kinetics or binding of immunostimulatory biomo-

lecules for drug delivery, or the viability and activation state of cells interacting

with the material matrix (Ali and Mooney 2006; Eiselt et al. 2000; Miyata et al.

1992; Li and Xu 2002; Rogero et al. 2003; Majeti and Kuma 2000; Li et al. 2005;

Lee et al. 2000a; Chevallay and Herbage 2000; Borzacchiello et al. 2001; Bodnar

et al. 2005).

Biodegradable devices may also be fabricated from a variety of synthetic poly-

mers, and are frequently used as drug delivery vehicles. Polyglycolide (PGA),

polylactide (PLA), and their copolymers polylactide-co-glycolide (PLG) which

degrade, by hydrolysis, into the natural metabolites, lactic and glycolic acid

(Healy et al. 1999; Griffith 2002), have been widely used in the clinic setting as

biodegradable sutures, and are commonly fabricated into particulate systems for the

controlled delivery of biomolecules (Huebsch and Mooney 2009; Ali and Mooney

2006; Healy et al. 1999; Griffith 2002). Polyanhydrides are another class of

biodegradable materials that have been utilized as drug delivery vehicles, such as

wafers for the clinical delivery of chemotherapeutic agents at the site of glioblas-

toma resection (Gliadel) (Brem et al. 1995) and as investigative vaccine carriers

(Kipper et al. 2006). In addition, liposome particles (phospholipid bilayers) and

block copolymers with hydrophobic and hydrophilic domains are assembled into

vesicles or micelle carriers that encapsulate proteins and nucleic acids to protect

them from in vivo degradation and for their controlled release (Huebsch and

Mooney 2009; Ali and Mooney 2006; Hubbell et al. 2009; Torchilin 2005).

2.2 Controlled Delivery and Cell Targeting

Engineering solutions are needed for delivering therapeutic biomolecules to specific

sites of treatment with controlled kinetics, which has inspired the development of

biomaterials as delivery vehicles (Lee et al. 2000b; Gombotz and Pettit 1995; Langer

1998; Boontheekul andMooney 2003).Molecular therapeutics form the basis for the

prevention and treatment of many human diseases; however, their use is limited by

short in vivo half-lives which limits their bioavailability to target cells and tissues

(Langer 1998; Boontheekul and Mooney 2003). Therefore, in some cases, multiple,

systemic administrations of therapeutic molecules are utilized to prolong therapeutic

stimulation but this increases nonspecific cell/tissue exposure and may cause severe

adverse reactions, which limits the time-course and benefit of treatment.

Biomaterials are now tailored with defined physical properties such as degrada-

tion mechanisms and rates Manmohan et al. (2005), and specialized surface char-

acteristics, that protect encapsulated bioactive molecules against degradation

in vivo, control their release kinetics and allow for specific cellular targeting

in vivo (Hubbell et al. 2009; Lee et al. 2000b; Gombotz and Pettit 1995; Langer

1998; Boontheekul andMooney 2003). To efficiently target therapeutic agents (e.g.,

immunostimulatory cytokines), researchers are developing sophisticated micro- and

nano-particulate systems that carry particular surface molecules (e.g., antibodies)
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to recognize and bind to specific cells. The size and surface properties of these

particulate systems are also modified to control particle localization within specified

tissues andbody compartments (e.g., lymphoid tissues) (Hubbell et al. 2009; Torchilin

2005; Lee et al. 2000b; Gombotz and Pettit 1995; Langer 1998; Boontheekul and

Mooney 2003). Material carriers are not only designed to encapsulate and protect

proteins and nucleic acids from degradation in vivo, but they may also be designed

with specific degradation properties allowing the delivery of its bioactive load at

specific tissue locations or, for intercellular delivery, at defined intervals within the

cell-internalization pathway (Hubbell et al. 2009).

2.3 Synthetic ECMs

The natural extracellular matrix (ECM), in structure and function, has inspired the

development and application of three-dimensional biomaterial systems that pro-

duce distinct microenvironments that transmit chemical and mechanical cues to

cells in situ (Huebsch and Mooney 2009; Ali and Mooney 2006; Chevallay and

Herbage 2000; Borzacchiello et al. 2001; Griffith 2002; Silva and Mooney 2004).

The interstitial space of tissues contains fibrous ECM proteins (for example,

collagens and laminins), and gels of polysaccharides (e.g., glycosaminoglycan

and heparin sulfate) (Silva and Mooney 2004; Kallur 2003; Discher et al. 2009).

The ECM presents a variety of cell adhesion ligands, provides support and anchor-

age for cells, regulates cellular communication/migration, and sequesters a wide

range of cellular growth factors – to act as a local depot (Discher et al. 2009;

Discher et al. 2005). The ECM components and the corresponding degradative

enzymes are produced by resident cells in response to local stimuli (e.g., inflamma-

tion), which may cause ECM remodeling and a redistribution of cell signals until

homeostasis is reachieved between cells and matrix (Silva and Mooney 2004;

Kallur 2003; Discher et al. 2009; Discher et al. 2005). Thus, the ECM interacts

dynamically with cells to regulate their processes, and this ability may be translated

to biomaterial systems.

Three-dimensional biomaterial constructs are now engineered to provide the

necessary structural support as synthetic ECMs for cell transplantation and deli-

very, as long-term depots for the controlled presentation of bioactive molecules,

and as niches with controlled microenvironments that regulate cell function

(Huebsch and Mooney 2009; Ali and Mooney 2006; Chevallay and Herbage

2000; Borzacchiello et al. 2001; Griffith 2002; Silva and Mooney 2004). The

porosity and degradation rate of these materials may be optimized to provide

a residence for cells, and to regulate host cell infiltration or cell deployment for

therapy. Adhesion ligands may be patterned onto biomaterial surfaces to orient the

spatial distribution of cells and cell–cell communication (e.g., immune synapes)

(Boontheekul and Mooney 2003; Silva and Mooney 2004; Doh and Irvine 1990).

Synthetic matrices are also modified to regulate the spatial and temporal
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presentation of multiple soluble cues to create distinct microenvironments that can

mimic developmental/pathological pathways and regulate cell processes in situ

(Fig. 1).

3 Antigen Delivery and DC Targeting

Immature DCs are sentinel-like cells capable of processing and presenting antigens,

and priming antigen-specifc, adaptive immune responses (when they encounter

antigen with danger signaling), and they traffic through all the tissues of the

body, with relatively dense populations located in lymphoid tissues (Banchereau

and Steinman 1998, 2007; Schuler et al. 2003; Mellman and Steinman 2001).

Fig. 1 Examples of biomaterial systems. (a) An image of an injectable alginate hydrogel system

for controlled drug delivery and cell transplantation. Courtesy of Dr. Eduardo Silva, Wyss Institute

for Bioinspired Materials, Harvard University. (b) Atomic force microscopy (AFM) height image

of thin RGD modified alginate hydrogel layer, revealing branched polysaccharide chains and a

random nanoporous architecture (�40 nm) typical of polysaccharide gels. Courtesy of Dr. Susan

Hsiong. (c) SEM micrograph of PLG microspheres (�5–100 mm) that can be utilized to encapsu-

late and sustain delivery of proteins and nucleic acids. Courtesy of Edward Doherty, InCytu, Inc.

(d) SEM micrograph of a cross section of a macroporous (10–250 mm size pores) PLG matrix that

may be modified to present growth and programming factors to act as a local three-dimensional

cell niche in vivo (as cells reside within the porous material)
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Importantly, antigens may be processed by DCs either via an exogenous pathway

(e.g., soluble antigens in circulation) for presentation on MHC-II surface mole-

cules, or an endogenous pathway (e.g., viral proteins) for antigen presentation on

MHC-I (Banchereau and Steinman 2007; Mellman and Steinman 2001). Targeting

intracellular antigen release and antigen processing (as conducted by cells infected

with viruses) with material vectors can promote antigen presentation on MHC-I,

which stimulates CTL responses (Banchereau and Steinman 1998, 2007; Schuler

et al. 2003; Mellman and Steinman 2001; Holger et al. 2007; Sozzani et al. 1998;

Celluzzi et al. 1996; Jenne et al. 2000) – the desired adaptive response for the killing

of tumor cells (Klebanoff et al. 2006; Banchereau and Steinman 1998, 2007;

Schuler et al. 2003; Mellman and Steinman 2001). Therefore, sustained and intra-

cellular antigen delivery to DCs is preferred to induce effective CTL priming and

expansion, and long-term cancer immunotherapy.

Biomaterial particulate systems are designed to mediate antigen delivery to DCs

with a variety of mechanisms that promote the sustained induction of cytotoxic,

CD8+ T cell responses. There is evidence that particles between the sizes of

1–10 mm are preferentially phagocytosed by antigen presenting cells (APCs),

including DCs and not by other cells, allowing for passive DC targeting (Tabata

and Ikada 1990). Biomaterial-based particulates are also capable of extending the

in vivo half-life of antigen delivery from days to weeks by providing protection

against protein degradation (within both extra- and intra-cellular environments) and

sustaining their delivery, which allows for prolonged DC loading and antigen-

presentation by the DCs (Hubbell et al. 2009; Tabata and Ikada 1990; Waeckerle-

Men et al. 2005).

The delivery of antigen encapsulated in biodegradable polymer particles is

driven by diffusion of the antigen and material degradation, allowing for adjustable

and sustained release kinetics that mimic the priming and boosting injections of

conventional immunization regimens. The natural materials, collagen and alginate,

have been processed into antigen-loaded microparticles that reduced the amount of

antigen necessary to stimulate humoral immunity, and sustained this response for

extended periods (Lofthouse et al. 2001; Suckow et al. 1999). Hydrophilic PLG

microspheres of various molecular weights were demonstrated to control the

release of antigen over 30–60 days, dependent on the period of time when the

polymeric material was completely degraded by hydrolysis (Thomasin et al. 1996).

Moreover, the in vitro uptake of these PLG microparticles (0.5–5 mm) by primary

DCs did not produce a negative effect on cell viability (Nemunaitis et al. 2006;

Waeckerle-Men et al. 2005; Thomasin et al. 1996). Consequently, upon cell

internalization, these microspheres can serve as antigen reservoirs in DCs, and it

was demonstrated that they promote MHC-antigen presentation by DCs for

extended periods of time (up to 9 days), compared to the much shorter delivery

of free, soluble antigen (2–3 days) (Audran et al. 2003). Importantly, in comparison

to soluble proteins, MHC-I and MHC-II antigen presentation of PLGA-MS-

encapsulated antigen peptides by murine DCs was significantly prolonged, and

proteins were presented 50-fold more efficiently on class I molecules important

for priming CTL responses (Waeckerle-Men et al. 2005; Thomasin et al. 1996;
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Audran et al. 2003). The vaccination of mice with primary DCs loaded with PLGA-

MS-encapsulating influenza antigen or the cancer-associated antigen MUC-1 raised

strong and persisting cytotoxic T cell responses for up to 10–16 days in vivo
(Waeckerle-Men et al. 2005; Audran et al. 2003). The prolonged antigen presenta-

tion and CTL stimulation in these models is likely due to the slow hydrolysis (i.e.,

degradation) of PLG microparticles within DCs, which provides a continuous

supply of antigens for processing and presentation onto MHC-class I molecules.

The effects of pulsing DCs with antigen-loaded biomaterials were translated to

human derived DCs, as they are able to internalized PLG particles in high numbers,

which promoted persistent antigen presentation and DC activation on similar time-

scales as murine DCs (Waeckerle-Men et al. 2006).

The degradation mechanisms of particulate systems have been optimized to

control the timing of the release of nucleic acids and antigens within DCs. Materials

sensitive to pH levels, similar to the levels found within cellular compartments, are

now being developed to time antigen release coinciding with material degradation.

Poly (ortho) ester (POE) biomaterial particles are stable at physiologically neutral pH

but degrade rapidly at pH 5, or the levels associated with the phagosome compart-

ment of DCs, and this property was exploited to deliver DNA vaccines (Wang et al.

2004). Plasmid DNA encoding the peptide antigen, SIYRYYGL called SIY, was

loaded into pH POE microparticles (�5 mm) that protected the DNA from degrada-

tive enzymes and effectively transfected APCs, in vivo, promoting the production

and presentation of the SIY antigen, and specific T cell activation that was greater

than the delivery of free DNA or the use of particles insensitive to acidic conditions

(Wang et al. 2004). Importantly, these POE microparticles were tested as a prophy-

lactic, DNA vaccine, and significantly suppressed the growth of SIY-expressing

thymoma cells. This response was demonstrated to be dependent on the generation

of SIY-specific immunity (Wang et al. 2004). Similarly, other pH and oxidation

sensitive materials have been developed to stably deliver proteins and nucleic acids

to DCs, by facilitating endosomal and lysosomal disruption that prevents intracellu-

lar degradation, and causes the release of these bioactive molecules into the cytosol

for antigen processing or antigen-encoding transfection (Napoli et al. 2004;

Paramonov et al. 2008; Cohen et al. 2009; Meyer and Wagner 2006).

The surfaces of biomaterial drug carriers can be modified with ligands to target

antigen delivery to host DCs in situ. DEC-205 is an endocytosis receptor expressed

by DCs, and ph-sensitive microparticles conjugated to anti-DEC-205 antibodies

were shown to be internalized by DCs with an approximately threefold difference in

efficiency as compared to control particles (Kwon et al. 2005). Moreover, by

utilizing ovalbumin (OVA) as a model antigen, studies demonstrated that anti-

DEC-205 conjugated microparticles enhance antigen uptake and MHC-I processing

by DCs in vivo, and significantly increased the levels of anti-OVA CTL responses

in mice (Kwon et al. 2005). Similarly, anti-CD11c and anti-DEC-205 antibodies

were attached to liposomal particles that targeted DCs both in vitro and in vivo with
enhanced efficiency (Van Broekhoven et al. 2004). Therefore, antibody conjugation

to particulate vehicles offers a potential approach to efficiently target antigen

delivery to host DCs.
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Another method of antigen targeting involves passively targeting lymphoid

tissues rich in DCs by simply optimizing particle sizing, which facilitates lymphatic

transport. To achieve effective transport into lymph vessels, particles must be

fabricated on the nano-scale, as liposome and other synthetic particles larger than

200 nm generally remain at the injection site, whereas smaller particles (�20–

30 nm), due to the dynamics of interstitial flow, can be drained well into lymphoid

tissues (Nishioka and Yoshino 2001; Oussoren and Storm 2001; Oussoren et al.

1997; Reddy et al. 2007). Intradermal injection of pluronic-stabilized polypropyl-

ene sulfide (PPS) nanoparticles, 25 nm in size, which degrade under the oxidative

conditions within lysosomes, were able to target 50% of the DCs in the draining

lymph node (100 nm particles targeted only 10%). When these particles were

conjugated to a model antigen, they were able to promote specific humoral

and CTL immunity, offering a promising strategy for cancer vaccination (Reddy

et al. 2007).

4 Adjuvant Materials

Adjuvants initiate and enhance immune responses to antigens, and it has become

clear that cancer vaccines will require delivery vehicles that can deliver multiple

signals that will elicit and amplify “danger-like” responses to cancer antigens

(Banchereau and Steinman 2007; Hubbell et al. 2009). It is understood that DCs

continuously sample self-antigens within all tissues, and will not mount anti-

antigen responses without secondary signals that indicate a threat to the body.

The study of the immune response to various infections and cell damage has

revealed “danger signaling” that activates DCs, and these signals are now being

utilized as candidate adjuvants. Pathogenic associated molecular patterns (PAMPs),

including lipopolysaccharide (LPS), and cytosine–guanosine (CpG) dinucleotide

sequences are potent “danger signals”. Dying or damaged cells also release signals

(damage associated molecular patterns; DAMPs), such as heat shock proteins, that

activate DCs and can propagate immune responses (Janeway and Medzhitov 2002;

Sansonetti 2006; Meylan et al. 2006; Akira et al. 2006).

The family of DC receptors that recognize “danger signals” are TLRs (ten

members in humans), and they explain the DC capacity to respond to many danger

signals. Each TLR binds to distinct PAMPs, e.g., TLR4 detects the LPS molecule

specific for gram negative bacteria, TLR3 recognizes double-stranded RNA derived

from viral infection, and the natural ligands for TLR9 are CpG-rich DNA motifs

found frequently in bacterial and viral DNA (Holger et al. 2007; Akira et al. 2006).

The triggering of different TLRs mediates DC activation and DC production of

distinct immunostimulatory cytokines that propagate specific T cell responses. For

example, DCs activated via the byproducts of intracellular pathogens, dsRNA and

CpG-rich nucleotide sequences that ligate TLR3 and TLR9, respectively, produce

interferons (IFN-a and IFN-g) and IL-12 that are important in promoting Th1

responses and CTL differentiation/expansion, and cell-mediated attack on infected
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cells and tumor cells (Holger et al. 2007; Janeway and Medzhitov 2002; Sansonetti

2006; Meylan et al. 2006; Akira et al. 2006). Since one of the main goals of cancer

immunotherapy is to produce specific, cytotoxic T cells that kill tumor cells, we will

focus on DC adjuvant technology and DC responses that direct these Th1 responses

and cytotoxic T cell responses, to kill tumor cells in particular. Additionally, the

development of synthetic analogs of TLR agonists, including various CpG oligo-

nucleotides (ODN), and poly(I:C) (substitute for dsRNA), provide opportunities for

the development of material systems that co-deliver “danger signals” with antigen

to amplify specific immune responses to tumors (Holger et al. 2007).

Biomaterials are now being synthesized with adjuvant activity (including mate-

rials that engage TLRs) to complement their ability to control antigen delivery for

vaccination. Biomaterials may also inherently be strong adjuvants that enhance

immune responses. Polyester microparticles taken up by DCs have demonstrated

the ability to promote an activated morphology, upregulate antigen presentation and

the expression of costimulatory molecules and immunostimulatory cytokines, and

enhance T cell activation when co-delivered with antigen (not encapsulated into the

microparticles) (Bennewitz and Babensee 2005; Yoshida and Babensee 2004; Todd

et al. 1998; Little et al. 2004). In addition, hydrophobic surface coatings on

relatively inert, antigen-loaded nanoparticles promote complement activation and

adjuvant effects that enhanced DC activation and the priming of adaptive immune

responses (Hubbell et al. 2009; Reddy et al. 2007). The polycationic polymer

polyethylenimine (PEI), which forms positively charged colloidal particles when

utilized to condense nucleic acids, has been utilized extensively as a transfection

vector due to its ability to enhance cell uptake, and has been also shown to trigger

selective TLR5 activation in vitro and elicit the production of hallmark TLR5-

inducible cytokines in WT mice, but not in Tlr5-/- littermates (Cubillos-Ruiz et al.

2009). In an interesting study, PEI complexed with siRNA (silencing immunosup-

pressive mechanisms) to form nanoparticles that engaged both TLR5 and TLR7

silenced local immunosuppressive mechanisms, activated regulatory DCs into

potent stimulators of CTLs, and led to significant antitumor immunity in mouse

models of ovarian cancer (Cubillos-Ruiz et al. 2009). This result motivates testing

current biomaterials for their ability to engage TLRs, and design of biomaterial

carriers that not only efficiently deliver antigen but also act as TLR agonists to

enhance immune responses.

Controlled release particles may also be utilized to co-deliver immunostimula-

tory cytokines and TLR agonists that modulate DC and T cell responses to cancer

antigens. Additionally, particulate systems containing immobilized danger signals,

including LPS derivatives(Elamanchili et al. 2007), poly (I:C) (Wischke et al. 2009)

and CpG-ODN (Kaiser-Schulz et al. 2007) or that provide the sustained release of

cytokine adjuvants, such as GM-CSF (Nair et al. 2006), IFNs (Gu et al. 2005),

and IL-12(Nair et al. 2006), have been utilized to enhance DC activation and

T cell antitumor activity in mouse models. For example, intravesical delivery of

chitosan incorporating IL-12 induced T cell infiltration into orthotopic bladder

tumors in mice, resulting in significant cure rates (88%) after four therapeutic

treatments (Zaharoff et al. 2009). Additionally, vaccine formulations utilizing
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Fig. 2 Design of immunologically active biomaterials for cancer immunotherapy. (a) Tumor

antigens are encapsulated into biomaterial particles that are sized or modified for preferential

phagocytosis or endocytosis by APCs, including DCs. The particles protect antigen from degrada-

tive enzymes and can sustain their release into the cytosol (antigen reservoir) for intracellular

processing and presentation onto MHC-I molecules that can prime CTL responses. (b) Biomaterial

delivery vehicles are often made into multifunctional materials by conjugation with adjuvants and

DC targeting ligands to control the kinetics and localization of adjuvant presentation, in order to

enhance and direct DC or T cell migration and activation in vivo. These materials may be utilized

to co-deliver antigen. (c) Three-dimensional biomaterials are fabricated into porous matrices that

produce defined microenvironments. Illustrated is a model schematic of an activating DC niche
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PLG microparticles that co-deliver the melanoma associated antigen, Trp-2, and a

TLR-4 agonist (7-acyl lipid A) activated Th1-polarizing interferon production,

Trp-2 specific CTL responses, and suppressed the growth of B16 melanoma tumors

in mice (Hamdy et al. 2008). In a clinical application, patients with advanced staged

follicular lymphoma were vaccinated after chemotherapy-induced remission with

liposomal vaccines delivering both a lymphoma antigen and IL-12, which pro-

moted antigen-specific T cell responses that persisted for 18 months following the

completion of vaccination; and at 50 months, six of ten patients remained in

complete, continuous remission (Neelapu et al. 2004) (Fig. 2).

5 Three-Dimensional Niches That Regulate Immune

Responses In Situ

As a promising alternative to cell-based approaches (e.g., DC-based vaccines and

adoptive T cell transfer) for cancer immunotherapy, biomaterials may be fashioned

into three-dimensional matrices that regulate immune cell trafficking and activation

in situ (Huebsch and Mooney 2009). Immune mechanisms have evolved to recog-

nize and defend against pathogenic infection, and now infection-mimicking micro-

environments may be developed using synthetic ECMs and immune cell

niches aimed at promoting effective immune responses to cancer antigens. Three-

dimensional biomaterial constructs may be designed to support DC and T cell

transplantation or recruitment for extended periods while providing a distinct

activating niche, via the controlled presentation of antigens and adjuvants while

DCs reside within the matrix.

Vaccine nodes were developed by utilizing injectable alginate hydrogels

that crosslinked in vivo into a supporting matrix containing activated DCs. These

transplanted DCs produced cytokines that recruited both host DCs and T cells to the

injection site, and the vaccine site subsequently transformed into a potent T cell

effector site that could be useful for local tumor immunotherapy (Hori et al. 2008).

Moreover, these three-dimensional, DC niches were able to maintain cell viability,

and DC and T cell in situ recruitment for over a week (Hori et al. 2008). Similar

alginate hydrogel systems were also used to control the release of immunocytokines

(IL-15 superagonist) and danger signaling to recruit and activate cytotoxic T cells,

and peritumoral injections of these systems significantly enhanced the survival of

melanoma-bearing mice (Hori et al. 2009).

Fig.2 (continued) embedded with programming factors (tumor antigens and adjuvants) to activate

resident DCs (recruited or transplanted) in situ into an antitumor state with upregulated antigen

expression and costimulatory molecules (for T cell priming). These activated DCs may be

deployed and home to lymphoid tissue to stimulate antigen-specific CTL responses. These systems

may continuously produce activated DCs in situ for sustain periods, prolonging the induction of

antitumor responses. Alternative approaches include three-dimensional biomaterials developed to

deliver tumor specific T cells or to act as CTL effector sites for local tumor therapy

◂
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A recent series of studies describe the development of implantable, and macro-

porous polymer matrices (PLG; �85% of the volume is pores) that mimic infec-

tious microenvironments to regulate DC and T cell trafficking and activation in situ

(Ali et al. 2009a). Following subcutaneous implantation, GM-CSF was released

from these PLG matrices into the surrounding tissue, to recruit significant numbers

of host DCs (�3 � 106 cells) (Ali et al. 2009b). CpG-rich oligonucleotides were

also immobilized on the matrices as danger signals, and antigen (tumor lysates

within the PLG) was released to matrix resident DCs to program DC development

and maturation (Ali et al. 2009b). This coordination of DC migration and activation

(as DCs reside within the matrix) induced potent, prolonged, and specific cytotoxic,

T cell mediated immunity (both local and systemically) that completely eradicated

large B16 melanoma tumors in mice (>25 mm2 at the time of vaccination; 55%

long-term therapeutic cure rate) (Ali et al. 2009a, b).

Interestingly, these systems can also be utilized to determine the cellular and

molecular signatures of effective therapeutic immune responses to solid tumors; as

a critical number and pattern of DC subset generation at the vaccine site, including

plasmacytoid DCs (pDCs) and CD8+ DCs (not commonly included in ex vivo DC

vaccines), strongly correlated with vaccine efficacy (Ali et al. 2009b). Moreover,

the aforementioned immune niches begin as vaccine nodes and translate into the

formation of distinct T cell effector sites, which can be monitored to elucidate the

cellular and molecular interactions that govern antitumor activities in the therapeu-

tic setting (Hori et al. 2008; Ali et al. 2009b; Hori et al. 2009). These insights into

vaccine and effector immunobiology enabled by this biomaterial approach may

provide important design criteria (e.g., CD8+ DCs and pDCs as cellular targets) for

future cancer immunotherapy.

6 Conclusions and Future Prospects

Immunologically active biomaterials have the potential to offer in vivo control over
anticancer immune responses: control over the duration and location of antigen and

adjuvant delivery, control over local microenvironments, control over the type and

quantity of DC activation in situ, and control over the maintenance of specific,

adaptive immunity. To date, preclinical studies in cancer vaccine development have

successfully modified the sizing and surface functionality of biomaterial particles to

target and regulate antigen and adjuvant delivery to DCs, which enhanced the

production and persistence of CTL responses in vivo. In some studies, antigen-

loaded particulate systems were modified to act as adjuvants themselves or to co-

deliver adjuvants that increased the numbers of activated host DCs, and amplified

the production of adaptive responses to tumors. Three-dimensional materials were

designed into vaccine niches (immuno-active synthetic matrices that transplanted or

recruited DCs and activated them within immunostimulatory microenvironments)

that transitioned into effector sites augmenting T cell responses and caused signifi-

cant regression of solid tumors in mice. Other interesting avenues that are emerging
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for biomaterials include their development as synthetic TLR agonists and danger

signals to coincide with antigen targeting abilities, and the development of cell

niches that continuously deploy transplanted cells that may be utilized to deliver

activated DCs and anticancer T cells (Huebsch andMooney 2009; Silva et al. 2008).

An exciting prospect is the emerging application of materials systems/assays to

elucidate important cellular and molecular mechanisms in immunobiology that

direct the fate of immune responses.

Developments in materials science and immunology research will significantly

enable the transformation of biomaterial technologies from the laboratory to clini-

cal use for cancer immunotherapy. Although material-based vaccine formulations

have shown compelling preclinical results, translation to clinical testing is virtually

nonexistent at present, as material design has historically focused on other medical

applications for a variety of technical and economic reasons. However, as the

limitations of current cancer immunotherapies (molecular and cell-based therapies

delivered in bolus) are becoming clear, including inadequate bioavailability and

control, immunologically active and multifunctional biomaterials vectors are

becoming more attractive. It is worth noting, in addition, that the material back-

bones of many of the systems discussed in this review have extensive and safe

histories of clinical testing and use in other medical applications, which will likely

facilitate their use in immunotherapies. The future clinical implementation of

biomaterials for immunotherapy will likely be as novel combination products,

which include both materials and biomolecules and/or cells. The biodistribution

and dose of molecules and cells delivered by novel immuno-active materials, such

as the systems discussed in this review, still need to be evaluated for safety and

optimized in animal models, and, ultimately, in cancer patients. In sum, as the

limitations of current cancer immunotherapies are becoming clear, including inad-

equate bioavailability and control, the design capabilities of immunologically

active and multifunctional biomaterials are becoming more promising and exciting.
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