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Preface

The role of dendritic cells in the immune system has been the subject of intense
study for the past two decades, and it is now beyond question that these cells play
a critical role in determining all aspects of the immune response, including its
kinetics, magnitude, direction and character. During an acute challenge such as
that presented by many infections, dendritic cells in peripheral sites must
internalize antigens and migrate to secondary lymphoid tissues to initiate
immune responses. With chronic exposure to antigens in states such as cancer,
however, dendritic cells are bombarded with conflicting signals. A complex
environment within the tumor or tumor-bearing host determines the magnitude
and polarity of numerous changes in dendritic cells induced by surrounding cells
and factors.

The goal of this book is to assemble and integrate, for the first time, our
knowledge of how dendritic cells function in the setting of cancer, providing a
comprehensive survey of the field in a single volume. To this end, chapters are
organized within thematic sections, each addressing major areas of current
research. The authors of each chapter were chosen for their expertise and
standing in their respective fields and have provided up-to-date accounts of the
latest research findings. Specific topics include analysis of dendritic cell behavior
in the tumor microenvironment, including endogenous and exogenous dendritic
cells, multiple dendritic cell populations, molecular pathways responsible for
dendritic cell dysfunction, tumor-derived factors altering dendritic cell
polarization and activation, mechanisms of dendritic cell alterations and the role
of dendritic cells in tumor escape from immune recognition and elimination.
Furthermore, additional chapters provide extensive analysis of the consequences
of cancer therapy on dendritic cells and how aging impacts dendritic cell function
in the tumor microenvironment. Finally, chapters are included examining
strengths and pitfalls of current methodologies for generating dendritic cells
from cancer patients for therapeutic purposes and on the role of tumor-
mediated modulation of the dendritic cell system in cancer immunotherapy.

This book should prove to be an essential reference guide for researchers in the
fields of tumor immunology, immunotherapyandvaccinedevelopment andwill be
highly useful for students and others entering the field and seeking an introduction
to the exciting and dynamic topic of immunobiology of dendritic cells in cancer.
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Introduction

Every year, hundreds of papers bring new insights into the immunobiology of
dendritic cells and their role in the regulation of immune homeostasis and
immune responses in different diseases. However, the role of diverse dendritic
cell subsets in controlling tumor development, growth, spreading and
metastasis is still being debated in light of constantly emerging experimental
data and novel concepts. In the first two chapters, the general role of dendritic
cells in immunity is introduced; this is followed by a description of the dendritic
cell system as it pertains to cancer, including a historical perspective on the
dendritic cell’s place in tumor immunology and the development of our
understanding of how dendritic cells interact with tumor cells, resulting in
either acceleration of tumor progression and spreading or induction of
antitumor immune responses and tumor elimination.

xvii



Chapter 1

The Central Role of Dendritic Cells in Immunity

Jessica Chu and Russell D. Salter

Abstract Professional antigen-presenting cells play a major role in the initiation
of immune responses against microbial and viral pathogens and are also critical
for eliciting antitumor immunity. Dendritic cells are particularly potent anti-
gen-presenting cells due to their ability to take up, process, and present antigen
to both CD4+ and CD8+ T cells. They can promote inflammation at local
sites of infection and act as carriers of antigen to lymphoid organs for T-cell
priming. In this way, they bridge innate and adaptive immunity. The following
section will review themany diverse subsets of both human andmouse dendritic
cells and the phenotypic and functional changes they undergo following antigen
exposure. Additionally, dendritic cell-directed T-cell differentiation will be
discussed with some emphasis on dendritic cell plasticity and the role of den-
dritic cells in disease.

1.1 Dendritic Cell Subsets

Dendritic cell subsets can be characterized by their anatomical localization as
well as their phenotypic markers. In terms of anatomical location, dendritic
cells (DC) are found in the circulation and in lymphoid and non-lymphoid
tissues. DC can be found in afferent lymph where they are known as veiled cells
and in blood, in which approximately 1% of peripheral blood mononuclear
cells are comprised of DC and their precursors (Sato and Fujita 2007). Blood
DC precursors give rise to non-lymphoid tissue-resident DC like Langerhans
cells (LC, Fig. 1.1) and dermal DC (DDC) in the epidermis, interstitial DC in
organs such as the liver, kidney, heart, and lung, and mucosal DC that line the
mucosa of the oral cavity, intestinal tract, and respiratory tract (Banchereau
et al. 2000; Steinman 1991). Lymphoid tissues such as tonsil, spleen, thymus,
and lymph nodes house germinal center DC (GCDC), follicular DC (FDC),

R.D. Salter (*)
Department of Immunology, University of Pittsburgh School of Medicine, E1006
Biomedical Science Tower, 200 Lothrop Street, Pittsburgh, PA 15213, USA
e-mail: rds@pitt.edu

M.R. Shurin, R.D. Salter (eds.), Dendritic Cells in Cancer,
DOI 10.1007/978-0-387-88611-4_1, � Springer ScienceþBusiness Media, LLC 2009
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and interdigitating DC (IDC) found in T-cell areas (Banchereau et al. 2000;

Sato and Fujita 2007; Steinman 1991).
Phenotypically, mouse and human DC are defined by different sets of surface

markers, with the added complexity of distinct subsets within each species. Inmice,

all DC express CD11c andMHC class II, but vary in their expression of CD4 and

CD8� (Sato and Fujita 2007). Conventional DC consist of myeloid lineage

CD4�CD8�� and CD4+CD8�� cells in the marginal zone of the spleen and

lymph nodes and CD4�CD8�low cells in skin-draining lymph nodes as well as

lymphoid lineage CD4�CD8�high cells in T-cell areas of the spleen and lymph

nodes. The other major murine DC subset is the CD8�+CD205+B220+Gr-1+

plasmacytoid DC (pDC) found in the spleen, bone marrow, thymus, and lymph

nodes. In humans, DC are distinguished by their expression of CD1a and CD11c

(Sato and Fujita 2007). CD4+CD1a+CD11chigh and CD4+CD1a�CD11clow

comprise the conventional myeloid lineage human DC while the lymphoid pDC

lineage consists of CD4+CD1a�CD11c� cells. Though these distinct subsets of

DC have been clearly defined in mice and humans, it should be noted that DC

exhibit great plasticity, and it is possible that these cellsmay exist as a continuumof

cell types rather than as separate entities.

1.2 Dendritic Cells: Antigen Uptake and Processing

Initial recruitment of DC from the blood to peripheral sites occurs continuously

in the steady state and is governed by chemokines, complement, cleavage pro-

ducts, defensins, and bacterial peptides (McWilliam et al. 1996; Sabatte et al.

2007; Sozzani 2005). Before activation, DC are considered immature with high

endocytic capabilities and low expression ofMHC and costimulatorymolecules

Fig. 1.1 Langerhans cells

show a distinctive

morphology with dendritic

extensions.Mouse skin from
ear was sectioned and
stained with a
fluoresceinated antibody
against the class II MHC
marker. A 400-fold
magnification is shown
(image provided by
Dr. Adriana Larregina,
UPMC)
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(Tan and O’Neill 2005). In this state, they typically do not elicit T-cell responses
in the absence of a pathogenic or stress-related threat. Immature DC in the
body are found at sites of potential antigen exposure such as the skin, mucosal
surfaces, and the spleen, where they carry out an important immunosurveil-
lance function.

DC can interact with antigen through intracellular infection or can engulf
exogenous antigen through three main processes: macropinocytosis, phagocy-
tosis, and receptor-mediated endocytosis. Macropinocytosis involves receptor-
independent sampling of extracellular fluid that is captured in 1–3 mm endocytic
vesicles (Sabatte et al. 2007) while phagocytosis often employs Fc receptors,
complement receptors, and other receptors (i.e., mannose receptor (Syme et al.
2002), DC-SIGN (Cambi and Figdor 2003; Tailleux et al. 2003)) to take up
opsonized or non-opsonized microbes, dead or dying cells, and other antigenic
particles (Banchereau et al. 2000; Banchereau and Steinman 1998; Sabatte et al.
2007). Receptor-mediated endocytosis of antigens is typically clathrin depen-
dent and involves C-type lectins (i.e., mannose receptor, DEC-205 (Mahnke
et al. 2000)) targeting carbohydrate structures on pathogens, scavenger recep-
tors that bind polyanionic ligands, and FcgR types I and II that bind immune
complexes (Banchereau et al. 2000; Sabatte et al. 2007). These endocytic recep-
tors cluster in clathrin-coated pits to facilitate the endocytic process. Following
antigen uptake, DC can process and present antigen using distinct classical and
non-classical pathways described below.

Two classically defined pathways exist for the presentation of intracellular
antigen to CD8+ T cells and exogenous antigen to CD4+ T cells. Intracellu-
larly infected DC may contain cytosolic antigens that can be ubiquitinated and
degraded to peptide fragments by the proteasome (Banchereau et al. 2000).
These peptides can then be translocated into the endoplasmic reticulum (ER)
via TAP1/2 transporters where they are loaded onto MHC class I molecules
before transport to the cell surface, where they can stimulate CD8+ T-cell
responses. A second quite distinct pathway involves the uptake of soluble and
particulate extracellular antigens internalized into endosomes where they are
degraded into peptides following vesicle acidification (Banchereau et al. 2000).
These antigen-containing endosomes fuse with other vesicles rich in MHC class
II to form a unique compartment known as the MIIC (MHC class II compart-
ment). MIIC also contains HLA-DM, which is critical in the removal of the
CLIP fragment of the class II-associated invariant chain that shields the peptide
groove. Following removal of the CLIP, peptide-receptive MHC class II mole-
cules can bind peptides with appropriate sequences, forming complexes which
are then translocated to the cell surface. Once at the cell surface, MHC class II
molecules present peptides to antigen-specific CD4+ T cells.

DC also have a unique capacity in vivo to process exogenous antigens for
presentation to CD8+ T cells. This ability, termed cross-presentation or cross-
priming, allows DC to prime CD8+ T-cell responses against pathogens which
do not infect DC themselves. Multiple mechanisms have been demonstrated to
allow for cross-presentation and are listed below (Groothuis and Neefjes 2005).
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They include but are not limited to (1) gap junctions connecting infected and
non-infected cells allowing transfer of antigenic peptides; (2) loading of antigens
into MHC class I present in recycling pathways; (3) fusion of phagosomal
membranes with endoplasmic reticulum, allowing for loading of exogenous
antigens into nascent class I molecules; (4) export of antigens from endosomes
into the cytosol; (5) transfer of antigens contained within microvesicles secreted
by antigen-positive cells to bystander DC; and (6) transfer of membrane
proteins between cells through nanotube structures (Onfelt et al. 2004; Rustom
et al. 2004;Watkins and Salter 2005). Lastly, CD1molecules are used in another
non-classical antigen presentation method for the presentation of endogenous
and exogenousmicrobial lipids and glycolipid-containing antigens (Banchereau
et al. 2000).

1.3 Dendritic Cell Activation and Maturation

Simultaneously with antigen capture, processing, and presentation, DC also
undergo an activation and maturation process that will ultimately enable them
to migrate to lymphoid organs for the priming and activation of antigen-
specific T cells. At the sites of local infection, DC encounter specific molecules
that initiate their maturation. These molecules include pathogen-associated
molecular patterns (PAMP) from infecting pathogens and damage-associated
molecular patterns (DAMP) from damaged host tissues that bind to toll-like
receptors (TLR) on the DC surface or within endosomes (Bianchi 2007;
Sabatte et al. 2007; van Vliet et al. 2007). Ligation of these receptors results in
the generation of pro-inflammatory cytokines such as IL-1, TNF-�, and IL-6
(Sabatte et al. 2007) that enable the recruitment of innate immune cells, like
neutrophils, to the site of infection. This shift toward a pro-inflammatory
cytokine environment further enhances DC activation. Additionally, the pre-
sence of T-cell-derived signals (CD40L (Caux et al. 1994; Schulz et al. 2000)),
innate immune cells (NKT cells (Hermans et al. 2003), g� T cells (Conti et al.
2005), neutrophils (Ludwig et al. 2006)), and other stress signals (extracellular
acidosis (Vermeulen et al. 2004), kinins (Aliberti et al. 2003), complement
components (Soruri et al. 2003), oxidative stress (Rutault et al. 1999)) influence
the activation and maturation of DC.

During maturation, DC lose their endocytic and phagocytic receptors; upre-
gulate costimulatory molecules (CD40, CD80, CD86); change morphology by
downregulating adhesion molecules, undergoing cytoskeletal reorganization,
and obtaining high motility; and rearrange MIIC for higher peptide–MHC
class II expression at the cell surface (Banchereau et al. 2000; Banchereau and
Steinman 1998; Reis e Sousa et al. 1999; Sabatte et al. 2007; Tan and O’Neill
2005). These changes facilitate DC in their preparation to migrate to lymphoid
tissues where they will present specific antigen and costimulate T cells for a
robust immune response.Migration occurs whenDC upregulate the chemokine
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receptor CCR7 (Sallusto et al. 1998), which allows them to chemotax to the
chemokines CCL19 and CCL21 via afferent lymphatics to lymphoid tissues
(Randolph et al. 2005). Once DC reach lymphoid tissues, they probe the
circulating naı̈ve T-cell pool for antigen-specific T cells. In order for DC to
activate these antigen-specific T cells, three signals are required. Signal 1 con-
sists of TCR cross-linking to peptide–MHC, signal 2 is the interaction of
costimulatory molecules CD80 and CD86 on DC with CD28 on T cells, and
signal 3 involves factors such as cytokines to promote the differentiation of T
cells toward a distinct effector cell type (Diebold 2008; Sabatte et al. 2007).

1.4 Dendritic Cells in Directing T-Cell Responses

DC-directed T-cell fate can be influenced by many factors including the nature
of signal 3, pathogen type, route of pathogen delivery, tissue-derived environ-
mental factors, other innate immune cells, and feedback signals from activated
T cells (Diebold 2008). Typically, in the presence of all three signals, myeloid
DC that interact with intracellular microbes such as bacteria, viruses, and
parasites produce IL-12 and type I interferons that program naı̈ve CD4+ T
cells to become IFN-g-producing Th1 cells (Kadowaki 2007). DC licensed by T
helper cells then activate macrophages and CD8+ cytotoxic T lymphocytes
(CTL) for the killing of intracellular microbes infecting host cells. In addition to
cellular immunity, neutralizing antibody activity is also generated in the context
of intracellular infection (Diebold 2008). On the other hand, CTL responses are
not useful during infection with extracellular bacteria, fungi, protozoa, and
parasites. Instead, DC exposed to these extracellular microbes skew naı̈ve
CD4+ T cells to Th2-type cells, which secrete IL-4, IL-5, and IL-13 (Diebold
2008; Kadowaki 2007). This leads to antibody class switching in B cells for the
production of IgE, which activates mast cells and eosinophils to eliminate the
extracellular pathogens. The induction of a humoral response is important for
opsonization, phagocyte activation, complement induction, and toxin neutra-
lization in this type of infection. Th2 immune responses are also important for
the maintenance of gut homeostasis. Mucosal DC continuously sample both
pathogens and commensal bacteria from the gut lumen and must avoid detri-
mental responses to commensals while mounting immune responses to
harmful bacteria. Thus, when mucosal DC encounter pathogenic microbes,
they elicit a Th2 response that leads to the generation of IgA while keeping a
non-inflammatory environment (Diebold 2008). Dysregulation of Th2 polariza-
tion in the gut can result in inflammatory diseases such asCrohn’s disease (Rimoldi
et al. 2005). Currently, it is unknown if the Th2 pathway is the natural default
pathway in the absence of IL-12 or if specific instructive signals are also required.

Aside from infecting pathogen type and nature of signal 3, other factors also
play a role in skewing Th responses. Most notably, prostaglandin E2 (PgE2)
(Kalinski et al. 2001) and histamine (Idzko et al. 2002) elicit TNF-�-dependent
DC maturation but inhibit IL-12p70 production such that naı̈ve CD4+ T cells
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become Th2 polarized. IgE-activated mast cells have also been shown to lead
to DC maturation in the absence of IL-12. Another major factor involved in
DC-instructed Th2 responses is thymic stromal-derived lymphopoietin (TSLP)
(Ito et al. 2005; Reche et al. 2001), which has also been observed at high levels in
skin lesions of patients with atopic dermatitis (Soumelis et al. 2002) and allergic
asthma (Al-Shami et al. 2005). Lastly, Notch ligandsDelta and Jagged play a role
in the generation of Th1 and Th2 responses, respectively (Amsen et al. 2004).

For a long time, the paradigm of Th1 versus Th2 skewing has been well
accepted. However, in recent years it has become apparent that IL-17-producing
Th17 cells also play a role in the control of infection by extracellular and
intracellular bacteria, fungi, and parasites. The differentiation of this helper
T-cell subtype relies on different instructive signals depending on the species. In
mice, it has been determined that TGF-� and IL-6 are required during the initial
differentiation stage toward the Th17 lineage (Matsushita and Higashi 2008).
On the other hand, in humans, TGF-� has been shown to inhibit IL-17 produc-
tion (Acosta-Rodriguez et al. 2007). Instead, human CD4+ naı̈ve T cells
require IL-1� in order to become Th17 cells and IL-6 and IL-23 enhance
this process (Acosta-Rodriguez et al. 2007; Matsushita and Higashi 2008). It
has been shown that human DC exposed to Escherichia coli and nucleotide
adenosine triphosphate (ATP) produce IL-23, suggesting the involvement of
DC in the instruction of Th17 cells (Schnurr et al. 2005). Moreover, van Beelen
and colleagues have determined that bacterial NOD2-ligand MDP primes DC
to produce IL-23 and IL-1 for the promotion of IL-17 expression in T cells (van
Beelen et al. 2007). It should be noted that uncontrolled Th17 responses,
resulting in excessive IL-17 production, have been implicated in the inflam-
matory autoimmune diseases such as rheumatoid arthritis and experimental
autoimmune encephalomyelitis (EAE), a model for multiple sclerosis (Weaver
et al. 2007).

1.5 Tolerogenic Dendritic Cells

It is evident that fully mature DC, requiring the presence of all three T-cell
stimulation signals, prime naı̈ve T cells to elicit strong immune responses
against invading pathogens. However, in the absence of the third signal, namely
cytokines and other factors to skew T-cell differentiation, naı̈ve T cells undergo
anergy, deletion, or conversion to a regulatory T-cell type (Diebold 2008; Tan
and O’Neill 2005). This process is important both for the control of inflamma-
tion after an infection has resolved and for the maintenance of tolerance to
self-antigens in the absence of an antigenic threat. During the steady state,
tissue-resident immature DC induce T-cell anergy due to their low expression of
costimulatory molecules, surfaceMHC, and pro-inflammatory cytokines (Lutz
and Schuler 2002). Additionally, another type of steady-state DC has been
described. They are known as semi-mature DC, which have high levels of costi-
mulatory molecules and surface MHC class I and II loaded with self-peptides
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due to continuous sampling of apoptotic cells in the surrounding environment
(Lutz and Schuler 2002; Tan and O’Neill 2005). By upregulating CCR7, they have
the capacity to migrate to secondary lymphoid organs where they present self-
antigen to circulating autoreactive T cells. However, because of their inability to
produce IL-12 and other pro-inflammatory cytokines, DC either program T cells
to becomeCD4+ IL-10-producing T regulatory (Treg) cells or induce the deletion
of self-reactive T cells (Lutz and Schuler 2002). These tolerogenic DC are impor-
tant for the maintenance of tolerance in the periphery and the elimination of
autoreactive T cells for the prevention of autoimmune diseases. Factors such as
TNF-� have been shown to produce tolerogenic DC in vitro and intravenous
injection of these DC into mice has been shown to prevent EAE due to the
generation of CD4+IL-10+ Treg cells (Menges et al. 2002). IL-10 (De Smedt
et al. 1997) and PgE2 (Diebold 2008; Sa-Nunes et al. 2007) may also be involved in
alternative DC maturation.

The generation of tolerogenic DC and thus T regulatory cells can also occur in
the presence of infection or during the resolution stage. It has been suggested that
DC exhaustion may lead to tolerogenic DC as a way to resolve an immune
response after an infection has been eliminated (Diebold 2008). In the presence
of infection, particularly viral, pDC have been shown to induce IFN-g, IL-10-
producing cytotoxic T cells with an immunoregulatory role (Kawamura et al.
2006). Similarly, under conditions of exposure to IL-3 and CD40L, such as
parasitic infection, pDC have been shown to differentiate CD8+ T cells into
IL-10-producing suppressor cells (Gilliet and Liu 2002). CpG-ODNhas also been
implicated in programming pDC to differentiate naı̈ve CD4+ T cells into
CD4+CD25+Foxp3+ IL-10-producing suppressor cells (Moseman et al. 2004).

1.6 Conclusion

Dendritic cells have important functions at multiple stages during immune
responses. After interacting with pathogens they can stimulate innate immune
cells through secretion of cytokines and chemokines. Following capture of anti-
gens and subsequent migration to secondary lymphoid tissues, they orchestrate
the adaptive immune response by stimulating naı̈ve T cells. In addition, they can
acquire tolerogenic functions for the resolution of infection and in the absence of
a pathogenic threat where maintaining peripheral tolerance to self-antigens is
crucial. Dysregulation of tolerogenic DC can result in the formation of auto-
immune pathologies and on the flip side, impairment of immunogenic DC
function during pathogen invasion can lead to uncontrolled infection. Therefore,
a fine balance must be achieved for DC to perform the appropriate functions for
each given circumstance. Because of their plasticity, DC could be useful tools for
the control of overactive immune responses, as in the cases of transplantation and
autoimmune diseases, and for the elicitation of strong immunity against cancer,
which will be discussed extensively in the remainder of this book.
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Chapter 2

Dendritic Cells in Cancer: Emergence

of the Discipline

Michael R. Shurin and Michael T. Lotze

Abstract Immunologic research, following the discovery of dendritic cells
radically changed our understanding of the induction, maintenance, and emer-
gence of immune-mediated inflammatory disorders, including malignant dis-
eases. The mechanisms central to the etiology and pathogenesis of many of
these chronic inflammatory conditions involve dendritic cells. Identification of
dendritic cells in tumors as well as clinical evaluation of dendritic cell vaccines
led to the realization that very complex interactions between dendritic cells and
other cellular and extracellular components of the tumor microenvironment
dictated clinical outcome. Dendritic cells interestingly either induce antitumor
immune response or promote a wound repair phenotype including reparative
epithelial tumor proliferation, resumption of ‘‘barrier function’’, promotion of
the premetastatic niche, and metastases. The limited success of dendritic cell-
based therapies suggests the need for a deeper understanding of immunobiology
of these key cells of the immune system as they develop within the complex
tumor microenvironment. Reanalyzing and reexamining the accumulated data
and concepts in the field, as done in this chapter and the book overall, serve this
important goal.

2.1 Discovery of Dendritic Cells

Dendritic cells (DC) are a critical component of immunity, previously under-
appreciated in a discipline dictated by the specificity and charm of specific
antibodies and T cells. Immunologic research following the discovery of DC
significantly changed our understanding of the induction and emergence of
mechanisms central to the etiology and pathogenesis of many inflammatory
disorders, including malignant diseases. DC were first described in the skin by
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German pathologist Paul Langerhans (1847–1888) and provided the eponymic,
Langerhans cells (LC). In 1868, still as an undergraduate, Paul Langerhans
stained a sample of human skin with gold chloride and analyzed epidermal skin
cells as part of an open competition organized by Berlin University. He identi-
fied the cells, which from their appearance, Langerhans believed were nerve
cells. The ‘‘branched skin cells resembling neuron’’, described in his 1868 paper
entitled ‘‘On the nerves of the human skin’’ (Langerhans 1868), remained an
enigma for over a century before their immunological function was recognized.
Even after this, the biological and clinical significance of LC has been a matter
of conjecture for many years.

In the nineteenth century, in discussing the nature of the cells recently
described by Langerhans, Ranvier in 1875 expressed the opinion that they
were neither nervous elements nor branched pigmentary cells, but rather lym-
phatic cells that had migrated into the epidermis (Ranvier 1875). As quoted by
Ranvier, Eberth was the first to contest the neural origin of the cell described
2 years earlier by Paul Langerhans. He thought in 1870 that these cells were
either branched pigmentary cells or migratory cells (Eberth 1870). It is, indeed,
surprising that that opinion has remained ignored for many years.

A hundred years after the discovery of LC in the skin, these cells were
identified in the lymph nodes and thymus (Olah et al. 1968; Jimbow et al.
1969; Kondo 1969; Van Haelst 1969). In the 1960s, some investigators believed
that LC were skin macrophages (Tarnowski and Hashimoto 1967; Hashimoto
and Tarnowski 1968; Prunieras 1969; Hashimoto 1971) and their capability to
uptake foreign particles was proven (Wolff and Schreiner 1970; Sagebiel 1972).
Interestingly, LC were also suggested in the 1960s – early 1970s to be lymphoid
cells which are capable of producing antibody (Billingham and Silvers 1965;
Kuwahara 1971). Based on these and other results, it has been proposed that
LC being the skin ‘‘dendritic cells’’ (as in (Prunieras 1969)) may capture anti-
genic material and thus play a role in the primary immune response (Prunieras
1969; Hashimoto 1971; Vernon et al. 1973). In the early 1970s, Silberberg et al.
based on the electron microscopy analyses postulated that if ‘‘LC are shown to
possess antigen on or near their surface and in the course of the contact allergic
reaction reach lymph nodes, they may very well participate in immune
responses (i.e., immunoproliferative processes) in the lymph nodes as well as
locally in the skin’’ and concluded that ‘‘Langerhans cells are a previously
unrecognized cell population of immunologic importance’’ (Silberberg 1971,
1972, 1973; Silberberg et al. 1974, 1976). It is interesting to note that it was
also suggested by the same group that LC might interact with sensitized lym-
phocytes and ‘‘release substances which lead to further inflammatory changes in
the skin’’.

LC thus were known to beDC, but the termwas only based on ‘‘the dendritic
nature’’: for example, according to Michael Birbeck in 1961, ‘‘the perikarya of
these cells appear characteristically dendritic’’ (Birbeck et al. 1961). There are
also several interesting terminological issues. Although ‘‘dendritic cells’’ were
described in the skin in the 1960s (Zelickson 1965; Zelickson and Mottaz 1968;
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Prunieras 1969; Mishima and Kawasaki 1970) (e.g., Michael Birbeck’s et al.
paper from 1961 (Birbeck et al. 1961)), they included different cell populations.
In addition to using the term ‘‘dendritic cells’’ for LC, it was used for melano-
cytes and an unusual cell population described as non-keratinocytic cells
(�-cells) that have neither premelanosomes nor Langerhans (Birbeck) granules
(Mishima and Kawasaki 1970; Kidd et al. 1971). These cells were also known
as �-DC (Mishima et al. 1972).

It was not until 1973, however, that the term ‘‘dendritic cells’’ was used by
RalphM. Steinman and Zanvil A. Cohn for a new class of white blood cells with
a number of distinctive features and functions (Steinman andCohn 1973). Their
publication is commonly accepted as the beginning of the modern era of
dendritic cell science. Today, the term dendritic cell defines a diverse and multi-
functional group of cells that serve as sentinels, adjuvants, and conductors of
many immune functions, including the host defense against pathogens, both
infectious and neoplastic.

2.2 Dendritic Cells in Cancer: Recognition of Their

Functional Significance

Understanding of the functional significance of DC in initiating and
maintenance of antitumor immunity and in cancer immunosurveillance began
with the identification of LC at the tumor site, first in the skin tumors and later
in other solid malignancies. From the early 1970s, an increased number of LC
has been reported in benign epidermal tumors, whereas contradictory findings
of the presence and the number of LC have been reported in squamous cell
carcinomas both of cutaneous and mucosal origin (Lisi 1973; Wilborn et al.
1978; Loning et al. 1982; Fernandez-Bussy et al. 1983; Gatter et al. 1984). Basset
et al. (1974) reported ‘‘Large numbers of dendritic cells similar in structure to
Langerhans cells of normal epidermis and other epithelia were observed within
nodules of a tumour identified as a bronchiolar-alveolar tumour of primary
alveolar origin’’. Interestingly, although the overall function of LC was not yet
proven at that time, the authors speculated that their presence at the tumor site
‘‘might be regarded as part of a defense process, since their occurrence in lymph
nodes, thymus, and spleen could suggest they may have some function in this
connection’’.

Functional studies on LC have always been hampered by the fact that these
cells represent only a very small subpopulation of epidermal cells and it was
therefore not possible to separate them from other epidermal cells. Only in the
late 1970s, the functional role for LC was reported in direct in vitro studies and
the ability of LC to present antigen was directly proven. Based on the con-
temporary identification of Fc receptors on LC in 1977 (Stingl et al. 1977), LC
were isolated by rosetting and gradient centrifugation. Stingl et al. asked
whether LC could act as antigen-presenting cells for either soluble protein
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antigens (PPD, OVA) or for simple chemical haptens (TNP). The results clearly

demonstrated that LC-induced antigen-specific T-cell proliferative responses

comparable in magnitude to that induced by macrophages (Stingl et al. 1978a).

Following the identification of Ia molecules on LC (Klareskog et al. 1977;

Rowden et al. 1977), their ability to stimulate allogeneic T-cell proliferation in

MLR assay was also tested and compared to that of macrophages (Stingl et al.

1978a). The authors reported that Ia-dependent ability of LC to stimulate

allogeneic T cells was similar to that of macrophages in the same assay.

Although this study has dealt exclusively with epidermal LC, the authors

concluded ‘‘It is conceivable that all nonlymphoid organs contain a small

percentage of cells with similar immunologic properties’’ (Stingl et al. 1978a).
Based on morphological, ultrastructural, immunohistochemical and biochemical

analyses, ‘‘a relationship between Langerhans cells and the monocyte–macrophage

system’’ was repeatedly suggested (Stingl et al. 1978b; Sterry and Steigleder 1979).

Thus, by the late 1970s, it was accepted that ‘‘Langerhans cells represent specific

granule-containing dendritic cells . . . , occur in the squamous epithelium, and also in

the corium, lymphnode and thymus. . ., are able to phagocytize antigens. . . aswell as
to migrate through the lymph vessels into the regional lymph nodes. . ., [and display]
the antigen-presenting and lymphocyte stimulating functions. . .’’ (Haustein 1979).

At the same time, inongoing studies utilizing the in vitroMLRassay as amodel ofT-

cell recognition and response to cell surface alloantigens, it was shown that splenic

adherent cells, called SAC or A-cells, and ‘‘lymphoid dendritic cells’’, represent the

same cell population (Steinman and Witmer 1978; Ahmann et al. 1979, 1981).

Furthermore, the ability of LC to induce CTL responses similarly to SAC has

been also reported (Pehamberger et al. 1983). Based on various similarities, LC of

the skin and ‘‘indeterminate dendritic cells’’ as well as interdigitating cells (IDC), first

described by Veldman (Veldman et al. 1978), of the normal tonsils, spleen, and

thymic medulla were suggested to be related (Heusermann et al. 1974; Kelly et al.

1978; Hoefsmit et al. 1979). The latter cell subset circulates and was referred to as

‘‘veiled cells’’ in the lymph and ‘‘macrophages with ruffled membrane’’ in the perito-

neal exudates (Kelly et al. 1978; Spry et al. 1980). Thus, several types of irregularly

shaped dendritic cells have been identified, including dendritic cells and interdigitat-

ing cells in lymphoid tissues, epidermalLangerhans cells, follicular or germinal center

dendritic cells, and veiled cells in lymph (Van Voorhis et al. 1983b). Interestingly, in

1982, StellaC.Knight suggested that veiled cells resembleDCdescribed by Steinman

ormaybe the precursors ofDC (Balfour et al. 1982;Knight et al. 1982).At that time,

the ‘‘DC of Steinman’’ were considered to be in vitro equivalents of LC and IDC

(Hoefsmit 1982). While LC, IDC, and veiled cells were believed to belong to a

subpopulation of the macrophages and could be developed from monocytes, DC

described by Steinman and Cohn were considered to be bone marrow derived as a

separate cell subset (Steinman and Nussenzweig 1980). DC that were originally

identified in rodents were soon seen in and isolated from human tissues and their

role ‘‘as inducer cells in the immune response’’ was also confirmed (VanVoorhis et al.

1983a; Richtsmeier et al. 1984).
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In relation to the tumor, clusters of Langerhans and lymphoid cells in the
inflammatory peritumoral infiltrate in basal cell carcinoma, for instance, were
described in the 1970s and based on the similarity between ‘‘Langerhans’ and
interdigitating reticulum cells’’ it was thought that this specific microenvironment
might be ‘‘favourable to certain immunological activities of T-lymphocyte popula-
tions’’ (Macadam 1978; Porfiri et al. 1979). ‘‘Dendritic cells similar to Langerhans’
cells of normal epidermis’’ were recognized at the same time in specimens from
cutaneous T-cell lymphoma (CTCL), oral squamous cell carcinoma (SCC), sali-
vary gland adenoma, malignant melanoma, and other tumor types (Rowden et al.
1979;David andBuchner 1980; Schenk 1980; Szekeres andDaroczy 1981; Thomas
et al. 1984). For instance, HLA-DR positive DC were shown in the infiltrate and
between the melanoma cells (Poppema et al. 1983). Analyzing individual mono-
nuclear cell populations at the tumor site, including antigen-presentingDC,CD4+
T helpers, and CD8+ cytotoxic T lymphocytes, the authors concluded that they
might play a role in immune defenses against malignant cells.

In 1981, LC were shown to express S-100 antigen (Cocchia et al. 1981) and
soon S-100-expressingDCwere identified and characterized in various neoplastic
tissues (Nakajima et al. 1982). For instance, S-100 antigen-containing cells with
dendritic features, recognizable by morphological and immunohistochemical
criteria as belonging to the Langerhans’ cell type, have been found in undiffer-
entiated nasopharyngeal carcinoma and in lymph node metastases. S-100+ DC
appeared to be few or absent in most SCC of bothmucosal and epidermal origin.
The presence of these cells, which have a special function of antigen presentation
in immune responses, was speculated to be involved in host–tumor interactions
(Lauriola et al. 1984). Similar results were reported for S-100+ DC in many
different tumor types, including lung, oral, and cervical cancer as well as others
(Kurihara and Hashimoto 1985; Nakajima et al. 1985; Tay et al. 1987).

Thus, soon after identification of DC at the tumor site, it was accepted that
they may play an important role in tumor–host interactions and may be
involved in initiation of antitumor immune response (Fig. 2.1A). This concept
was primarily supported by functional studies modulating DC activity at the
tumor site and by direct experiments demonstrating antitumor potential of DC
in pre-clinical models. For example, in the middle 1980s it was shown that DC
can pick up tumor antigens and modulate antitumor immunity in vivo (Knight
et al. 1985): DC isolated from the spleen and pulsed with tumor antigens caused
inhibition of tumor growth when injected into tumor-bearing mice, thereby
serving as antitumor vaccines. At the same time involvement of LC in anti-
tumor immunity was also suggested: Muller at al. (1985) showed that the
chemical carcinogenDMBA induced skin tumors and depleted LC from treated
skin, which however repopulated the skin upon cessation of the DMBA treat-
ment (Muller et al. 1985). During this repopulation of the skin by LC, the
tumors decreased in size. The authors concluded that since LC function as
local cutaneous APC, their depletion during tumor induction may allow
DMBA-transformed cells to circumvent the immune system and form tumors.
Their reappearance associated with tumor regression suggested that the LC are
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involved in an immune response against the tumors (Muller et al. 1985). More-
over, DC receiving TAwere also shown to induce protective immunity against a
subsequent tumor challenge (Gyure et al. 1987).

Furthermore, the role of DC in the development of antitumor immunity
(Fig. 2.1A) was supported by a growing number of clinical and pathological
data analyzing a correlation between the levels of tumor-infiltrating DC and the
patients’ outcomes. For instance, Igisu et al. (1983) found in CTCL, the fewer
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Fig. 2.1 Emergence of understanding of dendritic cell–tumor cell interaction. Dendritic cells
(DC) were recognized as important mediators, inducing specific immune responses. Identifi-
cation of DC within the tumor mass supported the notion that they played a consequential
involvement in initiating antitumor immunity (A). This view has received additional
support in numerous reports demonstrating a direct correlation between the number of
tumor-infiltrating DC and prognosis. However, from the very early reports it became clear
that the morphological appearance of DC in the tumor environment, as well as phenotypic
maturation and function of tumor-associated DC or DC isolated from patients with cancer
could be compromised or deficient. Tumor-derived factors suppress differentiation, activa-
tion, and longevity of DC precursors and DC themselves in vitro and in vivo provided
sustaining evidence of tumor-mediated repression of DC. These findings suggested that
tumor-induced inhibition of DC differentiation (dendropoiesis), functioning, and survival
represents pathophysiological mechanisms by which tumors survive immunological recogni-
tion and elimination (B). Nevertheless, novel experimental and clinical data reveal additional
layers of complexity of existing concept of DC functioning in the setting of cancer (C). First of
all, common psychologic stressors in patients diagnosed with malignant diseases, as well as
those associated with therapy (e.g., chemotherapy and radiation) or mechanical disruption
(e.g., surgery and biopsy), strongly affect dendropoiesis and DC activation via release of
glucocorticoids, catecholamines, neuropeptides, and inflammatory cytokines and chemo-
kines. Secondly, infectious, allergic, and autoimmune diseases, especially in the pediatric
and elderly populations of cancer patients drastically modulate the state of the DC and its
ability to respond to tumor-derived or therapy-associated stimuli. Cell and organ transplan-
tation and related immunosuppressive treatments may both account for unusual behavior of
DC within the tumor milieu. Thirdly, as has been recently proven, immunosenescence of the
elderly arises in part due to the altered differentiation and function of individual subpopula-
tions of DC and, thus, might also compromise development and sustaining of DC-mediated
antitumor immunity in cancer patients. Most of these factors that modify the DC in patients
withmalignancies should be applied not only to endogenous host DC, but also to exogenously
administered DC vaccines. The interaction between injected DC and resident DC may
compromise the induction of effective antitumor immune responses. Understanding of DC
behavior in the tumor environment in a particular patient is crucial for designing and applying
efficient therapy for cancer treatment
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the number of intratumoral LC, the poorer the prognosis. Survival time in
patients with the advanced stage of gastric carcinoma correlated well with the
density of LC. In patients with a marked infiltration of LC, survival time was
longer than in cases of only a slight infiltration (Tsujitani et al. 1987). Patients
with many S-100+DC in colorectal adenocarcinomas survived longer than did
those with few, most often in those patients with no metastases (Ambe et al.
1989).

In addition, Nomori et al. (1986) found that the degree of density of T-zone
histiocytes (i.e., DC) was significantly related to prognosis in primary site of
biopsy specimens of nasopharyngeal carcinoma. Furukawa et al. found similar
results in stage 1a adenocarcinoma of the lung (Furukawa et al. 1985) and
reported that LC were present more frequently in moderately to well-differen-
tiated adenocarcinoma than in poorly differentiated adenocarcinoma of the
lung. Cochran et al. (1987) also showed that DCwere infrequent in lymph nodes
infiltrated by melanoma or located near melanoma but were numerous in nodes
located farther from tumor. Interestingly the appearance of LC seemed to be
related to the presence of chronic inflammation: Very few LC were observed in
carcinomas in which inflammatory cells were rare (Nakajima et al. 1985). Many
subsequent reports confirmed the conclusion that survival of patients whose
tumors contain high density of DC is more favorable when compared to those
whose tumors have a low density of these cells in different types of cancer.
Altogether these and similar results allowed wide acceptance of the prevalent
concept that LC/DC in immunological defense mechanisms of the host against
the tumor may be clinically effective during the early phases of tumor
development.

2.3 Dendritic Cells in Cancer: Recognition of Their Role

in Tumor Escape

By the mid-end 1980s, with only a few exceptions, analyzing S-100+ andHLA-
DR+ DC and LC in human tumors, most investigators commonly concluded
that there was a significant decrease of these cells in tumors when compared
with non-malignant or surrounding tissues. Also, the distribution of DC in the
tumor tissues and regional lymph nodes could be considered as a reference
indicator of tumor histologic grade and clinical prognosis of patients with
different tumor types, and thus could reflect the degree of tumor immunity
induced in the tumor-bearing host. However, pathogenetic and immunologic
mechanisms regulating DC distribution and homing at the tumor site were still
unknown. Soon a clue appeared with the accumulation of data suggesting first
morphologic then functional abnormalities of LC/DC in the tumor mass. In
characterizing distribution of LC in human skin tumors, ‘‘A striking finding to
emerge was that in benign skin lesions Langerhans’ cells were increased,
whereas in malignant tumours they were not only markedly depleted or absent
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but also grossly stunted and deformed in outline’’ (Gatter et al. 1984). This is
probably the first report describing tumor-associated abnormalities in DC.
Similar alterations were seen in LC in the skin of patients with basal cell
carcinoma (BCC): ‘‘Perturbations of ATPase-positive, dendritic LC were
evident in all specimens. These perturbations included various degrees of dis-
ruption of the usually uniform LC network and alterations in the morphology
of LC. Many LC had rounded, deformed cell bodies, dendrites that were
shortened or completely absent’’ (Azizi et al. 1987). The authors speculated
that the perturbations could reflect an effect of the tumor cells on LC morphol-
ogy. It took, however, almost a decade before direct experimental evidence of
tumor-mediated inhibition of DC functioning was reported.

Early attempts to identify potential alterations of function of DC isolated
from patients with cancer or from growing tumors were inconclusive (Stene
et al. 1992; Chaux et al. 1993; Tas et al. 1993), in spite of well thought-out
predictions of tumor cell capability of abrogating the anticancer activity of the
DC (Becker 1992) through, for instance, tumor-derived IL-10 (Becker 1993b).
In fact IL-10 production by tumor cells has been soon shown to represent one of
the mechanisms involved in the modulation of the antigen-presenting cell
function of tumor-associated DC and in tumor immunological escape (Chaux
1995). In the early 1990s, a growing number of studies reported deficiency of
DC function in the tumor microenvironment, whereas only a few reports failed
to detect DC abnormalities in cancer. For instance, the capability of DC
prepared from the blood to form cellular clusters with allogeneic cells was
shown to be impaired in 26/44 patients with head and neck squamous cell
carcinoma (HNSCC) (Stoger et al. 1993), which could be explained by defects
in expression of various molecules on tumor-associated DC (Chaux et al. 1995)
or small-Rho GTPase-mediated inhibition of actin polymerization and asso-
ciated cell functions including motility and adhesiveness (Shurin et al. 2005b;
Tourkova et al. 2007). In 1996, Gabrilovich et al. in a series of in vivo and
in vitro experiments demonstrated that DC from tumor-bearing mice had
a reduced ability to present antigens and stimulate T-cell proliferation
(Gabrilovich et al. 1996a, b). Decreased expression of CD80 and CD86 on
tumor-infiltrating DC was also reported (Chaux et al. 1996). Enk et al. (1997)
revealed that melanoma-derived factors convert DC-antigen-presenting cell
function to tolerance induction against tumor tissue, changing antitumor DC
to ‘‘silencers’’ of antitumor immune responses.

These and other early reports supported the notion that inadequate presen-
tation of tumor antigens by host DC is one potential mechanism of tumor-
mediated inhibition of DC function as antigen-presenting cells (Fig. 2.1B).
At the same time, it was shown that tumor-derived factors might suppress
differentiation and functional maturation of DC (Gabrilovich et al. 1996a)
resulting in a decreased pool of active DC capable of inducing antitumor
immune responses in the tumor environment. Progressing skin tumors produce
factors that inhibit LC migration from the epidermis to lymph nodes, which
may enable tumors to evade the activation of protective immunity (Lucas and
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Halliday 1999). Furthermore, in 1999, we reported that not only may tumors
suppress DC differentiation and function, but they could also actively induce
apoptotic death of DC andDC precursors both in vitro and in vivo (Esche et al.
1999; Shurin et al. 1999; Katsenelson et al. 2001). All of these early findings were
confirmed later in several reports (Kiertscher et al. 2000; Pirtskhalaishvili et al.
2000, 2001; Shurin et al. 2001; Peguet-Navarro et al. 2003; Pinzon-Charry et al.
2006). Because conventional DC are the primary cell population responsible for
initiating antitumor immunity, it is not surprising that tumors develop mechan-
isms for inhibitingDC function and longevity. The important interplay between
DC and tumor cells in regulating tumor progression and antitumor immunity
was first predicted (Becker 1993a) and then proven in numerous pre-clinical and
clinical studies (Fig. 2.1B). Thus tumor-mediated interference with DC genera-
tion, function, and survival represents one pathway by which tumors escape
host immune mechanisms via inhibiting the activity of DC (Fig. 2.1B).

Other than inhibiting DC, tumor cells are able to redirect or re-polarize
differentiation of hematopoietic precursors from the conventional DC lineage to
regulatory or tolerogenic DC subpopulations, protumorigenic endothelial-like
DC, or tomyeloid-derived suppressor cells (MDSC) andmonocyte/macrophages.
For instance, several reports demonstrated accumulation of tumor-supporting
plasmacytoid DC (pDC or DC2) in tumor ascites in patients with ovarian cancer
(Zou et al. 2001; Curiel et al. 2004; Wertel et al. 2006). Melanoma cells also
induced immunosuppressive DC (McCarter et al. 2007). Interestingly, a low
circulating pDC count in cancer patients, as well as low number of tumor-
infiltrating pDC, was reported as a good prognostic sign (Vakkila et al. 2004;
O’Donnell et al. 2007). There is evidence that tumor cells may also skew mono-
cyte differentiation from DC to macrophage-like cells: DC generated in the
presence of soluble factors produced by lung SCC and adenocarcinoma were
phenotypically and functionally more similar to macrophages than to untreated
control DC (Avila-Moreno et al. 2006). The accumulation of MDSC, which
could precede their development into immature DC (Rossner et al. 2005) or be
a separate differentiation pathway (Auffray et al. 2008; Geissmann et al. 2008),
is also associated with immune suppression in tumor-bearing mice and in cancer
patients. These cells exhibit a protumorigenic role due to their pleiotropic
activities that include, in addition to well-defined immunosuppression and toler-
ance, support of mutagenesis in the tumor microenvironment, promotion
of angiogenesis and metastasis, as well as directly sustaining both neoplastic
growth and inflammatory reaction (Marigo et al. 2008). Thus, re-polarization
of myeloid progenitor cells or macrophage DC progenitors (MDP) (Fogg et al.
2006) induced by the presence of tumor-derived factors is a second mechanism of
tumor escape from immune recognition limiting DC (Fig. 2.1B).

A recently described thirdmechanism of tumor evasion, so-called avoidance,
is the loss of expression of DC chemokines in tumor cells. DC chemoattractants
are produced by all normal tissues, but their expression may be down-regulated
upon transition to malignancy. Absence of the chemokine CXCL14 is the best
known factor enabling the avoidance pathway. Constitutive CXCL14 (BRAK)
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expression was described in all tested non-malignant tissues and cell lines, but
not in tumor cell lines or tumor tissues (Hromas et al. 1999; Frederick et al.
2000). Thus CXCL14 is a strong chemoattractant for immature DC and an
activator of DCmaturation. Expression of CXCL14 correlates with DC attrac-
tion and homing, and its absence could make tumor cells ‘‘invisible’’ for recruit-
ment of DC and should be considered as an additional mechanism of tumor
escape from the immunological recognition (Shurin et al. 2005a) (Fig. 2.1B).

Conventional or myeloid DC (DC1) are a fundamental part of the immune
defense mechanism, which can promote specific immunity by inducing T-cell
activation, expansion, and ultimately recruitment to the tumor site. Despite
this, their presence within the tumor microenvironment has been associated
with enhanced antitumor immunity, while tolerogenic regulatory DC popula-
tions have been shown to promote tumor cell growth and spreading, angiogen-
esis, and immunosuppression. This paradoxical role of DC in cancer can be
explained by their functional plasticity. It may result in the polarized expression
of either pro- or anti-tumorigenic functions. Key players in the setting of DC
phenotype are the tumor microenvironmental signals to which DC are exposed
and which selectively tune their functions within a functional spectrum encom-
passing the DC1 and DC2 extremes (Shurin et al. 2006).

2.4 Dendritic Cells in Cancer: Recognition of the Diversity

of Regulatory Roles

That an impaired or re-directed functionality of DC in the tumor environment
plays a crucial role in tumor proliferation, spreading, and metastasis, i.e., in
tumor escape mechanisms (Shurin and Gabrilovich 2001; Shurin et al. 2003;
Shurin and Chatta 2008) is no longer in doubt. Specifically, abnormalities of
DC that allow tumor progression include defectiveMHC class I (Tourkova et al.
2005) and class II (Gerner et al. 2008) presentation of tumor antigens; immaturity
of DC and low level of expression of co-stimulatorymolecules (Chaux et al. 1996;
Shurin et al. 2001); induction of regulatory DC producing IL-10 and/or TGF-b
that promote regulatory T cells (Ghiringhelli et al. 2005; Lan et al. 2006); low
levels of IL-12, IL-15, and IL-18 production by DC (Shurin et al. 2002; Bellone
et al. 2006; Capobianco et al. 2006); expression of immunosuppressive molecules
HLA-G and B7-H1 (Curiel et al. 2003; Lemaoult et al. 2007) and IDO (Hou et al.
2007); production of TNF-� and IL-8 and induction of neovascularization
(Conejo-Garcia et al. 2004; Curiel et al. 2004); impaired migration (Shurin
et al. 2005b) and endocytic activity (Tourkova et al. 2007); and, probably,
inhibited killing activity of DC (Taieb et al. 2006) in the tumor environment.
Multiple tumor-derived and stroma-derived factors are responsible for altering
the DC found at the tumor site and systemically. The list of these molecules
includes but is not limited to VEGF, M-CSF, IL-6, IL-10, IL-8, TGF-b, CCL2,
CCL20, SDF-1, prostaglandins, gangliosides, neuropeptides, tumor antigens
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(e.g., PSA and MUC1), lactic acid, NO, spermine, hyaluronan, reactive oxygen
species, and other largely unknown factors (Shurin and Chatta 2008). These
factors could be produced by various cells in the tumor microenvironment,
including not only tumor cells themselves but also fibroblasts, endothelial cells,
macrophages, lymphocytes, neutrophils, and other tissue-specific cells depending
on the tumor location. This suggests that cellular interactions within the tissue at
the tumor site are primarily responsible for the state of DC maturation, activa-
tion, functioning, and survival and, thus, for supporting tumor progression or
antitumor immunity. Furthermore, other signals generated during the course of
tumor process also alter the activation of DC and include extracellular acidosis,
oxidative stress, and fever-like temperature. Understanding of how DC are
regulated in the tumor microenvironment and how this impacts the efficacy of
DC vaccines and other immunotherapeutic means is far from complete. Only a
few clinical trials focusing on protection of DC from the harmful effects of the
tumor environment have been tested.

In addition to a direct regulation of DC functionality by local factors in the
tumor milieu, important factors and associated conditions may influence the
functional state of DC. The activity of administered DC vaccines in patients
with cancer may depend on these factors. Psychological stress associated with
the diagnosis of cancer, selection of the treatment options, and the prognosis of
individual diseases (Fig. 2.1C). Stress-associated hormones, neuropeptides and
neuromediators, such as glucocorticoids, ACTH, substance P, and catechola-
mines, are well documented to alter differentiation, maturation, and activity of
DC. In addition to the psychoemotional stress, patients with cancer commonly
experience a variety of physical/mechanical stresses linked to the treatment
procedures, such as surgery, radiation, and chemotherapy. These stressors
also cause an influx of common stress hormones, as well as mediators related
to pain, trauma, tissue destruction, and specific effects of radiation and che-
motherapy, which all strongly affect the functional state of DC (Saint-Mezard
et al. 2003; Elftman et al. 2007; Goyarts et al. 2008; Kawasaki et al. 2008; Kleyn
et al. 2008). Thus analyzing the behavior of DC in the tumor milieu is contingent
on recognition of the acute and chronic stress conditions, which might substan-
tially limit or exacerbate DC response to tumor/stroma-mediated signaling.

Another level of complexity is due to the pathogenic modifications of
DC function in infectious, autoimmune, allergic, and other immune-mediated
diseases sometimes associated with tumor development or tumor therapy
(Fig. 2.1C). Alterations in DC homeostasis have been implicated in various
human inflammatory, autoimmune, and allergic diseases (Adler and Steinbrink
2007; Blanco et al. 2008). Both in vitro and in vivo studies have shown that
tolerogenic DC contribute to prevention of autoimmunity and allergic reac-
tions. These cells might thus worsen the course of cancer and certain infectious
diseases. Furthermore, immunosuppressive drugs used the following organ
transplantation impair DC function, resulting in an increased incidence of viral
associated malignancies (Sebelin et al. 2006). Mixed DC populations with a
diverse spectrum of activities might be a common feature in cancer patients
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with mixed diseases. On the other hand, prevalence of ‘‘pro-dendritic’’ or ‘‘anti-
dendritic’’ stimuli, i.e., immunogenic vs tolerogenic pathways, may determine the
course of tumor progression and its response to therapy.

More than half of cancers arise in individuals older than 65 years of age.
Age-related alterations of DC should be considered as a third layer of com-
plexity in understanding the DC–tumor cell interplay in patients with cancer.
It seems reasonable to suggest the existence of both pathways: (i) DC in the
elderly are involved in the increased incidence of cancer and (ii) tumor-induced
modulation of DC might direct appearance of various immune-mediated diseases
in the elderly (Shurin et al. 2007; Agrawal et al. 2008). For instance, increased
levels of IL-6 and IL-10 reported in older individuals (Caruso et al. 2004; Maggio
et al. 2006) may directly affect dendropoiesis and function of DC and thus their
potential to induce and maintain antitumor immunity. Thus, design of DC
vaccines for elderly patients with cancer might differ from DC vaccines pre-
pared for the younger patient population and should take into account specific
behavior and immunological state of DC in aged individuals, especially if they
suffer from other diseases. This simple conclusion sounds logical and reason-
able, but unfortunately it is hard to transfer into modern clinical trials. Hope-
fully, new experimental and pre-clinical studies will demonstrate an undeniable
demand for designing combinatorial DC vaccine-based therapy that accounts
for specific medical conditions of cancer patients, including their age, psychoe-
motional status, and the presence of other immune-mediated diseases.

Cancer, arising in adults in the setting of chronic inflammation, thus can be
envisioned as a network of interacting cells, emerging as a property of tissues with
continuous autocrine growth as well as perpetual stress signaling. DC, as inte-
grants of such signals arising from epithelia, stroma, endothelia, and recruited
inflammatory cells, can thus play varying roles during the evolution of a tumor, in
some instances impeding their development and in others actively promoting
immune tolerance and impotence in the tumor microenvironment, responding to
ambientmicroenvironmental nutrients, redox status, and oxygenation. Together,
these observations suggest the existence of multiple means by which the activa-
tion, suppression, or polarization of DC can be induced in patients with cancer,
supporting the view that in spite of a multiplicity of roles, the coherent manipula-
tion of endogenous DC and rational preparation of DC vaccines could elicit
robust antitumor immune responses leading to clinically significant outcomes.
Full explication and development of DC-based strategies will require the emer-
gence of amoremature perception of the tumormicroenvironment inwhich they,
and interacting inflammatory/immune cells, play their role.
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Chapter 3

Tumor-Infiltrating Dendritic Cells:

The Pathologist’s Perspective

Dmitry W. Gutkin

Abstract In order to perform immunosurveillance and initiate antitumor
immune response, dendritic cells must be physically present in malignant
tissues. This chapter summarizes data on the density and functional status of
tumor-infiltrating dendritic cells in different types of human malignant neo-
plasms, generated by immunohistochemistry methods. The results show that
density andmaturation of tumor-associated dendritic cells vary in specific types
of tumors and correlate with histologic grade and clinical stage of the disease. In
majority of cases there is positive correlation between intratumoral dendritic
cell density and favorable disease prognosis; however, certain exceptions are
present. Possible mechanisms of tumor-related alterations of dendritic cell
homing, survival, and maturation at the tumor site are discussed.

3.1 Dendritic Cells at the Tumor Site: Introduction

According to the cancer immune surveillance paradigm, the immune system is
able to detect and eliminate emerging malignant cells to prevent their uncon-
trolled proliferation. The key element of this surveillance system is a dendritic
cell (DC) that is capable of recognizing a malignant cell, uptake cancer-related
antigens, process them, and present to T lymphocytes. In order to complete this
task, DC must be able to enter the tumor, survive in the tumor microenviron-
ment, follow maturation steps, and emigrate from the tumor site (Fig. 3.1).

Conventional DC emerge in the tissue from hematopoietic blood-born
precursors. In their immature state they express specific proteins that allow
them to uptake and process antigens. Immature DC (iDC) are characterized
by high endocytic activity and low T-cell activation potential. They express
chemokine receptors (i.e., CCR6) that allow their migration into tissue. After
uptaking antigenic materials, DC undergo maturation steps, up-regulate the
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proteins of antigen-processing machinery (APM), and travel to the regional
lymph nodes. Simultaneously, they up-regulate cell surface receptors, such
as CD80, CD86, and CD40, that act as co-receptors in T-cell activation
(Hashimoto et al. 2000). These processes are regulated by cytokines, some of
which, like IL-4 and GM-CSF, direct differentiation of DC, while others, like
TNF-�, induce their maturation (Caux et al. 2000; Shurin et al. 2006). DC also
up-regulate expression of CCR7, a chemotactic receptor that directs their
trafficking through the lymphatic system to a lymph node, in response to
chemokines CCL19 and CCL21. Finally, mature DC (mDC) present pro-
cessed antigens to CD8 and CD4 T cells in the context of MHC I and MHC
II complexes, respectively (Fig. 3.1). In addition, DC can perform an effector
cell functions, triggering tumor cell death by various mechanisms (Manna and
Mohanakumar 2002; Huang et al. 2005; Nicolas et al. 2007). A different type
of DC – plasmacytoid DC, is predominantly found in peripheral lymph nodes
(Cox et al. 2005). These cells can be detected in the tumor tissue; however,
their role remains largely unknown.
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Fig. 3.1 Dendritic cell role in initiating antitumor immune response. (A) Tumor cells attract DC
precursors by releasing chemokines. (B) Immature DC sample neoplastic cells, engulf, and
process tumor antigens. (C) While maturing, TIDC up-regulate expression of MHC class I
and class II molecules for antigen presentation. (D) DC emigrate from the tumor tissue to the
regional lymph nodes to present processed tumor antigens in the context of MHC class I and
class II complexes to antigen-specific CD8 and CD4 T cells. DC, dendritic cells; TA, tumor
antigen(s)
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In the last 25 years, numerous studies were performed to clarify the role of

DC in neoplastic process. While describing tumor-infiltrating DC (TIDC),

researchers usually answered the following questions:

1. Are these cells present in the tumor tissue and in what numbers?
2. In what stage of maturation are they present (what is the relative number of

iDC and mDC in the tumor tissue)?
3. What is the spatial distribution of TIDC (are they located in tumor epithe-

lium, advancing tumor margin, or peritumoral stroma)?
4. Is there a correlation of number, state of maturation, or spatial distribution

of TIDC with tumor grade, stage, and prognosis?

As it will be shown below, today there are still no solid answers to these

questions, and in many instances the results of various studies are controversial.

Additionally, there are no uniformly acceptable methods of studying TIDC,

therefore careful attention to techniques is warranted to compare results of

different studies.

3.2 TIDC: Technical Aspects

Evaluation of DC in tumors is commonly performed by microscopic examina-

tion of frozen or fixed tumor tissue. However, routine histochemical stains

(i.e., H&E) do not allow recognizing TIDCwith certainty. In addition, common

histology cannot discriminate between different subpopulations of DC or

determine their state of maturation. Thus, evaluation of TIDC requires utiliza-

tion of methods that can determine not only morphology of the cells but also

their molecular phenotype. These methods include immunohistochemistry that
detects the specific protein expression in the cells of interest and in situ hybri-

dization that detects the expression of specific mRNAs. Specific proteins that

are tested most often are listed in Table 3.1. For evaluation of total number

of TIDC the most often used marker is S-100 protein. Specific proteins usually

utilized to identify iDC include CD1a, CD209/DC-SIGN, and CD207/

Langerin. For mDC this list consists of CD83, CD86, CD208/LAMP, and

HLA–DR. The specific marker of plasmacytoid DC is CD123. Novel immu-
nostains are being constantly introduced (Table 3.1).

Immunohistochemistry and in situ hybridization can be performed on fresh

and fixed tissues. Formalin-fixed paraffin-embedded tissue is used most often,

since it is the main type of tissue available for the pathology research. Tumor

tissue is cut into slices 5–10 mm thick and specially treated to make cellular

proteins more accessible and detectable (antigen retrieval) (Fig. 3.2). Specific,

usually monoclonal, antibodies against proteins of interest are applied to
the tissue and the resulting antigen–antibody complexes are visualized

with fluorescent or color stains. In situ hybridization, instead of looking for

specific proteins, is detecting specific mRNAs by using complementary
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Table 3.1 Commonly used immunohistochemical markers for TIDC analysis

Antibody Properties Target

S-100 protein Low-molecular weight protein
characterized by two calcium
binding sites of the helix-loop-
helix conformation

All types of DC
(mature and
immature DC). Cells
derived from neural
crest (Schwann cells,
melanocytes, glial
cells), chondrocytes,
adipocytes, and
myoepithelial cells

CD1a 49 kDa cell surface glycoprotein
expressed in association with
�2-microglobulin. Expressed
predominantly in early steps of
DC maturation

Myeloid immature DC

CD209/DC-SIGN

(DC-specific ICAM-3-
grabbing non-integrin)

DC-specific adhesion receptor that
mediates DC binding to ICAM-3.
Presumably mediates the
recognition of non-self and the
presentation of foreign antigens.
Can regulate important adhesion
processes

Myeloid immature DC

CD207/Langerin C-type lectin responsible for the
formation of Birbeck granules, a
typical hallmark for Langerhans
cells

Myeloid immature DC

CD83 40–45 kDa glycoprotein expressed
predominantly in the late steps of
DC maturation. CD83+ DC
co-express the highest levels of
HLA II molecules

Myeloid mature DC

HLA–DR Major histocompatibility complex
class II molecules, cell surface
receptor

Mature DC, B
lymphocytes,
monocytes/
macrophages

CD86 Membrane protein of the
immunoglobulin superfamily,
which provides a co-stimulatory
signal for T-cell activation and
survival

Myeloid mature DC

CD208/DC–LAMP

(Dendritic cell–lysosomal-
associated membrane
protein),

Member of the lysosomal-
associated membrane protein
(LAMP) family. Plays an
important role in antigen
processing and MHC class
II-restricted antigen presentation

Myeloid mature DC

CD123 IL-3 receptor �-chain involved in
cell growth and differentiation

Plasmacytoid DC

CD11c Part of an adhesion molecule of
integrin type (integrin gp150/95)

Different types of DC
and some other
leukocytes
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oligonucleotides. Cells, expressing proteins or mRNAs of interest, are defined
as positive and can be counted under the light or fluorescent microscope.

Several DC characteristics seem to be influenced by the nature (cell origin) of
tumors and thus immunopathological results generated in tumors of one type
(i.e., colonic adenocarcinoma) cannot be directly applied to other types of
tumor. As of today only limited number of malignancies has been evaluated
for the presence of TIDC. Studies performed on the most common types of
tumors are summarized below.

3.3 TIDC in Head and Neck Malignancy

High frequency of head and neck cancers and availability of tumor tissue for
research made these tumors a favorite target for investigative pathologists. One
of the earliest studies of TIDC was performed in 1985 by Kurihara and

Fig. 3.2 Identification of tumor-infiltrating dendritic cells in different types of cancer by using

S-100 protein immunostain. Formalin-fixed paraffin-embedded tissue samples were cut at
4 mm thick. Monoclonal antibody against S-100 protein was applied, followed by secondary
biotinylated antibody, avidin–biotin complex, and diaminobenzidine as a chromogen. The
slides were counterstained with hematoxilin. (A) Pulmonary squamous cell carcinoma.
(B) Colonic adenocarcinoma. (C) Prostatic adenocarcinoma. (D) Renal cell carcinoma.
Arrows indicate TIDC. Notice the absence of TIDC in prostatic and renal cell carcinoma
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Hasimoto, who found an increased number of S-100+ DC in squamous cell

carcinoma (SCC) of the tongue (Kurihara and Hashimoto 1985). However,

when a large series of oral SCC was evaluated it was found that S-100+DC

infiltrates were low in 20%of specimens, intermediate in 42%of specimens, and

high in 37% of specimens. TIDC density strongly correlated with a prognosis: a

low number of infiltrating S-100+DC were more predictive of poor survival

than lymph node involvement or tumor stage (Reichert et al. 2001). As

expected, different subpopulations of TIDC have dissimilar tissue distribution

and prognostic significance. In SCC of the tongue, patients with greater num-

bers of iDC adjacent to tumor have improved survival and decreased recurrence

rates. The other subpopulations of TIDC are not associated with survival or

recurrence. In addition, the number of iDC in peritumoral epithelium decreases

as the tumor stage rises and nodal metastases develop (Goldman et al. 1998).

When comparing density of CD1a+ iDC and CD83+ mDC, Kikuchi and co-

workers found that the number of iDC in tissue adjacent to the primary tumor

was greater in patients with lower stage of the disease (without metastasis to the

regional lymph nodes), compared with those who had lymph node metastases.

Interestingly, mDC density showed the reverse correlation: CD83+ DC in the

primary tumors were found in patients with lymph node metastases (Kikuchi

et al. 2002). With regard to tumor grade, the number of iDC is significantly

higher in well-differentiated tumors than in moderately and poorly differen-

tiated tumors (Chen et al. 2005). A recent study utilizing novel DC markers

(CD207/Langerin and CD209/DC-SIGN for immature myeloid DC, CD208/

DC–LAMP for mature myeloid DC, and CD123 for plasmacytoid DC)

revealed that CD207/Langerin+ iDC were present predominantly inside the

tumor nests, whereas CD209/DC-SIGN+ iDC were located in bands of tissue

surrounding nests of malignant cells. Mature DC–LAMP+ DC were rare and

predominantly extranestal. Plasmacytoid DC were also identified and their

presence was associated with poor prognosis, i.e., decreased patients’ survival

(O’Donnell et al. 2007). Thus, in regard to oral SSC all of the studies led to a

similar conclusion: iDC are located in the tumor nests, mDC are present around

the tumor nests, and higher density of TIDC (specifically iDC) indicates better

prognosis.
Much less is known about TIDC in laryngeal SCC. In a study of Gallo and

co-workers, S-100+ DC were identified in malignant tissue, and although no

correlation with histologic grade or stage was found, high TIDC density was

associated with longer survival (Gallo et al. 1991). Karakok and co-workers

also identified S-100+ TIDC in tumoral and peritumoral tissue of laryngeal

SCC, but did not find any correlation of TIDC density with tumor grade, stage,

or patients’ survival (Karakok et al. 2003). In another type of head and neck

cancer, nasopharyngeal carcinoma, S-100+ TIDC are identified in 50% of

cases, typically within the cancer nests (Lauriola et al. 1984; Giannini et al.

1991). There is a strong positive correlation of TIDC density with the patients’

survival (Giannini et al. 1991; Ma et al. 1995)
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In thyroid carcinoma, TIDC infiltration strongly depends on the type of
tumor. Several groups reported that papillary carcinoma contains significantly
higher numbers of TIDC than follicular carcinoma, poorly differentiated, and
undifferentiated carcinoma (Yamakawa et al. 1995; Tsuge et al. 2005; Ugolini
et al. 2007). Majority of TIDC are immature, expressing CD1a or DC-SIGN.
They are primarily located in cancer nodules and in peritumoral tissue. Corre-
lation of TIDC density with clinical outcome is uncertain, although numbers of
TIDC are higher in low-grade tumors.

3.4 TIDC in Digestive System Malignancy

Majority of studies on TIDC in esophageal SCC revealed a positive association
with tumor prognosis. Dense TIDC infiltrates were found in 20% of tumors
(Furihata et al. 1992). TIDC density correlates well with pathologic stage:
tumors are more superficial and the disease is at an earlier clinical stage in
patients with high DC density (Matsuda et al. 1990; Furihata et al. 1992). In
terms of patients survival the findings are less clear: some groups reported
longer survival time in patients with high TIDC numbers (Matsuda et al.
1990; Furihata et al. 1992; Ishigami et al. 2003), while others did not find any
correlation between TIDC density and prognosis (Cao et al. 2005).

In gastric adenocarcinoma, S-100+TIDC aremainly interspersed among the
tumor cells (Tsujitani et al. 1987). The density of CD 83+ mDC density is
significantly lower in gastric cancer tissue than in normal gastric tissue and also
significantly lower in advanced stage gastric cancer than in its early stage
(Tsukayama et al. 2005). The prognosis for patients with high density of
TIDC was significantly better than that for patients with low TIDC density
(Ishigami et al. 2000; Takahashi et al. 2002; Tsukayama et al. 2005). Specifi-
cally, patients with high TIDC density have less lymph nodal involvement
(Tsujitani et al. 1987; Tsujitani et al. 1993) and lower peritoneal recurrence
rate (Tsujitani et al. 1992). Not only the total number of TIDC but also the
number of CD83+ mDC positively correlates with the survival (Tsukayama
et al. 2005).

In colonic adenocarcinoma, iDC are located predominantly in the tumor
epithelium, whereas mDC are observed predominantly in the cancer invasive
margin and cancer stroma (Suzuki et al. 2002; Dadabayev et al. 2004; Miyagawa
et al. 2004). Total TIDC density correlates well with favorable prognosis:
patients with high density of TIDC survive longer, often with no metastases
(Ambe et al. 1989; Nakayama et al. 2003; Nagorsen et al. 2007). Several
studies addressed correlation between maturation status of TIDC and clinical
outcomes, but the results are controversial. Schwaab and co-workers found
that density of CD 83+ mDC in colorectal cancer was three times lower than
that seen in normal colonic mucosa and that mDC were rarely observed in
metastatic tumors (mDC density in metastases was sixfold lower than in
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primary tumors) (Schwaab et al. 2001). It was also reported that high amounts
of HLA II+ mDC in the tumor stroma as well as high amounts of LAMP+
mDC in tumor epithelium correlated with an adverse survival outcome
(Dadabayev et al. 2004; Sandel et al. 2005). Conversely, Inoue and co-workers
determined that patients with advanced stage tumors and lymph node
metastases have significantly less CD83+ mDC (Inoue et al. 2005). Interest-
ingly, DC density is also significantly reduced in non-neoplastic mucosa
adjacent to colorectal adenocarcinoma, compared to normal colonic mucosa
(Cui et al. 2007).

In hepatocellular carcinoma, high TIDC density is closely related to
improved clinical outcome and represents an independent prognostic factor
(Yin et al. 2003; Cai et al. 2006). In contrast, the number of DC in pericancerous
tissues does not correlate with patient’s prognosis (Cai et al. 2006).

In biliary carcinoma, CD1a+ iDC are found in cancer epithelium and
peritumoral areas, while CD83+ mDC are located predominantly at the inva-
sive margin of carcinoma (Takagi et al. 2004; Furihata et al. 2005). High
numbers of TIDC correlate with low frequency of lymph node metastases and
with prolonged patients survival (Nakakubo et al. 2003; Furihata et al. 2005).

Pancreatic adenocarcinoma is characterized by a paucity of TIDC: significant
numbers of S100+ TIDC and CD1a+ iDC were found in only 4% of tumors.
When present, DC were located mainly in the peritumoral area. Other immune
cells, including T cells, B cells, and macrophages, were rare or absent in the
majority of the specimens (Dallal et al. 2002).

3.5 TIDC in Pulmonary Malignancy

The data on TIDC density and distribution in pulmonary carcinoma are com-
plex due to the heterogeneity of lung cancers. In two main types of pulmonary
non-small cell carcinoma, adenocarcinoma, and SCC, TIDC are found in
60–80% of tumors (Nakajima et al. 1985; Colasante et al. 1993, 1995; Inoshima
et al. 2002). TIDC are present in low-grade tumors (bronchioloalveolar adeno-
carcinoma, well-moderately differentiated SCC), but are absent in high-grade
tumors (poorly differentiated SCC) (Zeid and Muller 1993). Interestingly,
TIDC density is significantly higher in female patients than in males, and in
non-smokers than in smokers (Inoshima et al. 2002). The majority of TIDC are
CD1a+ iDC; only a few CD83+ mDC are observed in peritumoral stroma,
thus indicating a negative impact of tumor on DC maturation (Bergeron et al.
2006; Baleeiro et al. 2008). Recently, Perrot and co-workers showed that TIDC
display ‘‘semi-mature’’ phenotype in non-small cell carcinoma, which can be
associated with a compromised tumor-specific immune response (Perrot et al.
2007). TIDC are located predominantly in cancer nests and their number
correlates with the extent of cancer cell apoptosis: in areas of scattered DC
distribution, only a few apoptotic tumor cells can be detected, while in the areas
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of DC aggregations, apoptotic tumor cells are significantly more abundant
(Kurabayashi et al. 2004). High numbers of TIDC in non-small cell carcinoma
is a favorable prognostic factor and is associated with lower disease stage and
longer survival (Zeid and Muller 1993; Inoshima et al. 2002).

TIDC density in two types of pulmonary neuroendocrine tumors (small cell
carcinoma and carcinoid tumor) is usually very low (Nakajima et al. 1985; Coli
et al. 1990; Zeid and Muller 1993; Katsenelson et al. 2001). Katsenelson and
co-workers found different populations of TIDC, including CD1a+ iDC and
CD83+ mDC, in small cell carcinoma, but samples of carcinoid tumor were
devoid of DC. Generation and differentiation of DC were completely
abrogated by carcinoid-conditioned medium and significantly reduced by
small cell carcinoma-conditioned medium. The authors suggested that pulmon-
ary neuroendocrine carcinoma produces factors that inhibit DC generation,
maturation, or induce DC apoptosis (Katsenelson et al. 2001).

In summary, TIDC density is higher in well differentiated than in poorly
differentiated pulmonary carcinoma. Immature DC are mainly located in
tumor nests, especially in areas of tumor cell apoptosis. Mature DC are sparse
and are functionally impaired. TIDC are rarely observed in small cell neuroen-
docrine carcinoma and are absent in carcinoid tumor. High TIDC density
correlates with a favorable prognosis.

3.6 TIDC in Genitourinary Malignancy

In prostate carcinoma, S-100+ TIDC are found mainly in low-grade tumors
(grade 1–2). TIDC were inconspicuous in grade 4 and virtually absent in grade
5 cancers (Bigotti et al. 1991). The authors concluded that the presence of DC in
carcinoma of the prostate represents a good prognostic indicator, being con-
stantly associated with the clinically less aggressive low-grade tumors. Troy
et al. (1998a) compared the number of TIDC in prostate carcinoma and
adjacent normal prostatic tissue and found that DC represent a small subset
of leucocytes in both benign and malignant prostatic tissues. There were sig-
nificantly less CD1a+ iDC in prostate cancer compared with normal prostatic
tissue and only a small subset of DC expressed markers of activation, such as
CD83, CD86, or CMRF44. The authors concluded that there is no active
recruitment of DC into prostate cancer and those DC present are only mini-
mally activated.

In transitional cell carcinoma of the urinary bladder, a dense infiltrate of
S-100+ TIDC is detected in 50% of cases (Inoue et al. 1993). Immature
CD1a+ TIDC are found mainly interspersed among the epithelial tumor
cells (Ioachim-Velogianni et al. 1995; Troy et al. 1999), while mDC are present
in the lamina propria adjacent to the tumor (Troy et al. 1999). The data on
correlation of TIDC density with tumor grade, stage, and prognosis are con-
troversial: some authors reported a positive correlation (Inoue et al. 1993),
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whereas others did not find any correlation (Ioachim-Velogianni et al. 1995), or
even a negative correlation (Troy et al. 1999).

In renal cell carcinoma, a population of TIDC is sparce and is mainly
comprised of CD1a+ iDC (Troy et al. 1998b), while CD83+ mDC are more
evident in peritumoral tissue and are incompletely activated (Troy et al. 1998b;
Schwaab et al. 1999; Aso et al. 2004). It appears that renal cell carcinoma
recruits few DC into the tumor substance and that the tumor environment
fails to initiate their activation. In patients with renal cell carcinoma who
received cytokine treatment for metastases, higher numbers of S100+ TIDC
and CD83+ mDC were associated with favorable treatment response
(Kobayashi et al. 2007).

3.7 TIDC in Breast Carcinoma

In breast carcinoma, TIDC are detected in 30–50% of tumors (Bell et al. 1999).
Immature CD1a+ DC, mostly of Langerhans type (Langerin+), are retained
predominantly within the tumor epithelium, whereas CD83+ and LAMP+
mDC are confined to peritumoral areas (Hillenbrand et al. 1999; Lespagnard
et al. 1999; Coventry et al. 2002). The number of S100+TIDC is higher in high-
grade tumors (Lespagnard et al. 1999). In regards to prognosis, no correlation
was found between total TIDC and iDC density and clinical outcome (Iwamoto
et al. 2003; Treilleux et al. 2004). At the same time, high mDC density is a
favorable prognostic marker: there is a significant association of increased
number of mDC with longer relapse-free and overall survival (Iwamoto et al.
2003; Treilleux et al. 2004). CD123+ plasmacytoid DC infiltration was found
in 13% of the breast carcinoma. Their presence was strongly associated with
shorter overall survival and relapse-free survival and was found to be an
independent adverse prognostic factor (Treilleux et al. 2004).

3.8 TIDC in Gynecologic Malignancy

SCC of the uterine cervix is a type of malignancy, which has a strong proven
connection with infectious etiology (Human papilloma virus, HPV). Thus, it is
on a crossroad of antiviral and antitumor immunity and presents a special
interest for immunopathologists. It is generally accepted that cervical SCC
progresses through stages of intraepithelial dysplasia (low-grade dysplasia,
high-grade dysplasia, carcinoma in situ). Thus it is feasible to monitor DC
involvement in different steps of neoplastic process (the task that is difficult
to achieve in other types of tumor). Majority of studies showed that HPV
infection is associated with decreased density of DC in cervical epithelium
(McArdle and Muller 1986; Hawthorn et al. 1988; Jimenez-Flores et al. 2006).
When dysplasia is followed by carcinoma, the total number of DC appears to
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increase (McArdle and Muller 1986; Hawthorn et al. 1988; Levi et al. 2005).

However, there is a significant decline of CD1a+ iDC (Hubert et al. 2005;

Hayati and Zulkarnaen 2007) and a simultaneous increase of CD83+ mDC

(Hayati and Zulkarnaen 2007). Recently, plasmacytoid DCwere detected in the

majority of the cervical carcinoma cases, primarily in the stroma (Bontkes et al.

2005). Taken together these data point toward impaired immune response in

the presence of HPV infection. An increase of mDC in invasive carcinoma may

be related to associated inflammation, as Zijlmans et al. (2007) showed that

mDC density in cervical carcinoma correlated positively with the expression

levels of proinflammatory cytokines (GM-CSF and TNF-�) in the tumor

microenvironment, whereas iDC density did not.
A peculiar correlation of TIDC density with the degree of squamous cell

dysplasia in vulvar lesions was reported in a study of Brustmann (2006). Density

of CD1a+ iDC was determined in normal squamous epithelium, vulvar

condylomas, high-grade vulvar intraepithelial neoplasias (VIN), and invasive

keratinizing SCC. The frequency of iDC increased from normal and condyloma

to VIN, but was lowest in SCC. Interestingly, it did not correlate with stage and

grade of cancer, but did correlate with recurrence of the disease.
In endometrial carcinoma, high S100+ TIDC density seems to be associated

with good prognosis. In a study of Coppola et al. (1998), most low-grade

endometrial carcinomas were infiltrated by numerous S-100+ DC, while

most high-grade carcinomas were DC depleted. Honig et al. (2005) reported

that compared to tumors with low TIDC infiltration, samples with high num-

bers of TIDC showed a higher degree of cancer differentiation, lower over-

expression of p53, and lower proliferation index.

3.9 TIDC in Malignant Melanoma

Malignant melanoma (MM) is a popular object of immunopathologic research

for a number of reasons. First, the disease has a significant morbidity and

mortality, and current treatments (especially in aggressive cases) remain sub-

optimal. Second, pathologic tissue is easily available for examination and

special testing. Third, there is a convincing evidence of spontaneous regression

in some cases of MM, which may be related to successful antitumor immune

attack. However, evaluation of TIDC in MM is complicated by the fact that

distribution of DC in skin is quite complex. Immature DC are mainly located in

epidermis and belong to two different subtypes: Langerhans type and non-

Langerhans type. While both subtypes express CD1a, only Langerhans cell

expresses Langerin (protein essential for the development of Birbeck’s gran-

ules). Dermal DC comprise a mixture of iDC and mDC. Due to complexity of

the DC system in the skin and the fact that every research group utilized

different markers of DC identification, results are rather controversial.
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Stene et al. (1988) found that compared with histologically normal skin,
epidermal DC of Langerhans type were depleted above ‘‘deeply invasive’’
melanomas but were relatively unchanged above ‘‘early invasive’’ melanomas.
Dermal DC were significantly increased around in situ and ‘‘early invasive’’
melanomas but not around ‘‘deeply invasive’’ melanomas. Other groups found
a substantial reduction in total DC and a lesser decline in CD1+ iDC in the
epidermis overlying melanoma with a simultaneous increase in the frequency of
cells expressing these phenotypes in the dermis deep to tumor (Toriyama et al.
1993; Garcia-Plata et al. 1995). In contrast, Vermi and co-workers reported an
increase of TIDC in the epidermis and the peritumoural area. Phenotypically
intraepidermal DC were mostly CD1a+/Langerin+ iDC, whereas peritu-
moural DC included a large population of DC-SIGN+/CD1a- mDC, a small
subset of CD1a+ iDCs, and CD123+ plasmacytoid DC. All DC subsets were
predominantly immature. The authors concluded that the paucity of intratu-
moral DC and the predominantly immature phenotype of peritumoral dermal
DC indicate defective maturation of TIDC resulting in lack of T-cell priming
(Vermi et al. 2003).

The density of iDC andmDC shows strong inverse correlation with the stage
(thickness) of melanomas (Toriyama et al. 1993; Ladanyi et al. 2007). In terms
of prognosis, high peritumoral density of mDC correlates with significantly
longer survival (Ladanyi et al. 2007; Simonetti et al. 2007).

3.10 TIDC in Pediatric Malignancy

Very interesting study was performed by Vakkila and co-workers to compare
TIDC density in pediatric and adult tumors (Vakkila et al. 2006). Unlike in adult
tumors (colon carcinoma, breast carcinoma, esophageal carcinoma), TIDCwere
virtually absent in pediatric malignancies (Ewing’s sarcoma, rhabdomyosar-
coma, hepatoblastoma, neuroblastoma, Wilms’ tumor). Inflammatory infiltrate
in pediatric tumors was composed mainly of macrophages, whereas in adult
tumors, TIDC formed 37% of leukocytes within the tumor islands and 25%
around the tumors. The reason for this striking difference merits further
investigation.

3.11 Conclusions

Although some of the data collected to date are controversial, certain conclu-
sions can be drawn. In the majority of solid tumors, TIDC density inversely
correlates with tumor pathologic grade and stage (more TIDC are present in
well-differentiated and less-invasive tumors) and positively correlates with
favorable prognostic features, such as the absence of lymph node metastases,
distant metastases, and overall survival. This conclusion is well aligned with the
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concept of the important role of DC in antitumor immune surveillance. On

the basis of this concept an established malignant tumor can be viewed as a

failure of the immune system to launch a successful antitumor attack, and at the

same time, as a success of an emerging tumor to escape such an attack. There-

fore, the absolute numbers of TIDC and their functional and maturation

characteristics should be interpreted with caution and with the clear under-

standing that cases of the immune system success in controlling tumor growth

rarely reach a pathologist’s desk.
It becomes evident that different tumors have varying ways of interaction

with TIDC. In certain cancer types, i.e., pancreatic carcinoma and urothelial

carcinoma, there are very few TIDC, while others have a substantial number of

TIDC, which appear to be functionally impaired. There are several mechanisms

explaining a paucity of TIDC and their dysfunctional status. These mechanisms

will be reviewed in detail in the following chapters; however, it is worth out-

lining them here (Fig. 3.3).

I. Reduced attraction of DC to tumor tissue

TA

TA

II. Apoptosis of TIDC

TA

TA

TA

III. Decreased maturation of TIDC IV. Impaired emigration of TIDC

TA

TA

Lymph node

chemokines

Fig. 3.3 Putative mechanisms of dendritic cell alteration in the local tumor microenvironment.
(A) Tumor cells down-regulate expression of DC attractive chemokines, thus diminishing
DC infiltration and homing at the tumor site. (B) Tumor cells induce apoptosis of TIDC
decreasing their numbers at the tumor site. (C) Tumor cells interfere with TIDC maturation
and function, thus preventing tumor antigen uptake, processing, and presentation. (D) Incom-
pletely mature TIDC fail to emigrate and present processed tumor antigens to T lymphocytes.
DC, dendritic cells; TA, tumor antigen(s); TIDC, tumor-infiltrating dendritic cells
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1. Insufficient chemoattraction of DC to the tumor tissue. Homing of DC
depends on the action of chemokines, ‘‘inviting’’ DC to survey the tissue
microenvironment (Vicari et al. 2004). Although numerous chemokines may
be involved in DC attraction (i.e., CCL20 acting on CCR6), one of them,
called BRAK (CXCL14), has recently become a focus of a particular inter-
est. CXCL14 is steadily expressed in normal tissue of different types
(Hromas et al. 1999; Frederick et al. 2000) and has been shown to be a
potent iDC chemoattractant and activator (Shellenberger et al. 2004;
Schaerli et al. 2005; Shurin et al. 2005). Notably, its expression is markedly
reduced in several malignant neoplasms (Frederick et al. 2000; Shurin et al.
2005) suggesting a deficient attraction and homing of DC. This phenomenon
presents a simple and effective mechanism of tumor escape and explains a
paucity of TIDC in advanced tumors.

2. Tumor-induced apoptosis of DC. It has been extensively demonstrated that
DC undergo apoptosis in vitro and in vivo after contact with tumors (Esche
et al. 1999; Pirtskhalaishvili et al. 2001; Balkir et al. 2004). This phenomenon
can result in depletion of TIDC, especially in more aggressive high-grade
tumors (see Shurin et al. (2006) for review and Chapter 6).

3. Blockade of DC maturation. In the absence of appropriate maturation and
activation cascades, high density of TIDC is insufficient to induce an effective
immune response. In fact, immature or semi-mature TIDC can cause immu-
nologic tolerance (Adema et al. 2005; Ghiringhelli et al. 2007). Tumors can
prevent DC differentiation and maturation (dendropoiesis) by releasing such
cytokines as IL-6, IL-10, TGF-�, M-CSF, VEGF, and others (see Fricke and
Gabrilovich (2006) and Shurin et al. (2006) for review). Specifically, VEGF
has been shown to interfere with TIDC maturation and function in lung
cancer (Inoshima et al. 2002), gastric carcinoma (Saito et al. 1998; Takahashi
et al. 2002), oral SCC (Kikuchi et al. 2006), breast carcinoma (Iwamoto et al.
2003), and head and neck SCC (Strauss et al. 2005). Other factors, specific
to certain tumors can also exert such an effect. For example, prostate cancer
microenvironment inhibits DC maturation by direct action of prostate-
specific antigen (Aalamian et al. 2003). Lung cancer inhibits DC maturation
and function by releasing bombesin-like peptides (Makarenkova et al. 2003).
Neuroblastoma inhibits DC generation and function by producing ganglio-
sides (Shurin et al. 2001). Undoubtedly, other tumor-specific factors will soon
be discovered. This phenomenon can explain disproportional increase of
immature or partially mature TIDC seen in some tumors.

4. ‘‘Capturing’’ DC in the tumor tissue. Factors of the tumor microenvironment
can prevent emigration of TIDC from the tumor site to the draining lymph
nodes [see Adema et al. (2005) for review]. DC captured in tumor are
inefficient in initiating T-cell responses, and this phenomenon can explain
an apparent discordance between dense TIDC infiltration and a lack of
efficient antitumor response in some tumors.

5. ‘‘Reassignment’’ of DC differentiation. Tumor-released substances can also
cause a dramatic change in DC function by altering local DC subtypes. For
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instance, it was recently shown that pro-angiogenic factors, like VEGF and
oncostatinM, can lead to trans-differentiation of TIDC into endothelial-like
cells, thus promoting tumor vascularization (Coukos et al. 2005; Gottfried
et al. 2007). This phenomenon additionally explains a discrepancy between
TIDC number and intensity of immune response.

3.12 Future Directions

As it is presented in this chapter, the initial phase of TIDC study has generated

vast data on the number of TIDC in different types of cancer and its relation to

clinical prognosis. The focus of research is shifting now toward identification of

mechanisms related to TIDC abnormality and finding the ways of therapeutic

interference. Following questions seem to be the most important for future

studies:

1. What is a functional status of TIDC at different stages of maturation? It has
become evident that TIDC (both immature and mature) are not fully func-
tional; however, which molecular pathways are altered remains largely
unknown. The main reasons for this are technical limitations of traditional
methods, specifically, inability to characterize the expression of multiple
proteins in the cell simultaneously. New morphometric and molecular tech-
niques can provide a significant breakthrough in this field. For example,
QuantumDot Immunochemistry can analyze numerous cellular constituents
in a single TIDC and thus more precisely characterize its functional and
maturation status. Individual TIDC can be isolated from fresh or fixed
tumor tissue by Laser Capture Microscopy (LCM) and analyzed by DNA
andRNAmicroarrays (Fend et al. 2000; Dong et al. 2004; Buckanovich et al.
2006; Espina et al. 2006).

2. Which factors of the tumor microenvironment are responsible for TIDC
alterations? Several comprehensive reviews addressed this issue recently
(Gabrilovich et al. 1997; Shurin et al. 2006; Whiteside 2006). However,
details of tumor cell–DC interactions need to be significantly better clarified.
Analysis of intratumoral soluble factors will identify those that are able to
influence DC homing, maturation, longevity, and emigration. A promising
approach is a microsampling of the tumor environment in animal models
followed by RNA microarrays and protein expression profiling (Dabrosin
2005) or intratumoral microdialysis in live freely moving animals (Zhong
et al. 2007). Direct evaluation of in vivo DC trafficking can be performed by
using magnetic resonance tracking (de Vries et al. 2005).

3. What are the ways to prevent/reverse TIDC disfunctionality? Disclosing of
molecular details of TIDC alteration will ultimately lead to new methods
of therapeutic intervention. A good example of such an approach is a study
of Shurin et al. (2005) showing that restoration of BRAK expression in head
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and neck SCC leads to DC recruitment into the tumor and induction of
antitumor immunity. In a study of Furumoto and co-workers, transduction
of tumor cells (melanoma and colonic adenocarcinoma cell lines) with iDC-
attracting chemokine CCL20 and injection of DC-activating CG-rich motifs
led to increase of TIDC density and restoration of their activity (Furumoto
et al. 2004).

In conclusion, TIDC appear to play a major role in inducing antitumor
immunity while their dysfunction may represent an important mechanism of
tumor escape from immune surveillance. Analysis of intratumoral DC and
molecular pathways responsible for their dysfunction is important for under-
standing immunobiology of the DC system and its role in controlling tumor
progression and metastasis. New methods to protect/restore DC function will
have to be found to improve the efficacy of DC vaccines and other immunother-
apeutic approaches for cancer treatment.
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Chapter 4

Functional Defects of Dendritic Cells in Cancer

Mikhail M. Dikov and Irina S. Chekneva

Abstract Altered dendritic cell function is one of the most fundamental
mechanisms of tumor escape from immune surveillance. Functional character-
istics of dendritic cells evolve with their differentiation and are tightly con-
trolled by the cytokine network. Tumors actively interfere with dendritic cell
differentiation and their acquisition of functional properties and render them
defective. This chapter reviews the data characterizing the effect of tumor on the
key functions of dendritic cells, including antigen uptake, antigen presentation,
expression of cell surface molecules, motility and cytokine production.

4.1 Introduction

Dendritic cells (DC) are strategically positioned as a key element of both innate
and adaptive immunity. They constitute a complex network of antigen-present-
ing cells that have an essential role in the modulation of primary immune
responses. DC are crucial for the induction and maintenance of antitumor
immunity, as they can uniquely initiate T-cell responses against tumors by
stimulating naı̈ve T cells and are also the most effective cells for the activation
of secondary T-cell responses. It is now evident that DC in patients with
malignancy or tumor-bearing animals demonstrate functional deficiencies
that inhibit their capacity to mount an effective antitumor response.

Induction of antitumor immune response is a multistep process in which DC
have important functions. Functional characteristics of DC evolve with their
stage of maturation, which is finely controlled by the cytokine network and the
microenvironmental features. DC originate from hematopoietic stem cells
within the bone marrow and their development occurs in distinct stages. DC
precursors differentiate into immature DC that circulate in the blood and home
to a large variety of tissues where they act as sentinel for immune monitoring.
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The efficient immune responses occur only if antigens reach secondary lym-
phoid organs, and are expressed there for a definite period and at a certain level
(Zinkernagel 2000). The physiological function of immature DC is to capture
antigens. Following their encounter with antigens and pro-inflammatory signals,
immature DC initiate their maturation process and migrate to the lymphoid
organs. Interaction of CD40 with its ligand expressed on T helper cells, inflam-
matory cytokines, bacterial components or immune complexes induces matura-
tion of DC.MaturingDC lose endocytic activity, increase surface expression and
stability ofMHC–peptide complexes, up-regulate the surface expression of adhe-
sion and co-stimulatory molecules, while secreting inflammatory cytokines that
are essential for T-cell activation. Coinciding with the phenotypic maturation,
DC increase their migratory capacity. Mature DC migrate to secondary lym-
phoid organs where they prime T cells by interacting and presenting antigens in
the context of cell surfaceMHC class I and IImolecules. DC produce a variety of
pro-inflammatory cytokines and chemokines. Interaction with CD4+ T cells
induces DC to produce IL-12, a critical Th1-polarizing cytokine also supporting
cytotoxic T lymphocytes. DC produce pro-inflammatory cytokines, chemokines
and IL-12 only for brief periods of time, and at defined stages of maturation; this
is the important feature thatmight influence the outcome of the immune response
(Langenkamp et al. 2000; Schuurhuis et al. 2006).

Myeloid and plasmocytoid DC are the two subsets of DC identified in the
human blood based on the expression of the b2 integrin, CD11c (O’Doherty et
al. 1994; Ueno et al. 2007). However, the combination of the abilities to pick up
antigens, migrate from peripheral tissues to the draining lymph nodes, and
efficiently stimulate naı̈ve T cells is a unique property of myeloid DC (Kalinski
et al. 1999; Steinman and Inaba 1999), which places them at the pivotal role in
the initiation and regulation of antitumor immune responses. Plasmocytoid DC
produce large amounts of IFN-� but are inefficient in antigen capture at all
maturation stages, although they have a proven role in regulation of T-cell
responses (Grouard et al. 1997; Schuurhuis et al. 2006).

Clinical and experimental data clearly demonstrate that growing tumor not
only decreases the number of DC but also affects all their basic functions (Shurin
and Gabrilovich 2001). Tumors suppress DC antigen uptake, expression of cell
surface molecules, decrease migration to draining lymph nodes and alter the
profile of secreted cytokines (reviewed in Gabrilovich 2004; Pinzon-Charry et
al. 2005b; Bennaceur et al. 2008). Both circulating and tumor-infiltrating DC
from cancer patients appear to be phenotypically and functionally defective
(Steinman and Inaba 1999; Zhang et al. 2003; Dave et al. 2004; Galon et al.
2006; Hiraoka et al. 2006; Gottfried et al. 2008). The available data link the
defectiveDC functions with their aberrant differentiation and altered phenotype.
A few studies in which analysis of different DC characteristics was performed
revealed that in cancer all DC functions are affected at the same time (Dong et al.
2003; Pockaj et al. 2004). This seems natural, as specific DC characteristics and
the efficacy of DC in T-cell activation are not attributed to a single specific
molecule, but are the result of quantitative changes associated with their
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differentiation and maturation. However, the effects of tumor-derived factors on
specific functions of mature DC were also reported (Beckebaum et al. 2004b).

4.2 Uptake and Processing of Antigens

Immature DC are specialized in capturing and processing antigen to form
MHC–peptide complexes. Macropinocytosis has emerged as a key mechanism
of antigen capture by DC, allowing substantial volumes of the extracellular
milieu to be engulfed and processed (Sallusto et al. 1995; West et al. 1999). In
peripheral tissues, DC constitutively macropinocytose extracellular fluid and
take up antigen via phagocytosis and receptor-mediated endocytosis. DC
express several receptors that facilitate the internalization and presentation
of antigens, including C-type lectin receptors such as the mannose receptor
(Sallusto et al. 1995) andDEC205 (Swiggard et al. 1995), as well as receptors for
the Fc domain of immunoglobulins, FcgR and FceR. Specific receptors for heat
shock proteins (HSP) mediate the internalization of HSP–peptide complexes
(Singh-Jasuja et al. 2000; Kuppner et al. 2001).

Reduced endocytic capacity of circulating DC in patients with malignancy
was observed. For instance, DC isolated from patients with renal cell carcinoma
showed a reduced capacity to take up antigen (Thurnher et al. 1996). The
studies withDC generated frommonocytes of cancer patients revealed defective
antigen uptake and processing. A detailed investigation by Dong et al. (2003)
described differences in the organization of the actin cytoskeleton in BCR-ABL
oncogen-expressing DC generated from chronic myeloid leukemia (CML)
patients compared with normal DC. Cells had a decreased ability to spread
and polarize and had fewer podosomes compared with normal DC. They were
also defective in processing and presentation of exogenous antigens such as
tetanus toxoid. The antigen-processing defect was attributed to the reduced
capacity of DC from CML patients to capture antigen via macropinocytosis or
via mannose receptors. Monocyte-derived DC from breast cancer patients
showed significantly reduced expression of co-stimulatory molecules (CD80
and CD40) and demonstrated reduced phagocytic ability, reduced antigen
presentation to T cells and reduced capacity to mature in response to lipopoly-
saccharide (Pockaj et al. 2004). Aberrant antigen processing by DC was asso-
ciated with the increased COX-2 expression and PgE2 levels within the tumor
milieu and in the circulation. Sharma et al. (2003) assessed the capability of DC
generated from mouse bone marrow progenitors in the presence of tumor
supernatant to process and present the ovalbumin antigens. Consistent with
the reduction in the number of tumor supernatant-treated DC expressing
transporter associated with antigen processing (TAP), these DC had a reduced
capacity to process and present the ovalbumin antigens. Tumor COX-2 inhibi-
tion resulted in maintenance of TAP and antigen-presenting properties of DC.

Another report revealed an association of inhibited phagocytosis with the
secretion of vascular endothelial growth factor (VEGF), an important
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immunosuppressive cytokine produced by tumor cells (Ishida et al. 1998). In
this mouse model, blockade of VEGF led to an increase in antigen uptake and
migration of tumor-associated DC. In another murine model, Tourkova et al.
revealed a decreased uptake of dextran 40 and polystyrene beads by DC
generated in the presence of different tumor cell lines, including prostate,
colon, lung and oral squamous cell carcinomas in vitro and by DC prepared
from tumor-bearing mice ex vivo. Impaired endocytic activity of DC co-cul-
tured with tumor cells was associated with decreased levels of active small Rho
GTPases Cdc42 and Rac1 (Tourkova et al. 2007).

Tumor-derived molecules can directly interfere with the DC antigen-capture
and antigen-presenting pathways. For example, mucin-1 (MUC-1), secreted by
breast cancer cells, is endocytosed byDCbutmostly retained in early endosomes,
leading to its inefficient processing and presentation to T cells and lower fre-
quency of MUC-1-specific effector cells (Hiltbold et al. 2000; Vlad et al. 2004).

In some cases, DC purified from the peripheral blood of patients with cancer
seem to retain normal endocytic ability but have low T-cell stimulatory capacity
(Hasebe et al. 2000). Of interest is that co-culture of immature or mature
monocyte-derived DC with glioma cells did not affect incorporation of dextran
by DC but affected their surface phenotype and IL-12 production, suggesting
that certainDC functions may be regulated independently (Kikuchi et al. 2002).

A few studies that specifically addressed the function of DC antigen-proces-
singmachinery (AMP) in cancer demonstrated impairment of AMP component
expression induced by tumor-derived factors (Whiteside et al. 2004; Tourkova
et al. 2005). Human DC generated in the presence of oral squamous cell
carcinoma cell lines exhibited a profound down-regulation of several APM
components, including LMP2, LMP10, MB1, TAP1/2 and other antigen-pro-
cessing pathway proteins. The attenuated expression of these proteins was
associated with a decreased presentation of an antigen to antigen-specific
autologous CD8+ T cells and was induced, at least in part, by tumor-derived
gangliosides (Tourkova et al. 2005). Similar results were obtained using mouse
DC generated in the presence of culture supernatants from COX-2-expressing
tumors (Sharma et al. 2003). Furthermore, expression of several MHC class I
APM components, including delta, MB-1, LMP-10, ERp57 and tapasin, was
significantly decreased in murine DC generated in the presence of prostate
cancer cells. APM component down-regulation was associated with decreased
ability of DC to present model antigen and was mediated by IRF-8, a member
of the interferon regulatory factor family (Tourkova et al. 2008).

4.3 Migration

Upon activation, DCmigrate to the lymphoid organs such as spleen and lymph
nodes. There, DC attract T and B cells and maintain the viability of re-circulat-
ing T lymphocytes by releasing chemokines and cytokines (Banchereau et al.
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2000; Clark et al. 2000; Caux et al. 2002).Migration ofDC is tightly regulated as

a function of maturation (Parlato et al. 2001; De Vries et al. 2003). A variety of

cytokines and chemokines (GM-CSF, TNF-�, IL-1, CCL21, CCL20 and

CCL19), but also non-chemokine chemotactic agonists, lipid mediators and

membrane proteins modulate DC movement and maturation (Sozzani 2005).

Maturing DC down-regulate expression of CC chemokine receptors (CCR) 1

and 2 and up-regulate CCR7 that directs DC to the lymphoid vessels and T-cell

areas of secondary lymphoid organs (Yanagihara et al. 1998; Chen et al. 2001;

Jarrossay et al. 2001; Caux et al. 2002). CCR7 ligands CCL21 and CCL19

potently induce migration of mature DC (Kellermann et al. 1999). Switch in the

expression of chemokine receptors is accompanied by up-regulation of MCH

class II and co-stimulatory molecules (HLA-DR, CD80, CD83 and CD86).

Experiments with intradermal injection of DC showed that mature DC have, on

average, a six- to eightfold higher migratory capacity than immature DC

(Ridolfi et al. 2004).
Within the tumor microenvironment several factors contribute to the seques-

tration of DC within tumor tissues and the subsequent inhibition of their migra-

tion. The observation that in vitro-generated DC injected in human tumors were

not able to migrate to draining lymph nodes has suggested that this crucial step

may be impaired in cancer (Triozzi et al. 2000). It has been reported that

melanoma cell lines can effectively chemoattract DC, modulate their phenotype

and eventually damage DC motility. Melanoma-conditioned DC exhibited an

increased adhesion capacity to melanoma cells in vitro and did not migrate in

response to lymphoid chemokines (Remmel et al. 2001). In vitro-generated DC

failed to home into draining lymph nodes upon intratumoral injection in patients

with metastatic melanomas (Triozzi et al. 2000). Neuroblastoma has been shown

to hinder chemokine-mediated DC migration by interfering with CCR7-CCL19

intracellular signal transduction pathways (Walker et al. 2006). IL-8, which is

produced by different types of solid tumors, including hepatocellular carcinoma,

colorectal and pancreatic cancers was implicated in the retention of DC inside

malignant lesions and the impairment of DC migration toward CCR7 ligands

(Feijoo et al. 2005). Melanoma-derived gangliosides can also impair DC migra-

tory function through the down-regulation of CCR7 expression (Bennaceur et al.

2006). Hypoxia, which is a characteristic of solid tumors, inhibits monocyte-

derived DC migration through the suppression of matrix metalloproteinase

(MMP) production (Zhao et al. 2005; Darmanin et al. 2007). Altered actin

organization in DC derived from CML patients results in that the capacity of

these DC to migrate is impaired (Dong et al. 2003).
In an interesting study, Yang et al. (2003) reported that PgE2 signaling via

EP2 receptor negatively regulates DC migration in the tumor-bearing animals

and contributes to tumor-induced immune suppression. DC from EP2–/–

knockout tumor-bearing mice showed a significantly increased ability to

home to axillary and inguinal lymph nodes, compared with that of tumor-

bearing wild-type animals. This was associated with significantly higher
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expression of CCR7 and improved chemotaxis in response to CCL19 and
CCL21 by DC derived from tumor-bearing knockout mice.

Of many tumor-derived factors affecting DC function TGF-b and IL-10 are
also implied in regulation of DC motility. TGF-b increases expression of
chemokine receptor such as CCR1, CCR2, CCR3 and CCR6 in immature
DC but down-regulates CCR7 expression induced by TNF-� and prevents
DC migration toward lymph nodes maintaining them immature (Sato et al.
2000). IL-10 has also been shown to modulate expression of chemokines and
chemokine receptors by DC resulting in down-regulation of CCR7 and up-
regulation of CCR5 (Takayama et al. 2001).

4.4 Maturation, Antigen Presentation and Co-Stimulation

Maturation of DC is a key event in the induction of the immune response; it is
required for eliciting primary T-cell responses (Banchereau and Steinman
1998). DC maturation is a series of several coordinated events such as loss of
endocytic/phagocytic receptors, up-regulation ofMHCmolecules, alteration in
expression of adhesion molecules, cytokine receptors and cytokine production,
changes in morphology, lysosomal and MHC class II-enriched compartments
(Banchereau et al. 2000; Turley et al. 2000; Kleijmeer et al. 2001). DC matura-
tion is associated with the expression of many accessory molecules (CD40,
CD54, CD58, CD80, CD83, CD86, CD70) that interact with receptors on T
cells to enhance adhesion and signaling (co-stimulation). Depending on the
conditions, DC can stimulate the outgrowth and activation of a variety of T
cells. The balance between pro-inflammatory and anti-inflammatory signals in
the local microenvironment, including TNF-�, IL-1, IL-6, IL-10, TGF-b and
prostanoids, plays a role in the maturation process (Kalinski et al. 1998;
Banchereau et al. 2000). These signals, as well as many tumor-derived factors,
can regulate transition of immature DC tomature and presentation of captured
antigen to lymphocytes.

Systemic tumor-induced defects of DC differentiation and maturation result
in the decreased production of mature functionally competent DC and the
accumulation of immature DC that have characteristics of lineage-committed
DC but cannot up-regulate MHC class I and class II and co-stimulatory
molecules or produce appropriate cytokines (Fig. 4.1). A number of tumor
types have been shown to imbalance DC maturation and function, including
lung cancer, breast cancer, melanoma, prostate cancer, hepatoma, renal cell
carcinoma, gastric cancer and neuroblastoma via production of a variety of
systemic and local factors and cytokines (reviewed in Shurin and Gabrilovich
2001; Gabrilovich 2004; Yang and Carbone 2004; Pinzon-Charry et al. 2005b;
Shurin et al. 2006; Bennaceur et al. 2008; Gottfried et al. 2008).

DC isolated from cancer patients exhibit quantitative and functional defi-
ciencies (Gabrilovich et al. 1996b; Troy et al. 1998b; Brown et al. 2001;
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Hoffmann et al. 2002). Tumors inhibit the host immune system at least in part

by interfering with the effectiveness of antigen presentation (Gabrilovich et al.

1996b; Kudela et al. 2001). Gabrilovich et al. (1997) evaluated T-cell stimula-

tory activity in patients with breast cancer and described defective responses to

allogeneic and defined antigens in patients with advanced disease. Defective

antigen presentation byDC also appears to be amajor determinant of cytotoxic

T lymphocyte non-responsiveness to peptide antigens in tumor-bearing mice

(Gabrilovich et al. 1996b). DC from patients with hepatocellular carcinoma had

significantly lower capacity to stimulate allogeneic T-cell proliferation, com-

pared with DC isolated from patients with liver cirrhosis and normal controls
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Fig. 4.1 Tumor affects both dendritic cell differentiation and function. Functional character-
istics of DC evolve with their differentiation. DC originate from hematopoietic stem cells
within the bone marrow. Their precursors differentiate into immature DC that circulate in the
blood and home to a variety of tissues. In the peripheral tissue immature DC take up and
process tumor antigens. Following their encounter with the antigens and pro-inflammatory
signals, immature DC initiate their maturation process, increase their migratory capacity and
migrate to the lymphoid organs. There, they stimulate effector cells by interacting and
presenting antigens in the context of cell surface MHC class I and II molecules. DC also
produce a variety of pro-inflammatory cytokines and chemokines. Interaction with CD4+ T
cells induces DC activation and up-regulates their IL-12 production. Tumors actively inter-
fere with DC differentiation and their acquisition of functional properties. Tumors suppress
DC antigen uptake and processing, expression of co-stimulatory and adhesion cell surface
molecules, decrease migration to draining lymph nodes, and alter the profile of secreted
cytokines and chemokines. Black arrows and letter ‘‘T’’ point to the major functions of DC
affected by tumor
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(Ninomiya et al. 1999). In these patients, DC expressed significantly lower levels
of HLA-DR and decreased induction of IL-12. Overall, the DC compartment
has been shown to exhibit increased number of immature cells with impaired
antigen-presenting capacity (Pinzon-Charry et al. 2005a; Pinzon-Charry et al.
2005b).

Studies that assessed the effects of tumors on blood or tumor-infiltrating DC
revealed that progression of cancer negatively correlates with the expression of
co-stimulatory molecules, in particular CD80 and CD86, on both myeloid DC
and plasmocytoid DC. All circulating DC subsets exhibited low MHC class II
expression. Thus, Bergeron et al. (2006) found that various types of DC infil-
trate lung carcinomas and display immature phenotype and low IL-12 expres-
sion. Circulating DC in hepatocellular carcinoma patients consisted mainly of
immature, non-activated cell subsets (Troy et al. 1998b; Beckebaum et al.
2004a,b). Minimal number of DC was recruited to the tumor bed in patients
with renal and prostate cancer. Those present had low levels of co-stimulatory
molecules and a decreased capacity to stimulate allogeneic T-cell proliferation
(Troy et al. 1998a,b). These DC express no or low levels of the co-stimulatory
molecules CD80 and CD86. Furthermore, DC derived from progressing mela-
noma metastases do not express CD86 (Enk et al. 1997). Similar data were
obtained for DC isolated from basal-cell carcinomas (Nestle et al. 1997); these
DC also had reduced antigen-presenting function. In breast carcinoma, intra-
tumoral DC appeared immature, whereas peritumoral DC showed a mature
phenotype (Wilson et al. 2003). The presence of high numbers of infiltrating
CD1a+ cells seems to be associated with an improved prognosis in breast
carcinoma (del Hoyo et al. 2002; Mende et al. 2006). Blood DC of multiple
myeloma patients had lower expression of HLA-DR, CD40 and CD80 mole-
cules, as compared with that of healthy controls (Ratta et al. 2002).

A study in patients with breast cancer has shown that freshly isolated DC
although exhibited amoremature phenotype were markedly reduced in number
and ability to stimulate antigen-specific T-cell responses (Della Bella et al.
2003). These findings possibly reflect the distinct mechanisms by which the
tumors interfere with the immune system of the host. Chaux et al. (1997)
reported that only a small proportion of DC isolated from colon carcinomas
express CD80 or CD86. Application of maturation stimulus (CD40L or TNF-�)
in vitro did not induce CD80 expression by tumor-infiltrating DC, which indi-
cates that lack of co-stimulatory molecules expression is a result of defective cell
differentiation (Chaux et al. 1997). Consistent with these observations, an
increased proportion of immature DCwith reduced expression of co-stimulatory
molecules was found in the peripheral blood of patients with breast, head and
neck, lung and esophageal cancers (Gabrilovich et al. 1997; Ishida et al. 1998),
and similar data have been obtained using several mouse tumor models
(Gabrilovich et al. 1996b; Ishida et al. 1998; Cheng et al. 2003).

In a number of studies, DC derived from monocyte of cancer patients
showed lower expression of HLA-DR, CD80 and CD86 and accordingly
impaired potency to stimulate T cells (Hasebe et al. 2000; Onishi et al. 2002;
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Bellone et al. 2006). However, other investigations with monocyte-derived
patients’ DC and experiments with animal DC generated from hematopoietic
progenitor cells demonstrated normal allostimulatory capacity of DC
(Gabrilovich et al. 1996a; Gabrilovich et al. 1997; Ratta et al. 2002). Some
reports indicated that tumor antigens are also responsible for impaired DC
maturation and function. For instance, purified, tumor-derived and circulating
prostate-specific antigen noticeably inhibited differentiation and maturation of
DC in vitro (Aalamian et al. 2003; Aalamian-Matheis et al. 2007). Polyamines
putrescine, spermidine and spermine, nutrients constantly produced in the
tumor microenvironment, have also been implicated in impaired DC matura-
tion (Della Bella et al. 2003), as well as tumor-derived gangliosides (Shurin et al.
2001) and bombesin-like peptides (Makarenkova et al. 2003).

Most recent investigations demonstrated that DC may cover dual functions
in the tumor microenvironment. Immature or partially differentiated myeloid
DC cannot induce antitumor immune responses but can function as regulatory
DC and are an important component of the immunosuppressive networks
in the tumor microenvironment (Zou et al. 2001; Curiel et al. 2004b;
Mellor and Munn 2004; Fricke and Gabrilovich 2006; Dhodapkar et al. 2008;
Muthuswamy et al. 2008). This regulatory capacity of inappropriately matured
DC is a result of the influence of the tumor microenvironment and tumor-
derived factor and represents amean of how tumors escape immune recognition
by interfering with the process of DC maturation/activation.

4.5 Cytokine Production

Generation of an appropriate cytokine milieu is a critical feature of DC and is
essential for efficient antigen presentation and potent activation of T-cell-
mediated immune responses. Depending on DC subtype and maturation/
activation status, DC cytokine repertoire comprises a variety of immunomo-
dulating molecules, including pro-inflammatory cytokines and chemokines
such as TNF-� and IL-8, the major Th1-promoting factor IL-12, T-cell inhibi-
tory cytokine IL-10 and tolerogenic TGF-b (Inoue et al. 1993; Troy et al. 1998b;
Schwaab et al. 1999; Sandel et al. 2005).

Cytokine production by DC is tightly regulated by the factors in the micro-
environment, which is particularly relevant in the case of IL-12 expression. IL-12
signal is a key regulator of the induction of adaptive Th1-type immunity (Del
Vecchio et al. 2007) and supports clonal outgrowth of antigen-specific CD8+

cytotoxic T lymphocytes (Kalinski et al. 1999; Curtsinger et al. 2003). Recently, it
was also found that it promotes the reactivation and survival ofmemoryCD4+T
cells (Yoo et al. 2002) and can contribute to the re-polarization of dysfunctional
antitumor Th2 CD4+ T cells into Th1 cells (Wesa et al. 2007). IL-12 production
byDC is restricted to a narrow temporal window after maturation (Langenkamp
et al. 2000), whereas the capacity to induce Th2 responses is a property ofDC that
do not produce Th1-polarizing cytokines.
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Tumors dramatically affect IL-12 production by DC. Thus, DC in patients
with hepatocellular carcinoma exhibited immature phenotype and expressed
low levels of IL-12 but had increased production of IL-10 and TNF-� (Kakumu
et al. 2000; Beckebaum et al. 2004b). A significant negative correlation has been
found between plasma levels of spermine and DC production of IL-12 in
patients with breast cancer (Della Bella et al. 2003). DC from chronic lympho-
cytic leukemia patients were severely defective and had a reduced ability to
release IL-12 to drive a type 1 T-cell response (Orsini et al. 2003).

In vitro experiments also confirm that tumor-derived factor can interfere
with IL-12 secretion byDC.MUC-1 produced by breast cancer cells was shown
to inhibit the capacity of DC to secrete IL-12, thereby skewing the development
of T-cell responses toward type 2 (Carlos et al. 2005). Using in vitro co-culture
model of tumor spheroid, Gottfried et al. (2006) found that lactic acid produced
by melanoma or prostate carcinoma cells significantly reduced IL-12 secretion
by DC.

Secretion of several other functionally important DC cytokines and chemo-
kines is also affected by tumor. In colorectal carcinoma, DC density has shown
a direct correlation with levels of TNF-� expressed by DC (Schwaab et al.
2001). DC at the tumor sites skew CD4+ T-cell differentiation toward T cells
secreting high levels of Th2 (IL-4 and IL-13) cytokines, which promote early
tumor progression. IL-13 secreted from such T cells appears to be responsible
for the tumor growth, as blocking of IL-13 partially inhibits the tumor growth
in a humanized mouse model of breast cancer (Aspord et al. 2007). Productions
of tumoricidal IFN-� by plasmocytoid DC were inhibited in patients with head
and neck squamous cell carcinoma (Hartmann et al. 2003). Leukemic plasmo-
cytoid DC, but not leukemic myeloid DC, had impaired capacity for matura-
tion, decreased allostimulatory activity, and altered ability to secrete IFN-�
(Mohty et al. 2001). It was reported that PgE2, a factor overproduced in chronic
inflammation and cancer, induces stable regulatory T-cell-attracting properties
in maturing DC mediated by expression of CCL22 (Muthuswamy et al. 2008).
At the same time, PgE2-exposed DC secreted less Th1-attracting chemokines
CXCL9, CXCL10, CXCL11 and CCL5. Interestingly, IFN-� was able to
reverse the effect of PgE2 (Muthuswamy et al. 2008).

Results of the recent studies shed light on yet poorly understood molecular
mechanisms of tumor-induced down-regulation of IL-12 expression byDC. IL-10
produced by colon adenocarcinoma was shown to inhibit CD40-dependent IL-12
production by DC in addition to the fact that CD40 ligation on DC obtained
from tumor bearers did not result in inducible expression of IL-12 protein or
IL-12 p40 mRNA (Shurin et al. 2002). Melanoma lysates suppressed IL-12p70
secretion in TLR4-stimulated DC, reducing the generation of Th1 responses
through activation of p44/42 MAP kinase. Blockade of melanoma-dependent
p44/42 activation with a MEK1/2 inhibitor restored IL-12p70 production and
the generation of Th1 cells from naı̈ve CD4+ cells (Jackson et al. 2008).
Constitutive Stat3 activity in tumors inhibits the production of pro-inflamma-
tory cytokines, while promoting the release of soluble factors that suppress
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DC functions (Wang et al. 2004). Furthermore, these factors up-regulate Stat3

expression in DC, resulting in the induction of antitumor tolerance rather than

immunity (Kortylewski et al. 2005).
It has now become apparent that in addition to aberrant immune responses

tumor can induce DC to promote tumor angiogenesis by secretion of pro-

angiogenic factors (Curiel et al. 2004a; Murdoch et al. 2008; Ryzhov et al.

2008). For example, high numbers of plasmacytoid DC in ovarian cancer

attracted by CXCL-12 induced angiogenesis in vivo through the production

of TNF-� and IL-8. By contrast, myeloid DC, which could suppress angiogen-

esis in vivo through the production of IL-12, were absent frommalignant ascites

(Curiel et al. 2004a). Moreover, human immature DC also release osteopontin,

which triggers the release of IL-1b by monocytes, a potent angiogenic cytokine

involved in neovascularization (Naldini et al. 2006). Several tumor-derived

factors including HGF (Okunishi et al. 2005), TGF-� (Alard et al. 2004),

PgE2 (Pockaj et al. 2004), lactate (Puig-Kroger et al. 2003), adenosine (Novits-

kiy et al. 2008; Ryzhov et al. 2008) and osteopontin (Konno et al. 2006) have

also been shown to suppress DC maturation resulting in cells with a pro-

angiogenic phenotype.

4.6 Concluding Remarks

Recent studies have demonstrated a remarkable functional plasticity of DC,

which is regulated by the cytokine network and local microenvironment. This

unique property enables them to respond to a variety of pathogenic signals and

to induce different types of immune responses. The same feature makes them

vulnerable to the regulation by multiple tumor-derived factors, which potently

affect DC differentiation and functionality. The reviewed data suggest that

tumors can affect every major DC function from recruitment to the tumor

site and antigen uptake to co-stimulation of effector cells and cytokine secre-

tion. Most often, the impairment of DC functions correlates with their aberrant

differentiation and maturation.
During immunological reactions, pro-inflammatory and anti-inflammatory

mechanisms and polarization of T-cell responses are regulated in a finely

tuned manner. Pro-inflammatory and Th1-promoting signals are followed

by the signals inducing type 2-polarized response, immune tolerance and

angiogenesis to provide for wound healing after inflammatory damage. DC

have an important role in orchestrating these events by their ability to activate

both mechanisms. It seems that tumors force DC to skip the first part of the

immune response but instead assume their immune inhibitory and tissue

protective role. Understanding the molecular mechanisms controlling the

switch in DC functions would be essential for their successful therapeutic

applications in cancer.
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Chapter 5

General Properties of Dendritic Cell Populations

in Cancer

Benjamin J. Daniel, Duane P. Jeansonne, Suzanne R. Thibodeaux,

and Tyler J. Curiel

Abstract Various, distinct populations of dendritic cells (DC) populate differ-
ent normal, quiescent tissues in differing amounts, where they subserve a variety
of functions generally for the benefit of the host. In cancers, the types, relative
proportions, and functions of DC are altered, often to the detriment of the host.
This chapter reviews the general issues related to imbalanced DC populations
and their causes and dysfunctional consequences in the tumor microenviron-
ment. Potential applications of this knowledge to novel anti-cancer immu-
notherapy strategies are outlined. Human and mouse disease models suitable
for the study of tumor microenvironmental DC are discussed.

5.1 Introduction

Normal tissues have specific architectural features that include defined types
and amounts of dendritic cells (DC) in specific ratios. By contrast, far less is
known about the types, amounts, distribution patterns, and functionality of the
various DC subsets residing in the tumor microenvironment and in the circula-
tion of cancer patients. Reasons for this deficit in knowledge include the rarity
of DC generally, and specifically in certain cancers; technical, logistical, and (in
human studies) legal issues related to obtaining sufficient numbers of intact or
viable cells for studies; definitions of what constitutes the tumor microenviron-
ment; and the only recent ability to identify specific and distinct DC subsets,
among other factors.

This chapter gives a high-level overview of the major issues that relate to the
altered numbers, types, proportions, and functions of DC in tumor-bearing
hosts. Examples of animal models and human diseases useful to study various
aspects of tumor-associated DC are discussed. Details of the DC and of the
factors that alter their normal characteristics in tumor-bearing hosts are found
elsewhere in this book.
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5.2 Factors Affecting Dendritic Cell Distribution in the Tumor

Microenvironment

Accumulation of DC in the tumor microenvironment owes to a multiplicity

of factors including their recruitment from circulation in blood, differentia-

tion in the solid tumor mass, or tumor stroma, or from trafficking from

draining lymph nodes or other adjacent tissues or body fluids such as

malignant effusions. Each tissue or anatomic compartment could contain

differing numbers and types of DC with differing functionalities and phe-

notypic properties, leading to heterogeneous DC populations in the tumor

microenvironment.
Tumors secrete chemotactic factors, and these can favor attraction of one

DC type over another, such as selective recruitment of plasmacytoid DC (PDC)

into ovarian cancer through a CXCR4/CXCL12 interaction (Zou et al. 2001).

Tumor MUC1 can preferentially recruit immature DC into tumors (Carlos et

al. 2005). Additional factors that tumors secrete to attract DC include �-
defensins (Conejo-Garcia et al. 2004), CCL20 (Thomachot et al. 2004) and

other chemokines, pro-inflammatory molecules, and immune modulators, the

details of which are presented elsewhere. Breast cancers can preferentially

exclude mature DC from the solid tumor mass, which is infiltrated primarily

with immature DC (Bell et al. 1999). Further, breast cancers can preferentially

induce local differentiation of immature DC, which can be functionally defec-

tive (Thomachot et al. 2004). Tumors can produce factors that prevent DC

ingress, such as C-reactive protein in squamous cell carcinoma of the head and

neck (Frenzel et al. 2007). Some tumors produce IL-8 that can trap DC and

potentially prevent egress to draining lymph nodes (Feijoo et al. 2005).

CXCL12 actively repels T cells (Poznansky et al. 2000), the reverse of chemoat-

traction. Whether such a mechanism rids a specific DC subset from the tumor

microenvironment remains to be shown. Local factors can boost survival of one

DC type over another (Zou et al. 2001) or could encourage the differentiation of

a specific DC subset. Tumor microvesicles can impede myeloid DC (MDC)

differentiation (Valenti et al. 2006). Much of the work on DC in the tumor

microenvironment is on MDC. Factors specifically affecting PDC function or

differentiation in cancer are less studied, and poorly understood.
All major types of DC have been described in the tumor microenvironment,

including MDC, PDC, and Langerhans DC. Novel DC subsets have also been

identified in the tumor microenvironment. For example, vascular leukocytes

were originally described in tumors (Conejo-Garcia et al. 2004). Interferon-

producing killer DC have been identified in the tumormicroenvironment (Chan

et al. 2006; Taieb et al. 2006). Langerhans DC are not generally found in tumors

aside from those of cutaneous origin and are thus not addressed further here.

The DC content and distribution in tumors can convey prognostic information

(Byrne and Halliday, 2002; Iwamoto et al. 2003; O’Donnell et al. 2007), under-

scoring their clinical relevance.
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5.3 Factors Affecting Dendritic Cell Function in the Tumor

Microenvironment

DC functionality or phenotype can be altered upon exposure to factors specific
to, or concentrated in the tumor microenvironment. Thus, DC in the tumor
microenvironment likely are heterogeneous populations reflecting their varying
sources of origin, and the differing factors that have affected them.

Tumors can secrete factors or signal through surface molecules to alter DC
differentiation, activation, maturation or function (Bell et al. 1999; Curiel et al.
2003; Gabrilovich et al. 1996; Kusmartsev and Gabrilovich, 2006). Distinct
tumors produce different factors with varying effects on DC. For example,
vascular endothelial growth factor is considered a major factor inhibiting DC
maturation inmany cancers (Gabrilovich et al. 1996). Nonetheless, other factors,
such as macrophage colony-stimulating factor, IL-6, IL-10, hepatocyte growth
factor (Okunishi et al. 2005), transforming growth factor-� (Alard et al. 2004),
prostaglandin E2 (Pockaj et al. 2004), lactate (Gottfried et al. 2006), or ganglio-
sides (Wolfl et al. 2002) can also inhibit DC differentiation, activation ormatura-
tion in tumors. In pancreatic cancer, vascular endothelial growth factor may not
be as important as IL-10, transforming growth factor-� or IL-6 in this regard
(Bellone et al. 2006). Tumors can also induce DC to secrete transforming growth
factor-� that fosters regulatory T-cell development (Ghiringhelli et al. 2005).

Aside from direct effects of the tumor, other tumor microenvironmental cells
can also degrade the function of local DC. For example, regulatory T cells (Zou
2006), g� T cells (Peng et al. 2007), or natural killer cells (Ebata et al. 2006) can
inhibit DC function in tumors.

Effects on tumor microenvironmental DC may not necessarily be irreversi-
ble. For example, MDC taken directly from murine melanoma and matured ex
vivo can act as fully competent antigen-presenting cells (Preynat-Seauve et al.
2006). Potentially reversible functional defects in tumor microenvironmental
DC suggest novel therapeutic strategies, some of which are discussed below.

5.4 Characteristics of Tumor Microenvironmental Dendritic Cells

Recent studies are now beginning to define the specific DC subsets and the
functional attributes in various cancers (Fiore et al. 2006; Gerlini et al. 2007;
Kovarova et al. 2007; Lee et al. 2006; Nagorsen et al. 2007; O’Donnell et al. 2007;
Perrot et al. 2007; Sakakura et al. 2006). While it is unwise to speak in sweeping
generalities, on the whole, tumor microenvironmental DC differ from other
tumor-associated DC (such as those circulating in blood), and these both gen-
erally differ from DC obtained from normal, quiescent tissues or blood under
homeostatic conditions. The most commonly observed difference is over-
representation of immature DC in the tumor microenvironment (Fricke and
Gabrilovich 2006; Troy et al. 1998). These tumormicroenvironmental DC defects
can be apparent even in the very earliest stages of malignancy (Lee et al. 2006).
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DC were initially described for their capacity to prime helper function from
naı̈ve CD4+ T cells (Banchereau and Steinman 1998), typically leading to
protective immunity. By contrast, a hallmark of tumor microenvironmental
DC is their ability to generate dysfunctional, instead of protective T-cell-
mediated immunity. Microenvironmental DC induce T-cell IL-10 (Zou et al.
2001) and the generation of regulatory T cells, particularly CD4+CD25hi

FOXP3+ regulatory T cells (Zou 2005). Mechanisms include DCB7-H1 signals
(Curiel et al. 2003) and DC-transforming growth factor-� (Ghiringhelli et al.
2005), among other factors (Zou 2006). DC-mediated regulatory T-cell genera-
tion is also a function of the relative immaturity of tumor microenvironmental
DC. TumorDC can exert deleterious effects on non-T lymphocyte populations,
such as the recent report that MDC in blood of cancer patients can alter the
function of natural killer T cells (van der Vliet et al. 2008). Tumor microenviron-
mental DC produce factors such as CCL22 that could attract regulatory T cells,
although that specific mechanism has not yet been demonstrated in tumor.

DC instruct naive CD4+ T cells in T-cell helper (Th) polarization. Thus,
much can be understood of T-cell polarization in tumors by studying the tumor
microenvironmental DC. The tumor microenvironment does not generally
favor Th1-polarized immunity, and local DC tend not to induce the Th1-
polarized immunity that is considered beneficial to anti-tumor immunity. The
role of dysfunctional tumor microenvironmental MDC has been extensively
described (Curiel et al. 2003; Zou 2005). For example, tumor MDC can induce
T-cell IL-10, which suppresses anti-tumor immunity, instead of inducing pro-
tective Th1-polarized immunity characterized by secretion of T-cell interferon-g
(Curiel et al. 2003). The dysfunction of tumor microenvironmental PDC has
received less attention. PDC in human ovarian carcinoma generate CD8+

regulatory T cells that secrete IL-10 and have suppressive functions (Wei et al.
2005). PDC from draining lymph nodes of lung cancer patients induce Tc1
responses (Faith et al. 2007). PDC appear to be over-represented in melanoma-
positive sentinel lymph nodes, where they appear incompletely matured
(Gerlini et al. 2007). Recently, a novel Th lineage, the Th17 T-cell population,
was described (Steinman 2007). Th17 cells have been identified in cancer
(Kryczek et al. 2007), although their immunopathologic significance is uncer-
tain. Whereas a putative DC17, that is, a DC tending to induce Th17-polarized
immune response, has been identified (Iwamoto et al. 2007), such a DC has not
yet been reported in cancer. This knowledge deficit likely will be corrected soon.

Aside from effects on T-cell differentiation and function, DC can also affect
tumor vascularity. For example, in ovarian cancer, PDC secrete proangiogenic
factors such as tumor necrosis factor-� and IL-8, whereas MDC secrete anti-
angiogenic factors such as IL-12 (Curiel et al. 2004). Also, in ovarian cancer, a
specialized DC (the vascular leukocyte) serves as a vascular endothelial cell
progenitor cell (Conejo-Garcia et al. 2004). Tumors can potentially convert
microenvironmental DC into vascular endothelial cells (Gottfried et al. 2007).
Immature DC, or DC exposed to hypoxia can have numerous potential other
effects on angiogenesis (or T-cell function), but these mechanisms have not yet
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been shown actually to occur in the tumor microenvironment. The importance
of DC contributions to controlling tumor neoangiogenesis compared to non-
DC myeloid cells remains to be fully defined.

5.5 Strategies to Improve Tumor Microenvironmental Dendritic

Cell Numbers or Function

Because DC dysfunction underlies much of the immune dysfunction in cancer,
many strategies have attempted to correct these DC defects. One straightfor-
ward, although by no means easy, method to improve DC numbers or function
in cancer is to infuse ex vivo-derived DC. However, adoptively transfused DC
will be subjected to the same factors affecting resident DC upon entry into the
tumor microenvironment and could therefore be rendered dysfunctional. In
support, injection ofMDC into cancer patients can induce FOXP3+ regulatory
T cells (Banerjee et al. 2006).

Additional strategies to improve DC numbers or function in the tumor
microenvironment have been investigated, including administration of recom-
binant granulocyte–macrophage colony-stimulating factor (Waller 2007). All-
trans retinoic acid reduced the numbers of circulating immatureMDC in a pilot
study of cancer patients (Mirza et al. 2006). In vitro work suggested that
blocking vascular endothelial cell growth factor could improve functional DC
differentiation in patients with acute myeloid leukemia (Kang et al. 2006).
However, pharmacologic blockade of vascular endothelial cell growth factor
signals did not improve DC maturation (of either MDC or PDC) in a small
clinical study (van Cruijsen et al. 2007). On the other hand, the anti-vascular
endothelial cell growth factor antibody bevacizumab boosted the function of
circulating DC in cancer patients (Osada et al. 2008). VEGF-trap improved the
phenotypic maturation of DC but did not lead to improved anti-tumor immu-
nity in a small clinical study (Fricke et al. 2007). Other strategies to improve
microenvironmental DC have also been attempted (Xu et al. 2007).

5.6 Murine Tumor Models to Study Plasmacytoid Dendritic Cells

in Cancer

Because of the difficulties in obtaining sufficient numbers of viable DC from
human tumors, mouse models are invaluable tools to study DC biology in
tumors, despite some differences in mouse versus human DC, which are dis-
cussed in detail elsewhere in this book.

Because essentially any mouse tumor model is useful to study tumor microenvir-
onmental MDC, little will be said on that topic here. Tumors that induce ascites are
particularly useful in that the ascites can be sampled over time without killing the
animal to obtain viable microenvironmental DC for studies. Models useful in this
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regard include intraperitoneal injection of ID8 epithelial ovarian carcinoma into
syngeneic BL6 mice, or MMV breast carcinoma cells into syngeneic FVB mice.

The B16 melanoma model is commonly used to study tumor PDC, where
they exhibit immunostimulatory or tolerogenic properties in distinct settings
(Liu et al. 2008; Preynat-Seauve et al. 2006; Salio et al. 2004; Sharma et al.
2007). When the K17-35 melanoma model was compared side-by-side with
B16F10 melanoma, both tumors elicited the same two predominant DC popu-
lations: MDC (CD11c+B220-CD8�-) and PDC (CD11c+B220+CD8�-),
although B16F10 tumors contained fewer PDC than K17-35, and some PDC
expressed CD8� (Preynat-Seauve et al. 2006).

Using the B16 sublines B16F10, B16-OVA, or B78H1-GM-CSF, PDCwere
found to activate regulatory T cells through the expression of indoleamine 2,3-
dioxygenase (Munn et al. 2005, 2004; Sharma et al. 2007). In the EG.7 T-cell
lymphoma tumor model, PDC augmented the ability of MDC to prime naive
T cells in vivo (Lou et al. 2007) in a contact-dependent manner. In another
study, the EL-4/HHD tumor was used to investigate the effect of immunization
with a modified TERT tumor antigen-derived peptide in the presence of oligo-
deoxynucleotide-CpG on PDC and other DC subsets (Cornet et al. 2006). We
have shown that ID8 epithelial ovarian carcinoma boosts PDC numbers in
syngeneic BL6 mice (our unpublished data). As PDC likely play differing roles
in different tumors, it will be worthwhile to examine additional tumor models
for additional insights.

Murine PDC can be identified using combinations of cell surface markers
or can be identified using PDC-specific antibodies. The 120G8 antibody
recognizes an antigen expressed on PDC that is also up-regulated by type I
interferon on B cells and DC (Asselin-Paturel et al. 2003). The PDC-specific
antibodies 120G8 (Asselin-Paturel et al. 2003) or mPDCA-1 (Krug et al. 2004)
will deplete PDC in vivo. The PDC-specific antibody 440c does not deplete
PDC, but selectively reduces PDC type I interferon production in vitro and in
vivo (Blasius et al. 2004).

5.7 Human Cancers Amenable to Studies of Microenvironmental

Dendritic Cells

A significant obstacle to the study of human tumor microenvironmental DC
remains the ability to obtain sufficient numbers of viable, functional cells for
detailed studies. Blood remains the most studied tumor-associated tissue because
of the ease of accession, but in the case of epithelial carcinomas and sarcomas,
blood generally represents a tumor-associated rather than a proper tumor micro-
environmental tissue. In the case of leukemias and the leukemic phase of lym-
phomas, blood can be considered a tumor microenvironmental tissue, although
bone marrow or involved lymph nodes may be superior in this regard.

Malignant effusions provide an excellent opportunity to collect large num-
bers of tumor microenvironmental DC. Ascites in ovarian cancer has been
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exploited for studies of tumor microenvironmental DC, where we routinely and
safely collect fluid for study on an up to weekly basis, obtaining up to 100
million viable, functional immune cells from a single collection. Malignant
ascites in ovarian cancer could mirror the microenvironment of the solid
tumor closely. Ascites from other cancers including that of colon or pancreas
is also useful to study tumor microenvironmental DC, although in these
instances the malignant ascites may not be as representative of events and
cells in the solid tumor mass as in ovarian cancer, a speculation that remains
to be confirmed. Bronchoalveolar lavage fluid is useful to study DC in lung
cancer and may represent what occurs in the solid tumor mass. Draining lymph
nodes represent another source of sufficient DC for detailed phenotypic and
functional studies, where they have been most extensively studied in melanoma.
We obtain up to 1million functional and viable DC from a single lymph node in
ovarian cancer. Skin biopsies are useful sources of tumor microenvironmental
DC, although quantities are generally small. Of course, mechanical disruption
of solid tumors can be used to study microenvironmental DC of any histology.

5.8 Conclusions

The altered proportions and functionality of tumor microenvironmental DC
contribute to the immunopathogenesis of cancers. Mechanisms include lack of
ability to prime a protective immune response, active induction of dysfunc-
tional immune cells (such as regulatory T cells), potential to kill immune
beneficial immune cells, and potential to augment tumor neoangiogenesis.
Strategies to prevent DC dysfunction or correct imbalance proportions of
functionalities are novel means to undertake tumor immunotherapy. Study of
functional tumor microenvironmental DC remains a challenge owing to logis-
tical issues related to obtaining sufficient numbers of cells for study. None-
theless, ingenious investigators have found appropriate models and techniques
to undertake important new studies.

Acknowledgments Supported by CA105207, CA100425, CA054174, the Rippel Foundation,
the Voelcker Trust, and UTHSCSA endowments. We apologize that space constraints pre-
vented the citation of many important works from our colleagues.

References

Alard, P., Clark, S. L., andKosiewicz,M.M. 2004.Mechanisms of tolerance induced by TGF
beta-treated APC: CD4 regulatory T cells prevent the induction of the immune response
possibly through a mechanism involving TGF beta. Eur J Immunol 34, 1021–1030.

Asselin-Paturel, C., Brizard, G., Pin, J. J., Briere, F., and Trinchieri, G. 2003. Mouse strain
differences in plasmacytoid dendritic cell frequency and function revealed by a novel
monoclonal antibody. J Immunol 171, 6466–6477.

Banchereau, J., and Steinman, R. M. 1998. Dendritic cells and the control of immunity.
Nature 392, 245–252.

5 General Properties of Dendritic Cell Populations in Cancer 83



Banerjee, D. K., Dhodapkar, M. V., Matayeva, E., Steinman, R. M., and Dhodapkar, K. M.
2006. Expansion of FOXP3 high regulatory T cells by human dendritic cells (DCs) in vitro
and after injection of cytokine-matured DCs in myeloma patients. Blood 108, 2655–2661.

Bell, D., Chomarat, P., Broyles, D., Netto, G., Harb, G. M., Lebecque, S., Valladeau, J.,
Davoust, J., Palucka, K. A., and Banchereau, J. 1999. In breast carcinoma tissue, imma-
ture dendritic cells reside within the tumor, whereas mature dendritic cells are located in
peritumoral areas. J Exp Med 190, 1417–1426.

Bellone, G., Carbone, A., Smirne, C., Scirelli, T., Buffolino, A., Novarino, A., Stacchini, A.,
Bertetto,O., Palestro,G., Sorio,C., et al. 2006.Cooperative inductionof a tolerogenic dendritic
cell phenotype by cytokines secreted by pancreatic carcinoma cells. J Immunol 177, 3448–3460.

Blasius, A., Vermi, W., Krug, A., Facchetti, F., Cella, M., and Colonna, M. 2004. A cell-
surface molecule selectively expressed on murine natural interferon-producing cells that
blocks secretion of interferon-alpha. Blood 103, 4201–4206.

Byrne, S. N., and Halliday, G. M. 2002. Dendritic cells: making progress with tumour
regression? Immunol Cell Biol 80, 520–530.

Carlos, C. A., Dong, H. F., Howard, O.M., Oppenheim, J. J., Hanisch, F. G., and Finn, O. J.
2005. Human tumor antigen MUC1 is chemotactic for immature dendritic cells and elicits
maturation but does not promote Th1 type immunity. J Immunol 175, 1628–1635.

Chan, C. W., Crafton, E., Fan, H. N., Flook, J., Yoshimura, K., Skarica, M., Brockstedt, D.,
Dubensky, T. W., Stins, M. F., Lanier, L. L., et al. 2006. Interferon-producing killer
dendritic cells provide a link between innate and adaptive immunity. Nat Med 12, 207–213.

Conejo-Garcia, J. R., Benencia, F., Courreges, M. C., Kang, E., Mohamed-Hadley, A.,
Buckanovich, R. J., Holtz, D. O., Jenkins, A., Na, H., Zhang, L., et al. 2004. Tumor-
infiltrating dendritic cell precursors recruited by a beta-defensin contribute to vasculogen-
esis under the influence of Vegf-A. Nat Med 10, 950–958.

Cornet, S.,Menez-Jamet, J., Lemonnier, F., Kosmatopoulos, K., andMiconnet, I. 2006. CpG
oligodeoxynucleotides activate dendritic cells in vivo and induce a functional and protec-
tive vaccine immunity against a TERT derived modified cryptic MHC class I-restricted
epitope. Vaccine 24, 1880–1888.

Curiel, T. J., Cheng, P., Mottram, P., Alvarez, X., Moons, L., Evdemon-Hogan, M., Wei, S.,
Zou, L., Kryczek, I., Hoyle, G., et al. 2004. Dendritic cell subsets differentially regulate
angiogenesis in human ovarian cancer. Cancer Res 64, 5535–5538.

Curiel, T. J., Wei, S., Dong, H., Alvarez, X., Cheng, P., Mottram, P., Krzysiek, R., Knutson,
K. L., Daniel, B., Zimmermann, M. C., et al. 2003. Blockade of B7-H1 improves myeloid
dendritic cell-mediated antitumor immunity. Nat Med 9, 562–567.

Ebata, K., Shimizu, Y., Nakayama, Y., Minemura, M., Murakami, J., Kato, T., Yasumura, S.,
Takahara, T., Sugiyama, T., and Saito, S. 2006. Immature NK cells suppress dendritic cell
functions during the development of leukemia in amouse model. J Immunol 176, 4113–4124.

Faith, A., Peek, E., McDonald, J., Urry, Z., Richards, D. F., Tan, C., Santis, G., and
Hawrylowicz, C. 2007. Plasmacytoid dendritic cells from human lung cancer draining
lymph nodes induce Tc1 responses. Am J Respir Cell Mol Biol 36, 360–367.

Feijoo, E., Alfaro, C., Mazzolini, G., Serra, P., Penuelas, I., Arina, A., Huarte, E., Tirapu, I.,
Palencia, B.,Murillo, O., et al. 2005. Dendritic cells delivered inside human carcinomas are
sequestered by interleukin-8. Int J Cancer 116, 275–281.

Fiore, F., Von Bergwelt-Baildon, M. S., Drebber, U., Beyer, M., Popov, A., Manzke, O.,
Wickenhauser, C., Baldus, S. E., and Schultze, J. L. 2006. Dendritic cells are significantly
reduced in non-Hodgkin’s lymphoma and express less CCR7 and CD62L. Leuk Lym-
phoma 47, 613–622.

Frenzel, H., Pries, R., Brocks, C. P., Jabs, W. J., Wittkopf, N., and Wollenberg, B. 2007.
Decreased migration of myeloid dendritic cells through increased levels of C-reactive
protein. Anticancer Res 27, 4111–4115.

Fricke, I., and Gabrilovich, D. I. 2006. Dendritic cells and tumor microenvironment: a
dangerous liaison. Immunol Invest 35, 459–483.

84 B.J. Daniel et al.



Fricke, I., Mirza, N., Dupont, J., Lockhart, C., Jackson, A., Lee, J. H., Sosman, J. A., and
Gabrilovich, D. I. 2007. Vascular endothelial growth factor-trap overcomes defects in
dendritic cell differentiation but does not improve antigen-specific immune responses. Clin
Cancer Res 13, 4840–4848.

Gabrilovich, D. I., Chen, H. L., Girgis, K. R., Cunningham, H. T., Meny, G. M., Nadaf, S.,
Kavanaugh, D., and Carbone, D. P. 1996. Production of vascular endothelial growth
factor by human tumors inhibits the functional maturation of dendritic cells [published
erratum appears in Nat Med 1996 Nov;2(11):1267]. Nat Med 2, 1096–1103.

Gerlini, G., Urso, C., Mariotti, G., Di Gennaro, P., Palli, D., Brandani, P., Salvadori, A.,
Pimpinelli, N., Reali, U. M., and Borgognoni, L. 2007. Plasmacytoid dendritic cells
represent a major dendritic cell subset in sentinel lymph nodes of melanoma patients and
accumulate in metastatic nodes. Clin Immunol 125, 184–193.

Ghiringhelli, F., Puig, P. E., Roux, S., Parcellier, A., Schmitt, E., Solary, E., Kroemer, G.,
Martin, F., Chauffert, B., and Zitvogel, L. 2005. Tumor cells convert immature myeloid
dendritic cells into TGF-beta-secreting cells inducing CD4+CD25+ regulatory T cell
proliferation. J Exp Med 202, 919–929.

Gottfried, E., Kreutz, M., Haffner, S., Holler, E., Iacobelli, M., Andreesen, R., and Eissner,
G. 2007. Differentiation of human tumour-associated dendritic cells into endothelial-like
cells: an alternative pathway of tumour angiogenesis. Scand J Immunol 65, 329–335.

Gottfried, E., Kunz-Schughart, L. A., Ebner, S., Mueller-Klieser, W., Hoves, S., Andreesen,
R., Mackensen, A., and Kreutz, M. 2006. Tumor-derived lactic acid modulates dendritic
cell activation and antigen expression. Blood 107, 2013–2021.

Iwamoto,M., Shinohara,H.,Miyamoto,A., Okuzawa,M.,Mabuchi,H.,Nohara, T.,Gon,G.,
Toyoda, M., and Tanigawa, N. 2003. Prognostic value of tumor-infiltrating dendritic cells
expressing CD83 in human breast carcinomas. Int J Cancer 104, 92–97.

Iwamoto, S., Iwai, S., Tsujiyama, K., Kurahashi, C., Takeshita, K., Naoe,M.,Masunaga, A.,
Ogawa, Y., Oguchi, K., and Miyazaki, A. 2007. TNF-alpha drives human CD14+
monocytes to differentiate into CD70+ dendritic cells evoking Th1 and Th17 responses.
J Immunol 179, 1449–1457.

Kang, H. K., Park, J. S., Kim, S. K., Choi, B. H., Pham, T. N., Zhu, X. W., Cho, D., Nam, J.
H., Kim, Y. J., Rhee, J. H., et al. 2006. Down-regulation of cellular vascular endothelial
growth factor levels induces differentiation of leukemic cells to functional leukemic-
dendritic cells in acute myeloid leukemia. Leuk Lymphoma 47, 2224–2233.

Kovarova, L., Buchler, T., Pour, L., Zahradova, L., Ocadlikova, D., Svobodnik, A., Penka,
M., Vorlicek, J., and Hajek, R. 2007. Dendritic cell counts and their subsets during
treatment of multiple myeloma. Neoplasma 54, 297–303.

Krug, A., French, A. R., Barchet, W., Fischer, J. A., Dzionek, A., Pingel, J. T., Orihuela, M.
M., Akira, S., Yokoyama,W.M., and Colonna,M. 2004. TLR9-dependent recognition of
MCMV by IPC and DC generates coordinated cytokine responses that activate antiviral
NK cell function. Immunity 21, 107–119.

Kryczek, I., Wei, S., Zou, L., Altuwaijri, S., Szeliga, W., Kolls, J., Chang, A., and Zou, W.
2007. Cutting edge: Th17 and regulatory T cell dynamics and the regulation by IL-2 in the
tumor microenvironment. J Immunol 178, 6730–6733.

Kusmartsev, S., and Gabrilovich, D. I. 2006. Effect of tumor-derived cytokines and growth
factors on differentiation and immune suppressive features of myeloid cells in cancer.
Cancer Metastasis Rev 25, 323–331.

Lee, B. N., Follen, M., Rodriquez, G., Shen, D. Y., Malpica, A., Shearer, W. T., and Reuben,
J. M. 2006. Deficiencies in myeloid antigen-presenting cells in women with cervical
squamous intraepithelial lesions. Cancer 107, 999–1007.

Liu, C., Lou, Y., Lizee, G., Qin, H., Liu, S., Rabinovich, B., Kim, G. J., Wang, Y. H., Ye, Y.,
Sikora, A. G., et al. 2008. Plasmacytoid dendritic cells induce NK cell-dependent, tumor
antigen-specific T cell cross-priming and tumor regression in mice. J Clin Invest 118,
1165–1175.

5 General Properties of Dendritic Cell Populations in Cancer 85



Lou, Y., Liu, C., Kim, G. J., Liu, Y. J., Hwu, P., and Wang, G. 2007. Plasmacytoid dendritic
cells synergize with myeloid dendritic cells in the induction of antigen-specific antitumor
immune responses. J Immunol 178, 1534–1541.

Mirza, N., Fishman, M., Fricke, I., Dunn, M., Neuger, A. M., Frost, T. J., Lush, R. M.,
Antonia, S., and Gabrilovich, D. I. 2006. All-trans-retinoic acid improves differentiation
of myeloid cells and immune response in cancer patients. Cancer Res 66, 9299–9307.

Munn, D. H., Sharma, M. D., Baban, B., Harding, H. P., Zhang, Y., Ron, D., andMellor, A.
L. 2005. GCN2 kinase in T cells mediates proliferative arrest and anergy induction in
response to indoleamine 2,3-dioxygenase. Immunity 22, 633–642.

Munn, D. H., Sharma, M. D., Hou, D., Baban, B., Lee, J. R., Antonia, S. J., Messina, J. L.,
Chandler, P., Koni, P. A., and Mellor, A. L. 2004. Expression of indoleamine 2,3-
dioxygenase by plasmacytoid dendritic cells in tumor-draining lymph nodes. J Clin Invest
114, 280–290.

Nagorsen, D., Voigt, S., Berg, E., Stein, H., Thiel, E., and Loddenkemper, C. 2007. Tumor-
infiltrating macrophages and dendritic cells in human colorectal cancer: relation to local
regulatory T cells, systemic T-cell response against tumor-associated antigens and survi-
val. J Transl Med 5, 62.

O’Donnell, R. K., Mick, R., Feldman,M., Hino, S., Wang, Y., Brose, M. S., andMuschel, R.
J. 2007. Distribution of dendritic cell subtypes in primary oral squamous cell carcinoma is
inconsistent with a functional response. Cancer Lett 255, 145–152.

Okunishi, K., Dohi, M., Nakagome, K., Tanaka, R., Mizuno, S., Matsumoto, K., Miyazaki,
J., Nakamura, T., andYamamoto, K. 2005. A novel role of hepatocyte growth factor as an
immune regulator through suppressing dendritic cell function. J Immunol 175, 4745–4753.

Osada, T., Chong, G., Tansik, R., Hong, T., Spector, N., Kumar, R., Hurwitz, H. I., Dev, I.,
Nixon, A. B., Lyerly, H. K., et al. 2008. The effect of anti-VEGF therapy on immature
myeloid cell and dendritic cells in cancer patients. Cancer Immunol Immunother 57,
1115–1124.

Peng, G., Wang, H. Y., Peng, W., Kiniwa, Y., Seo, K. H., and Wang, R. F. 2007. Tumor-
infiltrating gammadelta T cells suppress T and dendritic cell function via mechanisms
controlled by a unique toll-like receptor signaling pathway. Immunity 27, 334–348.

Perrot, I., Blanchard, D., Freymond, N., Isaac, S., Guibert, B., Pacheco, Y., and Lebecque, S.
2007. Dendritic cells infiltrating human non-small cell lung cancer are blocked at imma-
ture stage. J Immunol 178, 2763–2769.

Pockaj, B. A., Basu, G. D., Pathangey, L. B., Gray, R. J., Hernandez, J. L., Gendler, S. J., and
Mukherjee, P. 2004. Reduced T-cell and dendritic cell function is related to cyclooxygen-
ase-2 overexpression and prostaglandin E2 secretion in patients with breast cancer. Ann
Surg Oncol 11, 328–339.

Poznansky, M. C., Olszak, I. T., Foxall, R., Evans, R. H., Luster, A. D., and Scadden, D. T.
2000. Active movement of T cells away from a chemokine. Nat Med 6, 543–548.

Preynat-Seauve, O., Schuler, P., Contassot, E., Beermann, F., Huard, B., and French, L. E.
2006. Tumor-infiltrating dendritic cells are potent antigen-presenting cells able to activate
T cells and mediate tumor rejection. J Immunol 176, 61–67.

Sakakura, K., Chikamatsu, K., Takahashi, K., Whiteside, T. L., and Furuya, N. 2006.
Maturation of circulating dendritic cells and imbalance of T-cell subsets in patients with
squamous cell carcinoma of the head and neck. Cancer Immunol Immunother 55,
151–159.

Salio, M., Palmowski, M. J., Atzberger, A., Hermans, I. F., and Cerundolo, V. 2004. CpG-
matured murine plasmacytoid dendritic cells are capable of in vivo priming of functional
CD8 T cell responses to endogenous but not exogenous antigens. J ExpMed 199, 567–579.

Sharma, M. D., Baban, B., Chandler, P., Hou, D. Y., Singh, N., Yagita, H., Azuma, M.,
Blazar, B. R., Mellor, A. L., and Munn, D. H. 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.

86 B.J. Daniel et al.



Steinman, L. 2007. A brief history of T(H)17, the first major revision in the T(H)1/T(H)2
hypothesis of T cell-mediated tissue damage. Nat Med 13, 139–145.

Taieb, J., Chaput, N., Menard, C., Apetoh, L., Ullrich, E., Bonmort, M., Pequignot, M.,
Casares, N., Terme, M., Flament, C., et al. 2006. A novel dendritic cell subset involved in
tumor immunosurveillance. Nat Med 12, 214–219.

Thomachot, M. C., Bendriss-Vermare, N., Massacrier, C., Biota, C., Treilleux, I., Goddard,
S., Caux, C., Bachelot, T., Blay, J. Y., and Menetrier-Caux, C. 2004. Breast carcinoma
cells promote the differentiation of CD34+ progenitors towards 2 different subpopula-
tions of dendritic cells with CD1a(high)CD86(-)Langerin- and CD1a(+)CD86(+)Lan-
gerin+ phenotypes. Int J Cancer 110, 710–720.

Troy, A. J., Summers, K. L., Davidson, P. J., Atkinson, C. H., andHart, D. N. 1998.Minimal
recruitment and activation of dendritic cells within renal cell carcinoma. Clin Cancer Res
4, 585–593.

Valenti, R., Huber, V., Filipazzi, P., Pilla, L., Sovena, G., Villa, A., Corbelli, A., Fais, S.,
Parmiani, G., and Rivoltini, L. 2006. Human tumor-released microvesicles promote the
differentiation of myeloid cells with transforming growth factor-beta-mediated suppres-
sive activity on T lymphocytes. Cancer Res 66, 9290–9298.

van Cruijsen, H., Hoekman, K., Stam, A. G., van den Eertwegh, A. J., Kuenen, B. C.,
Scheper, R. J., Giaccone, G., and de Gruijl, T. D. 2007. Defective differentiation of
myeloid and plasmacytoid dendritic cells in advanced cancer patients is not normalized
by tyrosine kinase inhibition of the vascular endothelial growth factor receptor. Clin Dev
Immunol 2007, 17315.

van der Vliet, H. J., Wang, R., Yue, S. C., Koon, H. B., Balk, S. P., and Exley, M. A. 2008.
Circulating myeloid dendritic cells of advanced cancer patients result in reduced activation
and a biased cytokine profile in invariant NKT cells. J Immunol 180, 7287–7293.

Waller, E. K. (2007). The role of sargramostim (rhGM-CSF) as immunotherapy. Oncologist
12 Suppl 2, 22–26.

Wei, S., Kryczek, I., Zou, L., Daniel, B., Cheng, P., Mottram, P., Curiel, T., Lange, A., and
Zou, W. (2005). Plasmacytoid dendritic cells induce CD8+ regulatory T cells in human
ovarian carcinoma. Cancer Res 65, 5020–5026.

Wolfl, M., Batten,W. Y., Posovszky, C., Bernhard, H., and Berthold, F. (2002). Gangliosides
inhibit the development from monocytes to dendritic cells. Clin Exp Immunol 130,
441–448.

Xu, Y., Darcy, P. K., and Kershaw, M. H. (2007). Tumor-specific dendritic cells generated by
genetic redirection of Toll-like receptor signaling against the tumor-associated antigen,
erbB2. Cancer Gene Ther 14, 773–780.

Zou, W. (2005). Immunosuppressive networks in the tumour environment and their thera-
peutic relevance. Nat Rev Cancer 5, 263–274.

Zou, W. (2006). Regulatory T cells, tumour immunity and immunotherapy. Nat Rev Immu-
nol 6, 295–307.

Zou, W., Machelon, V., Coulomb-L’Hermin, A., Borvak, J., Nome, F., Isaeva, T., Wei, S.,
Krzysiek, R., Durand-Gasselin, I., Gordon, A., et al. (2001). Stromal-derived factor-1 in
human tumors recruits and alters the function of plasmacytoid precursor dendritic cells.
Nat Med 7, 1339–1346.

5 General Properties of Dendritic Cell Populations in Cancer 87



Chapter 6

Elimination of Dendritic Cells in Cancer

Viktor Umansky and Dirk Schadendorf

Abstract Elimination of mature functional dendritic cells represents one of the
most important mechanisms of tumor immune evasion. It includes inhibition of
dendritic cell differentiation and maturation as well as a direct induction of
apoptosis in dendritic cells or their precursors. Numerous experimental and
clinical studies revealed that different factors produced by both tumor and
stromal cells, such as VEGF, IL-10, TGF-b, gangliosides and other, could induce
apoptotic death of dendritic cells and stimulate spontaneous apoptosis both in
vitro and in vivo. Both mechanisms, i.e. suppression of dendritic cell differentia-
tion and dendritic cell apoptosis, can contribute to the reduction of dendritic cell
numbers observed in cancer, which was shown to be associated with the tumor
progression. Therefore, neutralization of the suppressive tumor microenviron-
ment will allow a proper dendritic cell differentiation from their precursors and
protect functionally active dendritic cells from apoptotic death.

6.1 Introduction

Dendritic cells (DC) are regarded as the principal inducer of antitumor
T-cell-mediated immunity (Palucka et al. 2007; Steinman 2007). These profes-
sional antigen-presenting cells (APC) have been characterized by a capacity to
process and present tumor antigens, as well as by an excessive expression ofMHC
molecules and costimulatory molecules that enable them to prime and stimulate
naı̈ve T cells (Shurin 1996; Lanzavecchia and Sallusto 2001). In agreement with
this function,DCare located in virtually all peripheral tissues where they display a
first barrier against tumor cells. They are here the guardians for the integrity of the
body tissues (Moser 2003). After antigen encounter, these cells can leave the
periphery and migrate through the lymphatic system to secondary lymphoid
organs. Given the key role of DC in connecting innate and adaptive immunity
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and in up-regulation of T-cell reactions against cancer cells, tumors developed
different mechanisms that modulate DC functions and/or numbers in order to
escape immune recognition and elimination.

Various alterations in the DC system in the process of tumor progression
have been described during the last decade, although tumor-derived factors and
signaling pathways responsible for abnormal DC differentiation and elimina-
tion are still not completely clear. In general, the DC system is acting in cancer
patients under multidirectional influences of multiple local and systemic factors
derived from tumor cells as well as from other host cells in the tumor micro-
environment. These factors include various cytokines, chemokines, growth
factors, hormones, prostaglandins, gangliosides and many other soluble and
cell surface molecules (Shurin et al. 2006). Physical and psychological stress
associated with cancer diagnosis and effects of different antitumor therapies
could result in additional changes in DC numbers and function. Since more
than half of all tumors develop in patients older than 65 years, an aging
immune system together with the increased incidence of infections and auto-
immune pathologies might also modulate DC generation and functional
activity and, thus, antitumor immune responses (Shurin et al. 2007). Most of
the described molecular mechanisms of DC alterations in the immunosuppres-
sive tumor milieu relate to (1) elimination of functional DC; (2) suppression of
key DC functions; (3) driving toward tolerogenic and immunosuppressive DC
subpopulations; and (4) prevention of direct contacts between DC and tumor
cells by decreasing production of chemokines that attract DC.

In this chapter, we will focus on DC elimination during tumor progression,
which could be due to the blockage of their generation and maturation or to the
induction of apoptotic cell death in DC and/or their precursors. Numerous
clinical and experimental studies reported a dramatic decrease in DC amounts
in different secondary lymphoid organs and peripheral blood as well as in
primary and metastatic tumor lesions. As early as in 1988, Stene et al. demon-
strated a decline in Langerhans cells (one of skin DC subsets) under human
melanoma progression (Stene et al. 1988). These observations were confirmed
and extended by Alcalay et al. who demonstrated that a decrease in numbers of
skin DC correlated with a down-regulation in antigen-presenting activity of
draining lymph node cells during the evolution of mouse skin cancers induced
by ultraviolet radiation (Alcalay et al. 1989; Alcalay and Kripke 1991). Later
on, it was clearly shown in numerous publications that the number of DC could
be dramatically reduced in the peripheral blood of patients with different types
of tumors such as squamous cell carcinoma of the head and neck (Almand et al.
2000; Hoffmann et al. 2002; Sakakura et al. 2006), lung cancer (Almand et al.
2000; Tabarkiewicz et al. 2008), myeloma (Ratta et al. 2002), invasive breast
cancer (Almand et al. 2000; Della Bella et al. 2003; Pinzon-Charry et al. 2007),
hepatocellular carcinoma (Ormandy et al. 2006) and leukemia (Maecker et al.
2006). Importantly, the decline in blood DC counts correlated with disease
progression indicating an incremental effect of the tumor on blood DC subsets
(Pinzon-Charry et al. 2007). Moreover, the presence of visceral metastases
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resulted in more profound decrease in numbers of circulating mature blood DC
in patients with colorectal, gastric, lung, breast and renal cell cancers (Lissoni
et al. 1999; Bellik et al. 2006; Pinzon-Charry et al. 2007). While it might be
suggested that this diminished number of mature DC could reflect increased
migration into the tumor site, several groups reported that primary tumors and
metastases contained rather immature DC and a very few or even no mature
and activated DC (Bell et al. 1999; Chen et al. 2000; Coventry et al. 2002).

6.2 Blockage of Dendritic Cell Generation and Maturation

The decreased DC frequency and capability to stimulate T-cell-mediated anti-
tumor responses in cancer patients were shown to be attributed to the inhibition
of their generation and differentiation (Shurin and Gabrilovich 2001). Tumors
developed at least two mechanisms, which are responsible for this inhibition.
The first one is linked to the impairment of differentiation from hematopoietic
progenitor cells during the early maturation stages induced by tumor-derived
factors. It has been demonstrated that such growth factors and cytokines as
VEGF, M-CSF, TGF-b, IL-6 and IL-10 produced by human and mouse tumor
cells can suppress in vitroDCmaturation fromCD34+precursors (Gabrilovich
et al. 1996; Menetrier-Caux et al. 1998; Gerlini et al. 2004; Zou 2005; Kim et al.
2006). Tumor-derived VEGF has been proposed as a key factor in vivo affect-
ing the early stage of DC maturation in the bone marrow (Ishida et al. 1998;
Gabrilovich et al. 1999; Almand et al. 2000) and recruiting immature DC from
the bone marrow to the tumor microenvironment (Kim et al. 2006). Human
lung cancer cells secreting bombesin-like peptides were reported to down-
regulate co-stimulatory molecule expression and IL-12 production by DC and
block their ability to activate T cells (Makarenkova et al. 2003). Gangliosides
produced by various human tumor cells could also suppress DC maturation
and function associated with reduced IL-12 and TNF-� secretion and abnormal
MHC class I antigen-processing machinery in human DC (Shurin et al. 2001;
Peguet-Navarro et al. 2003; Tourkova et al. 2005). In addition, Bellone et al.
(2006) demonstrated that tumor-derived IL-10, IL-6 and TGF-b profoundly
affected the phenotype and function of DC in patients with advanced pancrea-
tic carcinoma in favor of immature DC that can hamper an effective antitumor
T-cell response. It is important to note that most of the above-mentioned
cytokines and growth factors were found to be produced also by some
host cells like regulatory T cells, macrophages or even DC with a tolerogenic
profile contributing thereby to further impairment of DC maturation in both
tumor-bearing animals and cancer patients (Gabrilovich 2004; Zou 2005; Kim
et al. 2006; Polak et al. 2007).

The second mechanism by which tumors can alter DC differentiation is the
effect on their development from CD14+ monocytes, which could provide
another source for generating functional DC (Zhou and Tedder 1996). This
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mechanism, that was shown to involve also soluble tumor-derived factors, acts
by promoting an early but dysfunctional maturation of DC lacking the capacity
to produce IL-12, a critical cytokine for T-cell stimulation (Kiertscher et al.
2000). However, a number of factors such as VEGF, TGF-b, IL-10 and PgE2

have been excluded to be implicated in this pathway (Kiertscher et al. 2000).
Later, it has been demonstrated that elevated plasmatic levels of spermine, a
member of polyamine family produced by tumor cells, could mediate suppres-
sion of IL-12 production and T-cell stimulating capacity ofDC in the peripheral
blood of breast cancer patients (Della Bella et al. 2003). The authors suggested
that the described mechanism could affect later stages of DC differentiation
resulting in the impairment of IL-12 production by blood DC. Thus both
mechanisms lead to the accumulation of immature DC with a tolerogenic
pattern at the primary tumor site as well as in the secondary lymphoid organs
and peripheral vessels. These cells are able to induce T-cell anergy or even T-cell
death by presenting tumor antigens in the absence of costimulatory molecules,
to produce suppressor cytokines and to drive regulatory T-cell differentiation
(Mahnke and Enk 2005; Fricke and Gabrilovich 2006; Lu and Finn 2008).
Blocking normal DC differentiation and maturation can result also in the
accumulation of cells with properties of myeloid-derived suppressor cells
(MDSC) (Nefedova et al. 2004). This heterogeneous population of myeloid
cells consisting of monocytes/macrophages, granulocytes and DC at different
stages of differentiation and expressing various surface markers has been
recently found to induce a dramatic suppression of T-cell functions in mouse
tumor models and in cancer patients (Serafini et al. 2006; Marigo et al. 2008;
Nagaraj and Gabrilovich 2008).

In summary, abnormal DC generation and differentiation significantly facil-
itates development of the immunosuppressive network that supports tumor
growth and metastasis in cancer patients.

6.3 Induction of Apoptosis in Dendritic Cells

and Their Precursors

Elimination of DC with the capacity to stimulate potent antitumor
T-cell-mediated reactions during tumor progression may be due to the DC
killing or acceleration of their turnover. Numerous studies have demonstrated
that DC undergo apoptosis in vitro and in vivo after interacting with cancer
cells or soluble tumor-derived factors (Esche et al. 1999; Kiertscher et al. 2000;
Pirtskhalaishvili et al. 2000a,b; Esche et al. 2001; Peguet-Navarro et al. 2003;
Pinzon-Charry et al. 2005). It is important to note that these factors can induce
apoptotic cell death of DC precursors as shown by Katsnelson et al. (2007)
using conditioned medium from human small-cell lung carcinoma and
bronchial carcinoid tumor cells. Moreover, apoptosis of peripheral blood DC
was found to develop even in cancer patients with early stages of disease
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(Pinzon-Charry et al. 2006). After co-incubation with tumor cells in vitro,
DC underwent fast apoptotic changes including cytoplasm shrinking,
caspase-3 activation, up-regulation of pro-apoptotic protein Bax and down-
regulation of anti-apoptotic proteins Bcl-xL and Bcl-2 (Esche et al. 1999;
Pirtskhalaishvili et al. 2000b; Balkir et al. 2004). Tumor-induced DC apoptosis
has been reported to be mediated by cytochrome c release and not by CD95/
CD95 ligand interactions (Esche et al. 2001; Balkir et al. 2004). Intratumoral
injection of mouse DC transduced with an adenoviral vector encoding the
murine Bcl-xL gene led to significant inhibition of the growth of RM-1 prostate
cancer cells as compared with the administration of non-transduced DC
suggesting thereby that the protection of DC from tumor-induced apoptosis
could markedly increase the efficacy of DC-based antitumor immunotherapies
(Pirtskhalaishvili et al. 2000b). Further studies clarified that some anti-apoptotic
molecules, which do not belong to the Bcl-2 family of proteins, were also able to
inhibit tumor-mediated DC apoptosis (Balkir et al. 2004). Among these mole-
cules are Fas-associated death domain (FADD)-like ICE inhibitory proteins
(FLIP) that block procaspase-8 binding to FADD (Tschopp et al. 1998) and
human inhibitors of apoptosis (IAP)-like protein (XIAP) that efficiently inhi-
bits active caspases (Duckett et al. 1998).

Different human and mouse tumor cells may express and/or secrete various
pro-apoptotic factors such as IL-10, nitric oxide (NO), TGF-b, gangliosides,
ceramide and hyaluronan that induce DC-infiltrating primary tumors and
metastatic lesions or DC in the peripheral blood and secondary lymphoid
organs to undergo apoptosis (Shurin and Gabrilovich 2001). Thus, IL-10
treatment resulted in an earlier onset of DNA fragmentation in human mature
Langerhans cells in vitro and, even at low concentrations, reverted the effects
of TNF-� and CD40 ligand (CD40L) in inhibiting DC apoptosis (Ludewig
et al. 1995).

NO is a highly reactive free radical produced by different cell types that
induce apoptotic cell death (Brune et al. 1999; Umansky and Schirrmacher
2001). Increased levels of NO production have been demonstrated for different
human and mouse tumors (Lala and Chakraborty 2001). Although it has been
recently published that DC treated in vitro with NO donors could become
resistant to tumor-mediated apoptosis (Perrotta et al. 2004), other data indicate
an induction of apoptosis in DC exposed to NO via down-regulation of IAP
and up-regulation of caspases activity (Bonham et al. 1996; Stanford et al.
2001). Moreover, hyaluronan, a major component of glioma extracellular
matrix supporting tumor cell migration and metastasis, was shown to promote
DC apoptosis by stimulating inducible NO synthase activity and NO produc-
tion in DC (Yang et al. 2002). These opposite effects could be attributed to the
different NO concentrations, so that limited amounts of NO in the tumor
microenvironment might have a deleterious influence on DC survival in vivo.

Overexpression of TGF-b in the tumor and serum is known to be associated
with a poor prognosis in cancer patients (Hasegawa et al. 2001). However, the
effect of TGF-b1 on DC is interestingly equivocal. On the one hand, it is

6 Elimination of Dendritic Cells in Cancer 93



required for the generation of Langerhans cells from CD34+ hematopoietic
precursors, which express CD1a but not CD83 and are arrested at an immature
differentiation stage (Strobl et al. 1997). On the other hand, TGF-b1 can
suppress the differentiation of mouse bone marrow-derived DC and their
capacity to secrete IL-12, to stimulate tumor-specific T cells and to migrate
into tumor-draining lymph nodes, so-called sentinel lymph nodes (Kobie et al.
2003; Lyakh et al. 2005). Furthermore, it has been demonstrated that tumor-
derived TGF-b1 can directly induce DC apoptotic cell death within sentinel
lymph nodes without evidence of metastasis removed from patients with non-
small cell lung cancer, thereby facilitating metastasis within those nodes
(Cochran et al. 2001; Ito et al. 2006).

Similarly, gangliosides purified from human melanoma cells have been
reported to inhibit the phenotypic and functional differentiation of monocyte-
derived DC and induce their apoptosis (Peguet-Navarro et al. 2003). Notably,
this effect was shown to occur at any step of DC differentiation in a dose-
dependent manner. Gangliosides are ubiquitous membrane-associated sialic
acid-containing glycosphingolipids, which are known to be involved in cell
growth and to be shed by a number of tumors into their microenvironment
(Ladisch et al. 1987; Spiegel and Merrill 1996). Moreover, it has been reported
that supernatants from murine melanoma cell lines stimulated apoptosis in
bone marrow-derived murine DC by increasing endogenous levels of ceramide
and that blocking ceramide synthesis protected DC from tumor-induced apop-
tosis (Kanto et al. 2001). Given that ceramide is a constitutive component
of ganglioside structure, the authors proposed that gangliosides might be
metabolized into ceramide, which, in turn, would induce DC apoptotic cell
death. Although there are limited data on the pro-apoptotic influence of both
compounds on DC in vivo, they can constantly shed into tumor microenviron-
ment, circulate in the body and impair DC viability locally in the tumor tissue as
well as systemically in the peripheral blood and secondary lymphoid organs.

Investigating factors that protect blood DC from tumor-induced apoptosis
in breast cancer patients, Pinzon-Charry et al. (2006) demonstrated that CD40
stimulation with the CD40 ligand (CD154) can inhibit apoptosis through
secretion of IL-12, which induced a sustained Bcl-2 expression. In a mouse
model, the beneficial effect of CD40 ligation has also been related to Bcl-2,
which counter-balances the pro-apoptotic properties of various DCmaturation
stimuli (Hou and Van Parijs 2004). IL-12, a pleotropic proinflammatory cyto-
kine, has been described during last years to enhance DC functions, promote
their maturation and significantly enhance their survival (Esche et al. 1999;
Pirtskhalaishvili et al. 2000a,b; Portielje et al. 2003; Trinchieri 2003). Occupa-
tion of IL-12 receptors expressed on DC initiates the nuclear translocation
of the NF-�B family members, and a lack of IL-12 production by DC may
result in their early death (Ouaaz et al. 2002). Interestingly, TRANCE/
RANKL, another modulator of NF-�B activity, has been implicated in pro-
longed DC survival (Wong et al. 1997). Pirtskhalaishvili et al. (2000a) presented
evidence that stimulation of human DCwith CD154 elevated their resistance to
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prostate cancer-induced apoptosis via increased production not only of IL-12
but also of IL-15, a cytokine with similar IL-2 properties. This increased
cytokine production resulted in the up-regulation of the expression of Bcl-xL,
another member of Bcl-2 family.

6.4 Conclusions

Taken together, tumor-induced elimination of functional DC due to apoptotic
cell death or hampered differentiation and maturation has been demonstrated
to severely impair antitumor T-cell-mediated responses in vivo. For cancer
patients, this would result in a significant acceleration of tumor progression.
Consequently, protection of DC longevity in patients with cancer as well as pre-
treatment of DC vaccine to up-regulate their survival in appalling tumor milieu
should provide novel approaches for cancer patient treatment, as has been
already proven in pre-clinical studies.
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Chapter 7

Tumor-Derived Factors Responsible

for Dendritic Cell Dysfunction

Alberto Pinzon-Charry and J. Alejandro López

Abstract Perpetuation of immune deficiency throughout tumor development is,
to a great degree, the result of impairment of dendritic cell function by products
secreted by tumors. They include cytokines, non-tumor-specific molecules (gang-
liosides, prostanoids, nitric oxide, etc.) and tumor-(specific) antigens (MUC-1,
PSA, Her-2 neu). They may engender a distortion of dendritic cell development,
block dendritic cell maturation, induce dendritic cell apoptosis or interfere with
antigen presentation. Identifying those molecules and their interaction with
dendritic cells will accelerate the development ofmore efficient immunotherapies.
In this chapter we review the current literature on these interactions and highlight
the possible avenues of minimization of their deleterious effects.

7.1 Introduction

The induction of an effective immunological response against tumors is mainly
dependent on the effector cells of the innate and adaptive immunity with DC
playing a very important regulatory role. Therefore, the context in which tumor
antigens are presented to the immune system dictates the efficacy of tumoricidal
responses. The spontaneous remission observed in a number of human cancers
suggests that the immune system has the potential to present antigens ade-
quately and thus eliminate malignant cells (Bodey 2002). However, tumors
usually evade immune clearance due to a number of mechanisms including
recruitment of regulatory cell types (Pekarek et al. 1995; Vence et al. 2007),
deletion of effector cells (Staveley-O’Carroll et al. 1998; Saito et al. 2000) or
secretion of immunosuppressive factors (Gabrilovich 2004). Here, we examine
evidence on the role of tumor-derived factors inducing DC dysfunction and
particularly the alteration of DC differentiation, maturation and longevity as a
mechanism for immune suppression.
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7.2 Cytokines and Growth Factors Affecting Dendritic

Cell Differentiation

One of the first cytokines reported to have an inhibitory effect on DC function

in cancer was IL-10. This is a suppressive cytokine which exerts primarily anti-

inflammatory functions and antagonizes several functions of antigen-presenting

cells (APC), including DC. It has been shown to inhibit the ability of DC to

stimulate T cells, inducing antigen-specific anergy (Steinbrink et al. 1999). IL-10

release has been reported from tumors like melanoma, multiple myeloma and

lung cancer (Kruger-Krasagakes et al. 1994; Smith et al. 1994; Gu et al. 1996) as

well as tumor-infiltrating macrophages, lymphocytes and peripheral blood

lymphocytes (Kim et al. 1995; Asselin-Paturel et al. 1998). Importantly, IL-10

has been shown to prevent the differentiation of monocytes to DC (Allavena

et al. 1998) as well as inhibit the antigen-presenting function of DC (Enk et al.

1993; Buelens et al. 1997). In addition, increased serum levels of IL-10 correlate

with numerical deficiency and immature phenotype of circulating DC subsets in

patients with hepatocellular carcinoma (Beckebaum et al. 2004), indicating a

clear association between tumor-related production of IL-10 and defects in DC

differentiation .
Secretion of IL-6 andM-CSF from carcinoma cells has also been observed to

inhibit the differentiation of DC from CD34+ myeloid progenitors (Menetrier-

Caux et al. 1998). The molecular mechanisms responsible for this effect involve

the modulation of GM-CSF andM-CSF receptor expression by tumor-secreted

IL-6 and M-CSF (Menetrier-Caux et al. 1998). In addition, high levels of IL-6

have been correlated with poor prognosis in patients with multiple myeloma,

renal cell carcinoma, melanoma and colorectal cancer (Blay et al. 1992; Deehan

et al. 1994; Tartour et al. 1996; Ratta et al. 2002). Tumor overproduction of

IL-6 has been demonstrated to inhibit the colony growth of DC progenitors

(Ratta et al. 2002) and sera from bone marrow of multiple myeloma patients

(containing high levels of IL-6) have been shown to inhibit the induction of fully

functional DC (Hayashi et al. 2003). Another study has demonstrated that IL-6

plays a crucial role in maintaining an immature phenotype on DC in vivo (Park

et al. 2004), confirming the significant role of IL-6 in the inhibition of DC

differentiation both in vitro and in vivo.
Granulocyte/monocyte-colony-stimulating factor (GM-CSF) has also been

associated with tumor-induced dysfunction of myelopoiesis. Spontaneous pro-

duction of GM-CSF has been reported for several types of human tumor cell

lines (Bronte et al. 2000) and production of this cytokine has been associated

with the ability of cancer cells to metastasize (Tsuchiya et al. 1988). Although

cancer cells modified to produce GM-CSF elicit robust antitumor immune

responses by recruiting DC, the aberrant secretion of GM-CSF by some tumors

could be deleterious to the host immune response. In mice, chronic GM-CSF

production by tumors has been reported to suppress tumor-specific CTL

responses through the generation of a population of inhibitory immature
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APC. Although these immature cells could be generated by the administration
of GM-CSF alone, GM-CSF in combination with IL-4 induced their differ-
entiation into mature APC (Bronte et al. 1999) underscoring the necessity of an
appropriate cytokine milieu for adequate APC differentiation. Similarly, the
production of large amounts of GM-CSF by some tumors could impair the
immune response. This has been demonstrated in a study whereby vaccination
with tumor cells producing large quantities of GM-CSF resulted in substantial
accumulation of immature cells and immunosuppression in vivo (Serafini et al.
2004). The relevance of these findings in humans has been confirmed with
reports indicating that immune suppression and increased recurrence and
metastasis in patients with head and neck squamous cell carcinoma were
related to the presence of immature cells that secreted GM-CSF (Pak et al.
1995; Young et al. 1997). Interestingly, these cells could be differentiated into
fully functional DC in vitro, following culture with the pro-differentiating
factor 1�,25-dihydroxyvitamin D3 (Garrity et al. 1997).

VEGF is another tumor-derived factor shown to affect differentiation of
DC. VEGF is produced by different types of tumors and increased levels of this
cytokine have been associated with poor prognosis in cancer (Toi et al. 1996).
VEGF plays a role in inducing proliferation of endothelial cells and formation
of neo-vasculature within the tumor. It has also been demonstrated that VEGF
significantly affects the differentiation of multiple hematopoietic lineages in
vivo, including DC (Gabrilovich et al. 1998). The inhibitory effect of VEGF on
DC differentiation has been confirmed and increased VEGF levels have been
reported to correlate with reduced number of infiltrating and circulating DC in
patients with different types of cancer (Saito et al. 1998; Lissoni et al. 2001;
Takahashi et al. 2004). In addition to altered differentiation of DC, elevated
levels of VEGF have been associated with an increased number of immature
cells with immunosuppressive function in the circulation of patients with cancer
(Almand et al. 2000). Notably, these cells could be differentiated into mature
DC in vitro, after culture with all-trans retinoic acid (Almand et al. 2001).
More recently, however, inhibition of VEGF has shown to improve on DC
maturation while yielding discreet improvement on immune responses (Fricke
et al. 2007).

7.3 Other Immune Mediators Affecting Dendritic

Cell Differentiation

Gangliosides (membrane-bound glycosphingolipids with a sialic acid moiety)
could contribute to tumor-induced immune suppression by altering differ-
entiation of several lineages and hematopoiesis (Sietsma et al. 1998)
(Fig. 7.1). A number of tumors including medulloblastoma, lymphoma,
melanoma, neuroblastoma, retinoblastoma and hepatoma are known to dis-
play an aberrant ganglioside composition (Birkle et al. 2003) also shedding
some of these molecules into the tumor milieu and the circulation (Ladisch
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et al. 1987; Portoukalian et al. 1993). More importantly, it has been shown
that neuroblastoma and melanoma-derived gangliosides impair the pheno-
typic and functional differentiation of DC providing another mechanism
for tumor-induced immunosuppression (Shurin et al. 2001; Peguet-Navarro
et al. 2003) (Fig. 7.2). It appears that gangliosides interfere with the expres-
sion of costimulatory molecules and inhibit NF-�B (Caldwell et al. 2003).
Interestingly, such DC dysfunction might be partly corrected with IL-15
(Tourkova et al. 2005).

There are other factors that could play redundant or synergistic roles on the
inhibition of DC differentiation by tumors. Several reports now correlate
alterations of arachidonic acid metabolism with carcinogenesis (Gately and Li
2004). Arachidonic acid metabolites (prostanoids) including prostaglandins
and thromboxanes are synthesized by cyclooxygenase (COX)-1 and -2. In
several types of cancer, including melanoma, colon, breast and lung carcinoma,
alterations in the expression of these enzymes have been reported (Tsujii et al.
1997; Denkert et al. 2001). Most studies indicate that prostanoids have a role in
tumorigenesis mostly through their pro-angiogenic effects (Gately and Li 2004).

Fig. 7.1 Mechanisms for tumor-induced dendritic cell dysfunction. In a tumor-free environment
(upper panel), hematopoietic precursors give rise to progenitors which differentiate into
immature DC. Following antigen/’danger signal’ encounter, immature DC undergo matura-
tion and become specialized in antigen presentation. Under the influence of tumor-derived
factors (lower panel), differentiation of DC is hampered resulting in the recruitment, accumu-
lation and dysfunction of immature cells and immature DC. DC can also be induced to
undergo apoptosis by tumor products. Immature cells can be differentiated intoDC under the
influence of factors like all-trans retinoic acid (ATRA) or vitamin D. Immature DC can be
induced to mature with pro-inflammatory cytokines/pathogen-derived factors. Treatment of
DC with TNF-� or CD40L confers protection to tumor-induced apoptosis promoting tumor
clearance
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However, recent data indicate that prostanoids may also contribute to

carcinogenesis through inhibition of DC differentiation. Indeed, it has recently

been demonstrated that tumor COX-2 expression decreases host antitumor

response by impairing DC maturation and activity (Sharma et al. 2003). This

appears to be through specific signaling pathways. The EP2 receptor, one of the

four receptors for prostaglandin E2 (PgE2), has been reported to mediate

PgE2-induced inhibition of DC differentiation and function, playing an essen-

tial role in impaired antitumor responses (Yang et al. 2003). It has also been

shown that COX-2-regulated prostanoids inhibit DC production of IL-12,

increase secretion of IL-10 and contribute to tumor-induced inhibition of DC

development (Sombroek et al. 2002).

Fig. 7.2 Tumor-induced dendritic cell dysfunction generates ineffective immune responses. In
the absence of tumor-derived factors, DC differentiate and mature appropriately. Mature DC
increase their capacity to process antigens and express the cytokines and costimulatory
molecules essential for initiating an effective immune response. Under the influence of
tumor-derived factors, immature cells, immature DC and apoptotic DC are generated and
accumulated. Although immature cells appear not to present antigens, they can suppress
tumor-specific T-cell activation through the production of reactive oxygen species (ROS).
Immature DC and apoptotic DC can present antigens but in the absence of adequate
costimulation and cytokine secretion, they can induce anergy, abortive proliferation or
induction of regulatory T cells, thus favouring tumor evasion
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7.4 Tumor Antigens and Metabolites Affecting Dendritic

Cell Differentiation

Various reports indicate that other factors produced by malignant cells like
tumor antigens (MUC1 and PSA) or polyamines (spermine) are also respon-
sible for impaired DC maturation and function (Aalamian et al. 2003; Della
Bella et al. 2003; Monti et al. 2004). Interestingly, it has been demonstrated that
whereas DC readily take up tumor antigens from epithelial tumors such as
MUC1 and HER-2/neu, these glycoproteins inhibit their own transport to late
endosomal compartments for processing and binding to class II MHC mole-
cules (Hiltbold et al. 2000).

Similarly, prostate-specific antigen clearly inhibits the DC differentiation
and maturation of DC in vitro (Aalamian et al. 2003). Although inhibition of
DC maturation by serum from prostate cancer patients correlate with PSA
levels (Aalamian-Matheis et al. 2007), the physiological significance of these
findings has not yet been proven in vivo. Polyamines, in contrast, appear to play
a relevant role in vivo. Putrescine, spermidine and spermine are essential for
mammalian cell proliferation and differentiation. They have been implicated in
impaired DCmaturation and, more importantly, a significant negative correla-
tion has been found between plasma levels of spermine and DC production of
IL-12 in patients with breast cancer (Della Bella et al. 2003). These molecules
have also been implicated in the inhibition of T-cell activity by immature
suppressive cells in vivo (Bronte et al. 2003). Given that polyamines are nutri-
ents constantly produced in the tumor microenvironment, these molecules
could assist tumor evasion by supporting tumor growth and affect DC differ-
entiation and T-cell function. More recently, a product of the cleavage of
surface death receptor 6 (DR6) overexpressed in tumors has been described to
interfere with DC development (Derosa et al. 2008).

7.5 Implications of Altered Dendritic Cell Differentiation

DC precursors and immature DC gain access to peripheral blood en route to
peripheral tissues where they play an essential role in immune surveillance.
However, the accumulation of immature cells associated with decreased num-
ber of circulating DC (Young et al. 1997; Almand et al. 2000, 2001) has
deleterious effects for tumor surveillance. In patients with head and neck
carcinoma, immature cells play a role in suppression of T-cell responses to
recall antigens (Pak et al. 1995) and elevated tumor infiltration with immature
cells correlates with increased rate of recurrence and metastases (Young et al.
1997). Immature cells have the capacity to inhibit MHC-I as well as MHC-II
restricted T-cell responses (Almand et al. 2001). Although the mechanism of
suppression has not been elucidated, a strict cell-to-cell contact with T cells is
required to exert their suppressive activity (Almand et al. 2001). In mice,
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immature cells obtained from tumor-bearing hosts have been reported to

express higher levels of reactive oxygen species (ROS) and accumulation of

H2O2 and arginase activity appears to contribute to this. Inhibition of ROS

abrogates the inhibitory effect, indicating that immature cells suppress T-cell

responses via production of ROS (Kusmartsev et al. 2004). These data suggest

that short-range immune mediators (i.e., ROS, H2O2 or arginase) probably

present at lymphoid organs or at the tumor site on immature cells could play a

crucial role in T-cell suppression.
Accumulation of immature cells displacing competent APC populations

(i.e., DC) could also account for some immune suppression. We have reported

that in patients with solid tumors immature DC represent a significant propor-

tion (up to 65%) of the circulating DC compartment, thus impairing immune

activation (Pinzon-Charry et al. 2005). Interestingly and supporting a role for

tumor products, a close correlation between accumulation of immature cells

and tumor burden is evident. It is tempting to speculate that while the systemic

accumulation of immature cells could facilitate generalized immune dysfunc-

tion as a late event, immature APC present at the tumor site or lymphoid organs

could play a role at an earlier phase in tumor progression. In fact, in patients

with head and neck squamous cell carcinoma, tumor infiltration with immature

cells has long been correlated with increased rate of recurrence and metastases

(Young et al. 1997)
Tumors may also interfere with DCmaturation, the final differentiation step

whereby DC specialized in antigen capture are transformed into DC specialized

in stimulation of T cells. Because immature DC fail to provide an appropriate

costimulatory signal to T cells and tolerance or anergy may develop. Indeed,

antigen presentation by immature DC has been reported to result in induction

of tolerance through abortive proliferation or anergy of antigen-specific

T cells in vivo (Probst et al. 2003). Immature DC can also induce tolerance

through the generation of regulatory T cells that suppress immune responses

by producing IL-10 and TGF-� (Dhodapkar et al. 2001). Moreover, imma-

ture DC with deficient expression of costimulatory molecules and poor capa-

city to stimulate T-cell responses have been reported in patients with basal

cell, colorectal and breast cancer (Chaux et al. 1996; Gabrilovich et al. 1997)

andDC frommelanoma patients have an immature phenotype, reduced T-cell

stimulatory capacity and induce anergy in syngeneic CD4+ T cells in vitro

(Enk et al. 1997).
Finally, DC-expressing indoleamine 2,3-dioxygenase (IDO) inhibit T-cell

proliferation and promote T-cell death as a result of prostaglandin induction

(Braun et al. 2005). Notably, large numbers of IDO-expressing DC can be

found in tumor-draining lymph nodes, suggesting that they may be involved

in the immunological unresponsiveness seen in cancer patients (Munn et al.

2002). Therefore, it is likely that similar mechanisms for induction of anergy

occur in vivo at certain stages of tumor growth. As detailed elsewhere (Munn

and Mellor 2007).
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7.6 Tumor-Derived Factors and Dendritic Cell Apoptosis

Additional studies revealing other mechanisms utilized by tumors to evade

effective immune responses have also been described. Induction of programmed

cell death impairing the function of the key elements of the immune response like

DC is one of such mechanisms. It has been demonstrated that DC undergo

Table 7.1 Tumor-derived factors responsible for DC dysfunction

Factor Effect on DC References

Cytokines

IL-10 Impairment of differentiation,
maturation and function in
vitro and in vivo

Enk et al. (1993), Buelens et al. (1997),
Allavena et al. (1998), Beckebaum
et al. (2004)

Increased apoptosis in vitro Ludewig et al. (1996)

IL-6 Impairment of differentiation and
maturation in vitro and in vivo

Menetrier-Caux et al. (1998), Ratta
et al. (2002), Hayashi et al. (2003),
Park et al. (2004)

M-CSF Inhibition of differentiation from
CD34+ progenitors in vitro

Menetrier-Caux et al. (1998)

GM-CSF Generation of immature APC
with inhibitory role in vitro and
in vivo

Pak et al. (1995), Garrity et al. (1997),
Young et al. (1997), Bronte et al.
(2000), Serafini et al. (2004)

VEGF Alteration of differentiation of
multiple lineages including DC
in vitro and in vivo

Gabrilovich et al. (1998), Saito et al.
(1998), Lissoni et al. (2001),
Takahashi et al. (2004)

Accumulation of inhibitory
immature cells in vitro and in
vivo

Almand et al. (2000), Almand et al.
(2001), Kusmartsev et al. (2004)

Other mediators

Gangliosides Impairment of phenotypic and
functional differentiation in
vitro

Shurin et al. (2001), Peguet-Navarro
et al. (2003)

Phenotypic alteration and
apoptosis in vitro

Kanto et al. (2001), Peguet-Navarro
et al. (2003)

Prostanoids Impairment of maturation and
activity in vitro

Sombroek et al. (2002), Sharma et al.
(2003), Yang et al. (2003)

Nitric oxide Induction of apoptosis in vitro Bonham et al. (1996)

Hyaluronan Induction of apoptosis through
induction of NO in vitro

Yang et al. (2002)

Polyamines Induction of altered maturation in
vitro

Della Bella et al. (2003)

DR6 Induction of apoptosis in vitro Derosa et al. (2008)

Tumor antigens

MUC1 Impairment of maturation and
function in vitro

Hiltbold et al. (2000), Monti et al.
(2004)

PSA Alteration of differentiation and
maturation in vitro

Aalamian et al. (2003)

Her/2neu Hiltbold et al. (2000)
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apoptosis in vitro and in vivo after interacting with cancer cells or tumor-derived

factors (Esche et al. 1999; Pirtskhalaishvili et al. 2000a,b; Balkir et al. 2004)

confirming that malignancies use this mechanism to impair appropriate immune

responses. Indeed, tumor cells are known to express or release numerous pro-

apoptotic factors such as IL-10, nitric oxide, gangliosides or ceramides that

induce DC to undergo apoptosis and may explain why T cells fail to become

fully activated to eradicate adjacent tumor cells (Table 7.1).
Apoptotic DC are ineffective at inducing immunity. It has been demon-

strated that DC undergoing apoptosis deliver unusual activation during antigen

presentation, leading to cellular unresponsiveness rather than effective immu-

nity (Kitajima et al. 1996). Similarly, pre-apoptotic DC loaded with antigens

show a marked decrease in their ability to induce antigen-specific immune

responses in vivo (Colino et al. 2002). Finally, in breast cancer, significant

apoptosis of blood DC has been reported (Pinzon-Charry et al. 2005). This is

relevant because circulating DC are essential for adequate immunity given that

they continually replenish the pool of tissue-residing DC and play a critical role

in shaping immune responses in vivo. Most circulating DC appear to be en

route from the bone marrow to peripheral and lymphoid tissues or from non-

lymphoid tissues to the regional lymph nodes and spleen (de la Rosa et al. 2003;

Villadangos and Heath 2005). Given that apoptotic cells are rapidly cleared

from the circulation, the observation of a higher fraction of blood DC under-

going apoptosis in patients with breast cancer suggests increased turnover of

these cells in vivo. Thus, continual efforts to replace the pool of blood DC from

bone marrow would impose chronic stress on the immune system of breast

cancer patients resulting in (i) relative paucity of DC in the circulation (Lissoni

et al. 1999; Coventry et al. 2002) as well as (ii) failure to effectively replenish DC

that infiltrate breast tumor tissue (Bell et al. 1999; Satthaporn et al. 2004) or (iii)

migrate to lymphoid organs (Gabrilovich et al. 1997) for the initiation of T-cell

immunity. Accordingly, in patients with operable breast carcinoma blood DC

numbers are significantly reduced over prolonged periods of time suggesting

diminished availability of DC precursors in cancer (Pinzon-Charry et al. 2007) .

7.7 Concluding Remarks

Overall, the evidence presented here emphasize the importance of DC in the

elicitation of effective antitumor responses as well as the tumor-induced DC

defects as a mechanism to escape immune surveillance. Tumors have been

demonstrated to release numerous immunosuppressive factors that exert

systemic effects on immune cell function and in particular, affect DC. The result-

ing dysfunction or apoptosis of mature DC, accumulation of immature DC or

other immature cells with inhibitory functions result in a significant deficiency in

the induction of antitumor responses. The data examined also suggest that tumor-

induced DC dysfunction represents one of the crucial mechanisms underlying
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tumor immune evasion and indicates that tumor-induced suppression of DC has
to be avoided if attempts to improve immune response in cancer are sought.

There is active interest in using DC and exploiting their distinctive immune
functions as vectors for immune therapy of cancer. Nevertheless, given the
heterogenous nature of DC dysfunction in cancer, multiple strategies would
have to be considered. One approach could be the induction of differentiation
or optimization of immature DC or immature cell function with differentiation
agents or growth factors in vivo (Garrity et al. 1997; Almand et al. 2001).
Another strategy would be the blockade of tumor-released factors that impair
differentiation/function of DC in vivo (Gabrilovich et al. 1999). Finally, treat-
ment of DC preparations (vaccines) with factors that increase their survival or
resistance to apoptosis would be beneficial in the generation of antitumor
immunity (Pinzon-Charry et al. 2006). Clear understanding of DC-related
tumor evasion mechanisms will harness the potential utilization of DC as
natural adjuvants in immunological therapy and assist the development of
new methods to overcome the ineffective immunity against cancer (Lopez and
Hart 2002).
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Chapter 8

Tumor-Derived Exosomes as Dendritic

Cell Modulators
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Abstract Cancer cells constitutively release endosome-derived microvesicles,

also called ‘exosomes’, carrying a broad array of molecular determinants

involved in the remodeling of the peritumoral microenvironment. This recently

defined alternative mechanism of intercellular communication is exploited by

tumor cells to favor their own growth and survival through the delivery of

detrimental signals to the host’s innate and adaptive immune system. Initially

described for their ability to transfer tumor antigens to dendritic cells in a

protected and highly immunogenic membrane-embedded form, tumor-derived

exosomes have been more recently hinted to exert immunosuppressive effects

on the development of antitumor immune responses at different levels. In

particular, due to the transport of FasL and TRAIL pro-apoptotic molecules,

exosomes derived from different tumor histotypes proved to induce pro-

grammed cell death of activated antitumor-specific T cells. On the other

hand, the same microvesicles seem to mine immune-mediated recognition and

elimination of cancer cells since their initial stages, regarding antigen uptake

and presentation by dendritic cells. As reported herein, cancer patients display

several phenotypic and functional defects in this cell subset, together with a

more generalized dysfunction of the myeloid cell compartment, due to the

tumor-driven expansion and activation of the so-called ‘myeloid suppressor

cells’. A possible involvement of tumor-derived exosomes in the disruption of

the homeostasis of the antigen-presenting cell compartment in cancer patients

has been recently suggested by a series of experimental evidences, as it will be

mainly discussed in this chapter.
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8.1 Introduction

As dendritic cells (DC) exert a pivotal role in the induction of antitumor
immune responses, they represent a preferential target of the mechanisms
developed by cancer cells to escape immune recognition. In particular, tumor
cells may affect DC differentiation, recruitment and function through many
different strategies, including direct and indirect interactions. Besides the
mechanisms requiring cell-to-cell contact or the release of soluble mediators,
an alternative pathway of intercommunication between growing tumors and
the antigen-presenting cell compartment has been recently described, consisting
in the release of membrane vesicles, also known as ‘exosomes’ (Fevrier and
Raposo 2004). First described for their supposed ability to facilitate antigen
cross-presentation through the transport of HLA/peptide complexes (Wolfers
et al. 2001), tumor-derived exosomes are now considered also as potential
mediators of suppressive signals to the immune system (Valenti et al. 2007),
and in particular to DC and their precursors (Valenti et al. 2006). In the
following paragraphs, after a brief description of the expected immunostimu-
latory properties attributed to tumor-derived exosomes at their debut in cancer
immunology, we will more extensively discuss the growing evidences indicating
their involvement in the disruption of antigen-presenting cell function in tumor-
bearing hosts.

8.2 Tumor-Derived Exosomes Immunophenotype

Microvesicles, better known as ‘exosomes’, are 50–200 nm-sized membrane
vesicles originating from the endosomal compartment (as indicated by the
transport of endo-lysosomal markers, such as CD63, CD81, CD82, LAMP-1/2)
and eventually released in the extracellular milieu through active exocytosis
(Thery et al. 2002). Exosome release is characteristic of virtually all cell types,
which may apply to this specialized secretory system in both physiological and
pathological conditions. In particular, tumor cells of different histotypes are
known to exacerbate this mechanism, through the constitutive release of these
subcellular particles, which are able to deliver their signals not only in the tumor
microenvironment but also at systemic level, through their proven ability to
circulate in the peripheral blood and other body fluids of cancer patients (Andre
et al. 2002; Valenti et al. 2007).

Thanks to the possibility of purifying tumor-derived exosomes through
serial centrifugations of tumor cell culture supernatants or body fluids (such
as plasma, ascites or pleural effusions) from cancer patients, many proteomic
analysis have been published so far (Hegmans et al. 2004; Mears et al. 2004),
describing the protein content of these particles. In general, tumor-derived
exosomes were described to carry a protein profile selectively reflecting that
of the originating cell, including both membrane and transmembrane proteins,
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together with soluble molecules transported in their inner part, in a proteolytic
enzyme-protected manner. As schematized in Fig. 8.1, the proteomic profiles of
tumor-derived exosomes include molecular determinants involved in different
cell functions. For instance, the presence of many adhesion molecules, such as
integrins and annexins (Hegmans et al. 2004; Mears et al. 2004), and other
cytoskeletal and membrane transport determinants (actin, ERM proteins and
Rab proteins) underlies the strong fusogenic properties of exosomes, which is
the basis for most of the functional features of these organelles.

The potential role of tumor exosomes in stimulating immune responses is
actually rather controversial. The original works showed a potential stimula-
tory activity of tumor microvesicles on DC related to the transport of different
tumor antigens, such as Mart-1, gp100, Her-2, CEA, together with HLA class I
and II molecules, coupled with the transport of heat shock proteins, known to
induce DC maturation and activation (Wolfers et al. 2001; Andre et al. 2002;
Radons andMulthoff 2005). On the other hand, tumor-derived exosomes have
been more recently described by several groups to consistently invalidate the
ultimate outcomes of DC function, in terms of induction of apoptosis of
antitumor-specific T cells, due to the transport on their surface of FasL and
TRAIL pro-apoptotic molecules (Andreola et al. 2002; Huber et al. 2005;
Kim et al. 2005; Taylor and Gercel-Taylor 2005).
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Fig. 8.1 Human tumor-derived exosome molecular content.Tumor-derived exosomes express a
variety of molecular determinants involved in different biologic processes, such as adhesion,
receptor discharge, signal transduction, antigen presentation, apoptosis and even transport
nucleic acids
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Findings proving the ability of tumor-derived exosomes to transport bioactive
cytokines and growth factors (such as TNF-�, IL-1�, TGF-�) and some func-
tional receptors (such as TNFR1 and Tfr2) shed additional concerns and sug-
gested an active role of these subcellular particles in modulating the tumor milieu
(Calzolari et al. 2006; Clayton et al. 2007; Soderberg et al. 2007). Moreover,
indirect evidences are suggesting the possible involvement of tumor-released
microvesicles in neo-angiogenesis due to their ability to increase the secretion of
metalloproteinase and VEGF in target cells, thanks to the transport of pro-
angiogenic molecules of the tetraspanin family (Gesierich et al. 2006).

The involvement of these membrane particles in tumor progression and
metastases is strongly hinted also by their newly described capacity to transport
functional enzymes and even coding mRNA and microRNA (Hegmans et al.
2004; Valadi et al. 2007), advocating a novel scenario in which tumor cells may
use exosome release to potentially re-program the whole cellular activity of
autologous and heterologous target cells, turning their nearby and distant
environment in a pro-tumorigenic surrounding.

8.3 Tumor-Derived Exosomes and the Induction of Dendritic

Cell-Mediated Antigen Cross-Presentation

As mentioned above, the first publications on tumor-derived exosomes were
mainly concerned with the study of their potential use in antigen presentation,
as privileged carriers of antigens and immunostimulatory molecules to DC.
When immunogenicity of tumor exosomes was tested in tumor transplanted
animal models, they proved to prevent autologous cancer development in a
CD4/CD8-dependent manner more efficiently than irradiated whole tumor
cells (Zitvogel et al. 1998). In this setting, tumor-derived exosomes were able to
induce antitumor responses leading to tumor rejection in both prophylaxis and
therapy models, representing a potential source of shared tumor rejection anti-
gens. These results could be easily justified by the rather artificial provision of
tumor exosomes thatwere not in vivo produced by tumor cells, butwere provided
in a ’massive’ quantity and intravenously. Subsequent work supporting the
immunostimulatory role of tumor exosomes ex vivo studies was carried out
using exosomes obtained from cancer patients and, in particular, isolated from
ascitic fluids (Andre et al. 2002).We should mention that the exosome content of
body fluids may be rather heterogeneous, including membrane vesicles released
by immune cells themselves, which may account at least in part for the immu-
nostimulatory activity of these preparations. Even if the first evidence collected in
vitro were promising, the experimentation of this vaccination strategy in a human
setting was rapidly supplanted by a safer and more controlled use of antigen-
loaded DC-derived exosomes (Wieckowski and Whiteside 2006). In fact, while
the vaccination of cancer patients with tumor-derived exosomes was discontin-
ued, the feasibility of the use of DC-derived exosomes as a cancer vaccine was
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proved in Phase I clinical studies in melanoma and lung cancer patients and is
currently under investigation (Escudier et al. 2005).

8.4 Tumor-Derived Exosomes and the Impairment

of Dendritic Cell Differentiation

A critical finding suggesting a possible immunosuppressive role of tumor-
derived exosomes consisted in demonstrating the presence of pro-apoptotic
molecules, such as FasL and TRAIL, on their membranes (Andreola et al.
2002; Huber et al. 2005; Kim et al. 2005). As a consequence, exosomes obtained
in vitro from many different tumor histotypes as well as from the plasma of
advanced cancer patients proved to induce FasL- and TRAIL-mediated apop-
tosis of antitumor-specific effector T cells, thus undermining the effectiveness of
antitumor immune responses at their final step.

However, FasL andTRAILmoleculeswere described to induce different effects
on the antigen-presenting cell compartment: being immature, DC and their pre-
cursors intrinsically resistant to their pro-apoptotic effect, the samemolecules may
rather exert a pro-maturational effect on these cell subsets (Rescigno et al. 2000). In
this view, FasL- and TRAIL-bearing tumor-derived exosomes were still expected
to exert a stimulatory activity on the antigen-presenting cell compartment.

We initially tested this hypothesis by investigating the effect of melanoma-
derived and colon carcinoma-derived exosomes on the in vitro differentiation of
DC from their CD14+ monocytes precursors (Valenti et al. 2006). Even if
during the incubation of differentiating monocytes (i.e., cultured with IL-4
and GM-CSF) with tumor-derived exosomes no apoptosis was observed, as
expected, the presence of these microvesicles exerted dramatic effects on DC
differentiation. In particular, the resulting myeloid cell population was unable
to differentiate into DC, instead remaining with a CD14+HLA-DRneg/low

phenotype. This was associated with a marked dysfunction in terms of lack of
stimulatory effect on autologous T cells, which were inhibited in their ability to
proliferate and release cytotoxic granules upon TCR activation. This was
mainly ascribed to the significant changes induced by tumor-derived exosomes
on the cytokine pattern released by differentiating monocytes. In fact, after few
hours of incubation with the microvesicles, monocytes released relevant
amount of inflammatory cytokine, such as TNF-� and IL-6, but also pro-
angiogenic and immunosuppressive factors, such as IL-8, IL-10 and TGF-�.
In blocking experiments, TGF-� further proved to be the main responsible of
the suppressive activity exerted by exosome-treated monocytes on T cells.

Interestingly, myeloid cells with phenotype and functional characteristics
reproducing those ofmonocyte-derived cells differentiated in vitro in the presence
of tumor-derived exosomes were observed in the peripheral blood of melanoma
patients (Filipazzi et al. 2007). While undetectable in healthy donors, a TGF-�-
secreting CD14+HLA-DRneg cell subset exerting inhibitory activity on
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autologous T-cell proliferation proved to be expanded in stage IV melanoma
patients. Moreover, this newly identified myeloid suppressor cell subset seemed
to be expanded upon GM-CSF-based vaccine treatment specifically in those
patients who were unable to mount antitumor immune responses against the
tumor, even upon vaccination. Even if the involvement of tumor-derived exo-
somes in this system can be demonstrated only indirectly, these data demon-
strated for the first time the relevance of this immunosuppressive loop in mela-
noma patients and characterized a new immunosuppressive cell subset that, well
defined inmousemodels, has not been univocally described in the human setting.

While experiments were in progress with the aim of identifying the molecular
determinants that in tumor-derived exosomes are responsible for this phenom-
enon, data on the role of these organelles in impairing DC differentiation were
obtained in animal models (Yu et al. 2007). In fact, exosomes derived from a
murine mammary cancer cell line induced an accumulation of myeloid precur-
sors in the spleen which eventually proved to be unable to differentiate into DC
ex vivo. In this setting, the activation of STAT-3 after a short-term incubation
of DC precursors with the exosomes was observed and a possible role of IL-6 in
mediating the inhibition of DC differentiation was suggested.

Tumor-released microvesicles may disrupt not only DC differentiation but also
their maturation. At this purpose, we observed that monocyte-derived immature
DC (obtained in vitro upon 5 days of culture with IL-4 and GM-CSF) exposed to
melanoma-derived or colon carcinoma-derived exosomes acquired a mature phe-
notype, in terms of expression of HLA-DR, CD80, CD83 and CD86 surface
molecules, but were unable to stimulate autologous T cells, probably due to their
inability to secrete IL-12. In cross-presentation experiments, exosome-treated DC
were unable to activate antigen-specific T cells in association with amarked down-
regulation of the antigen-processing and presentation molecular machinery
(Valenti R and Rivoltini L, unpublished observations).

Altogether these data imply a reconsideration of tumor-derived exosomes
and their potential effect on antigen presentation in tumor-bearing hosts
(Fig. 8.2). Indeed, exosomes still represent a privileged system for the delivery
of membrane-embedded antigenic material to DC, but, due to the rather rich
molecular milieu carried by exosomes in addition to tumor antigens, the out-
come that this interaction can actually lead to in DC may be largely unpredict-
able. Furthermore, taking into account several studies that have demonstrated
how tumor-derived exosomes further impair antitumor immune responses
through the induction of apoptosis of effector T cells, the interaction of
these subcellular entities with the host may result in a generalized immune
suppression, through the undermining of tumor recognition from its initial to
its final stages. In fact, the impairment of DC differentiation and function
induced by tumor exosomes at different levels may result not only in the lack
of activation of effector T cells but also in the indirect stimulation of regulatory
T cells. In particular, the activation of this cell subset function seems to be at
least in part associated with the interaction of regulatory T cells with myeloid
suppressor cells through cell-to-cell contact or through the release of soluble
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mediators, such as TGF-� (Ghiringhelli et al. 2005). Direct evidence for the
role of exosomes on this particular T-cell subset is not available yet, we can
hypothesize that the immunosuppressive effect exerted by exosome-treated
monocytes on T cells, may be at least in part due to the activation of regulatory
T cells with the possible involvement of TGF-� released by differentiating
monocytes in the presence of tumor-derived exosomes.

8.5 Driving the Interaction Between Tumor-Derived

Exosomes and Dendritic Cells Toward Immune Stimulation:

Is It Possible?

During the last few years intensive investigations were focused on the identifi-
cation of pharmaceutical treatments able to down-regulate exosome release by
tumor cells, mainly through a rather non-specific disruption of the cytoskeletal
components that drive this pathway (Iero et al. 2008). However, since the
ultimate goal of many DC-based immunotherapeutic strategies is the optimal
stimulation of this cell subset in order to induce clinically relevant antitumor
immune responses, an ideal approach should spare and exploit the

Y Y

Y Y
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Generation of
myeloid-derived suppressive cells

Y Y

Y Y
Y

Tumor-derived
exosomes

Inhibition of T cell proliferation
and function

Inhibition of DC differentiation

Fig. 8.2 Human tumor-derived exosomes effect on dendritic cell differentiation. Tumor-derived
exosomes interfere with DC differentiation at different levels. In fact they not only impair
monocyte differentiation into functional DC, but rather skew this process toward the
generation of TGF-�-secreting myeloid cells exerting suppressive activity on effector T cells
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immunogenic and pro-inflammatory characteristics of these vesicles simulta-
neously blunting their immunosuppressive potential, in order to drive the
interaction between tumor-derived exosomes toward DC activation.

In this view, the molecular characterization of exosome protein content may
lead to the identification of more specific strategies (such as the treatment with
specific neutralizing antibodies) targeting the immunosuppressive baggage
transported by tumor-derived exosomes, without affecting their immunogenic
potential. Moreover, a deeper knowledge of the mechanisms regulating not
only exosome release but also protein sorting to the exosome-mediated secre-
tory pathway could lead to the possible quantitative but also qualitative control
of this phenomenon. At this purpose, data about the possibility to influence
exosome protein (and thus antigenic) content through the treatment of exo-
some-releasing cells with curcumin were recently published (Zhang et al. 2007).

Since the initial studies depicting exosomes as rather inert particles with a
defined protein content randomly sorted from the cell of origin, evidence is now
growing that these particles confer specific but versatile phenotype and func-
tional characteristics to DC, and are able to affect many aspects of tumor/host
interactions. Finally, only a deeper knowledge of these mechanisms will offer
the opportunity to control and redirect exosome release to favor tumor recog-
nition and rejection, with an optimal involvement of DC.
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Chapter 9

Signaling Pathways Mediating Dendritic Cell

Dysfunction in Cancer

Jing Yang and Qing Yi

Abstract Dendritic cells are professional antigen-presenting cells that regulate
the immune system. In cancers, they uptake tumor antigens, deliver them to
T cells, and induce tumor-specific T-cell responses. However, tumor cells
develop mechanisms to evade the immune system, partly by impairing dendritic
cell differentiation, function and longevity. Accumulating evidence has indi-
cated that intracellular signaling pathways, such as MAPK, JAK/STAT3,
PI3K/Akt, and NF-�B, are critical to the regulation of dendritic cell differen-
tiation, survival, and activity. However, these signaling pathways are found to
be hyperactivated in both tumor cells and dendritic cells in malignancies. The
constitutive activation of these pathways in cancer cells leads to tumor cell
secretion of cytokines that activate intracellular signaling pathways, particu-
larly p38MAPK, in dendritic cells or their progenitor cells and impair dendritic
cell differentiation and function. In this chapter we will discuss signaling path-
ways that mediate dendritic cell dysfunction. We will focus on the roles of
MAPK, particularly p38 MAPK, in negatively regulating dendritic cell differ-
entiation and function in cancers.

9.1 Introduction

Dendritic cells (DC) are populations of professional antigen-presenting cells
that regulate the immune system (Santini and Belardelli 2003; Sheng et al. 2005;
Evel-Kabler and Chen 2006). They originate from CD34+ bone marrow stem
cells and have high plasticity and common morphological and functional
characteristics (Gabrilovich et al. 1996; Sheng et al. 2005). During their devel-
opment, DC are classified as immature or mature cells. In the immature stage,
DC are primarily localized in the peripheral tissues and perform specialized
functions of antigen uptake and processing, in which they capture and carry
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antigens to the lymph nodes. In the lymphoid organs, DC become mature and
subsequently interact with antigen-specific T cells and initiate immune
responses (Di Nicola and Lemoli 2000; Sinkovics and Horvath 2000; Aloysius
et al. 2006).

DC are critically important for the stimulation of immune responses against
tumor cells (Sinkovics and Horvath 2000; Gabrilovich 2002; Kusmartsev and
Gabrilovich 2002). In this process, they are responsible for the uptake of tumor
antigens for delivery to T cells and inducing tumor-specific T-cell responses.
However, tumor cells release soluble factors to the microenvironment, impair
DC differentiation and function, and induce immune tolerance to cancers
(Di Nicola and Lemoli 2000; Kim et al. 2002; Yang et al. 2003). Thus far, the
abnormalities of DC differentiation and function are considered one of the
major factors limiting the success of cancer vaccines in clinical trials. Therefore,
studies of the mechanisms of tumor-induced DC dysfunction may be a key
point to improve antitumor immune responses in cancer patients (Santini and
Belardelli 2003; Sheng et al. 2005; Rabinovich et al. 2007). Numerous recent
studies have reported that tumor-induced activation of intracellular signaling
pathways, such as mitogen-activated protein kinases (MAPK), JAK/STAT,
and NF-�B, contributes to various defects of the immune system, particularly
through compromisingDC differentiation, function, and survival. Even though
these signaling pathways are important for the development of normal hema-
topoietic cells, activation of these pathways is usually present in both tumor
cells and abnormal DC to support tumor growth and survival (Nefedova et al.
2004; Philpott et al. 2004; Ade et al. 2007). In this chapter we will discuss
signaling pathways mediating DC dysfunction. We will focus on the roles of
MAPK, particularly p38 MAPK, in negatively regulating DC differentiation
and function in cancers.

9.2 MAPK-Signaling Pathways

MAPK are proline-directed serine and threonine protein kinases, and are
activated by dual-specificity kinases with phosphorylation of threonine and
tyrosine in a Thr–Xaa–Tyr motif. Activation of MAPK-signaling pathways is
through a MAPK-activating phosphorylation cascade, in which upstream
kinases phosphorylate their downstream kinases on threonine and tyrosine
residues, starting from MAPK kinase kinases (MAPKKK), to MAPK kinases
(MAPKK), and finally to MAPK. The activated MAPK then interact with
their cytoplasmic substrates and translocate into the nucleus, where they act as
transcription factors and regulate target gene transcription (Nakamura et al.
1996; Ichijo 1999).

MAPK-signaling pathways are crucial for diverse cellular functions, includ-
ing proliferation, differentiation, and apoptosis (Aplin et al. 2002; Budagian
et al. 2003; Kawakami et al. 2003; Sigaud et al. 2005). There are three types of
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MAPK, extracellular signal-regulated kinases (ERK), c-jun N-terminal kinases
(JNK), and p38MAPK, which are identified by the intervening amino acid. The
ERK pathway, activated by polypeptide growth factors through their tyrosine
kinase receptors, regulates cellular growth and survival. JNK- and p38-signaling
pathways are activated by stress stimuli and inflammatory cytokines, and are
involved in cellular differentiation, cytokine production, and apoptosis. MAPK-
signaling pathways have been shown to be frequently activated in cancers, and
may contribute to malignant phenotypes and uncontrolled cell growth. In addi-
tion, MAPK-signaling pathways are involved in the regulation of immune
responses, including the initiation phase of innate immunity, activation of adap-
tive immunity, and cell death after completing immune function (Nakahara et al.
2004; Canesi et al. 2005; Kim et al. 2005; Zou and Hu 2005). Notably, recent
studies have indicated that the MAPK-signaling pathways differentially regulate
all aspects of DC phenotypic maturation, cytokine production, and DC func-
tional development (Cruz et al. 1999; Nakahara et al. 2004; Xie et al. 2005;Wang
et al. 2006b). Stimuli such as lipopolysaccharide (LPS), tumor-necrosis factor
(TNF)-�, haptens, or ultraviolet-B (UVB) induce maturation of DC viaMAPK-
signaling pathways (Cruz et al. 1999; Nakahara et al. 2004; Tassiulas et al. 2007).
On the other hand, tumor-induced abnormalities of DC differentiation and
function are also associated with hyperactivation of MAPK-signaling pathways
(Wang et al. 2006a,b).

9.3 p38 MAPK in Dendritic Cell Differentiation, Maturation,

and Activity

There are four p38 MAPK: � and �, which are 75% homologous, and � and �,
which are more distant relatives. All p38 MAPK can be activated by the same
upstreamMAP kinase kinases, such asMKK3 orMKK6, upon the stimulation of
inflammatory cytokinesor stress (Ichijo 1999;Lee et al. 2006). p38MAPKsignaling
induces the activation of MAPK-activated protein kinase (MAPKAPK)-2 (Zaru
et al. 2007), synthesis of TNF-� (Park et al. 1999; Lee et al. 2006), and phosphor-
ylation of transcription factors such as activating-transcription-factor-2 (ATF-2),
Elk-1, and SAP-1.

The p38 MAPK-signaling pathway is essential for normal DC maturation
and activity (Ardeshna et al. 2000; Matos et al. 2005a,b; Xie et al. 2005; Osawa
et al. 2006). LPS-induced maturation and up-regulation of surface antigens on
DC such as CD40, CD80, CD83, CD86, and MHC class II molecules require
p38MAPK (West et al. 2004; Bharadwaj et al. 2005). The p38MAPK inhibitor
SB203580 abrogates the up-regulation of surface antigens in the process of DC
maturation induced by LPS, NiCl2, NiSO4, and CD40L. Furthermore, LPS-
induced DC secretion of cytokines such as TNF-�, IL-6, and IL-12 p40 and
p70, also depends on the activation of p38 MAPK, because SB203580 has been
shown to inhibit DC secretion of these cytokines (Geginat et al. 2003; Randolph
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et al. 2005; Lee et al. 2006; Saito et al. 2006). In addition, LPS-enhanced
allostimulatory activity of DC is abrogated by SB203580 treatment, indicating
that p38MAPK are required for the endocytic and allostimulatory functions of
DC (Kang et al. 2004).

However, we have shown that the importance of p38 MAPK-signaling
pathways in DC is stage-dependent. While crucial for immature DC to mature
and secrete cytokines, activation of p38MAPK is detrimental to the generation
and differentiation of DC frommonocytes. During the differentiation of mono-
cytes to immature DC, p38 MAPK activation induced by LPS impaired DC
differentiation and p38 MAPK inhibitor SB203580 restored generation of
functional DC in culture with LPS (Xie et al. 2003). Moreover, addition of
SB203580 to cultures of normal monocytes accelerated the differentiation of the
cells into immature DC (Xie et al. 2005). These results could be explained by the
findings that inhibition of p38 MAPK enhances the phosphorylation of ERK
and NF-�B activity and leads to enhanced up-regulation of expression of DC-
related adhesion and costimulatory molecules and antigen-presentation capa-
city (Ardeshna et al. 2000; Xie et al. 2005; Lee et al. 2006; Osawa et al. 2006).

9.4 p38 MAPK in Tumor-Induced Dendritic Cell Dysfunction

DC from cancer patients are functionally defective; however, underlying mole-
cular mechanisms are poorly understood at the present time. We have used the
murine 5TGM1 myeloma model (Radl et al. 1988; Asosingh et al. 2000) to
examine the effects and mechanism of tumor-derived factors on the differentia-
tion and function of DC.Myeloma cells or tumor culture-conditioning medium
(TCCM) were shown to inhibit differentiation and function of bone marrow-
derived DC, as evidenced by the down-regulated expression of DC-related
surface molecules, decreased IL-12 secretion, and compromised capacity of
the cells to activate allospecific T cells. Moreover, TCCM-treated DC were
inferior to normal DC at priming tumor-specific immune responses in vivo.
Neutralizing antibodies against IL-6, IL-10, and TGF-� partially abrogated the
effects. Our results showed that TCCM treatment activated p38 MAPK and
JNK but inhibited ERK. Inhibiting p38 MAPK restored the phenotype, cyto-
kine secretion, and function of TCCM-treated DC. DC from cultures with both
TCCM and p38 inhibitor were as efficacious as normal DC at inducing tumor-
specific antibody, type-1 T cell, and cytotoxic T lymphocyte responses, and
prolonging mouse survival. Thus, our results suggest that tumor-induced p38
MAPK activation and ERK inhibition in DC may be a new mechanism for
tumor evasion, and regulating these pathways during DC differentiation pro-
vides new strategies for generating potent DC vaccines for immunotherapy in
cancer patients (Wang et al. 2006a, b).

Next, we examined whether the defects can be observed in DC from patients
with myeloma. Previous studies have demonstrated that circulating DC in
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myeloma patients are functionally abnormal (Brown et al. 2001; Ratta et al.

2002). However, no study has been performed to examine monocyte-derived

DC, which are commonly used for immunotherapy in patients. We found that

patient-derived DC are phenotypically and functionally defective. Compared

with their normal counterpart, patient-derived, mature DC expressed signifi-

cantly lower levels of CD1a, CD40, CD80, and HLA-DR, and were poor at

activating alloreactive T cells, presenting recall antigen, and activating auto-

logous antigen-specific T cells. These abnormalities may be attributed to ele-

vated production of autocrine cytokines such as IL-6, activated p38MAPK and

STAT3, and inhibited MEK/ERK-signaling pathways in the progenitor cells

(Fig. 9.1). Treatment with neutralizing IL-6-specific antibody and more impor-

tantly, p38 MAPK inhibitor, or both, could correct these abnormalities. Treat-

ing patient-derived cells with these agents not only significantly increased cell

yield but also produced DC that were as functional as their normal counterpart

(Wang et al. 2006a). Thus, our studies have delineated the mechanistic defects

of DC from myeloma patients, and identified ways for restoring the function of

the cells to improve the efficacy of DC-based immunotherapy in this disease.

p38 MAPK

Tumor-Derived 
Factors

Differentiation Factors

DC Differentiation

ERK

Raf

MEK

NF-κB

PI3K

AKT

MKK

DC Dysfunction

Fig. 9.1 Schematic representation of tumor-derived factor-mediated dendritic cell dysfunction

by activating p38 MAPK-signaling pathway. During DC differentiation, cytokines bind to
their receptors on DC precursors and activate Ras/Raf/ERK-, PI3K/Akt-, and NF-�B-
signaling pathways. However, tumor-derived cytokines also activate p38 MAPK in the cells,
which inhibit these pathways and impair DC differentiation
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A recent study showed that inhibiting p38 MAPK signaling in DC attenuates
regulatory T (Treg)-cell induction in response to Toll-like receptor (TLR) agonists
and enhances their efficacy as vaccine adjuvants and cancer immunotherapeutics
(Jarnicki et al. 2008). TLR ligands are commonly used adjuvants that promote type-
1T-cell responses against tumor antigens.However, TLR ligands also promoted the
induction of IL-10-secreting Treg cells through p38MAPK-induced IL-10 produc-
tion byDC. Inhibition of p38MAPKby SB203580 suppressedTLR-induced IL-10
and prostaglandin PgE2 and enhanced IL-12 production in DC. Inhibition of p38
MAPK enhanced the antitumor therapeutic efficacy ofDCpulsedwith antigen and
CpG, which was associated with an enhanced frequency of IFN-�-secreting T cells
and a reduction of Foxp3+ Treg cells infiltrating the tumors. Taken together, these
findings indicate that p38 is an important therapeutic target, and inhibiting p38
activity inDCobtained from cancer patients orDCpulsedwith tumor antigens and
TLR agonists will enhance the immunogenicity of the cells.

9.5 ERK and Dendritic Cell Dysfunction in Cancer

Recent studies have demonstrated that the ERK and p38 MAPK-signaling
pathways differentially regulate DC maturation and modulate the initial com-
mitment of naı̈ve T helper cells toward Th1 or Th2 subsets (Aplin et al. 2002;
Kandilci and Grosveld 2005; Lee et al. 2006). The p38 MAPK inhibitor
SB203580 suppressed DC maturation, whereas the presence of ERK inhibitors
PD98059 or U0126 enhanced LPS-induced phenotypic and functional matura-
tion of DC, and increased the expression of MHC complex and costimulatory
molecules. However, MAPK pathways, which are frequently activated in can-
cers, have active roles in immune evasion in cancer. By using ERK inhibitor
U0126 and lentiviral BRAFV600E RNA interference, Sumimoto et al. (2006)
demonstrated that the ERK-signaling pathway is essential for production of
immunosuppressive factors by human melanoma cells that have constitutively
activated ERK due to the BRAFV600E mutation, which can be detected in the
majority of patients with melanomas (Sumimoto et al. 2004; Tanami et al.
2004). These findings indicate that ERK is another potential molecular target
for overcoming cancer cell evasion of the immune system.

9.6 Role of JAK/STAT Signaling in Tumor-Induced Dendritic

Cell Dysfunction

Over the past several years, investigators have been working on the JAK/STAT-
signaling pathways in the context of cancer-mediated evasion of the immune
system (Kortylewski et al. 2005; Nefedova et al. 2005b; Kim et al. 2006; Larmo-
nier et al. 2006). JAK mutations and/or STAT abnormal activation are found in
many types of cancers, such as myeloproliferative disorders with acquired JAK2
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mutations (Taki and Taniwaki 2006; Jost et al. 2007; Mata et al. 2007), T-cell
acute lymphoblastic leukemia (Taki and Taniwaki 2006), and leukemia or lym-
phomawith constitutive phosphorylation of JAK3, STAT1, STAT3, and STAT5
(Yu et al. 1997; Aboudola et al. 2007; Faderl et al. 2007). Among them, consti-
tutive activation of STAT3 is common in a variety of lymphoid or myeloid
malignancies and solid tumors, in human tumor cell lines and primary tumor
cells from patients, and in virus-transformed cells (Yu et al. 1995; Campbell et al.
1997; Cheng et al. 2004; Park et al. 2005). Recent studies showed that hyperacti-
vation of STAT3 is found in multiple myeloma, breast cancer, and prostate
cancer (Wang et al. 2004). Interruption of STAT3 signaling in tumor cells
reversed tumor-induced immunosuppression, resulting in enhanced ability of
DC to present antigen, and consequently induce T-cell activation and break T-
cell anergy (Wang et al. 2004). Hyperactivation of STAT3 in tumor cells has been
shown to mediate immune evasion, particularly DC dysfunction.

Soluble factors released from tumor cells may prevent DC maturation.
Tumor-derived proinflammatory factors such as IL-10 and VEGF inhibited
DC maturation (Wang et al. 2004). Since JAK/STAT3-signaling pathway is a
major signaling pathway that can be activated by cytokines binding to their
membrane receptors (Li et al. 2007), tumor-derived factors inhibit DC differen-
tiation and function via JAK/STAT3 activation. Accumulating evidence has
shown that both IL-10 and VEGF released from tumor cells activate JAK/
STAT3-signaling pathway in DC (Wang et al. 2004), and tumor-derived factors
suppressmyeloid cell differentiation by stimulating JAK/STAT3 signaling (Nefe-
dova et al. 2004; Kusmartsev and Gabrilovich 2006). Nefedova (Nefedova et al.
2004; Nefedova et al. 2005a; Nefedova andGabrilovich 2007) found that TCCM
induced constitutive activation of JAK2 and STAT3, which prevented the differ-
entiation of immature myeloid cells into mature DC. This negative regulation
was abrogated after removal of TCCM. Inhibition of STAT3 abrogated the
negative effects of the tumor-derived factors on myeloid cell differentiation.
These observations suggest that activation of JAK/STAT-signaling pathways
are negative regulators of DC differentiation and function in malignancies.

9.7 Other Signaling Pathways in Tumor-Induced Dendritic Cell

Dysfunction

It iswell known that activation ofNF-�Bplays an important role inDCmaturation
and function (Zou and Hu 2005; Osawa et al. 2006; Ade et al. 2007). JAK/STAT-,
p38MAPK-, andERK-signaling pathways crosstalkwith theNF-�Bpathway, and
factors activating STAT orMAPK also stimulate NF-�B, which includes members
of p50, p52,RelA,RelB, and cRel. The proteins formactive hetero- or homodimers,
translocate to the nuclei, and initiate the transcription of target genes. NF-�B
activity has been shown to be high in DC, and up-regulation of IL-12 expression
requires activation of both p38MAPK and NF-�B (Ade et al. 2007). Our previous
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studies showed that differentiation of immature DC is accompanied by increased
NF-�B activity and that inhibiting p38 MAPK enhances the activity of NF-�B in
immature DC (Wang et al. 2006a,b). Because high levels of NF-�B activity are
frequently found in many types of cancers, NF-�B-signaling pathways may also
contribute to tumor-induced DC dysfunction in cancer patients.

9.8 Conclusion

Hyperactivation of signaling pathways such as JAK/STAT, MAPK, and NF-
�B, is not only important for tumor cell growth and survival but also critical for
tumor-induced immunosuppression of tumor-bearing hosts, in which tumor
cells escape from immune surveillance via deregulation of these signaling path-
ways. The activation of multiple signaling pathways in tumor cells mediates the
expression and secretion of tumor-derived factors to the tumor microenviron-
ment. Subsequently, these tumor-derived factors impair DC differentiation and
impair their function, resulting in DC-mediated immune tolerance (Fig. 9.2).

Tumor-derived 
factors

Signaling Pathways

Transcriptional factors

DC dysfunction

Signaling Pathways

Transcriptional factors

Tumor cells

DC

Associated 
proteins

Fig. 9.2 A model for the roles of intracellular signaling pathways that mediate dendritic cell

dysfunction in cancer. The upper panel shows activated intracellular signaling pathways, such
as MAPK, JAK/STAT, and NF-�B, in tumor cells and secretion of tumor-derived factors
into the tumor microenvironment. These tumor-derived factors activate intracellular signal-
ing pathways in DC and impair their function, which partly contributes to immune suppres-
sion in cancer
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Blockage of tumor-induced DC dysfunction by targeting signaling molecules or
pathways may restore DC function.

Inhibitors to signaling molecules are already under investigation in clinical
trials as therapeutic agents to treat cancers (McKay et al. 2000; Yoshikawa et al.
2001; Do et al. 2004; Chou et al. 2005; Jing et al. 2006; Barclay et al. 2007;
Demuth et al. 2007; Jiang et al. 2007; Kirkwood et al. 2007). These antagonists
as anti-cancer drugs are expected to not only improveDC function but also, and
more importantly, may boost antitumor immunity in cancer patients. Even
though these signaling pathways are pivotally important for normal cell pro-
liferation and survival and blockade of them may possibly lead to toxicity in
patients, some encouraging preliminary results have already been obtained
from clinical trials testing the efficacy of the specific inhibitors. In future
studies, it will be important to identify novel and specific targets in these
signaling pathways for cancer therapy.
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Chapter 10

A Role for STAT3 in Dendritic Cell Regulation

by Tumor-Derived Factors

Dmitry I. Gabrilovich

Abstract Ineffective dendritic cell differentiation and activation in cancer is a
well-established phenomenon that is considered as one of the major mechan-
isms of tumor escape. The defects in dendritic cells are caused primarily by
soluble tumor-derived factors. In recent years accumulated evidence suggested
that the members of the family of signal transducers and activators of tran-
scription (STAT), and more specifically STAT3, could be primarily responsible
for dendritic cell defects in cancer. In this review we will discuss recent findings
describing the role of STAT3 in dendritic cell differentiation and function.

10.1 Introduction

Dendritic cells (DC) are the most potent antigen-presenting cells (APC).
Although their number is quite small their impact on generation and mainte-
nance of immune responses is great (Albert et al. 1998; Inaba et al. 1998). DC
play a critical role in an antitumor immune response (Rock et al. 1993; Huang
et al. 1994). It is now well established that the induction of an effective anti-
tumor immune response is seriously limited by the defects in the host immune
system (Gabrilovich et al. 1996, 1997; Nestle et al. 1997; Gabrilovich 2004). The
existence of host immune deficits also may be one of the explanations of the
limited success of clinical trials reported by now. In recent years several groups
described the decreased number and defective function of DC in tumor-bearing
mice and in cancer patients (rev in (Gabrilovich 2004)). DC defects are now
considered as one of the important mechanisms of tumor escape from immune
system control.

AbnormalDC differentiation and function in cancer is shown to bemediated
primarily by soluble tumor-derived factors. Several different tumor-derived
factors including VEGF, GM-CSF, IL-10, IL-6, TGF-b, prostaglandins, and
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gangliosides have been implicated in this phenomenon (Shurin and Gabrilovich
2001; Gabrilovich 2004). Importantly, these different tumor-derived factors
affect myeloid cells at various stages of differentiation. The list of tumor-
derived factors that affect myeloid cell differentiation is not complete and is
constantly growing. Various tumors produce different levels of these factors
and most of the studies failed to identify a single factor responsible for DC
defects in cancer. Nevertheless, the abnormalities in DC differentiation induced
by different tumors were rather similar. It may suggest that these factors may
trigger some common signaling pathways specifically responsible for abnormal
differentiation of myeloid cells. Recent evidence pointed out that Jak/STAT
might play a critical role in this process.

10.2 Overview of Jak/STAT Pathway

The signal transducers and activators of transcription (STAT) were originally
identified on the basis of their ability to transduce a signal downstream of
interferon receptors (rev in (Darnell et al. 1994)). A number of studies have
demonstrated that STAT are critical components of diverse signal transduction
pathway involved in response to a wide range of cytokines and growth factors,
the receptors for which are associated with Janus kinases (Jak) (Ihle 1995).
Besides Jak, STAT can also be activated by growth factor receptors, such as
epidermal growth factor (EGF), platelet-derived growth factor (PDGF), hepa-
tocyte growth factor (HGF), and colony-stimulating factor-1 (CSF-1) recep-
tors, which all possess an intrinsic tyrosine kinase activity (Calo et al. 2003).
STAT proteins may also be activated by non-receptor tyrosine kinases (RTK)
such as Src and Abl and through serpentine receptors, such as those for
angiotensin II, serotonin, and �-melatonin-stimulating hormone (Williams
1999; Bromberg 2002; Rane and Reddy 2002).

The Jak family of tyrosine kinases includes four members: Jak1, Jak2, Jak3,
and Tyk2 (Ihle 1995; Rane and Reddy 2000). The binding of a cytokine to its
cell-surface receptor induces receptor dimerization or oligomerization and the
subsequent activation of Jak tyrosine kinases, which are constitutively asso-
ciated with the receptor (Ihle 1995). Activated Jak then trigger the phosphor-
ylation of specific tyrosine residues on the receptor, which serve as a docking
site for seven members of STAT family (Darnell 1997). STAT proteins consist
of �700–850 amino acids and vary from 90 to 115 kDa in size. All STAT share
several conserved domains, which are necessary for their function. DNA bind-
ing domain has been suggested to regulate DNA binding specificity; SH2 (SRC
homology 2) domain is required for STAT activation; �-helical linker domain
connects the DNA binding and SH2 domains; the transcriptional activation
domain located at the C-terminal region of STAT and involved in interaction
with transcriptional complexes; NH2-terminal oligomerization domain is
required for protein–protein interaction; and a four-stranded helical coiled
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coil domain is considered to be important for the association with a number of
regulatory modifiers (Calo et al. 2003; Shuai and Liu 2003).

Recruitment of STATproteins to the receptor occurs through the interaction
of its SH2 domain with a phosphorylated tyrosine residue at the receptor.
STAT are then phosphorylated by Jak at a single conserved tyrosine residue
in the C-terminal domain (Tyr701 for Stat1, Tyr690 for Stat2, Tyr705 for Stat3,
Tyr693 for Stat4, Tyr694 for Stat5, and Tyr641 for Stat6). At this point, STAT
dissociate from the receptor and form homo- or heterodimers through interac-
tions of phosphorylated tyrosine of one STAT and SH2 domain of another.
Each STAT dimer is further phosphorylated in serine, which makes it an active
transcription factor. The dimer translocates to the nucleus where it induces the
expression of target genes (Imada and Leonard 2000). Recent studies identify
another mechanism of STAT3 activation. STAT3 is acetylated by histone
acetyltransferase p300 at Lys685 in the C-terminal transcriptional activation
domain. STAT3 acetylation is reversible by type I histone deacetylase (HDAC).
Furthermore, the acetylation of STAT3 can stimulate its sequence-specific
DNA binding ability and transactivation activity (Wang et al. 2005; Yuan
et al. 2005). This may play an important role in regulation of another transcrip-
tion factor implicated in DC differentiation, NF-�B. Nadiminty et al. demon-
strated that active STAT3 induced activation of non-canonical NF-�B involved
in the proteolytic processing of p100 to p52. The STAT3-mediated p100 proces-
sing required activation of STAT3 by the acetyltransferase activity of cAMP
response element-binding protein (CREB)-binding protein (CBP)/p300. A
mutant of STAT3 defective in acetylation blocked STAT3-mediated p100
processing to p52 and acted as a dominant negative in blocking the production
of p52 (Nadiminty et al. 2006).

As is the case for any signaling pathway there are several mechanisms of
negative regulation of Jak/STAT activity. Suppressor of cytokine signaling
(SOCS) proteins, protein inhibitor of activated STAT (PIAS) family, and
tyrosine phosphatases are the main post-translational regulators of Jak and
STAT (Chung et al. 1997; Shuai and Liu 2003).

Several tyrosine phosphatases have been shown to dephosphorylate Jak.
They include SHP1, SHP2, CD45, PTP1B, and T-cell PTP (TCPTP). SHP1
and SHP2 are constitutively expressed in cells. Upon cytokine stimulation they
bind and dephosphorylate receptor kinases and Jak (Levy et al. 2002). CD45 is
a receptor tyrosine phosphatase, which can directly bind and dephosphorylate
all Jak. Jak2 and Tyk2 are substrates for PTP1B, and Jak1 and Jak3 for TCPTP
(Shuai and Liu 2003).

SOCS proteins were initially identified as negative regulators of cytokine
signaling. SOCS proteins are expressed at low levels in unstimulated cells. A
wide range of cytokines and growth factors, which induce Jak/STAT signal-
ing, also rapidly induce SOCS expression. SOCS family consists of eight
members which may inactivate Jaks by distinct mechanisms (Starr et al.
1997; Alexander et al. 1999). Those mechanisms include direct binding to
tyrosine-phosphorylated Jak (SOCS1), binding to activated receptor (SOCS2
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and SOCS3), competing with STAT for binding to the receptor docking site

(CIS), or binding to components of ubiquitin E3 ligase complex and target-

ing proteins for degradation (Greenhalgh and Hilton 2001; Greenhalgh et al.

2005).
Unlike SOCS proteins, PIAS proteins are constitutively expressed in a

number of cell lines. The PIAS family includes four members (Shuai and Liu

2005). Besides STAT, PIAS proteins can regulate other transcription factors,

including NF-�B and SMAD. Each member of the PIAS family is involved in

STAT regulation. It has been shown that PIAS proteins may interact only with

the dimeric but not monomeric form of STAT (Liao et al. 2000; Shuai and Liu

2005). Thus, PIAS-3 binds to phosphorylated STAT3 dimers and inhibits DNA

binding of STAT3.

10.3 Jak/STAT Signaling in Dendritic Cell Differentiation

and Function

It is well established that Jak/STAT signaling is critically involved in normal

myelopoiesis. Studies with dominant-negative mutants in a number of different

experimental models suggested a necessary role for STAT3 in myeloid differ-

entiation. In addition to promoting differentiation, STAT3 has been implicated

in survival signaling from the IL-6/gp130 cytokine receptor system (rev. in

(Coffer et al. 2000; Smithgall et al. 2000)).
Recent studies provided evidence that STAT3 is involved in the differ-

entiation of DC. Using mice with conditional knockout of STAT3, Laouar

and colleagues have demonstrated that the deletion of STAT3 caused pro-

found deficiency in the DC differentiation and abrogated the effect of

cytokine Flt3L on DC development. The pool of hematopoietic stem cells

(HSC) was not changed and 2- to 3-fold accumulation of common lymphoid

(CLP) and myeloid (CMP) progenitors was observed. Authors suggested

that Flt3L-induced DC differentiation depends on STAT3 (Laouar et al.

2003). In contrast, DC differentiation induced by GM-CSF was independent

of STAT3 signaling. Since it is known that GM-CSF activates STAT3 in

myeloid cells it remains unclear whether observed effects of STAT3 on DC

differentiation were indeed restricted to only one cytokine. Consistent with

these findings, Onai et al. have demonstrated that overexpression of human

Flt3 in hematopoietic progenitors rescues and enhances their DC differen-

tiation potential. In Flt3-megakaryocyte/erythrocyte-restricted progenitors

(MEP), enforced Flt3 signaling induces transcription of STAT3 and PU.1.

Ectopic expression of STAT3 in Flt3-MEP induced Flt3 receptor expression

and instructed differentiation into DC and myelomonocytic cells, whereas

GATA-1 expression and consecutive megakaryocyte/erythrocyte develop-

ment was suppressed (Onai et al. 2006).
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An important role of STAT3 activation in DC development was demon-
strated using Gfi1 knockout mice. Gfi1 is a zinc finger repressor molecule
that interacts with PIAS3, a known inhibitor of STAT3. Lack of Gfi1
resulted in dramatic decrease in STAT3 activity in progenitor cells. This
defect was associated with a global reduction of myeloid and lymphoid DC
in all lymphoid organs whereas the number of epidermal Langerhans cells
was increased. Gfi1�/� hematopoietic progenitor cells were unable to develop
into DC. Instead, they differentiated into macrophages, suggesting that Gfi1
is a critical modulator of DC versus macrophage development (Rathinam
et al. 2005).

Thus, STAT3 is required for DC development. However, its role in DC
maturation/activation appears to be quite different. STAT3 is one of the
major mediators of signaling via IL-6 receptor. IL-6, in turn, plays a major
role in maintaining immature DC. IL-6 knockout mice had increased numbers
of mature DC, indicating that IL-6 indeed blocks DC maturation in vivo. Park
et al. (2004) demonstrated that STAT3 activation by IL-6 was required for the
suppression of LPS-induced DC maturation. The follow-up study from this
group identified one possible mechanism of this effect. STAT3 signaling
reduced intracellular MHC class II �b dimer, Ii, and H2-DM levels in DC.
IL-6-mediated STAT3 activation enhanced cathepsin S activities by decreasing
the level of endogenous inhibitor cystatin C. Cathepsin S overexpression in DC
resulted in the same effect on MHC class II expression as IL-6 treatment.
Cathepsin S inhibitors blocked the effect of IL-6 on MHC class II in DC and
the overexpression of cystatin C suppressed IL-6–STAT3-mediated increase of
cathepsin S activity and the reduction ofMHC class II�b, Ii, andH2-DM levels
in DC (Kitamura et al. 2005). The data obtained during the analysis of LPS-
induced DC activation were consistent with these results. Constitutively active
STAT3 blocked LPS-induced IL-12p40 gene expression and the recruitment to
the IL-12p40 promoter NF-�B transcription factor (Hoentjen et al. 2005).

The role of several other members of the STAT family in DC maturation/
activation was evaluated by Jackson et al. (2004). They have found that the
STAT6 was constitutively activated in immature DC (iDC) and declines as iDC
differentiate into mature DC (mDC). STAT6 downregulation was accompa-
nied by dramatic induction of SOCS1, SOCS2, SOCS3, and cytokine-induced
Src homology 2-containing protein expression, suggesting that inhibition of
STAT6 signaling may be required for DC maturation. In contrast, STAT1
signaling was most robust in mDC and is not inhibited by the upregulated
SOCS proteins, indicating that STAT1 and STAT6 pathways are distinctly
regulated in maturing DC. Furthermore, optimal activation of STAT1 during
DCmaturation requires both IL-4 andGM-CSF. STAT1was important for the
expression of CD40 and CD11c in mDC. Since STAT1 and STAT3 often have
antagonistic effects, these data indirectly support observations from other
studies that DC activation is associated with downregulation of STAT3.
These findings were further supported by a report that activation of macro-
phages and DC with CpG-ODN induces expression of SOCS1 and SOCS3 in
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vitro and in vivo. SOCS proteins were functional because they inhibited IFN-g
as well as IL-6- and GM-CSF-induced phosphorylation of STAT proteins

(Dalpke et al. 2001). However, in a different study bone marrow-derived DC

transduced with SOCS3 expressed a low level of MHC class II and CD86 on

their surface, produced a high level of IL-10 but low levels of IL-12 and IFN-g,
and expressed a low level of IL-23 p19 mRNA. Functionally, SOCS3-trans-

duced DC drove naı̈ve myelin oligodendrocyte glycoprotein-specific T cells to a

strong Th2 differentiation in vitro and in vivo (Li et al. 2006).
In the most recent study the role of SOCS1 in function of different DC

subsets has been investigated. The CD11c+ CD8� DC population in freshly

isolated splenic DC from normal mice highly expressed SOCS1. However, in

SOCS1-deficient environment, the proportion of CD8�+ DC noticeably

increased without affecting the cell number of conventional and plasmacy-

toid DC populations. The CD8+ DC secreted a large amount of IFN-g, IL-
12, and B lymphocyte stimulator/B cell activation factor of the tumor

necrosis factor family in response to LPS and CpG stimulation. This was

responsible for the development of DC-mediated systemic autoimmunity in

the old age of SOCS1-deficient mice. Moreover, the CD8+ DC subsets

expressed more indoleamine 2,3-dioxygenase and IL-10, and hence inhibit

the allogeneic proliferative T-cell response and antigen-induced Th1

responses (Tsukada et al. 2005).
Additional evidence that STAT3 is critically important for the function of

macrophages and neutrophils was obtained in experiments with knockout mice.

Takeda and colleagues have generated mice with a cell type-specific disruption

of the STAT3 gene in macrophages and neutrophils. The mutant mice were

highly susceptible to endotoxin shock with increased production of inflamma-

tory cytokines such as TNF-�, IL-1, IFN-g, and IL-6. Endotoxin-induced

production of inflammatory cytokines was augmented because the suppressive

effects of IL-10 on inflammatory cytokine production from macrophages and

neutrophils were completely abolished. The mice showed a polarized immune

response toward the Th1 type and developed chronic enterocolitis with age

(Takeda et al. 1999). Using the same STAT3 knockout mice, Cheng and

colleagues demonstrated that targeted disruption of STAT3 resulted in the

priming of antigen-specific CD4+ T cells in response to an otherwise tolero-

genic stimulus in vivo. Furthermore, STAT3-deficient antigen-presenting cells

effectively break antigen-specific T-cell anergy in vitro. Conversely, increased

STAT3 activity in APC led to impaired antigen-specific T-cell responses (Cheng

et al. 2003).
Thus, available data indicate that STAT3 is critically important for the

development of myeloid cells, including DC, from HPC. However, activation

of STAT3 results in the inhibition of DC maturation/activation in response to

various stimuli. These cells were unable to effectively stimulate immune

responses. These results turned out to be very relevant to the situation observed

in tumor-bearing hosts.
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10.4 Jak/STAT3 and Abnormal Dendritic Cell Differentiation

and Maturation in Cancer

In an attempt to identify molecular mechanisms of abnormal DC differentia-

tion in cancer we studied activation of different members of MAPK, PI3K, and

Jak/STAT pathways. We found that tumor-derived factors induced substantial

hyper-phosphorylation of Jak2 but not other members of the Jak family. This

was associated with the activation of STAT3 (Nefedova et al. 2004). Impor-

tantly, HPC had high levels of STAT3 activity, which significantly decreased

during DC differentiation in vitro. Conditioned medium from several different

tumor cell lines prevents this downregulation and maintained high levels of

STAT3 activity. Tumor cells produce a number of factors able to affect differ-

entiation of DC: GM-CSF, M-CSF, IL-10, IL-6, and VEGF. Direct stimula-

tion of STAT3 activity in hematopoietic cells has been demonstrated for all of

them. Using neutralizing antibodies we have found that M-CSF, VEGF, and

IL-10 were primarily responsible for STAT3 activation by tumor cell-condi-

tioned medium (Nefedova et al. 2004). To confirm the critical role of STAT3 in

observed abnormalities in myeloid cell differentiation, activated STAT3 was

overexpressed inHPC. Constitutive activation of STAT3 inHPC resulted in the

accumulation of immature myeloid cells and DC differentiation was signifi-

cantly impaired (Nefedova et al. 2004).
The level of STAT3 activity was also evaluated in immature and mature DC

generated in the presence of tumor-derived factors. Tumor-derived factors

maintained increased STAT3 binding activity in iDC. These data suggested

that tumor-derived factors might affect DC differentiation in cancer via con-

stitutive activation of Jak2/STAT3. Similar effects were observed in another

study by Wang et al. (2004). In addition, that study had demonstrated that

constitutive activation of STAT3 in tumor cells suppressed expression of pro-

inflammatory mediators. Blockade of STAT3 in tumor cells increased expres-

sion of pro-inflammatory cytokines and chemokines that activated innate

immunity and DC, leading to tumor-specific T-cell responses. In addition,

constitutive STAT3 activity induces production of pleiotropic factors by

tumor cells that inhibit DC functional maturation. Authors suggested that

STAT3 activity in tumor cells can mediate immune evasion by blocking both

the production and sensing of inflammatory signals by multiple components of

the immune system (Wang et al. 2004).
To further identify the role of STAT in tumor-associated abnormalities in

tumor-bearing mice we compared splenic and tumor-associated macrophages

(TAM) directly isolated from tumor-bearing mice. TAM but not macrophages

freshly isolated from spleens of tumor-bearing or naı̈ve mice were able to inhibit

T-cell-mediated immune response in vitro via induction of T-cell apoptosis.

Arginase and NO were both responsible for the apoptotic mechanism and were

seen only in TAM. Using the analysis of STAT activity in combination with

STAT knockout mice, we have determined that STAT1 but not STAT3 or
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STAT6 was responsible for TAM-suppressive activity (Kusmartsev and Gab-
rilovich 2005).

Critical role of STAT3 in DC abnormalities was confirmed by Sumimoto
et al. who showed that suppressive activity of the conditioned media from
melanoma cells on the production of IL-12 and TNF-� by DC was markedly
reduced after transduction with STAT3 RNAi (Sumimoto et al. 2006). Con-
sistent with these findings, Bharadwaj et al. have demonstrated that media
conditioned by a highly metastatic human pancreatic cancer cell line BxPC-3
inhibited DC differentiation from both CD34+ and monocyte precursors.
These resulted in inefficient allo- and antigen-specific T-cell stimulation by
these cells. BxPC-3-conditioned media led to the activation of STAT3 in
CD14+ monocytes. Blocking of STAT3 activation reversed the inhibitory
effect of conditioned media on DC differentiation (Bharadwaj et al. 2007).

10.5 Targeting Jak/STAT Pathway in Dendritic Cells

The data described above indicate that constitutive activation of Jak2 and Stat3
in antigen-presenting cells and especially DC in cancer can suppress their ability
to induce immune response, which makes this pathway an attractive target for
therapeutic intervention. Using a genetic approach, it has been shown that
targeted disruption of STAT3 resulted in the activation of APC and their ability
to break immune tolerance (Cheng et al. 2003). A more recent study has
demonstrated that in STAT3�/� tumor-bearing mice function of DC, T cells,
natural killer (NK) cells, and neutrophils were markedly upregulated, which
resulted in tumor regression (Kortylewski et al. 2005).

However, this approach obviously cannot be used in clinical applications.
Therefore, the possibility of pharmacological regulation of STAT3 activity has
been explored. A new selective inhibitor of Jak2/STAT3 pathway, JSI-124
(cucurbitacin I), has been tested. JSI-124 is a member of the cucurbitacin family
of compounds that are isolated from various plant families such as the Cucur-
bitaceae and Cruciferae. JSI-124 inhibits the cellular levels of phosphotyrosine-
STAT3 and phospho-Jak2, but not phospho-ERK1/2, phospho-JNK, and
phospho-Akt (Blaskovich et al. 2003). JSI-124 could downregulate phospho-
tyrosine-STAT3 levels by promoting the protein phosphatase activities of SHP1
and SHP2 (Schaper et al. 1998; Stofega et al. 1998). Alternatively, JSI-124 could
also activate physiological inhibitors that are known to directly or indirectly
downregulate STAT3 activation (Turkson and Jove 2000). Experiments in vitro
have shown that JSI-124 overcomes the differentiation block induced by tumor-
derived factors and promotes the differentiation of mature DC and macro-
phages. JSI-124 significantly reduced the presence of immature myeloid cells in
vivo and promoted the accumulation of mature DC. In addition to a direct
antitumor effect in several animal models, JSI-124 significantly enhanced the
effect of cancer immunotherapy (Nefedova et al. 2005b). This indicates that
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pharmacologic inhibition of the JAK2/STAT3 pathway can be an important

new therapeutic strategy to enhance antitumor activity of cancer immunother-

apy. Inhibition of Jak2/STAT3 signaling resulted in a dramatic activation of

immature DC generated in the presence of tumor-derived factors as well as in

control medium. This activation manifested in upregulation of MHC class II,

costimulatory molecules, and a dramatic increase in the ability to stimulate

allogeneic or antigen-specific T cells. Inhibition of Jak2/STAT3 signaling

resulted in the activation of the transcription factor NF-�B. This upregulation
was not due to a conventional pathway involving I�B�, but was probably due

to a block of the dominant-negative effect of STAT3 (Nefedova et al. 2005a).
In a different study, systemic administration of JSI-124 in glioma-bearing

immunocompetent mice, but not athymic mice, resulted in prolonged survival,

suggesting a role of adaptive immunity in the antitumor effect. Furthermore,

JSI-124 promoted maturation of tumor-infiltrating DC and activation of

tumor-conditioned cytotoxic T cells. When intraperitoneal JSI-124 administra-

tion was combined with intravenous transfer of Pmel-I mouse-derived type-1

CTL (Tc1), glioma-bearing mice exhibited prolonged survival compared with

either therapy alone (Fujita et al. 2008). Combination of CpG with JSI-124

treatment resulted in synergistic antitumor effects compared to CpG or JSI-124

alone. Correlating with these findings, the combination therapy resulted in

significantly higher intratumoral levels of several pro-inflammatory cytokines

(IL-12, IFN-g, TNF-�, and IL-2), increases in intratumoral CD8+ and CD4+

T cells, and increases in activated DC in the tumors and regional lymph nodes

(Molavi et al. 2008 ).
A similar effect on antitumor immune response was reported recently for

another compound – CPA-7. This is a platinum compound that blocks STAT3

activity at low micromolar concentrations. CPA-7 induces the regression of

mouse CT26 colon tumor, which correlates with the abrogation of persistent

STAT3 activity in tumors (Turkson et al. 2004). Targeting STAT3 with CPA-7

induces T-cell- and NK cell-dependent growth inhibition of established tumors

otherwise resistant to direct killing by the inhibitor (Kortylewski et al. 2005).
Targeting of SOCS1 is another approach to regulate the Jak/STAT pathway

in DC in cancer. Silencing SOCS1 in DC using siRNA strongly enhanced

antigen-specific antitumor immunity, which was caused by hyper-production

of IL-12 (Shen et al. 2004; Evel-Kabler et al. 2006). Unfortunately, these studies

did not clarify the role of STAT1 and STAT3 in these effects of SOCS1

inhibition, and more studies are needed to understand the mechanism of the

observed effects. Recently, Ling et al. reported that treatment of 4T1 breast

tumor cells with novel triterpenoid C-28 methyl ester of 2-cyano-3, 12-dioxoo-

len-1, 9-dien-28-oic acid (CDDO-Me) resulted in inactivation of STAT3, Src,

and Akt; reduction of c-Myc mRNA levels; and abrogation of invasive growth

of 4T1 cells. CDDO-Me completely eliminated 4T1 breast cancer growth and

lung metastases in vivo and restored the presence of mature DC in spleens (Ling

et al. 2007).
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10.6 Conclusions

Thus, recent data have demonstrated that STAT3 plays a critical role as a
negative regulator of function of antigen-presenting cells, and DC in particular.
Activation of STAT3 prevents maturation of DC and leads to the accumulation
of immunosuppressive MDSC. Under physiological conditions this may pro-
tect organism from excessive immune reactivity and autoimmune abnormal-
ities. However, persistent hyperactivation of STAT3 caused by tumor-derived
factors results in the inability of DC to respond to different stimuli and to
induce antigen-specific immune responses. Recent reports suggest that target-
ing this pathway may dramatically improve not only DC function but also,
most importantly, antitumor immune reactivity. Coupled with the direct anti-
tumor effect of STAT3 inhibitors, this approach can be very effective in the
treatment of different types of cancer and can be potentially used to augment
the effect of cancer vaccines.
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Chapter 11

Tumor-Associated Inflammation and Impact

on Dendritic Cell Function

Zoltan Pos, Marianna Sabatino, Tara Spivey, Hui Liu, Andras Falus,

and Francesco M. Marincola

Abstract Tumor-associated inflammation is a frequently observed

phenomenon considered to be one of the major hallmarks of neoplastic

disease progression. Recent data show that inflammatory processes

around malignancies are able to both support and suppress neoplastic

progression depending on the phase of tumor progression or the cytokine

context of ongoing immunological processes in the tumor microenviron-

ment. Recent concepts of malignancy-associated inflammation and its

impact on dendritic cell functions suggest that the net effect of inflamma-

tion on the balance between tumor growth and dendritic cell-controlled

immunity is continuously changing over time, as inflammatory signals are

frequently re-interpreted along with cancer progression. Initially, inflam-

mation sustains malignant conversion and supports survival of tumor cells

in cryptic cancers; however, it also allows their recognition by dendritic

cells via damage-associated molecular patterns. In progressing cancers,

inflammation contributes to malignant invasion, angiogenesis, and metas-

tasis formation. In addition, via suppressing dendritic cell activation,

maturation, and disrupting communication between dendritic cells and

NK or T cells, it also corrupts antitumor immune responses launched by

both the innate and adaptive immune systems. On the other hand, upon

appropriate stimulation of specific toll-like receptors, tumor-infiltrating

myeloid and plasmacytoid dendritic cells can be successfully activated,

leading to harsh inflammatory reactions ultimately resulting in rapid

rejection of tumor cells. Thus, ubiquitous presence of inflammation

around tumors can be exploited not only for early detection of cryptic

malignant lesions but also for inducing dendritic cell-mediated rejection of

established malignancies.
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11.1 Introduction: Tumor-Associated Inflammation

The idea that local inflammation plays a fundamental role in both cancer

development and progression was originally suggested by Virchow in the

nineteenth century. Virchow noted that tumors frequently arise at sites of

sustained inflammation and that tumor development is often associated with

the presence of inflammatory cells, i.e., a ‘‘lymphoreticular infiltrate’’. Soon,

the term tumor-associated inflammation was coined to describe this phe-

nomenon, and indeed, in recent years it has become increasingly clear that

there is a complex interplay between tumors and inflammation during tumor

progression. In this chapter, we will review our current knowledge about

inflammation-mediated effects on tumor progression and describe the key

factors affecting dendritic cell (DC) function and DC-controlled immune

responses in the special microenvironment of a tumor-associated

inflammation.
For a long time, one of the most important questions about tumor-asso-

ciated inflammation has been if inflammation had detrimental or curative

effects in cancer. For decades, heated debates have been conducted in this

field, and indeed, there is a large body of evidence to support both concepts.

In our opinion, however, these simplified paradigms are not appropriate to

explain the true nature of inflammation in cancer, simply because the interac-

tion between tumors and tumor-associated inflammation is continuously re-

interpreted along with cancer progression. It seems that inflammation can have

strikingly different effects on tumors depending on the phase of progression.

We will demonstrate that inflammation has different impacts on (1) a proto-

cancer consisting of a small group of cancer cells that have yet to adapt to their

environment, survive the initial attacks of the immune system, and cope with

numerous mutations acquired during malignant transformation that are actu-

ally incompatible with cell survival; (2) an established cancer being in transition

to the phase of active growth, invasion, angiogenesis, and ultimately, formation

of an altered self-‘‘organ’’ in the host; (3) a clinically manifested, established

tumor in the rare cases of spontaneous or treatment-induced tumor rejection,

when a large solid tumor mass collides with a massive immune response, the

latter somehow managing to break through the walls of a tumor-created

immune tolerance; and (4) in the terminal phase of the disease, when cancer

cells ultimately escape immune control. In other words, when interpreting the

impact of inflammation on tumors, one major bias responsible for many

apparently contradictory, but actually not necessarily confounding, results

might have been the tumor type and the progression phase investigated,

hence, the heterogeneity of cancer and the differences between different experi-

mental models (Bui and Schreiber 2007). Therefore, in this chapter, we will

make an attempt to separate these effects from each other and analyze the

impact of tumor-associated inflammation on DC functions depending on the

phase of tumor progression.
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In addition, based on data available about the many interactions between
inflammation, DC, and innate immune mechanisms in tumor rejection, we also
intend to demonstrate that a major re-evaluation of the role of DC in antitumor
responses, and immune-mediated tumor rejection in particular, is becoming
more and more inevitable. Reviewing the lessons learned from T-cell-based
immunotherapy so far, we will suggest that until recently, the overall impor-
tance of DC-induced T-cell response, and especially DC–T-cell communication
in lymph nodes, has been somewhat overrated in the process of both sponta-
neous and therapy-induced rejection of established tumors, and we are just
beginning to realize the actual importance of danger signals, local inflamma-
tion, and a successfully activated innate immune system in these processes. In
our opinion, a growing body of evidence suggests that triggering a harsh
inflammation and mounting an innate immune response are two major pre-
requisites of successful tumor elimination, as only they can provide the required
support for sustained T-cell activation in the otherwise immunologically com-
promised environment of tumors. In our opinion, this might lead to a new,
refined view of tumor rejection, where T-cell-mediated antigen recognition
represents rather visualization of tumor cells for the innate immune system,
than actual killing power, andwhere not a T-cell-mediated elimination of tumor
cells but rather a strong T-cell-directed innate cellular burst and the associated
tissue damage are the key mechanisms for rejection of established cancer
(Shanker et al. 2007).

11.2 Inflammation and Dendritic Cell Functions in the

Proto-cancer

In the natural history of cancer, inflammation is present from the very begin-
ning of the malignant transformation. Persistent inflammatory processes,
usually being consequences of unresolved bacterial (e.g., Helicobacter pylori)
or viral infections (e.g., HCV), permanent chemical (e.g., asbestos, tobacco
fume) or mechanical tissue stress, play a key role in the early steps of tumor-
igenesis (Coussens and Werb 2002; Mager 2006). It has been shown that such
chronic inflammations, accompanied by constitutive activation of the tumor
necrosis factor (TNF)-� – nuclear factor-�B (NF-�B) signaling pathway
(Aggarwal et al. 2006; Karin 2006), create a supportive environment for the
transformation of normal cells into neoplastic cancer cells via multiple ways.
Most importantly, inflammation supports mutagenesis via enhanced produc-
tion of reactive oxygen and nitrogen intermediates (Maeda and Akaike 1998)
and also supports initial survival of transformed cells via abnormal signaling
through TNF-� (Aggarwal et al. 2006) or by highjacking p53-mediated cell
cycle control through persistent signaling by macrophage migration inhibitory
factor (MIF) (Hudson et al. 1999). On the other hand, besides favoring the
transition between normal and transformed neoplastic cells, inflammation
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associated to permanent tissue stress also creates a hostile environment for
emerging tumor cells, as it supports their recognition by DC and other immune
cells. As the overwhelming majority of proto-cancer cells are not yet well
adapted to their environment, they initially succumb in large numbers to the
challenges they face because of their intrinsic genomic instability, shortage of
nutrients, hypoxia, lack of space and appropriate amounts of growth factors,
or, ironically, even the inflammatory tissue stress that originally fostered their
malignant transformation. Data show that DCs are able to recognize conserved
molecular patterns appearing on the surface or in the local environment of cells
dying due to intrinsic or extrinsic stress factors, also stress associated to inflam-
mation, and it seems that they show particularly high affinity for dying tumor
cells (Sauter et al. 2000; Viorritto et al. 2007; Dhodapkar et al. 2008). This
recognition is based on the fact that cells affected by permanent stress exhibit
so-called damage-associated molecular pattern molecules (DAMP). DAMP
include several, otherwise intracellular, molecules translocated to the plasma
membrane or to the extracellular compartment of stress-affected or dying cells,
such as the heat shock proteins HSP70 and HSP90, the intracellular signaling
molecule calreticulin, but also RNA, DNA, crystallized particles of uric acid, or
the protein high-mobility group box 1 (HMGB1), originally serving as a non-
histone chromatin-binding protein, but when released by dying cells, also
heralding massive cellular stress (Tesniere et al. 2008). Studies show that DCs
become rapidly alarmed when recognizing these signals using their impressive
armamentarium of pattern recognition receptors, mainly via toll-like receptors
(TLR) and nod-like receptors (NLR) (Rock and Kono 2008).

As for toll-like receptors, HSP70 and HSP90 were suggested to be recognized
via TLR4; HMGB1 by TLR2, TLR4, or the receptor for advanced glycosylation
end products (RAGE); uric acid throughTLR2;DNAvia TLR9; andRNAon the
TLR3 receptor (Tesniere et al. 2008). Dying cells also release ample amounts of
inflammatory cytokines such as tumor TNF-�, IL-6, or IL-8 and stimulate nearby
immune cells such as macrophages or NK cells; consequently, DC activation,
maturation, and release of further inflammatory cytokines take place. Interest-
ingly, it was also shown that in DC, HSP not only allow recognition and uptake of
debris from stress-affected cells, but also support processing and DC-mediated
cross-presentation of rescued antigens to T cells (Tesniere et al. 2008).

Besides TLR,NLRalso participate in recognition of dying cells and activation
of DC (Carneiro et al. 2008). The cytoplasmatic nod-like receptor protein
NALP3 is able to recognize several stress-related molecules such as uric acid,
and ATP, and via binding the adaptor protein ASC, it recruits the inflammatory
caspase-1. This protein complex, also called inflammasome, is able to convert the
proproteins of the inflammatory cytokines IL-1b and IL-18, thereby allowing for
their selection and further enhancement of the local immune response (Panelli
et al. 2007). Interestingly, it has been shown that also self-DNA can activate the
inflammasome in a NALP3-independent manner; thus, several DAMP released
by dying cells can efficiently activate the inflammatory response of DC in a TLR-
independent fashion too (Muruve et al. 2008).
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Hence, it seems that the inflammatory environment surrounding a proto-
cancer might provide the appropriate signals not only for the recognition and
uptake of tumor antigens but also for DC maturation and subsequent activa-
tion of a T-cell-mediated immune response. However, as little is known about
immune evolution of small cancer cell clusters (Dunn et al. 2002), and results are
particularly contradictory in terms of cancer arising in chronically inflamed
tissues (Bui and Schreiber 2007), information available about the actual rele-
vance of DC-mediated T-cell induction in the elimination of cryptic cancers is
scarce. As for indirect evidence, data show that in RAG-/- mice or HIV-infected
humans with fully developed AIDS, thus in hosts with a compromised adaptive
immune system, tumors arise at higher frequencies than in normal hosts having
an intact adaptive antitumor immunity (Shankaran et al. 2001; Grulich et al.
2007). In addition, there is also direct evidence that T-cell-mediated immunity
actively seeks and efficiently destroys cryptic cancer cells; e.g., in a methylcho-
lanthrene-induced mouse sarcoma model, it has been shown that growth of
sporadic cancer is controlled mainly by T cells and not the innate immune arm
of the antitumor response (Koebel et al. 2007). On the other hand, in the same
model, it was also shown that although sustained TNF-� signaling might
support malignant transformation, at least for a proto-cancer, the same inflam-
matory pathway is also responsible for initial immune editing, thus suggesting
that DC present in the inflamed environment of a cryptic tumor are fully
functional in capturing and presenting antigens to specific T cells in locoregio-
nal lymph nodes. To sum up, in line with the cancer immunoediting theory
(Dunn et al. 2002, 2004), the data available in the literature suggest that at least
in this initial phase of tumor progression, spontaneously arising tumor cells,
particularly in an inflammatory environment, are highly immunogenic, easy to
recognize by DC, and thus very vulnerable to immune-mediated elimination.

11.3 Inflammation and Dendritic Cell Functions in Established

Tumors

As cancer evolves from a proto-cancer state to an established tumor, its influ-
ence on inflammatory processes in its local microenvironment becomes more
and more apparent. Cancer cells in established tumors typically secrete various
cytokines and inflammatory mediators such as TNF-�, IL-1, and IL-6 in order
to sustain atypical chronic inflammations in their local environment (Balkwill
and Mantovani 2001; Aggarwal et al. 2006). Moreover, they actively recruit
inflammatory cells via CC and CXC chemokines, creating an unusual inflam-
matory infiltrate consisting of selected subsets of macrophages, lymphocytes,
DC, mast cells but usually low numbers of neutrophil granulocytes (Talmadge
et al. 2007). This typical immune infiltrate, a mixture of type 2 (M2) macro-
phages, CD11b+ Gr-1+ myeloid-derived suppressor cells (MDSC), T cells
having typical characteristics of the memory and regulatory phenotype,
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immature and tolerogenic DC, and immune complexes derived from B cell-
secreted antibodies, actively contributes to tumor-associated abnormal inflam-
matory processes (Talmadge et al. 2007; Tan and Coussens 2007). On the other
hand, this tumor-controlled inflammation never results in mobilization of an
effective cellular response and elimination of the tumor cells.

The permanent presence of such smoldering tumor-associated inflamma-
tions for established tumors is of outstanding importance, for many reasons.
First of all, inflammatory cytokines such as TNF-�, IL-1, and IL-6 often
support growth and survival of tumor cells both via autocrine and paracrine
signaling loops (Balkwill and Mantovani 2001; Aggarwal et al. 2006). Second,
such tumor-associated inflammations were shown to enhance cancer invasion
by fostering local matrix reorganization, corrupting the homeostasis of extra-
cellular matrix components, e.g., by affecting the control of the production of
collagen (Diegelmann and Evans 2004), and also forcing breakdown of the
normal matrix structure by enhanced synthesis and release of matrix metallo-
proteinases like MMP-3 or MMP-9 (Arnott et al. 2002). Tumor-controlled
inflammation can also facilitate motility of cancer cells invading neighboring
tissues by preferentially upregulating diverse chemokines and chemokine recep-
tors on tumor cells (Kedrin et al. 2007). Moreover, tumor-associated inflam-
mation supports angiogenesis via stimulating the secretion of a limited array of
CXC chemokines skewed toward the proangiogenic glutamic acid–leucine–ar-
ginine positive (ELR+) CXC family members, such as CXCL1, CXCL2,
CXCL3, CXCL5, CXCL6, and CXCL8 (Strieter et al. 2006). These CXC
ligands stimulate endothelial cell migration and angiogenic capillary vessel
sprouting by activating the CXCR2 receptor on endothelial cells. In contrast,
non-ELR+ CXC chemokines, many of them interferon inducible and having
potent antiangiogenic properties, are typically absent in tumor-associated
inflammation (Strieter et al. 2006). Finally, tumor-associated inflammation is
definitively able to impede antitumor immune responses and create local immu-
nosuppression, as well (Ben-Baruch 2006).

There is evidence that tumor-associated inflammation in established cancers
can lead to severe impairment of DC functions. Several tumor-derived pro-
inflammatory mediators, such as IL-6 (Chomarat et al. 2000), and also prosta-
noid products of the cyclooxygenases 1 and 2 (COX-1 and COX-2), such as
prostaglandins and thromboxanes, massively interfere withDCmaturation and
their ability to mount Th1-type immune responses (Sombroek et al. 2002).
Interestingly, these inflammatory mediators are present in the supernatant of
cancer cells freshly isolated from clinically manifested tumors, but not estab-
lished tumor cell lines, further emphasizing their importance in the context of
the inflammatory tissue environment, but not in the growth of tumor cells per
se. Prostanoids were shown to synergize with the inflammatory cytokine IL-6 in
cancer-mediated suppression of DC maturation (Sombroek et al. 2002), and,
recently it was shown that they not only compromise interactions between DC
and T cells, but also impede communication between DC and NKT cells
(Torres et al. 2008).
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Besides inflammatory signals originating from the tumor itself, also tumor-
attracted inflammatory cells hamper DC functions. First of all, several
tumor-derived chemokines were shown to attract macrophages to the tumor
environment, many of them members of the CC chemokine family, CCL2
having paramount importance in this phenomenon (Sica et al. 2006). The
micromilieu of established tumors, rich in IL-10, prostaglandin E2 (PgE2),
and immune complexes, lacking, however, IFN-�, LPS, or other danger signals,
massively skews the phenotype of tumor-infiltrating macrophages (TAM) by
inhibiting their maturation to DC and converting them into macrophages
typically showing properties of M2 macrophages (Mantovani et al. 2008;
Martinez et al. 2008). M2 cells display low levels or absent IL-12 production,
diminished capacity to release NO or reactive oxygen intermediates (ROI), but
on the other hand, actively secrete IL-10. Data show that TAM attracted to the
tumor microenvironment are not only generally unable to exert antitumor
functions, or support cellular immune response against a tumor, but also
contribute to the suppression of DC-induced adaptive immunity, mainly by
their altered cytokine profile containing large amounts of IL-10, VEGF, and
IL-6, a combination not favoring DC antigen uptake, activation, and matura-
tion (Sica et al. 2006; Mantovani et al. 2008).

Besides macrophages, also native CD4+CD25+ regulatory T cells, expres-
sing the forkhead box P3 (FOXP3) transcription factor, and the antigen-
induced FOXP3-negative, IL-10, or TGF-�-secreting Treg cells are important
components of the inflammatory infiltrate around tumors (Cools et al. 2007).
These cells also heavily interfere with DC maturation both by direct cell–cell
contact involving cross-binding of DC-displayed CD80 or CD86 with CTLA-4
on Treg, resulting in upregulation of the enzyme indoleamine 2,3-dioxygenase,
a protein depleting the amino acid tryptophan and thereby inducing T-cell
anergy (Fallarino et al. 2003), or by their suppressive cytokine milieu, as both
Treg-derived IL-10 and TGF-� were repeatedly shown to suppress or inhibit
upregulation of costimulatory molecules and MHC proteins on DC (Moore
et al. 1993; Li et al. 2006).

11.4 Inflammation and Dendritic Cell Functions During Rejection

of Established Tumors

Spontaneous rejection of established tumors by the host is a rare but consis-
tently observed event. In the last decades, many attempts were made to induce
rejection of established tumors based on the assumption that efficient, DC-
mediated presentation of tumor antigens can result in T-cell-mediated tumor
rejection. According to this concept, tumor rejection can be achieved by vacci-
nating cancer patients with purified tumor antigens, tumor antigens mixed with
adjuvants, adoptively transferring DC, previously ex vivo loaded with tumor
antigens and also stimulated by adjuvants and/or cytokines, or DC fused with
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tumor cells, hence, by creating activated mature DC migrating to the local
lymph nodes, capable to present tumor antigens along with appropriate costi-
mulatory signals to T cells, a process ultimately resulting in T-cell-mediated
elimination of the tumor mass. After many disappointing results, however, it
became clear that even under optimal conditions, the mere presence of mature,
antigen-loaded DC in secondary lymphoid organs draining a tumor is usually
not sufficient to elicit T-cell-mediated rejection (Rosenberg et al. 2004). We
believe that the failure of active-specific immunization as an effective antitumor
therapy was due to the fact that though generation of antigen-specific T cells
might be relatively easily achievable using this approach, maintenance of effec-
tor T cells in the circulation, their direction to and re-activation at the site of the
tumor weremore difficult tasks than previously expected (Marincola et al. 2003;
Mocellin et al. 2004). Results showed that shortly after leaving lymph nodes, T
cells generated byDC-based vaccination usually acquire a quiescent phenotype,
infiltrate tumors in numbers negligible compared to the size of the lesion, and
usually do not show effector functions in the direct environment of the tumor
(Monsurro et al. 2004; Mantovani et al. 2008). In fact, it was demonstrated that
in order to achieve complete rejection of a solid tumor mass by T-cell-mediated
adaptive immunity alone, tumor-infiltrating T cells must be isolated, trans-
fected with TCR showing high affinity against dominant immunogenic tumor
antigens, ex vivo expanded by IL-2, adoptively transferred in very large num-
bers to patients, and also supported by additional cytokines or antibodies
neutralizing the immunosuppressive effects of the tumor or by chemo-/radio-
therapy directly ablating the tumor-corrupted immune system of the host
(Rosenberg et al. 2008).

Interestingly, however, it has also been shown that rapid rejection of estab-
lished tumors can be induced by using a completely different approach, i.e., by
converting smoldering tumor-associated inflammations into harsh inflammatory
reactions. Even more interesting is the evidence suggesting that DC actively
participate in these processes too. Investigation of the imidazoquinolines, a
group of smallmolecular inducers of inflammation, showed that severalmembers
of this family, particularly imiquimod, resiquimod, or gardiquimod, are able to
induce rejection of established tumors not only by activating tumor-specific T
cells, but even more importantly, affecting tumor-associated inflammation
(Schon and Schon 2008). Upon topical application on several tumors, these
molecules activate TLR7 and/or TLR8 on several cells in the tumor stroma,
inducing harsh inflammations inside and around the affected tumors, frequently
resulting in tumor regression or even complete rejection of established cancer.
Parallel to its pro-inflammatory effects, others have observed that imiquimod
also induces apoptoticmechanisms in the tumor, an effect unrelated but probably
also supporting immune-mediated tumor elimination (Schon and Schon 2008).

Based on the above observations, an imiquimod cream (Aldara) has been
successfully evaluated in the clinical management of several unrelated tumors of
the skin, and ultimately, this treatment approach also gained approval for
clinical use by the FDA. Investigations conducted on imiquimod’s mode of
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action revealed that imiquimod-induced TLR activation, resembling classical
danger signals for the innate immune system, triggers a brisk infiltration of
these tumors by many different DC subtypes, including not only skin-resident
myeloid DC and Langerhans cells but also plasmacytoid DC (Schiller et al.
2006). In addition to DC, also macrophages, T cells, B cells, and large numbers
of NK cells infiltrate the tumor; however, it was shown that the cell fraction
most rapidly and sensitively reacting on imiquimod challenge is the DC com-
partment, particularly plasmacytoid DC (Schiller et al. 2006; Schon and Schon
2008). It seems that upon imiquimod treatment, pDC rapidly infiltrate the
tissue affected, release IFN-�, thereby producing an initial inflammation,
activating bystander macrophages and NK cells, which in turn release a vast
array of cytokines and chemokines. These ligands include not only many
inflammatory mediators (TNF-�, IL-6) and chemokines responsive for further
recruitment of other inflammatory cells (CCL2, CCL3, CCL4, CXCL8), but
also cytokines supporting DC survival and maturation (G-CSF, GM-CSF, IL-
12) and mediators capable of triggering antitumor immune responses both by
the native and adaptive arm of the immune system (IFN-�, IFN-�, TNF-�, IL-
2, IL-12) (Schon and Schon 2008). In fact, results show that these signals license
both Langerhans cells and myeloid DC to migrate to local lymph nodes and
activate a typically Th1-committed adaptive immune response (Schiller et al.
2006; Panelli et al. 2007; Papadavid et al. 2007).

Interestingly, however, the case of imiquimod also underlines the importance
of local inflammation not only in the afferent, but in the effector phase of
antitumor immune responses too. It was shown that imiquimod-induced
tumor rejection happens in imiquimod-treated lesions of a given patient but
not in others, even if they are in the close vicinity of the treatment-affected
regressing tumor (Schon and Schon 2008). In other words, even if Th1-polar-
ized T cells are successfully generated in lymph nodes draining a tumor, they are
probably not capable to mount an effective immune response unless they
infiltrate a massively inflamed tumor tissue. This observation is in line with
the old concept suggesting that inflammation, inflammation-induced costimu-
latory molecules on activated accessory cells of the native immune system, such
as DC, might be required not only to induce but also to direct and locally
sustain an effective T-cell response (Kroczek et al. 2004; Marelli-Berg et al.
2007; Ward and Kaufman 2007; Mantovani et al. 2008). Apparently, for anti-
tumoral T-cell responses, this secondary inflammatory support is crucial for T
cells in the effector phase, and the case of imiquimod demonstrates that such
harsh inflammations can be indeed strong enough to overcome the effects of the
otherwise heavily T-cell suppressive milieu of an established, solid tumor.

Moreover, data suggest that imiquimod-induced tumor rejection relies heav-
ily on innate immune mechanisms, most importantly NK cells, but also DC
themselves. Recently, convincing data were presented showing that imiquimod
treatment also triggers activation of NK cells, and these cells contribute to
tumor rejection too. Imiquimod-induced NK cell activation may happen both
directly (via TLR7) and indirectly, because engagement of TLR8 on DC or
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other accessory cells provides both appropriate cytokine and contact signals for
NK cell activation, maturation, and also elicitation of their full killing activity
(Gorski et al. 2006). Until recently, not much has been known about the exact
mechanisms of DC–NK cell communication; however, recent studies shed some
light in this process. It has been demonstrated that full activation of NK cells
requires DC support at several levels, both inside and outside the secondary
lymphoid organs, and of note, evidence is available that IFN-� released by
TLR-stimulated bystander cells is critical for licensing DC for NK cell activa-
tion (Kijima et al. 2008). DC support for NK cell activation involves both
secretion of NK-stimulatory cytokines, such as IFN-�, IL-12, and IL-15 (Arina
et al. 2007), and direct cell-to-cell contact via IL-15 trans-presentation (Lucas
et al. 2007), interaction between DC-presented Jagged2 and NK cell-displayed
Notch (Kijima et al. 2008), or membrane-bound TNF-� on DC and TNF
receptor type 2 on the surface of NK cells (Xu et al. 2007).

Finally, it has been shown that imiquimod-induced inflammation is also able
to convert resident DC into so-called killer DC that have the potential to kill
tumor cells directly. It was observed that both myeloid and plasmacytoid DC
can acquire a killer phenotype upon TLR stimulation, the former typically
producing perforin and granzyme B, while the latter expressing TRAIL (Stary
et al. 2007). To what extent this pathway actually contributes to inflammation-
mediated tumor regression remains to be clarified.

11.5 Inflammation and Dendritic Cell Function in Terminal Phase

Cancer Ultimately Escaping Immune Control

Metastasis formation and complete escape from immune control are considered
to be hallmarks of terminal phase disease progression in cancer. Alternating
phases of tumor evasion and spontaneous and/or treatment-induced regression
are supposed to happen repeatedly along with cancer progression; however, it is
not yet clear if there are any, and if yes, what are the key steps leading to, and the
basic criteria to be fulfilled for complete immunological escape. Actually, we do
not even know what are the unique characteristics of tumors (if any) success-
fully escaping immune control.

Likewise, information about the role of inflammation in terminal phase
cancer is scarce. There is some evidence that besides the obvious selective
pressure represented by the immune system, i.e., step by step elimination of
all immunogenic clones from the heterogenous tumor mass, paradoxically, also
treatment- or regression-induced inflammation can contribute to immune
escape and metastasis formation. First of all, it was suggested that even danger
signals converting smoldering tumor-associated inflammation into harsh
inflammations can support tumor survival. In fact, there is some evidence
that tumor cells also frequently express receptors for danger signals, and
stimulation of TLR on tumor cells can indeed provide survival advantage for
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some clones (Chen et al. 2008). Similarly, tumors can adapt astonishingly well
even to aggressive inflammation-inducing immunotherapies, such as systemic
IL-2 treatment, as there are reports suggesting that IL-2-dependent tumor cell
growth and survival can happen in patients (Pawelec 2004). In addition, tumor-
associated macrophages and mast cells were proposed to release proteolytic
enzymes facilitating permeabilization of capillaries in the local circulation and
thereby support metastatic emigration of tumor cells from the primary tumor.
Finally, it has been suggested that inflammation can contribute to metastatic
colony formation also by affecting chemokines, chemokine receptors expressed
by cancer cells, and by directly supporting survival of cancer cells in freshly
formed metastatic foci too (DeNardo et al. 2008).

However, the question to what extent these processes actually contribute to
terminal phase disease progression remains to be further clarified, and so does
the net effect of inflammation on dendritic cells in metastatic cancer.

11.6 Summary

To sum up, inflammation is one of the core components of the neoplastic
phenotype. It has dramatic effects both on autonomous and immune-assisted
tumor progression and also affects DC functions through many ways. In our
opinion, chronic smoldering inflammation is a unique property of developing
neoplasms that must be seriously considered as a potential target for future
tumor therapies, not only as a factor discriminating between healthy tissues and
cancer lesions but also as a phenomenon that can be exploited by converting it
into a harsh inflammation fueling tumor rejection.
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Chapter 12

Changes in Dendritic Cells in Cancer and Aging

Annabelle Grolleau-Julius and Raymond L. Yung

Abstract The majority of common cancers preferentially affect the older
population. However, despite the recognized role of dendritic cells in cancer
immunotherapy, relatively little is known about the consequence of aging on
these important cells. Recent studies have revealed that dendritic cells from old
hosts exhibit significant functional defects at multiple levels. These changesmay
provide a mechanistic basis for the disappointing results of dendritic cell-based
immunotherapy in older cancer patients. There is clearly a need to improve our
knowledge on how aging modulates these parameters to optimally exploit DC
in anticancer vaccines.

12.1 Introduction

Since their original description by Ralph Steinman in 1973, dendritic cells (DC)
have received increasing scientific and clinical interest due to their key status as
‘‘directors of the immune system orchestra’’ (Banchereau and Steinman 1998).
There are four innate specialized features of DC that contribute to their capa-
city to control T-cell recognition and responsiveness: (1) a specialized endocytic
system for antigen capture and processing, (2) maturation in response to an
array of stimuli, (3) location at body surfaces and in the T-cell areas of lymphoid
organs, and (4) subsets with distinct pattern recognition receptors and func-
tions. The discovery of in vitro culture systems yielding large amounts of mouse
and humanDC prompted their use in immunotherapy approaches, particularly
in cancer (Banchereau and Palucka 2005). In the past decades, several in vitro and
in vivo studies in rodents have demonstrated that immunizations with DC pulsed
with tumor antigens (TA) result in protective immunity and rejection of established
tumors in various malignancies (Flamand et al. 1994; Asavaroengchai et al. 2002;
Grolleau et al. 2005). Trials in humans have shown the safety of TA-loaded DC as
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well as beneficial clinical and immune responses. However, the objective responses
obtained to date using DC cancer vaccines have been modest. A better under-
standing of how DC are able to induce and modulate immunity is necessary to
optimally exploit DC in anticancer vaccines.

Aging has become an important field of research addressing medical pro-
blems in the understanding and treatment of aging-associated diseases and
disorders. The immune system undergoes substantial changes with aging
including a gradual decline in both cell-mediated and humoral immunity
(Miller 1996). These changes are complex in nature and can include alterations
in both the strength and quality of the immune responses. Evidence of dysfunc-
tions of many immune parameters associated with aging and age-associated
decline in T-cell-mediated immune responses is well characterized. Further-
more, proliferation and cytotoxic responses of T cells decrease with age (Miller
1991; Flood et al. 1998; Donnini et al. 2002). However, limited and partly
controversial data are provided on the effect of aging on DC functions and
on the role of DC in T-cell immunosenescence. In this chapter we will provide a
short overview of our current knowledge on the effects of aging on both human
and murine DC functions and discuss the potential implications of DC immu-
nosenescence in cancer and cancer immunotherapy.

12.2 Age-Associated Alterations in Dendritic Cell Function

12.2.1 Dendritic Cell Numbers in Old Age

The most consistent observation is a reduction of Langerhans cell (LC) num-
bers with age. Many of the published studies have been summarized in detail in
two excellent recent reviews (Shurin et al. 2007; Agrawal et al. 2008) and have
cumulatively demonstrated that both natural aging and UV-induced skin aging
markedly decreased LC density in aged animals and humans and altered their
dendrite formation and length in the epidermis and in mucosal tissues. Reduc-
tion in the number of LC in human skin in normal aging is attenuated by UV
exposure, causing a further reduction in LC number in the UV-exposed skin of
elderly people. In mice, decreased LC density has been attributed to the defi-
ciency in LC bone marrow progenitor cells (Sprecher et al. 1990). Whether or
not the frequency of LC progenitors is altered in human aging and whether
these cells have the same capability of producing peripheral DC as in the young
is less clear. Other than skin-derived DC, little is known about the effect of
aging on DC number, with however a general idea that the number varies with
the subsets of DC and tissue of their residence. For instance, a decreased
frequency of in situ DC in Peyer’s patches, brain, and thymic DC has been
reported (Agrawal et al. 2008). However, data on the plasmacytoid DC (pDC)
subset are more controversial with some publications reporting a progressive
loss of circulating pDC numbers during human aging (Shodell and Siegal 2002;
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Teig et al. 2002; Narbutt et al. 2004; Vuckovic et al. 2004; Perez-Cabezas et al.
2007) and others showing no significant difference (Agrawal et al. 2007b; Della
Bella et al. 2007). Pérez-Cabezas et al. (2007) provided a comparison of the
different methods used to enumerate pDCs from blood samples in several
published studies with the conclusion that the different protocols used might
account for the controversial results. Della Bella et al. (2007) also showed a
significant decrease of human myeloid DCs with age associated with a reduced
frequency of CD34+ hematopoietic precursor cells.

12.2.2 Differentiation and Maturation of DC in Old Age

We and others have found that comparable numbers of bone marrow or
monocyte-derived immature DC (BM-DC and MO-DC, respectively) from
aged animals or aged persons could be generated in vitro following stimulation
with IL-4 and GM-CSF as compared to their young counterparts (Lung et al.
2000; Grolleau-Julius et al. 2006; Tesar et al. 2006; Agrawal et al. 2007a).
Several groups also tested the responsiveness of these cells to maturation-
inducing stimuli. It was demonstrated that agents such as inactivated influenza
virus, purified protein derivative, orMycobacterium tuberculosis increased sur-
face expression of MHC class II, CD54, CD80, and CD86 and triggered the
secretion of IL-12 and TNF-� equally well in MO-DC from old and young
persons (Saurwein-Teissl et al. 1998; Lung et al. 2000). Similar results were
observed in human lin-/HLA-DR+ peripheral blood DC after short-period
incubation with lipopolysaccharide (LPS), with the exception of IL-12 whose
intracellular secretion was significantly lower in old than in young individuals.
Additionally there was no difference in the percentage of DC expressing IL-10
(Della Bella et al. 2007). In mice, our group found that old LPS-stimulated BM-
DC also have a normal phenotype but secrete higher levels of IL-10 and less IL-
6 and TNF-� than their young counterparts (Grolleau-Julius et al. 2006). In
contrast, Chiu et al. (2007) reported that myeloidDC from lymph nodes of aged
mice displayed reduced CD40 and CD86 expression that could be restored to
levels of young mice by inactivating T regulatory (Treg) cells. DCmaturation is
dependent on the binding of pathogen-associated molecular patterns derived
from bacteria, fungi, parasites, and viruses to toll-like receptors (TLR) (Maz-
zoni and Segal 2004). In the past few years, there has been an exponential
increase in our knowledge of TLR and the cell biological changes that occur
in DC proximal to TLR activation (Watts et al. 2007). The signals that elicit
TLR include both exogenous ligands, such as LPS, lipoteichoic acid, flagellin,
CpGmotifs, and dsRNA, and endogenous ligands such as heat-shock proteins,
fibronectin, hyaluronic acid, and messenger RNA. Only one published study
has examined aging and TLR expression and function in DC. It demonstrated
that in vitro-derived BM-DC and freshly isolated splenic myeloid DC from
aged C57BL/6 and CBA mice have preserved TLR expression as well as
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TLR-mediated immune responses (Tesar et al. 2006). No data are currently
available on whether DC from aged individuals have altered TLR function or
expression.

12.2.3 Antigen Uptake in the Aged

Although an efficient uptake of antigen is essential for the generation of specific
immune response and maintenance of peripheral self-tolerance, only limited
data are available on the effect of aging on this DC function. Using flow
cytometry, Agrawal et al. (2007a) have recently investigated micropinocytosis
of Lucifer Yellow dye, endocytosis of dextran beads, and phagocytosis of
apoptotic Jurkat T cells by in vitro MO-DC generated from young and old
donors. They found that MO-DC from aged subjects were 50% less efficient in
the phagocytosis of these foreign and self-antigens, suggesting an impairment of
antigen uptake via both receptor-dependent and receptor-independent mechan-
isms in aging. Expression of mannose receptor, one of the receptors involved in
the uptake of dextran, was not affected by aging. The authors proposed amodel
in which decreased phosphorylation of AKT, due to increased expression of
phosphatase and tensin homolog (PTEN) in aged DC, results in impaired
PI3K-signaling pathway and leads to reduced phagocytosis and increased
secretion of inflammatory cytokines TNF-� and IL-6. Using CD11c+ bone-
marrow-derived DC from young and old C57BL/6 mice we also found a
decreased uptake of FITC-dextran in aged DC without any significant changes
in the expression of mannose receptor, but no impairment in the uptake and
processing of whole ovalbumin protein (Julius et al. 2008). This suggests a
decrease in the expression and/or function of selective receptors associated
with DC phagocytosis in aging.

12.2.4 DC Migration in Old Age

Evidence for impaired chemokine-dependent migration of DC with aging
includes a recent report showing that despite similar levels of expression of
the lymphoid homing chemokine receptor CCR7, in vitro migration of mono-
cyte-derived LPS-stimulated DC from elderly subjects toward CCR7 ligand
CCL19 was impaired as compared to young subjects (Agrawal et al. 2007a).
Similar results were observed in response to SDF-1, a CXCR4 ligand. The
investigators attributed their results to defects in the downstream signaling
pathway, possibly in the PI3K pathway. However, the exact mechanism is
unknown and further studies will be needed to unravel it. We have also found
that aged BM-DC have impaired in vitro migratory response to CCL21,
another CCR7 ligand (Julius et al. 2008). This was not due to a defect in
CCR7 protein expression, but rather due to a defect in the signal transduction
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pathway. In vivo recruitment of airway DC to draining mediastinal lymph
nodes was reported to be diminished in aged mice (Linton et al. 2005). Cum-
berbatch et al. (2002) also observed reduced LC migration in BALB/c mice in
response to allergen. The same group additionally reported significantly
impaired migration of LC in response to TNF-� in elderly patients (Bhushan
et al. 2002) and later showed that exogenous interleukin-1b restores impaired
LCmigration in aged skin (Bhushan et al. 2004). Pietschmann et al. (2000) have
assessed human DC transendothelial migration in non-inflammatory condi-
tions. After exposure to an endothelial cell monolayer, no change in the per-
centage of peripheral blood myeloid-enriched DC recovered in the migrating
fraction was observed with age. These findings suggest that aging has a selective
effect on DC migration, depending on the specific cellular and molecular
ligands involved.

12.2.5 T-Cell Stimulatory Properties in Old Age

There is some controversy regarding the capacity of aged DC to stimulate T
cells. Two reports from the Grubeck-Loebenstein group have shown that MO-
DC from old healthy individuals were equally effective as young control cells in
presenting antigen to tetanus-specific T-cell clones as well as to influenza-
specific resting CD4+ T cells (Steger et al. 1996; Lung et al. 2000). Agrawal
et al. (2008) reported that young CD8+ T-cell responsiveness to aged MO-DC
was comparable to young MO-DC whereas proliferation of CD4+ was
decreased. In mice, Komatsubara et al. (1986a,b) found that the stimulatory
capacity of splenic DC in both allogeneic and syngeneic mixed leukocyte reac-
tion showed an age-dependent polymorphism with, depending on the mouse
strain, an increase or decrease with age. The observed changes were not asso-
ciated with the alteration in the expression of MHC molecules. Another study
demonstrated a decreased capacity of epidermal DC from old mice to stimulate
the proliferation of allogeneic T cells and to present ovalbumin to sensitized T
cells (Sprecher et al. 1990). We found that old BM-DC were less effective than
young DC in stimulating syngeneic ovalbumin-specific CD4+ and CD8+
proliferation, despite intact peptide presentation and no significant change in
MHC and the classical co-stimulatory molecules CD80, CD86, CD40, and
CD54 (Grolleau-Julius et al. 2006; Julius et al. 2008). Interestingly, we observed
a decrease of DC-specific/intracellular adhesion molecule type 3-grabbing non-
integrin (DC-SIGN) expression on the cell surface of aged DC compared to
young DC. DC-SIGN has been recently identified as a novel adhesion receptor
on DC that is essential in several key functions, including interactions between
DC and T cells (Geijtenbeek et al. 2000). DC-SIGN binds ICAM-3 with high
affinity and this cellular interaction establishes the first molecular interaction
between DC and resting cells (van Kooyk and Geijtenbeek 2002). Others have
demonstrated the relevance of DC-SIGN in DC-induced T-cell proliferation by
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showing that antibodies against human DC-SIGN inhibit DC-induced prolif-
eration of resting T cells (Gijzen et al. 2007). It is clear from our data that the
capacity to induce T-cell proliferation in vitro is reduced with aging and that
this correlates with a selective reduced DC-SIGN expression.

12.3 Consequences of the Senescence of Dendritic Cells in Cancer

Immunotherapy

Having outlined the broad spectrum of DC functional changes that accompany
aging, it is quite unfortunate that althoughmany studies have demonstrated the
efficacy of autologous DC vaccines in stimulating the antitumor immune
response in the young, almost none have considered the potential impact that
aging may have onDC antitumor surveillance. Sharma et al. recently compared
the efficacy of DC vaccines in young and old mice in the TRAMP-C2 prostate
cancer model. Day 7 tumor-bearing young and old C57BL/6 mice were immu-
nized with their respective DC pulsed with apoptotic TRAMP-C2 cells and the
efficacy of autologous DC vaccines assessed by following tumor growth over
time (Sharma et al. 2006a). The results showed that the effect of the DC vaccine
against TRAMP-C2 tumor is dependent on the age of the host, with 60% tumor
growth inhibition in young animals and only 5% inhibition observed in old
animals. Interestingly, in vivo co-administration of anti-OX-40 or anti-4-1BB
monoclonal antibodies with tumor-cell-pulsed DC resulted in normalization of
antitumor response by aged DC vaccination not only with respect to tumor
regression but also in the induction of antigen-specific CTL. These data suggest
that with appropriate co-stimulating signals, in this case members of the TNF
superfamily, DC-induced antitumor responses can be restored in aging mice.
Shi et al. (2005) compared the ability of ovalbumin-pulsed young DC to induce
protective immune responses against a subsequent ovalbumin-expressing mel-
anoma challenge in young and old hosts. Aged mice displayed impaired DC
vaccination response as measured by decreased percentage survival and
reduced antigen-specific cytotoxicity of splenic CTL.

Our group investigated the consequences of DC immunosenescence in
tumor-bearing young hosts and showed that mice bearing ovalbumin-expres-
sing melanoma and treated with the ovalbumin peptide-pulsed old DC exhib-
ited significantly reduced tumor regression than mice treated with ovalbumin
peptide-pulsed young DC (Julius et al. 2008). This correlated with a reduced
frequency of splenic antigen-specific CD8+ T cells in vivo and a significant
decrease in the influx of CD8+ T cells into tumors 7 days after injection of DC
vaccines. However, effector functions of these antigen-specific T cells, as deter-
mined by IFN-� production and cytotoxic activity, were similar to those
obtained from mice vaccinated with young OVA pulsed-DC on a per cell
basis, suggesting that the quality of the DC-stimulated T cells remains intact.
In our model, we also observed that old injected DC migrated to regional
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lymph nodes two times less than young DC (Fig. 12.1). Interestingly, we found
that restoring old DC in vivo migration does not improve the age-associated
defect in DC tumor surveillance, suggesting that DC migration through
CCR7–CCL21 interaction is not the primary mechanism for the aging defect.

An interesting study demonstrated that antitumor responses in old mice could
be restored by targeting antigen-presenting cells with the TLR ligand CpG-ODN
(Sharma et al. 2008). This was associatedwith a drastic reduction of Treg number
within the tumors. An earlier publication from the same group indicated that
greater accumulation of CD25+Foxp3+ T cells in the spleen and lymph nodes
of aged animals prevents the activation of immune responses in aged animals
(Sharma et al. 2006b). Interestingly, using the B16-OVA melanoma model,
another group reported that a small population of pDC can directly activate
Treg in vivo in tumor-draining lymph nodes of tumor-bearingmice (Sharma et al.
2007). These results open new roads forDC vaccination whether by targetingDC
in vivo or by improving their stimulatory capacity.

Fig. 12.1 In vivo lymph node dendritic cell migration in aging. Groups of young mice (n = 3)
received 50 ml of equal numbers (2 � 106) of CMPTX-labeled young DC and CFSE-labeled
oldDC into their footpad hind. Popliteal draining lymph nodes were excised 24 h later and the
frequency of DC/node was assessed by fluorescent microscopy. (A) Representative photos
(200�) showing young DC in light grey, old DC in white, and the merge picture. (B) Close up
(digital enlargement) of selected fields is also shown. Percent of red versus green DC per field
was derived from microscopic examination data by counting at least 200 cells/group in
randomly selected fields. (C) Similar experiments were done using two times (2�) and three
times (3�) more old DC than young DC (Julius et al. 2008)
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12.4 Conclusions

Overall, these studies demonstrate that aging affects several important features

of DC. It is also clear that different subsets of DC are impaired at different

levels. Experimental animal studies on the antitumor properties of DC suggest

that immunotherapeutic intervention could be effective in young animals, but
that the same approach may not be as effective in the older hosts. Promising

studies indicate that it is possible to restore or improve DC immunosurveillance

in old mice but significant gaps remain to be addressed. For instance, the

mechanisms that contribute to the lack of an effective tumor immune response

in DC immunotherapy are poorly defined. There is little work on DC in older

cancer patients although DC-based vaccines rely on the patients’ autologous
cells. Likewise, a better understanding of the cross-talk between DC with other

members of the immune system such as B cells, T regulatory cells, and NK cells

in aging will be needed to allow investigators to devise improved therapeutic

strategies for older cancer patients. There is clearly a need to improve our

knowledge on how aging modulates these parameters to optimally exploit DC

in anticancer vaccines.
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Chapter 13

Stress, Immunity and Dendritic Cells in Cancer

Rachel Kohman and Alexander W. Kusnecov

Abstract The literature on stress and immunity clearly demonstrates that stress
exposure modifies certain aspects of immune function. While stressful experi-
ences and stress-associated molecules have well-documented effects on the
activity of lymphocytes, stress exposure may disrupt processes that occur earlier
in the immune response. Stress-induced alterations in immune function may, in
part, result from changes in the development and/or function of cells involved in
the initiation of the response, namely dendritic cells. Although the literature is
relatively limited, the findings suggest that stress-associated hormones and
neuropeptides can modulate maturation and migration of dendritic cells. The
present chapter concentrates on stress-related alterations in dendritic cell func-
tion and the potential relevance of psychological factors to the progression of
cancer and to the effectiveness of therapeutic treatments.

13.1 Psychosocial Factors and Health

The impact of psychosocial factors on health and disease has long been the
subject of empirical investigation. This had initially emerged from psychoana-
lytic traditions in the first half of the twentieth century which argued that the
unconscious emotional life of the individual was an important determinant in
either the precipitation and/or perpetuation of certain, if not all, diseases (Weiss
1945). Inevitably, improvements in the tools of science and new theories of
personality and behavior led to the abandonment of this perspective, but none-
theless continued to retain a psychosomatic orientation to illness (Wolf 1948).
Indeed, the ascent of the empirical tradition in the behavioral sciences following
the Second World War cemented the view that the behavior of an organism in
some way contributed to disease onset and/or recovery from disease. This was
supported by research in animals and humans showing that stress could con-
tribute to illness, legitimizing what is now referred to as the biopsychosocial
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model of disease (Novack et al. 2007). The relevance of this model has been
strongly demonstrated in the case of heart disease and obesity, which can form
the basis of multiple diseases, including diabetes (Kop 1999; Golden 2007;
Torres and Nowson 2007; Dimsdale 2008). However, in the case of cancer,
the role of psychosocial factors has always been controversial, in spite of animal
studies that have suggested that growth of tumors can be influenced by stress
(Saul et al. 2005; Kerr et al. 2006; Thaker et al. 2006; Ben-Eliyahu et al. 2007;
Thaker et al. 2007) and that behavioral factors can influence the rate of
progression and outcome of cancer in humans (Chida et al. 2008; Gidron and
Ronson 2008).

Cancer is one disease for which multiple theories of causation exist, largely
because there are multiple carcinogens, and the emergence of cancer is not
necessarily confined to specific tissues. Consequently, leaving aside the question
of precisely how cellular mutations arise in different individuals with different
primary tumor sites, the relevance of the psychosocial perspective is in addres-
sing whether the prior and ongoing behavior of an individual is in any way
relevant to the appearance and progression of the disease. In this regard,
behaviors that are lifestyle characteristics, such as smoking, drug and alcohol
use and diet, represent obvious biological modifiers that may help to promote,
interact or even constitute the basis for carcinogenesis (e.g., the carcinogens in
cigarette smoke). However, behavior can be further reduced to the affective and
mood states and traits of an individual, and this may indeed be the basis for
variations in neuroendocrine and autonomic nervous system (ANS) responses
that modify the physiologic state of an individual either in the short term or on a
chronic basis.

Such changes – which can be the basis of a stress response – may not be
oncogenic, but they may be modifiers of opposing and/or facilitative processes
in the development of a cancerous disease. From a clinical perspective, the
emotional state of an individual with cancer, and the endocrine and autonomic
nervous systems activated by the stress of cancer, may represent potential
obstacles to therapeutic interventions. Nowhere is this likely to be more evident
than in the use of dendritic cell (DC) therapy, where cells are introduced into a
neurohormonal environment that is likely to be substantially different from
that of normal, non-diseased individuals who do not face the adaptational and
psychological coping demands of cancer patients (Miller et al. 2008). It is
already well documented that chemotherapy is a particularly stressful proce-
dure that produces substantial physical illness (e.g., nausea) and can, in fact, be
behaviorally conditioned. That is, patients can develop learned aversions to the
chemotherapeutic drug, procedure and hospital environment, a phenomenon
that has been termed conditioned anticipatory nausea (Bovbjerg et al. 1992;
Morrow and Rosenthal 1996; Bovbjerg 2006). Associated with such reactions
are physiological changes indicative of stress, such as increased cortisol and
reduced measures of lymphocyte mitogenic responses (Bovbjerg et al. 1990;
Sabbioni et al. 1997). Conversely, it has been demonstrated that psychological
interventions, such as moderated group discussions among people with cancer,
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have delayed mortality and increased measures of natural killer (NK) cell
activity (Spiegel 1997; Spiegel and Sephton 2001). The basis for the clinical
outcomes in these studies is not clear, but a very large literature exists on the
impact of stress on the immune system function (see below). This literature is
particularly instructive in designing immunotherapeutic interventions or study-
ing the role of local neurohormonal factors that modify immunologic control of
certain cancers.

With these comments in mind, the purpose of this chapter is to address the
literature on how stress and/or stress-related factors affect DC function. In
terms of stress-related factors, we will focus largely on the hypothalamic–pitui-
tary–adrenal (HPA) axis and the sympathetic branch of the autonomic nervous
system, which are exquisitely sensitive to stress. Due to space limitations, our
treatment of stress and immune functions cannot be exhaustive, although the
reader is urged to consider a number of reviews, both old and more recent, that
have provided an in-depth treatment of the effects of stress on immune function
(Kusnecov and Rabin 1994; Moynihan and Ader 1996; Glaser and Kiecolt-
Glaser 2005). In the final analysis, it is hoped that the reader will appreciate the
potential influence that efferent mechanisms under central nervous system
control may have on the capability of modifying the therapeutic efficacy of
exogenously introduced DC.

13.2 Stress, Homeostasis and Allostatic Load

The word ‘‘stress’’ is a much used and abused term, which has generated endless
debates over how it should be defined, conceptualized and interpreted (Gold-
stein and Kopin 2007; Le Moal 2007). In many ways, it has been a useful idea
that captures the reality of biological interactions with the environment,
although it is for this very reason that it also fails as an explanation for what
can go wrong in a biological system, since the stress response can be concep-
tualized as an adaptive response. The conventional view is that ‘‘stress’’ is an
environmental challenge that impacts the organism negatively and disrupts
normal biological processes. However, ‘‘stress’’ has also been referred to as a
physiological or biological state, a perspective that has created confusion and
the need for a clarifying nomenclature (Goldstein and Kopin 2007; Le Moal
2007). Therefore, we will opt for the term ‘‘stressor’’ to refer to any stimulus or
event that causes a behavioral and/or physiological perturbation in the organ-
ism that is in fact a state of ‘‘stress’’. Finally, a ‘‘stress effect’’ is the actual
behavioral and/or biological change from some normal, basal state as a func-
tion of stressor exposure, and in this sense is similar to a state of stress, but one
that is empirically determined and may represent the final outcome of the
dynamic sequence of events that are induced by a stressor. We note, however,
that from a biological perspective, independent of the cognitive and emotional
aspects that involve feelings of aversion and displeasure, the stress experience is
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perfectly normal and necessary. In fact, stress, as a physiological phenomenon,
is a change in cellular function that is integrated into the normal flow of
biological activity, but without necessarily disrupting the goal of those func-
tions. For example, glucose utilization is a normal, ongoing process designed to
maintain energy and biochemical synthetic processes within the cell. Acute and
chronic stressors can increase circulating glucose levels (Flaherty et al. 1986;
Hager et al. 2004) without necessarily affecting the utilization of glucose and the
ultimate goal of supporting the biochemical machinery of the cell (e.g.,
increased consumption of glucose during neuronal arousal – a phenomenon
capitalized on by modern neuroimaging tools). Therefore, while the rate of
appearance of glucose and the synthesis and utilization of various proteins and
peptides in the body may increase, the outcome is plastic and likely to return to
a previous state of equilibrium. This is a cornerstone of all physiological systems
and the basis of the concept of homeostasis. Consequently, it should not be the
case that a rise in glucose in response to, say, public speaking, is representative
of a threat to the individual; nor might for that matter would immune changes
to an acute stressor necessarily result in serious repercussions (e.g., as reviewed
below stressors are capable of enhancing immune responses). On the other
hand, should glucose levels remain high upon termination of the real or per-
ceived threat to an individual, then regular feedback mechanisms designed to
restore equilibriummay be impaired.Were this to occur, it would be the basis of
disease (e.g., diabetes) and the source of further challenges to the functioning of
multiple biological systems, such as the brain, whose control of the neuroendo-
crine system would be forced to compensate with abnormal levels of activity
(e.g., promote increased pancreatic insulin production).

This line of thought highlights a new perspective on stress research that
places central importance on the concept of allostatic load, which refers to the
cumulative burden exerted on biological systems as a function of persistent
demands by the environment (McEwen 1998; Korte et al. 2005). It is a tenet of
physiology that homeostasis requires the operation of various regulatory
mechanisms that retain basal functioning within upper and lower boundaries.
Maintenance of core body temperature is one example of a homeostatic state,
since it remains stable under varying changes of the external environment.
Allostasis, on the other hand, refers to an adaptational response that causes a
migration of bodily functions outside the normal range set by homeostasis. For
example, infections represent a challenge to the body that will result in an
increase in a pyrogenic response, in which core body temperature has spiked
to a new steady-state level as a function of increased production of proinflam-
matory cytokines, such as interleukin-1 (IL-1) (Roth et al. 2006; Blatteis 2007).
Once an infection has been resolved, the core body temperature will return to its
previous set-point level, until reset to a new level by the next infectious episode.
In this situation, the fluctuations between abnormal and normal set-point levels
of core body temperature occur on a different timescale and variable rates of
onset, as determined by the appearance of infectious antigens that induce an
immune response. However, the resetting of body temperature to a higher value
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that remains in place until infection or cytokine levels subside represents a single
instance of an allostatic load. If this is repeated frequently across the life span of
an organism, the allostatic load is considered severe, since it represents a
cumulative index of the burden placed on the regulatory mechanisms that
produce the bidirectional shifts in core temperature. Such shifts can exert a
significant effect on brain function and may result in pathology, with the most
telling example of allostatic load being aging (McEwen 2003). Throughout the
life span of an organism, certain events are imperative, such as the hunger drive
and its satisfaction through seeking and obtaining food. Secondary to this is
reproduction, followed by the economic aspects of ensuring protection and
shelter from the environment and obtaining adequate rest when the body
experiences the drive to sleep. All of these are basic behavioral processes, with
additional underlying biochemical and physiological processes of energy utili-
zation and metabolism. Aging, therefore, is associated with a decline in the
effectiveness of normal ongoing processes necessary for maintaining survival.
There is an enormous literature demonstrating that aging is associated with a
decline in a number of biological systems, including the nervous and immune
systems. Insofar as the immune system has played a prominent role in the
conceptualization of cancer, it is noteworthy that the incidence of cancer
increases with age (Deng et al. 2008). Therefore, leaving aside the issue of
‘‘stress’’, it is noteworthy that time alone in a healthy, active individual ensures
that regulatory systems become more fragile and subject to dysfunction when
perturbed. As a case in point, research on telomeres has highlighted their use as
an index of aging. Telomeres are chromosomal end-points of DNA that control
the length and size of chromosomes subsequent to cellular division. Telomere
length and the actions of telomerase, which normally maintains telomere sta-
bility, decline with normal aging (Deng et al. 2008; Shawi and Autexier 2008).
However, a recent study demonstrated that the chronic stress of caregiving for
children with compromised health or adults with Alzheimer’s may shorten
telomeres and, by inference, could accelerate aging (Epel et al. 2004; Damja-
novic et al. 2007). Moreover, it has been proposed that chronic infections and
inflammation can produce the same result (van Baarle et al. 2005). Given that
stress can affect the immune system, it is likely that exposure of individuals to
repeated stressors may impair their ability to mount an effective immune
response against viral and/or bacterial pathogens. This in turn increases rates
of infection, resulting in excess allostatic load and increased risk for chronic
disease.

13.3 Stress and the Immune System: An Overview

As reviewed elsewhere (Kusnecov and Rabin 1994; Moynihan and Ader 1996;
Segerstrom and Miller 2004; Glaser and Kiecolt-Glaser 2005), there is consid-
erable evidence that exposure to various stressors produces significant
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alterations in a number of cellular and humoral parameters of immune func-

tion. In human studies, it is most notable that exposure to laboratory stressors,

such as public speaking tasks or cognitive tasks designed to frustrate or increase

sympathetic nervous activity (e.g., heart rate and blood pressure), produces a

marked decline in the mitogenic activity of peripheral blood leukocytes and

increased NK cell activity (Bachen et al. 1992; Herbert et al. 1994; Sgoutas-

Emch et al. 1994; Marsland et al. 1995; Segerstrom and Miller 2004). The

stressful nature of academic examinations has similarly produced reductions

in lymphocyte proliferative capacity, as well as reactivation of latent viruses,

such as EBV, as reflected by increased anti-EBV antibody titers in the serum of

stressed individuals (Glaser and Kiecolt-Glaser, 2005). In recent years, there

has been special attention directed toward chronic stressor exposure, and in the

human literature, caregivers of chronically ill patients represent a particularly

vulnerable group. Findings with caregivers have revealed altered cytokine

production and telomere length erosion (Damjanovic et al. 2007), reduced

antibody responses to influenza vaccines as well as reduced IL-1 and IL-2

production following exposure of cultured PBL to influenza antigens (Kiecolt-

Glaser et al. 1996). Other studies by Cohen and colleagues have also shown that

high levels of perceived stress, aswell as prolonged experience of daily hassles, can

result in increased symptomatic vulnerability to an inoculumof rhinovirus, which

is the basis of the common cold (Cohen 2005). These in vivo studies, combined

with evidence from other studies showing stress-related reductions in antibody

titers following vaccinations (Marsland et al. 2001;Miller et al. 2004; Pressman et

al. 2005; Marsland et al. 2006), provide strong support for the notion that the

functioning of the immune system varies depending on the degree to which

individuals are exposed to persistent stressors in their daily lives.
The mechanisms by which some of these effects occur remain to be deter-

mined. However, it is difficult to study this in human subjects, since manipula-

tion of neuroendocrine and autonomic nervous system activity with antagonists

is difficult to accomplish. For this purpose, animal studies have shown that

stressor-induced modulation of the immune system can be modulated by

increased glucocorticoids, noradrenaline and opioid peptides (Kusnecov and

Rabin 1994; Elenkov and Chrousos 1999). However, the universal involvement

of these factors is not always clear, since it may depend on the immune

compartment examined (e.g., lymph nodes, spleen or blood) as well as the

intensity, duration and frequency of stressor exposure. In some cases, alteration

of NK cell cytotoxicity and/or antigen-specific T-cell cytotoxicity was shown to

depend on a combination of glucocorticoid, noradrenergic and opioid influ-

ences (Dobbs et al. 1996; Tseng et al. 2005). Furthermore, different mechanisms

may impact different immune compartments. For example, acute exposure of

rats to a neurogenic stressor, such as footshock, produces suppression of

mitogenic function in PBL and spleen cells (Lysle et al. 1987; Cunnick et al.

1988; Kusnecov and Rabin 1993). However, it was shown that whereas sup-

pression of PBL was dependent on the major rodent glucocorticoid,
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corticosterone, the spleen cell suppression was dependent on sympathetic ner-
vous system release of catecholamines (Cunnick et al. 1990).

Stressors may also differentially impact different immune compartments.
For instance, it was shown that lymph nodes do not show suppression of
lymphoproliferative activity under the same stressor exposure conditions that
suppress the spleen and PBL (Shanks et al. 1997). Moreover, species differences
may operate, in that mice exposed to a variety of different stressors do not
routinely show suppressedmitogenic activity in the spleen (Cunnick et al. 1990).
To extend this to within-species variations in genetic background, it was shown
that BALB/c and C57BL/6 mice can differ in the modulation of their antibody
response by exposure to a restraint stressor (Shanks and Kusnecov 1998).
Specifically, a single 1 h restraint session was shown to enhance the antibody
response to the antigen KLH in BALB/c mice, but this was not observed in
C57BL/6 mice, which showed no major change in antibody titer or number of
antibody-forming cells. Interestingly, it was demonstrated in this study that in
vivo removal of macrophages abolished the stress effect in BALB/c mice. This
suggested that macrophages are an important target for stressor-induced neu-
rohormonal mechanisms. This is supported by other in vitro studies that
showed the prominence of the macrophage as a potential mediator of the
suppressive influence of stressor exposure on mitogen and antigen-induced
lymphocyte proliferation (Coussons-Read et al. 1994; Fleshner et al. 1995).

13.4 Stress and Dendritic Cells

Much of the literature on stress and immunity has focused on studies of effector
mechanisms (e.g., cytotoxicity, proliferation, antibody production), with rela-
tively fewer studies addressing those factors involved in the inductive phase of
the immune response. Given the importance of DC as a potential therapeutic
tool for priming immune responses against tumor antigens, it is important to
consider the impact on DC of hormonal, neuropeptide and neurotransmitter
alterations due to various forms of stressor exposure. Other chapters in this
volume describe in detail the immunobiology of DC and their role in T-cell
activation. In addition, there are numerous reviews on various facets of DC
function and therapeutic application. Therefore, the following will focus on
those studies that have considered the impact of stress on DC function.

13.5 Effects of Psychological Stress on Dendritic Cell Function

Few studies have directly focused on DC function in animal or human subjects
that have been subjected to a psychological stressor. As reviewed above, there
are a number of animal studies that have applied stressors at the time of antigen
presentation, or focused on antigen presentation per se, but only a few papers
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have directly focused onDC function. In an early study, it was observed that 8 h
of a restraint stressor given to male BALB/c mice, followed immediately by
sensitization with FITC, led to a depressed contact sensitivity response 5 days
later to antigen-specific challenge in the ear (Kawaguchi et al. 1997). Interest-
ingly, this phenomenon was associated with changes in the morphology of Ia+

Langerhans cells (LC) observed in skin taken from a different group of animals
that were sacrificed immediately after stressor exposure. Specifically, Ia+ cells
showed fewer dendrites and a more rounded appearance, and while the number
of Ia+ LC did not change, the area size occupied by LC was reduced by the
stressor (ibid). Given that contact sensitivity, a T-cell-mediated response pri-
marily involving CD8+T cells, is dependent on LC function, these observations
suggest that stressor-induced disruption of epidermal DC at the time of antigen
uptake may produce impaired development of an adaptive antigen-specific
T-cell response.

The effects of stress on contact sensitivity or T-cell-mediated antigen-specific
immune responses has been well documented (Kusnecov and Rabin 1993;
Wood et al. 1993; Dhabhar and McEwen 1996; Dhabhar et al. 2000), with the
study by Kawaguchi et al. being among the first to suggest a possible impair-
ment of local DC antigen-presenting function (Kawaguchi et al. 1997). Inter-
estingly, the effects reported by Kawaguchi et al. were related to stressor
duration, since restraint prior to sensitization given for 1–2 h had no effect on
the DTH response upon challenge or on LC morphology. However, in a
different study, 2.5 h of restraint exposure prior to sensitization with DNFB
produced an augmented response to antigen-specific ear challenge (Saint-
Mezard et al. 2003). This was consistent with other studies demonstrating
augmented sensitivity responses to a short period of stressor exposure in rats
(Dhabhar and McEwen 1996; Dhabhar et al. 2000), but contrary to other
evidence that acute stressor exposure of BALB/c mice prior to sensitization
had a suppressive effect on the DTH challenge (Flint et al. 2001). These
discrepancies may be related to differences in animal species and mouse strains,
since such variability presents with different predictions for immunological
outcome following stressor exposure (Lysle et al. 1990; Shanks and Kusnecov
1998; Flint and Tinkle 2001).

As noted, Saint-Mezard et al. observed enhanced contact sensitivity, which
was further observed to be dependent on stressor effects on DC function (Saint-
Mezard et al. 2003). This was demonstrated in twoways. First, it was found that
bone marrow-derivedDC that were antigen pulsed in vitro and then transferred
subcutaneously to mice just prior to restraint exposure demonstrated enhanced
ear swelling to a challenge 5 days later. Second, when DC were tagged with a
fluorescent probe and injected into the footpads of recipient mice that were then
restrained, there was an enhanced number of labeled DC in the draining
popliteal lymph nodes. These observations led Saint-Mezard et al. to conclude
that an acute stressor augments the T-cell-mediated contact sensitivity response
by enhancing DC antigen presentation. Although this may involve increased
maturation of DC – given their accelerated appearance in the lymph nodes
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where greater numbers are associated with induction of T-cell reactivity – DC
from stressed animals did not show greater expression above that of control
animals in the maturation markers CD80, CD86 and MHC class II (Saint-
Mezard et al. 2003).

In a variation of these studies, Viswanathan et al. exposed male C57BL/6
mice to 2.5 h restraint, followed by injection of DNFB into the pinna of the ear
(Viswanathan et al. 2005). Assessment of the pinna 6 and 24 h after sensitization
revealed increased swelling. This was associated with increased leukocyte infil-
tration and mRNA for chemokines (MIP-3� andMCP-1) and proinflammatory
cytokines (the � and � forms of IL-1, TNF-�, IL-6 and IFN-�). Interestingly,
both dermal and draining cervical lymph nodes from stressed mice contained
greater numbers of mature DC (as defined by a CD11c and IAbhi surface
phenotype). However, this stressor-induced increased cellularity was not unique
to DC, as there were also increased numbers of macrophages and both mature
and naı̈ve T cells in the lymph nodes (Viswanathan et al. 2005).Overall, therefore,
an acute restraint stressor produced a coordinated convergence of antigen-pre-
senting cells (DC and macrophages) and T cells that set the stage for augmented
immunologic antigen-specific immunoreactivity. This increased recruitment of
cells likely accounts for the greater stressor-induced reactivity to challenge with
the sensitizing hapten observed in other studies.

Human studies examining stress effects on DC are as rare as those testing
laboratory animals. However, two relatively recent studies suggest that as for
other leukocyte subsets, stressor exposure can affect the number of DC in blood
and epidermis. For example, Ho et al. used a new monoclonal antibody that
specifically recognizes human circulating DC with a CD11c+/CD14–/CD19–

phenotype (Ho et al. 2001). In patients undergoing laparoscopic cholecystect-
omy, circulating DC were significantly elevated during surgery, but declined by
the end of surgery to a level below the starting preoperative baseline numbers
(Flint and Tinkle 2001). The effects of surgical stress on immune function have
been well documented, elevating many of the classic indices of neuroendocrine
and sympathetic nervous system activity (Ben-Eliyahu 2003). Therefore, these
observations on DC circulation are likely related to stress-related physiological
alterations. Interestingly, the initial rise and compensatory change may reflect a
release of DC from sequestration sites with ready access to the vasculature,
followed by redistribution of DC to tissues where antigen interactions may be
required. A similar effect was observed in normal healthy individuals subjected
to a physical exercise regimen, whereby DC increased significantly during the
exercise (Ho et al. 2001). In another study, it was observed that healthy male
and female volunteers subjected to a laboratory-based psychosocial stressor (a
public speaking stressor) showed significantly reduced numbers of epidermal
LC in skin biopsied 24 h after the stressor (Kleyn et al. 2008). This study was
well controlled, in that biopsies were obtained prior to the stressor exposure,
and a control group was used in which both 0 and 24 h biopsies were obtained
without any intervening stressor exposure. The interpretation of this latter
study is quite open, although the reduction in epidermal LC suggests possible
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egress from dermal tissue to draining lymph nodes, as suggested by the animal
studies reviewed above.

These human studies demonstrate that stress can modify the numbers of
circulating and dermal DC, although the functional properties of these effects
are not known. Nevertheless, taking into account also the small number of
animal studies, it is evident that as for macrophages and T cells, exposure of the
organism to a stressor modifies the quantity and functional properties of DC.
Additional studies are required in which DC antigen uptake and processing as
well as cytokine production and cell–cell interactions with T cells are more
closely assessed following stressor exposure. At present, however, it does
appear that at least for acute stressors, there may be a positive effect on DC
function.

13.6 Mechanisms of Stressor-InducedModulation of Dendritic Cell

Function

Two major stressor-activated mechanisms for influencing immune function
have consistently received attention: the HPA axis and sympathetic nervous
system (Kohm and Sanders 2000). The end-point products of each pathway
consist of glucocorticoids and norepinephrine (NE, noradrenaline), respec-
tively, for which receptors reside on most immune cells, including DC (Kohm
and Sanders 2000; Delgado et al. 2005; Gonzalez-Rey et al. 2006; Truckenmiller
et al. 2006). Traditional approaches to assessing the role of noradrenergic and
glucocorticoid effects have involved surgical and pharmacological approaches.
The role of the HPA axis has been assessed by removal of the adrenal gland
(adrenalectomy) or antagonism of glucocorticoid receptors. Noradrenergic
effects have largely been tested through the use of adrenergic receptor antago-
nists or catecholamine depletion from sympathetic nerve terminals. Given that
there are very few studies investigating stressor effects on DC function, the
opportunity to apply these tools has seldom occurred. In contrast, the potential
impact of these mechanisms on DC function has been explored using in vitro
systems.

Moreover, some additional evidence has been proposed for the influence of
neuropeptides that are released from sensory nerve endings in the skin and
other tissues. In this regard, recent evidence has focused on modulation of DC
by vasoactive intestinal peptide (VIP) (Delgado et al. 2005; Gonzalez-Rey et al.
2006) and calcitonin gene-related peptide (CGRP), although other neuropep-
tides, such as alpha-melanocyte-stimulating hormone (�-MSH), pituitary ade-
nylate cyclase-activating peptide (PACAP), substance P and opioid peptides,
have also received some attention (Esche et al. 1999; Makarenkova et al. 2001;
Seiffert and Granstein 2006). However, only CGRP has been investigated in
relation to stressor effects on DC function. For example, as reported above,
Kawaguchi et al. observed a restraint-induced suppression of contact sensitivity
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to FITC, which was associated with increased dermal expression of CGRP.
Since CGRP has been shown to suppress the ability of LC to present antigen,
the authors hypothesized that stressor-induced increases in this neuropeptide
may have accounted for the reduced contact sensitivity in stressed animals
(Kawaguchi et al. 1997). However, no manipulations of CGRP were performed
to determine whether this was the case, and therefore, this idea still remains
somewhat speculative. Similarly, alteration of epidermal LC numbers by psy-
chosocial stress was associated with increased CGRP expression in human
subjects (Kleyn et al. 2008), although the data remain correlative.

13.6.1 Glucocorticoids

The role of glucocorticoids in modifying DC function has been comprehen-
sively reviewed by Truckenmiller et al. (2006). In general, glucocorticoids
appear to inhibit differentiation of immature DC to mature T-cell-activating
cells, whereas mature DC are resistant to glucocorticoid suppression (Truck-
enmiller et al. 2006). More recently, incubation of murine immature DC with
10–6 M corticosterone (CORT) blocked their progression to a maturation state
following stimulation with LPS (Elftman et al. 2007). In addition, DC exposed
to CORT failed to show a decrease in antigen uptake, as measured by uptake of
soluble protein (FITC-OVA), and LPS-stimulated DC produced less IL-6, IL-
12 and TNF-� (Elftman et al. 2007). However, pre-exposing DC to CORT
decreased LPS-induced cytokine production. Furthermore, the authors showed
that bone marrow-derived DC from male C57BL/6 mice exposed to CORT
showed impaired in vivo antigen-specific (viz., HSV-1 gB498–505 peptide) prim-
ing of naı̈ve CD8+T cells.

Similarly, Truckenmiller et al. found that physiologically relevant levels of
CORT prior to infection decreased the number of antigen/MHC I complexes,
with the effect occurring upstream of TAP, which transports the antigenic
peptides into the endoplasmic reticulum (Truckenmiller et al. 2005). Specifi-
cally, mouse antigen-presenting cells were infected with recombinant vaccinia
virus expressing ovalbumin (OVA), which results in H-2 Kb presentation of the
OVA-derived SIINFEKL peptide. Addition of CORT (10–6 M) for 12 h sup-
pressed the number of antigen/MHC complexes and reduced their ability (by
31–57%) to activate an antigen-specific T-cell line (Truckenmiller et al. 2005).
Similarly, Pan et al. observed that the synthetic glucocorticoid, dexamethasone
(DEX), blocked the surface expression of DC maturation markers CD86,
CD40, CD54 and Ia (Pan et al. 2001). Moreover, DEX-treated DC had reduced
ability to present antigens via the MHC class II, but not MHC class I, pathway
(Pan et al. 2001). In addition, antigen uptake was assessed by measuring FITC-
dextran internalization, although DEX exposure had no effect on mannose
receptor-mediated endocytosis, which contrasted with findings in human DC
by Piemonti et al. (Piemonti et al. 1999a). However, others also failed to find an
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effect on antigen uptake (Vieira et al. 1998; Dhabhar et al. 2000). Nonetheless, it
appears that in the presence of normal antigen uptake, exposure of DC to DEX
(10–7 to 10–8 M) still impairs their ability to activate T cells (Piemonti et al.
1999a, b; Woltman et al. 2000; Pan et al. 2001).

Fewer studies have assessed the effects of glucocorticoids in vivo on DC
function in stressed animals. Interestingly, in the study reviewed above by Saint-
Mezard et al., administration of the glucocorticoid receptor antagonist,
RU486, failed to alter the augmenting effect of restraint on the contact sensi-
tivity response to DNFB (Saint-Mezard et al. 2003). Alternatively, others have
observed that the enhancing effect of stress on contact sensitivity reactions is
glucocorticoid dependent (Viswanathan et al. 2005). Due to a lack of closer
mechanistic assessment, it is not known whether in all cases of demonstrated
stressor-induced immunoenhancement, DC function is responsible. However,
at the very least, given the suppressive effects of glucocorticoids on DC in vitro,
it is far more likely that glucocorticoids would be involved in phenomena where
stressor exposure suppresses antigen-specific immune responses. However, this
is merely a hypothesis and requires verification. Nonetheless, impaired immune
function has been observed in mice that have chronically elevated corticoster-
one production due to overexpression of the brain HPA axis-stimulating neu-
ropeptide, corticotrophin-releasing hormone (CRH) (Murray et al. 2004).
These mice display a decrease in B-cell number, poor antibody isotope switch-
ing and secondary antigen-specific IgG responses. It was noted that both these
transgenic mice and wild-type mice given CORT in their drinking water dis-
played reduced splenic germinal center formation that appeared to be related to
impaired follicle DC, which trap antigen/antibody complexes and are impor-
tant for germinal center reactions (Murray et al. 2004).

Overall, the available evidence provides a reasonable basis for hypothesizing
a suppressive influence on DC of HPA axis activation following acute and
chronic stressor exposure. In vitro studies, however, are somewhat misleading
to the extent that incubation times between CORT and the glucocorticoid
receptor are likely to be unrealistically prolonged, as opposed to the shorter
period of hormonal increases that are seen following acute stressor exposure.
Moreover, in vivo, glucocorticoids are likely to compete for cells with other
peptides and neurotransmitters released by the peripheral autonomic nervous
system. Therefore, more studies are required in which manipulations of endo-
genous levels of circulating glucocorticoids and glucocorticoid receptors may be
manipulated to assess DC antigen processing, migration and antigen presenta-
tion in lymph nodes.

13.6.2 Role of the Sympathetic Nervous System: Norepinephrine

The effects of noradrenergic stimulation on T- and B-cell function have been
well documented (Kohm and Sanders 2000), and similar effects have been
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observed in cultured DC. For example, short-term exposure (3 h) of DC to NE
during stimulation with LPS or KLH decreased production of IL-12, but
increased IL-10 synthesis (Maestroni 2000). Interestingly, these effects involved
both �- and �-adrenergic receptors (AR) and was consistent with other evi-
dence that DC express multiple AR subtypes, including �1, �2, �1b, �2a and
�2c adrenergic receptors (Seiffert et al. 2002; Maestroni and Mazzola 2003).
The in vivo relevance of the �-AR was assessed in female BALB/c mice intra-
dermally injected with peptidoglycan (PGN) or LPS in the presence or absence
of the non-selective �-AR antagonist, propranolol (Manni and Maestroni
2008). Dermal tissue from PGN-injected animals showed increased IL-12, IL-
23 and IFN-� mRNA production after propranolol treatment, there being no
effect when LPS was used as the stimulus (ibid). This effect on PGN-elevated
cytokine production suggested that �-AR mediates the effects of local NE
release, which serves to restrict the transcription of these cytokines. In a further
experiment, it was shown that this propranolol effect contributed to enhanced
antigen-specific delayed-type hypersensitivity as well as increased migration of
DC to draining lymph nodes (Manni and Maestroni 2008).

Although these studies were not conducted utilizing a stress protocol, they
do suggest that following stressor exposure, NE may serve to inhibit immature
DC and their eventual migration and maturation to local, draining lymph
nodes. Indeed, Saint-Mezard et al. observed that the increased recruitment of
DC ostensibly responsible for increased stressor-induced contact sensitivity to
DNFB could be attenuated by pharmacologic depletion of catecholamines
(Saint-Mezard et al. 2003). This was not further investigated to more specifi-
cally assess adrenergic receptor involvement. However, the result does suggest
that activation of the sympathetic nervous system may be an important influ-
ence on immature DC during coincidental exposure to a stressor and antigen.
This finding is also consistent with a wealth of evidence that the noradrenergic
system exerts a considerable influence on multiple aspects of the immune
response both in vitro and in vivo (Kohm and Sanders 2000; Sanders and
Straub 2002; Nance and Sanders 2007).

13.7 Concluding Comments

There is a considerable literature on the effects of stressor exposure on immune
function in laboratory animals and human subjects. The activities of the immune
system involve a complex, multi-faceted process that is largely appreciated in
terms of its effector functions.However, the effectiveness of the immune response
in neutralizing and eliminating antigens is predicated on successful induction by
antigen-presenting cells. This chapter has not focused on DC biology per se but
on the potential influence of local biological factors on DC function. These cells
are conceptualized in terms of their ability to initiate the cascade of events that we
call the immune response, and this conceptualization must consider what we call
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the local and systemic ‘‘neurohormonal’’ conditions created by factors emerging
from the central nervous system. The latter fluctuates in levels of arousal, and
under circumstances of stressor exposure, efferent outflow from the nervous system
mobilizes musculature, metabolic activity and functions of visceral organs, and as
we now recognize, the immune system. At present, the literature is relatively small,
but it is already apparent that DC are susceptible to the neuroendocrine and
autonomic sequelae of stressor exposure, which can be associated with disease
diagnosis, therapy and progression in cancer patients. As more attention is placed
on DC, and their role as clinical therapeutic tools, a better appreciation will be
required of their interactions with neurally derived hormonal, neurotransmitter
and neuropeptide ligands capable of modifying their antigen-presenting and cyto-
kine-producing capabilities. Ultimately, as suggested by some of the findings
reviewed in this chapter, it is possible that these neural mechanisms may serve
actually to enhance DC function and render them more immunogenic. However,
the conditions underwhich organismal levels of arousal favor such an effect remain
to be determined, and if not clarified, may actually militate against the successful
therapeutic use of exogenously administered DC in patients with cancer.
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Chapter 14

Cancer Therapy and Dendritic Cell

Immunomodulation

Galina V. Shurin, Neil Amina, and Michael R. Shurin

Abstract Conventional cancer treatment still uses three important modalities
of the last four decades: surgery, radiotherapy, and cytotoxic chemotherapy.
For treatment of metastatic disease, cytotoxic chemotherapy is the mainstay of
treatment, although it is broadly targeted and results in toxicity to normal
tissues with limited expectation of curing metastatic tumors. Immunotherapies
have also been explored over several decades. Among immunotherapies,
approaches based on dendritic cell vaccines are particularly promising, since
dendritic cells, as professional antigen-presenting cells, can utilize apoptosis/
necrosis-induced therapy of tumors to elicit improved antitumor immunity
through the acquisition of tumor antigens from dying tumor cells. The combi-
nation of conventional therapy with dendritic cell vaccine is one of the
approaches to induce protective antitumor immunity and therapeutic efficacy
against cancer. However, conventional therapy is impacting endogenous and
exogenous dendritic cell activities and is commonly associated with myelosup-
pression. New strategies are necessary to develop feasible and effective combi-
natorial therapeutic approaches for cancer treatment. We have recently shown
that short-term non-toxic low-dose chemotherapy, so-called chemomodula-
tion, prior to intralesional injection of dendritic cell vaccine targets multiple
immunological and stromal elements in the tumor environment, opening a new
opportunity for cancer treatment.

14.1 Modulation of Dendritic Cell Activity by Surgical Procedures

Surgical resection of the primary tumor is a necessary and effective treatment
for a number of cancers including breast, lung, gastric, kidney, colorectal, etc.
(Shakhar and Ben-Eliyahu 2003; Page 2005; Goldfarb and Ben-Eliyahu 2006;
Brancato and Miner 2008). However, immunosuppression induced by
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preoperative and postoperative stress is a common clinical complication that
has been widely studied in both animals and humans. It was observed that the
bigger the surgical incision is, the more pronounced immune suppression would
be, including impairment in the dendritic cell (DC) system (Utoh et al. 1988;
Ogata et al. 2000; Ng et al. 2005; Kawasaki et al. 2007; Liao et al. 2007). Decline
in the number of circulating DCs has been recently demonstrated in cancer
patients who underwent surgery (Brivio et al. 2000a, b; Bellik et al. 2006;
Takahashi et al. 2007). For example, surgically treated colorectal cancer
patients had nearly one-half circulating DC subset as well as drastically
decreased number of DCs obtained from monocytes compared to unoperated
and healthy subjects (Bellik et al. 2006).

Several mechanisms acting in synergy might contribute to the surgery-
induced immunosuppression. Many groups reported that physiological and
psychological stress responses to surgery involve activation of sympathetic
nervous system and the hypothalamic–pituitary–adrenal (HPA) axis, which
results in the release of stress-related factors such as catecholamines, glucocor-
ticoids, and opioids, known as mediators of immunosuppression (Ben-Eliyahu
2003; Shakhar and Ben-Eliyahu 2003; Shakhar and Blumenfeld 2003). For
instance, plasma cortisol concentrations may be significantly increased during
upper abdominal surgery, such as gastrectomy or hepatectomy. Cortisol, as has
been shown, inhibits TNF-� production and potentiates IL-10 production and
this was correlated with decreased level of circulating CD14+ monocytes as
well as decreasedHLA-DR expression by CD14+monocytes (Steer et al. 1997;
Kawasaki et al. 2007). Recently, several studies have indicated the role of DC in
glucocorticoid-mediated immunosuppression. Rozkova et al. observed that DC
differentiation in the presence of glucocorticoids was skewed to a qualitatively
distinct population incapable of inducing an efficient immune response, with
reduced IL-12 production and impaired T-cell stimulatory capacity of DCs
(Rozkova et al. 2006). The development of DCs isolated from human bronch-
oalveolar lavage was inhibited in the presence of glucocorticoids. These DCs
expressed low levels of costimulatory CD80 and CD86 molecules and had weak
allostimulatory ability (Verhoeven et al. 2000). Interestingly, human DC trea-
ted in vitro with glucocorticoids produced the glucocorticoid-induced leucine
zipper (GILZ), which orientedDCmaturation to induce tolerance and generate
regulatory T cells (Treg) expressing CD25highFoxp3+CTLA-4/CD152+ and
producing IL-10. GILZ prevented expression of costimulatory and CD83
molecules on DC and upregulated expression of co-inhibitory B7-H1/CD274
and ILT3/CD85�, as well as production of IL-10 by DCs. Production of pro-
inflammatory chemokines by these DCs was also impaired (Rea et al. 2000;
Berrebi et al. 2003; Hamdi et al. 2007). Furthermore, DCs obtained from
patients treated with glucocorticoids and producingGILZwere able to generate
IL-10-secreting Treg ex vivo (Hamdi et al. 2007).

In addition to the release of glucocorticoids, surgical stress results in the
secretion of higher levels of catecholamines, which contribute to the rising levels
of pro-angiogenic factors, such as vascular endothelial growth factor (VEGF)
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(Lutgendorf et al. 2003; Thaker et al. 2006). VEGF as a potent inducer of
angiogenesis is necessary for wound healing, and elevation of plasma VEGF
has been noted early after resection of different kind of tumors. Because VEGF
is a potent promoter of angiogenesis, which is critical for tumor progression, a
sustained increase in blood VEGF levels after surgery may stimulate the growth
of residual metastases (Belizon et al. 2006; Kirman et al. 2007; Belizon et al.
2008). In addition to its angiogenic activity, VEGF may also play an immuno-
suppressant role by inhibiting DC maturation. It has been reported that
patients with abnormally elevated blood concentrations of VEGF showed
significantly lower values of immature and mature DCs, IL-12 expression,
and significantly higher levels of endothelin-1 than patients with normal con-
centrations of VEGF (Lissoni et al. 2001).

Taken together, the surgery-induced release of stress hormones and rising
levels of pro-angiogeneic factors contribute to the decline in the circulating DC
in operable cancer patients and to the switch of DC differentiation from immune
stimulating toward tolerogenic/regulatory DCwith lower levels of costimulatory
molecules, lower production of inflammatory cytokines and chemokines, and
high ability to induce Treg, which might lead to downregulation of antitumor
immunity and decrease the efficiency of cancer therapy. Thus, postoperative
immunomodulation contributes to the overall response of cancer patients to
the treatment and should be controlled for therapeutic purposes (Fig. 14.1).

Different approaches are used to overcome postoperative immunosuppres-
sion. One approach includes development of minimally invasive techniques,
such as laparoscopy, which is associated with better-preserved systemic immune
function (Allendorf et al. 1997; Whelan et al. 2003; Liao et al. 2007). Our own
data revealed that laparoscopic invasion in the liver in mice caused significantly
lower suppression of functional activity of DC when compared to open surgery
(Shurin, unpublished). The use of prophylactic immunostimulatory therapy
during the preoperative period is another common approach to decrease post-
operative immunosuppression (Cerea et al. 2001; Goldfarb and Ben-Eliyahu
2006). Preoperative IL-2 immunotherapy has been proven to downregulate
surgery-induced stimulation of angiogenesis, by either reduction of VEGF
level or abrogation of decline of anti-angiogenic IL-12 (Brivio et al. 2002).
Brivio et al. also demonstrated that presurgical administration of IL-2 abro-
gated surgery-induced decline in immature DC amount in operable cancer
patients (Brivio et al. 2000b). Perioperatively administered recombinant
human granulocyte-macrophage colony-stimulating factor (GM-CSF) induced
increase in the level of soluble VEGF receptor 1, an endogenous inhibitor of
VEGF, in patients with colon cancer undergoing minimally invasive surgery
(Kirman et al. 2007). The other immunostimulatory regimen involves the use of
poly I-C, which is a synthetic double-stranded RNA that elicits an immune
response resembling that induced by viruses through the engagement of toll-like
receptor-3 (TLR3) on immunocytes, including DC (Kunzmann et al. 2004;
Werling et al. 2004). Poly I-C regimen significantly reduced, and in some
experiments abolished, the establishment of MADB106 metastasis following
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surgery (Shakhar et al. 2007). Despite the positive effect of this immunostimu-

lating strategy, clinically, however, postoperative immune suppression is often

so profound that it can obliterate preoperative immunostimulation. Thus,

immunostimulating approaches should be further tested in preclinical studies.

Specifically, when using the stimulatory therapy, the cytokines induced by this

therapy might interact with the malignant tissue in a way which supports its

continued growth (Okazaki et al. 2005, 2006).

14.2 Impact of Radiation Therapy on Dendritic Cells

Sixty percent of cancer patients get radiation therapy. Exposure to ionizing

radiation often leads to immunosuppression traditionally focused on lympho-

cytes as the primary cellular target. Radiation-induced immunosuppression is
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Fig. 14.1 Conventional and novel anti-cancer treatment approaches might markedly alter

dendritic cell generation and function in tumor-bearing hosts. Mechanical stress associated
with surgery and mediated by release of stress hormones might significantly downregulate
dendritic cell (DC) generation and differentiation (dendropoiesis), as well as DC maturation,
activation, and functioning. Similar anti-dendropoietic and DC-inhibiting properties were
described for conventional radiation and cytotoxic chemotherapy. Although not systemically
investigated, hormonal therapy and molecular targeting therapy might display both stimula-
tory and inhibitory influences on DC, which would depend on specific receptor and signaling
molecule expression in a particular DC subtype. The effect of chemoprevention and alter-
native therapeutic strategies on theDC system in cancer patients has not been yet investigated.
Newly appeared chemomodulatory strategy, i.e., treatment with very low doses of chemother-
apeutic agents, in addition to suppressing tumor-mediated inhibition of DC activity, displays
a direct stimulatory effect on DC maturation and function
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mainly attributed to significant lymphocytopenia. In general, memory T andNK
cells are relatively radioresistant when compared to B cells and naı̈ve T cells (De
Ruysscher et al. 1992; Belka et al. 1999). DCs are not particularly sensitive to the
cytotoxic effects of radiation since they are commonly non-proliferative cells.
However, accumulating evidence indicates that radiation therapy might func-
tionally affect DCs (Liao et al. 2007). For example, expression of MHC class II
and CD86 on DCs decreased marginally over a 24-h culture period after irradia-
tion, although their viability was not affected. The same authors investigated the
effect of ionizing radiation on processing and presentation by the endogenous
pathway and an exogenous loading of human MART-1 peptide in DC. The
authors demonstrated that irradiation of DC in vitro can inhibit their ability to
endogenously process and present MART-1 tumor-associated antigen to T cells
and to generate protective antitumor immunity. It has been suggested that this
effect might bemediated by blocking proteasome-mediated degradation essential
for the production of antigenic peptides for loading ontoMHC class I molecules,
since proteasome in DC was affected following radiation (Liao et al. 2004).
Reduction in skin DCs, particularly Langerhans cell density, has been reported
in humans and mice after radiation therapy (Cole 1986; Kawase et al. 1990).

Traditionally radiation has been considered as a ‘‘silent’’ killer, since it was
not translated into tumor immunity. Recent studies demonstrated that radia-
tion has much more to offer than being a powerful cytotoxic agent. Radiation
has definite immunomodulatory properties and is a potential adjuvant for
cancer immunotherapy (Liao et al. 2004, 2007). Radiation therapy might
broaden the spectrum of tumor-associated antigen epitopes that are recognized
by the immune system. Irradiated tumor cells have been shown to serve effec-
tively as a source of tumor antigens to elicit T-cell responses when processed
and presented by DCs (Huang et al. 2007). Several studies with tumor irradia-
tion followed by DC administration showed enhanced antitumor effects in
mouse models. DC vaccines might efficiently recruit tumor antigens and endo-
genous infiltrating DC might augment their abilities for antigen processing and
presentation following radiation therapy (Friedman 2002; Teitz-Tennenbaum
et al. 2003, 2008). However, acute and chronic bone marrow toxicities (includ-
ing inhibition of myelopoiesis) and intestinal damage limit the efficacy of
radiation therapy and immunotherapy. When DC vaccineis given in high
doses, it decreases a number of hematopoietic stem cells and progenitors and
reduces self-renewal capacity of stem cells (Tubiana et al. 1993; Kyoizumi et al.
1994; Blumenthal et al. 1998; Liu et al. 2006). In addition, early and late
toxicities limit the deliverable intensity of radiotherapy and might affect the
long-term health-related quality of life of the patients. As a result, patients may
experience symptoms associated with damage to normal tissue during the
course of therapy, for a few weeks after therapy, or months or years later.
Symptomsmay be due to cell death or wound healing initiated within irradiated
tissue and may be precipitated by exposure to further injury or trauma (Stone
et al. 2003; Bentzen 2006). Further research is necessary to assess new strategies
for preventing or reducing the side effects of radiation therapy.
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14.3 Regulation of Dendritic Cell Function by Chemotherapy:

Impact of High- Versus Low-Dose Chemotherapy on

Dendritic Cell Activity

For almost half a century, systemic therapy of cancer has been dominated by
the use of cytotoxic chemotherapeutics. Antiproliferative and cytotoxic agents
are widely used for the treatment of cancer patients alone or in combination

with surgery, radiation therapy, and biological therapy. Chemotherapy is the
most actively used modality in the treatment of advanced stage cancer. In most
cases chemotherapeutic drugs are administered at or near the maximum toler-
ated dose (MTD) for the purpose of maximal eradication of neoplastic cells.
Historically, oncologists have used the highest possible dose that the body can
tolerate in order to kill as many cancer cells as possible (Mihich 1967, 2000a, b).
Since the available drugs are neither specific nor selective enough in their anti-
cancer action, the main problems in cancer chemotherapy are related to acute
and cumulative toxicities to normal tissues, including the cells of the immune
system (Mihich 2000a; Perrotta et al. 2007). Conventional chemotherapy is

commonly associated with myelosuppression and causes decreased longevity
and number of DCs in vivo (Fig. 14.1) (Shin et al. 2003; Bellik et al. 2006; Laane
et al. 2007; Perrotta et al. 2007). The suppression of the immune system by
conventional chemotherapy might support tumor-escape mechanisms and pro-
mote the propagation of chemoresistant clones by maintaining a cytokine
milieu that favors proliferation of tumor cells (Shurin et al. 2006).

One promising strategy to reduce the toxicity of chemotherapy maintaining its
efficacy is the combination of chemotherapy with immunotherapy (Liao et al.
2007). Such a strategy could exploit the mutual effects of therapy to treat cancers
due to the different mechanisms of action of chemotherapy and immunotherapy.
Recent findings suggest that some chemotherapeutic agents can improve the
efficacy of immunotherapy by different means (Lake and Robinson 2005;

Nowak et al. 2006). Cell death induced by chemotherapeutic drugs is often accom-
panied by the release of a number of danger signals that lead to the activation of
immune cells andmay facilitate tumor antigen engulfing and processing (Nowak et
al. 2003). Among immunotherapies, approaches based on DC vaccines are parti-
cularly promising (O’Neill andBhardwaj 2007; Shu et al. 2007; Zhong et al. 2007b).
DC therapy has been considered to be one of the emerging strategies for the
treatment of patients with advanced cancer, especially for patients that resist
conventional therapies, such as surgery, irradiation, and chemotherapy (Choi
et al. 2005). A number of published clinical trials and preclinical studies investi-

gated the ability of immune system to overcome tumor tolerance using DCs
generated and loadedwith tumor antigens ex vivo and injected into cancer patients.
To avoid the requirement of ex vivo antigen-loading process, some researchers
have suggested the administration of DC after systemic chemotherapy, because
tumor cell death induced by chemotherapeutic drugs should liberate potential
antigenic peptides for cross-presentation (Tong et al. 2001; Shin et al. 2003;
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Heath et al. 2004; Choi et al. 2005). Various chemotherapeutic drugs are currently
being used for combination therapy studies of DC and chemotherapy (Nestle et al.
1998; Gong et al. 2000; Tong et al. 2001; Le Poole et al. 2003; Shin et al. 2003).
Improved tumor antigen presentation and T-cell activation due to drug-induced
expression of MHC and costimulatory molecules on tumor and DC were demon-
strated by a number of investigators (Galetto et al. 2003; Ohtsukasa et al. 2003; Do
et al. 2004). The antitumor effect after the combination of chemotherapy with DC
vaccine has been found to be significantly more profound. These experiments
established proof-of-concept that the combination of the intratumoral placement
of ex vivo-generated autologous DC in concert with apoptosis-inducing che-
motherapy might lead to a generation of systemic antitumor immunity (Yu et al.
2003).

However, conventional chemotherapy is given in several cycles over relatively
long periods of time. The prolonged exposure to the drugs induces the apoptotic
death of immune cells, including both DC in a tumor-bearing host and DC from
vaccine administered after chemotherapy (Yu et al. 2003; Cavanagh et al. 2007).
For instance, Shin et al. and Perrotta et al. reported that cisplatin and vincristine
triggered DC apoptosis both in vitro and in vivo (Shin et al. 2003; Perrotta et al.
2007). Mitomycin C could downregulate expression of CD80 and CD86 on DC
(Jiga et al. 2004). In vivo, the levels of conventional DC subset were markedly
decreased in the bone marrow of cancer patients receiving cytostatic treatment
(Laane et al. 2007). DC function and blood counts were decreased in patients
receiving various types of chemotherapy (Markowicz et al. 2002). In this case
therapeutic efficacy of DC vaccines might be ascribed to immune-induced unba-
lancing of the intratumoral environment and to insufficient in vivo function ofDC.
Thus, in spite of noticeable antitumor potential of combination chemo/DC ther-
apy, toxic effects of conventional doses of chemotherapeutic agents limit clinical
utilization of this regime.

Another strategy to limit toxic effects of chemotherapeutic agents has been
recently reported. Chemotherapy given in low, frequent doses – a novel strategy
called ‘‘metronomic’’ delivery – achieved partial shrinkage of tumor due to its
anti-angiogenic activity (Laquente et al. 2007). Metronomic (=steady) che-
motherapy means the patient receives daily low doses of the drug over a certain
period of time as opposed to standard therapy where one-timemaximum dose is
administered at about every 3 weeks.Main targets of metronomic treatment are
the proliferating endothelial cells of tumor vasculature, which are more sensi-
tive to low-dose chemotherapy-induced toxicity than tumor cells. Although this
is an intriguing concept, there is already a suggestion that vascular parameters
alone may not be predictive of survival or local or distant recurrences in cancer
patients.

We have recently initiated a novel therapeutic approach on incorporation of
very low-dose chemotherapy, so-called chemomodulation, into vaccine ther-
apy, where low-dose chemotherapeutic agent modifies immunogenicity of the
tumor microenvironment and the immunotherapeutic component targets
tumor and induces protective antitumor immunity. We demonstrated, for
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instance, that a chemotherapeutic agent paclitaxel at low non-toxic (for tumor,
DC, and bone marrow cells) doses stimulated maturation and function of DC
and reduced tumor-mediated immunosuppression (Fig. 14.1). A single injection
of a low non-toxic dose of paclitaxel in mice bearing lung carcinoma significantly
upregulated the antitumor potential of DC vaccines in preclinical models (Zhong
et al. 2007a). We suggested that the tumor cell modification by low-dose che-
motherapeutic agents changes the local tumor microenvironment in a way that
increases the source of tumor antigens for immune cells, upregulates their func-
tional activity, and thus accelerates and sustains antitumor immunity and overall
therapeutic effect.

The tumor microenvironment is now recognized as a major factor influen-
cing not only malignant progression and metastatic potential but also treat-
ment resistance to conventional anti-cancer therapies. Contradicting forces,
such as cytokines operating in the tumor microenvironment, create a balance
of pro- and anti-malignancy effects, and preclinical and clinical data support
the notion that a conducive microenvironment is necessary for cancer immune
rejection to take place (Shurin et al. 2006). Control of host–tumor interaction,
activity of regulatory cells, and cytokine network at the tumor site with low-
dose chemotherapy, i.e., chemomodulation, have the potential to reverse the
malignant phenotype and reestablish normal control mechanism. We have
recently developed a unique approach that allows evaluating secretion of
intratumoral cytokines for several days in live freely moving mice. The
method utilizes intratumoral insertion of unique microdialysis microprobes,
and samples (80 ml/7–8 h) are analyzed by Luminex multiplex-based technique
for the presence of more than 50 cytokines (Shurin et al. 2006). We have used
this approach to evaluate intratumoral and peritumoral (non-malignant tis-
sue) cytokines, chemokines, and growth factors in lung cancer-bearing mice
receiving low-dose paclitaxel followed by intratumoral injection of DC vac-
cine. We demonstrated that a single injection of paclitaxel resulted in
increased expression of macrophage inflammatory protein (MCP)-1 at the
tumor site, while the application of low-dose paclitaxel followed by DC
vaccine induced an increase in intratumoral MCP-1, g-interferon-inducible
protein-10 (IP-10), and decrease in intratumoral IL-1� release in vivo that was
correlated with significant inhibition of tumor growth (Zhong et al. 2007a).
These data suggest that low-dose chemotherapy might cause specific altera-
tions in the intratumoral microenvironment, which can be beneficial for
boosting antitumor responses and inhibiting tumor growth in vivo. The path-
ways of antitumor activity of chemotherapeutic agents used in therapeutic
versus low concentration are different and unknown yet. For instance, pacli-
taxel is known to irreversibly polymerize �/b tubulin, thereby suppressing
microtubule dynamics and arresting the cell cycle at G2/M phase at high
(>200 nM) concentration, but cannot form multipolar spindles in low con-
centration (Zhao et al. 2005). The studies to reveal the molecular mechanisms
underlying immunomodulating effects of low-dose chemomodulators are
under progress in our laboratory.
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14.4 Chemomodulation of Small Rho GTPase Activity

in Dendritic Cells

Motility, endocytosis, and antigen processing/presentation are the most impor-
tant DC functions, which depend on the reorganization of actin cytoskeleton.
Regulation of a wide variety of cellular activities, from endocytosis and cell
motility to cytokinesis and cellular trafficking, falls largely to the small Rho
GTPase family. It is well established that Rho GTPases control DC adherence,
antigen processing and presentation, migration, chemotaxis, and endocytosis
(Kobayashi et al. 2001; Benvenuti et al. 2004; Shurin et al. 2005; Tourkova
et al. 2007). Our data suggest that chemotherapeutic agents at low concentrations
might directly influence the key DC functions in vitro and in vivo. We hypothe-
sized that Rho GTPases might be involved in the effects of low-dose chemother-
apeutics on DC. Using Rac G-LISA, RhoA G-LISA activation assay kits and
Western blot technology, we studied putative regulatory roles for various che-
motherapeutic agents in modulating small Rho GTPases in DCs. Our data
revealed that different classes of chemotherapeutic drugs, including paclitaxel,
methotrexate, and doxorubicin, at low non-toxic concentrations regulated the
activity of classic Rho familymembers Rac andRhoA, as well as non-classic Rho
GTPase RhoE in murine DC, suggesting that small Rho GTPases might serve as
new targets formodulating functional activity ofDC vaccines or endogenousDC
in various immunotherapeutic or chemoimmunotherapeutic strategies (Shurin
et al. 2008). Thus, these results support the view that chemotherapeutic agents
used in low concentrations might activate unusual signaling pathways in immune
cells and thus display unusual immunomodulating properties.

14.5 Chemomodulation of Cytokine Expression in Dendritic Cells

Growing interest in combining chemotherapy and immunotherapy prompted
evaluation of the ability of cytotoxic agents to modulate DC function. Our recent
data demonstrated that a number of chemotherapeutic drugs in low concentrations
(chemomodulators) induced antigen uptake, processing and presentation,motility,
and expression of costimulatory molecules in DCs (Shurin et al. submitted).

We have tested whether low-dose non-toxic chemotherapy (chemomodula-
tion) might alter cytokine profiling in DC resulting in downregulation of
immunosuppressive cytokines, while immunostimulatory cytokines might be
upregulated. Using eight cytotoxic agents, selected according to their non-toxic
and immunostimulating effects on tumor cells and DCs, we have determined
and compared the pattern of cytokines/chemokines/growth factor expression in
control and chemomodulator-treated DCs. Murine bone marrow precursors
were treated with chemotherapeutic agents (0.1–50 nM) for 72 h. On day 7, DCs
were lysed and 30 biological markers were measured in DC lysates by Luminex
assay based on xMAP technology in collaboration with Dr. Anna Lokshin,
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Director of Luminex Core Facility, University of Pittsburgh Cancer Institute.

Analysis of cytokine profiles in control and treated DCs demonstrated that

several chemotherapeutic agents significantly upregulated production of IL-

12p70 in DCs. For instance, the level of IL-12p70 was 363.0 � 24.0 pg/ml for

control (non-treated) DC, 590.0 � 28.0 pg/ml for 1 nM vincristine-treated DC,

and 617.0 � 36.0 0 pg/ml for 5 nM paclitaxel-treated DC. Moderate upregula-

tion of IL-12p70 expression was observed in DCs treated with 5 nM metho-

trexate, 50 nM mitomycin, and 10 nM doxorubicin, while 5-azacytidine at 10

nM caused inhibition of IL-12p70 production in DCs. Bleomycin (1 nM) did

not alter the expression of IL-12p70 in DCs (Fig. 14.2A). As was shown, the

production of immunosuppressive IL-10 cytokine was decreased in DCs by
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Fig. 14.2 Effect of chemomodulation, i.e., low non-toxic chemotherapy, on cytokine profiling in

dendritic cells. Murine dendritic cells (DCs) were generated from the bone marrow hemato-
poietic precursors in cultures supplemented with GM-CSF and IL-4. Chemotherapeutic
agents were added on day 1 and DC were harvested, lysed, and analyzed on day 7. Cytokines,
chemokines, and growth factors were assessed in DC lysates by Luminex multiplex-based
analysis. Control, non-treated DC; p < 0.01 versus control. Two independent experiments
provided similar data
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30–40% after their treatment with low concentrations of vinblastine, vincris-
tine, paclitaxel, 5-azacytidine, methotrexate, and mitomycin C (Fig. 14.2B),
while IL-4 production in DCs treated with chemotherapeutic drugs did not
change with exception of slight (25–30%) but significant inhibition by 0.2 nM
vinblastine, 1 nM vincristine, 10 nM 5-azacytidine, and 1 nM bleomycin
(Fig. 14.2C). TNF-1� production was decreased in DCs treated with low-
dose paclitaxel, 5-azacytidine, methotrexate, and doxorubicin by 20–50%, but
increased in the presence of vinblastine, vincristine, and bleomycin up to 25%
(Fig. 14.2D). The levels of other cytokines, chemokines, and growth factors
were similar in control and chemotherapeutic-treated DC.

Based on these studies we conclude that at least several chemotherapeutic
drugs at low concentration increased the production of pro-inflammatory
cytokine IL-12 and decreased anti-inflammatory cytokine IL-10 in DCs, sug-
gesting that low-dose chemomodulation might change the cytokine profiling in
DCs toward their immunostimulating potential.

14.6 Conclusions

Our data justify the importance of systematic evaluation of chemotherapeutic
agents for their ability to enhance the antitumor immune response when used in
low non-toxic doses in tumor-bearing hosts. Modulation of the tumor environ-
ment by low-dose chemotherapy, i.e., chemomodulation, prior to cancer vaccine
administrationmay provide a unique opportunity for therapeutic intervention by
shaping the repertoire toward reactivity to tumor antigens. This might be due to
the upregulation of antigen-processingmachinery in tumor cells, downregulation
of immunosuppressive potential of tumor cells, and/or enhancing activity of
immune effector cells. An understanding of the underlying cellular and immu-
nological events in both animal models and patients undergoing chemotherapy
will guide decisions about which immunomodulatory approaches may be effec-
tive with different cytostatic drugs and hence to develop appropriate scheduling
for integration of the treatment modalities.
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Chapter 15

Role of IDO in Dendritic Cell Differentiation

and Function in Cancer

Alexey Popov and Joachim L. Schultze

Abstract Expression of tryptophan-catabolizing enzyme indoleamine-pyrrole
2,3-dioxygenase (IDO) has been associated with the regulatory phenotype of
tumor-associated dendritic cells, along with other tolerogenic mechanisms,
including production of immunomodulatory cytokines and expression of
immune-inhibitory receptors. IDO activation in dendritic cells leads to trypto-
phan depletion and accumulation of its toxic downstream metabolites which in
concert directly suppress proliferation of T cells and induce T-cell apoptosis.
Furthermore, IDO-positive dendritic cells promote the induction of regulatory
T cells, which further impair protective immunity against tumors. In the context
of cancer, IDO induction in dendritic cells can be triggered by receptors
expressed by regulatory T cells, such as CTLA4 and GITR, and by soluble
tumor-associated factors, such as prostaglandin E2, in close alliance with TNF
signaling. Immunosuppressive effects of enzymatically active IDO can be over-
come by specific inhibitors such as 1-methyl-tryptophan which can be used for
therapeutic purposes.

15.1 IDO – A Tryptophan-Catabolizing Enzyme with

Immunoregulatory Properties

Indoleamine 2,3-dioxygenase (IDO) – a first and rate-limiting enzyme in the
kynurenine pathway of tryptophan catabolism – was initially described by the
group of Osamu Hayaishi almost 45 years ago (Taylor and Feng 1991). Trypto-
phan is one of the essential amino acids required for protein synthesis which
cannot be synthesized by mammals, making the latter fully dependent on their
dietary uptake (Moffett and Namboodiri 2003). Once ingested, tryptophan is
distributed throughout the blood stream and can be acquired by the cells with
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the help of a system L heteromeric amino acid transporter, which consists of the

catalytic subunit/light chain (large amino acid transporter 1, LAT1) associated

covalently with a surface glycoprotein 4F2hc/heavy chain (Verrey 2003). In

mammalian cells, tryptophan can be catabolized by IDO and tryptophan

2,3-dioxygenase (TDO); in contrast to TDO, which is liver-specific, IDO can be

expressed by various non-immune and immune cells, including dendritic cells (DC)

(Mellor and Munn 2004). Depletion of tryptophan by IDO-expressing cells results

in the accumulation of its first main metabolite, kynurenine, which is further

catabolized by various enzymes along the so-called kynurenine pathway (Fig. 15.1).
In the first decades after discovery, IDO was characterized to be involved

mostly in the repression of viral, parasitic and bacterial infections and in the

Fig. 15.1 Overview of the kynurenine pathway of tryptophan catabolism. Immunotoxic
tryptophan metabolites are highlighted in bold and are underscored. Kynurenine pathway
is highlighted by black arrows. IDO, indoleamine 2,3-dioxygenase; AFMID,
arylformamidase; KYNU, kynureninase; KMO, kynurenine 3-monooxygenase; KAT,
kynurenine aminotransferase; 3-HAO, 3-hydroxyanthranilic acid oxidase; QPRT,
quinolinic acid phosphoribosyl transferase; ACSMD, aminocarboxymuconate
semialdehyde decarboxylase
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inhibition of tumor cell proliferation (Taylor and Feng 1991). Later on, evi-
dence emerged that IDO-induced tryptophan depletion can promote an
immune privileged environment in pregnancy (Munn et al. 1998) and during
tumor progression (Uyttenhove et al. 2003) and can inhibit organ-specific auto-
immunity (Hayashi et al. 2004). Furthermore, IDO-expressing human and
murine DC (Hwu et al. 2000; Grohmann et al. 2001), as well as macrophages
(Munn et al. 1999), were reported to inhibit antigen-specific T-cell proliferation
and to induce T-cell apoptosis (Fallarino et al. 2002a; Mellor et al. 2003). Very
recently a new tryptophan-catabolizing enzyme, closely related to IDO and
named therefore indoleamine 2,3-dioxygenase-like protein (INDOL1 or
IDO2), was described; in contrast to IDO (also referred to as IDO1), IDO2
protein is expressed mostly in the murine kidney, liver and organs of the
reproductive system (Ball et al. 2007). Although concomitant expression of
both IDO1 and IDO2 has been described in human DC (Lob et al. 2008a),
there is experimental evidence that tryptophan degradation in human DC and
tumor cells is entirely provided by IDO1 (Lob et al. 2008a, b).

15.2 Mechanisms of IDO-Mediated Suppression:

Tryptophan Starvation and Downstream Metabolite Toxicity

Different mechanisms contribute to the IDO-mediated immune suppression. Due
to the necessity of tryptophan for cell growth, the effects mediated by IDO+ DC
have been associated with tryptophan starvation. In the absence of tryptophan,
T-cell cycle progression stops at amid-G1 arrest point (Munn et al. 1999).Notably,
plain addition of tryptophan to the arrested T cells is not sufficient to permit
further cell cycle progression, but requires additional T-cell receptor (TCR) trigger-
ing to release the cell cycle arrest (Munn et al. 1999). Activation of a GCN2 kinase
pathway by IDO+ DC was proposed to act as a downstream molecular sensor of
IDO-mediated effects in T cells (Munn et al. 2005). GCN2 (general control of non-
derepressible-2) kinase is a stress-response kinase, which responds to elevation of
uncharged tRNAdue to amino acidwithdrawal; its induction in T cells leads to the
activation of an integrated stress-response (ISR) pathway, resulting in cell cycle
arrest and creation of anergy (Munn et al. 2005).

Furthermore, most of the tryptophan metabolites are reported to be
immunotoxic (Fig. 15.1). Such tryptophan catabolites as kynurenine, 3-
hydroxyanthranilic and quinolinic acids (3-HAA and QA, respectively) were
reported to induce T-cell apoptosis (Fallarino et al. 2002a; Frumento et al.
2002; Terness et al. 2002). Induction of T-cell apoptosis by tryptophan catabo-
lites is associated with activation of caspase-8 and release of cytochrome c from
mitochondria and affects mostly Th1 cells (Fallarino et al. 2002a). However, 3-
HAAwas reported to induce apoptosis of both Th1 and Th2 cells by specifically
targeting PDK1 and inhibiting NF-�B activation upon T-cell antigen receptor
triggering (Hayashi et al. 2007). In addition to apoptosis induction, several
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tryptophan catabolites (kynurenine, 3-hydroxykynurenine and 3-HAA) were
reported to exert cytotoxic action on T cells, B cells and natural killer (NK)
cells, whereasDCwere not affected (Terness et al. 2002).Moreover, suppressive
effects of tryptophan catabolites affect mostly activated T cells; in contrast,
resting cells are not affected and can be activated normally thereafter
(Frumento et al. 2002; Terness et al. 2002).

The suppressive effect of tryptophan catabolites is amplified in the absence of
tryptophan and also the combination of several catabolites results in additional
suppression (Frumento et al. 2002; Terness et al. 2002; Fallarino et al. 2006). In
almost the same manner, combinatory effects of tryptophan deprivation and
tryptophan catabolites result in GCN2-dependent downregulation of the TCR
�-chain in murine CD8+ T cells in vitro and in vivo (Fallarino et al. 2006).

In addition to suppression of conventional T cells, IDO+ DC were reported
to induce regulatory T cells in vitro and in vivo. Tryptophan starvation and
tryptophan catabolites induce a regulatory phenotype in naive CD4+CD25+ T
cells via induction of the forkhead transcription factor Foxp3 in a TGF-�- and
GCN2-dependent manner (Fallarino et al. 2006). IDO+ plasmacytoid DC
(pDC) in tumor-draining lymph nodes (TDLN) of B16F10 melanoma-bearing
mice can trigger the suppressive activity of resting CD4+CD25+Foxp3+ reg-
ulatory T cells (Treg); Treg activation by IDO+ pDC is MHC restricted and
requires the GCN2 pathway and CTLA4 (cytotoxic T lymphocyte-associated
antigen 4) signaling (Sharma et al. 2007). Moreover, IDO+ DC were shown to
induce Foxp3+ regulatory T cells and even to promote tumor growth in vivo in
advanced human melanoma (Wobser et al. 2007).

Fig. 15.2 Interaction of IDO
+
regulatory dendritic cells with T cells in the tumor

microenvironment. CD40L, CD40 ligand; COX-2, cyclooxygenase-2; CTLA-4, cytotoxic T
lymphocyte-associated antigen 4; DCreg, regulatory dendritic cells; GCN2, general control
non-depressing 2 protein kinase; GITR, glucocorticoid-induced tumor necrosis factor
receptor family-related protein; IDO, indoleamine 2,3-dioxygenase; IFN�, interferon
gamma; KYN, kynurenine; PgE2, prostaglandin E2; Tconv, conventional T cells; TNF,
tumor necrosis factor �; Treg, regulatory T cells; TRP, tryptophan
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Besides the direct IDO-mediated suppressive mechanisms, several other

molecules associated with IDO+ DC, such as HLA-G and CD25, were

described to be involved in the promotion of IDO-associated immune suppres-

sion (Lopez et al. 2006; von Bergwelt-Baildon et al. 2006). Expression of the

non-classical HLA class I molecule HLA-G on the surface of DC can be

induced by IDO and was shown to be complementary to IDO in inducing and

maintaining immune tolerance (Lopez et al. 2006). Concomitant induction of

IDO and CD25 provides DC with two potent inhibitory mechanisms: (i) IDO-

mediated tryptophan starvation and accumulation of toxic downstream

tryptophanmetabolites are assisted by (ii) IL-2 scavenging throughDC-derived

surface and soluble CD25 and in concert with the latter inhibit T-cell prolifera-

tion (von Bergwelt-Baildon et al. 2006).
Taken together, IDO+ regulatory DC possess several potent inhibitory

mechanisms for inhibiting CD4+ as well as CD8+ T-cell function: suppression of

T-cell proliferation is elicited mainly by tryptophan depletion and accumulation

of toxic tryptophan metabolites and is further maintained by induction of Treg

(Fig. 15.2).

15.3 Induction of IDO in Dendritic Cells

Distinct human and murine DC subsets have been described to express enzy-

matically active IDO; some of these DC express IDO constitutively, either in

vivo or in vitro, in the others IDO expression can be induced by diverse stimuli

(Popov and Schultze 2008). Constitutive expression of IDO has been described

for human monocyte-derived DC, which co-express CD123 and CCR6 (Munn

et al. 2002); later on the existence of CD123+CCR6+IDO+ DC was put in

question by other groups (Terness et al. 2002; Lob et al. 2007). In mice,

plasmacytoid CD19+ DC derived from TDLN of melanoma-bearing animals

(Munn et al. 2004) and spleen-derived CD8�+B220– DC (Fallarino et al.

2002b) were reported to express IDO constitutively under steady-state condi-

tions, whereas in spleen plasmacytoid B220+ DC and in vitro-generated bone

marrow-derived DC IDO expression can be induced (Popov and Schultze

2008). Although various factors including inflammatory cytokines and toll-

like receptor (TLR) ligands can induce IDO activity, only some of them may

play a role in the tumor context.
In general, ligation of B7-1/B7-2 (CD80/CD86) on DC by Treg-expressed

CTLA4 and glucocorticoid-induced tumor necrosis factor receptor (GITR) was

suggested to be a part of the interaction between IDO+ DC and Treg in vivo

(Grohmann et al. 2002, 2007) (Fig. 15.2). Induction of IDO by CTLA4 trigger-

ing on a subset of CD19+murineDCdepends on expression of type I interferon

receptors (Baban et al. 2005); moreover, secretion of IFN-�, which is indis-

pensable for high-level expression of IDO following B7-1/B7-2 ligation, is itself

controlled by IDO activity (Manlapat et al. 2007). On the other hand, induction
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of IDO by GITR–GITR ligand interaction requires both IFN-� and non-

canonical NF-�B signaling (Grohmann et al. 2007).
Prostaglandin E2 (PgE2), a soluble factor associated with tumor-induced sup-

pression, was reported to induce enzymatically active IDO in human DC (Braun

et al. 2005; von Bergwelt-Baildon et al. 2006). In this context, PgE2 signaling is

executed over PgE2 receptor 2 (EP2) and results in the activation of adenylate

cyclase (Braun et al. 2005) but strongly depends on TNF signaling (Popov et al.

2006) (Fig. 15.2). Induction of IDObyTNF-� andPgE2 is not restricted to in vitro-

generated DC but can also be seen in circulating BDCA-1-positive myeloid DC

derived from peripheral blood, as well (von Bergwelt-Baildon et al. 2006).
Taken together, IDO expression and functional activity in DC can be trig-

gered by various soluble tumor-associated factors (interferons, TNF-� and

PgE2) and by reverse signaling through membrane-bound receptors expressed

on regulatory T cells (CTLA4 and GITR) (Fig. 15.2).

15.4 IDO-Mediated Dendritic Cell-Driven Immune

Suppression in the Tumor Environment

IDO+ DC were revealed in TDLN in invasive cutaneous melanoma in humans

(Lee et al. 2003), B16 melanoma-bearing mice (Munn et al. 2004) and different

carcinomas associated with COX-2 overexpression and elevated levels of PgE2

(von Bergwelt-Baildon et al. 2006). Of interest, in the latter study DC appeared

to be of myeloid origin, whereas in the former two they were either plasmacy-

toid or of mixed origin, respectively, which points out that all DC compart-

ments can promote IDO-mediated tolerance (Popov and Schultze 2008).

Furthermore, IDO+ DC described in peritumoral regions of gastric, breast

and colon carcinomas were reported to co-express CD25, providing the latter

with a supplementary inhibitory mechanism, which further impairs protective

immunity (von Bergwelt-Baildon et al. 2006).
In all studies describing IDO+ DC in vivo, they were found to represent a

relatively minor subset, which raises the question if this small population can

efficiently regulate host immune function. In vivo, even few IDO+ DC were

reported to suppress the immune responses elicited by higher amounts of stimu-

latory IDO– DC (Grohmann et al. 2001). Moreover, IDO+ DC can confer their

suppressive ability to IDO– DC in a kynurenine-dependent manner even in the

absence of functional IDO (Belladonna et al. 2006), thereby extending the pool of

inhibitoryDC.However, IDO is expressed not only by tumor-associatedDC, but

by other tumor-infiltrating cells, including macrophages (Nakamura et al. 2007)

and eosinophils (Astigiano et al. 2005), and by the neoplastic cells themselves

(Uyttenhove et al. 2003). All these IDO+ cells might contribute to DC-mediated

immune suppression, in concert generating a significant gradient of tryptophan

and its toxic metabolites. What portion of the regulatory effect is mediated by

IDO+ DC in the tumor environment needs to be further elucidated.
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15.5 IDO Inhibitors and Their Role in Dendritic Cell-Targeted

Cancer Immunotherapy

Immunosuppressive effects promoted by IDO+ DC can be surmounted by

specific competitive inhibitors, like 1-methyl-tryptophan (1-MT) (Hwu et al.

2000). In murine tumor models, 1-MT significantly inhibited tumor growth,

enhanced survival of mice with breast cancer and melanoma treated with

chemotherapeutic agents (Hou et al. 2007) and delayed tumor growth, when

applied in combination with a DC/Lewis lung carcinoma fusion vaccine in the

lung cancer model (Ou et al. 2008). Due to the poor solubility of 1-MT, its

clinical application remains principally restricted to the murine models, where it

can be applied orally with food and drinking water or applied subcutaneously

as a ‘‘sustain–release form’’ to enhance the bioavailability (Hou et al. 2007;

Romani et al. 2008). Of note, 1-methyl-tryptophan exists in two stereo-isoforms

with potentially different biological properties: the levo-isoform (L-1-MT) and

dextro-isoform (D-1-MT), respectively (Hou et al. 2007). Both isoforms are

reported to inhibit IDO activity; however, recent data point out that 1-MT

stereo-isoforms might exhibit species- and cell type-specific activity, while the

D-isoform is described to be very potent in reversing the IDO-mediated T-cell

suppression in murine DC in vitro and in vivo (Hou et al. 2007); the L-isoform,

which targets IDO1, is the inhibitor of choice in human DC. Interestingly, D-1-

MT is inefficient in human cells (Lob et al. 2008a, b).
The diversity and poor bioavailability of 1-MT isoforms encouraged the

search for IDO inhibitors suitable for the treatment of human disease in clinical

setting. Until now, several alternative medications have been proposed, i.e.,

synthetic IDO inhibitors with higher oral bioavailability such as methyl-

thiohydantoin-tryptophan or more potent 1-MT isomers with higher IDO

specificity (Muller et al. 2005; Hou et al. 2007) with other potent IDO inhibitors

under current intensive investigation (Kumar et al. 2008).

15.6 Role of IDO in Dendritic Cell Differentiation

and Function

Given that IDO-expressing DC potently suppress T cells and NK cells (Terness

et al. 2002), one might expect that tryptophan deprivation and accumulation of

toxic tryptophan catabolites can affect DC themselves. However, current data

point out that DC might not be sensible to the downstream effects of IDO

enzymatic activation. For instance, DC were shown to be insensitive to down-

stream catabolites of tryptophan: HAA, a strong suppressor of CD4+ T cells,

cannot inhibit NF-�B and cannot induce apoptosis in TLR4-activated DC

(Hayashi et al. 2007). Moreover, DC are not affected by the cytotoxic effects

promoted by various tryptophan catabolites (Terness et al. 2002).
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Using fluorescence resonance energy transfer nanosensors, Kaper et al. have
recently shown that LAT1 is implicated in tryptophan/kynurenine exchange in
human cells, where tryptophan influx is strictly linked to kynurenine efflux,
coupling tryptophan starvation to elevation of extracellular kynurenine levels
(Kaper et al. 2007). According to the authors, this strict coupling protects IDO-
competent cells from kynurenine accumulation and related inhibitory effects.
Recently, LAT1-mediated kynurenine uptake was described for IDO+ bone
marrow-derived DC, therefore the same exchange mechanism may apply for
DC, as well (Hara et al. 2008). In the light of these recent data, which point out
that IDO-competent antigen-presenting cells can utilize tryptophan transpor-
ters with much higher affinity than LAT1 (Seymour et al. 2006), one might
expect that the higher turnover of tryptophan in IDO+DC protects them from
starvation. Besides, DC lack molecular sensors for IDO-mediated downstream
events, such as GCN2 kinase, which is responsible for tryptophan- and kynur-
enine-mediated inhibitory effects described for T cells (Munn et al. 2005;
Sharma et al. 2007).

Recently, pharmacological inhibition of IDO function during DC matura-
tion in vitro has been reported to impair DC phenotype and inhibit DC
responsiveness to chemokines (Hwang et al. 2005). Of interest, suppression of
DC function, reported in this study, was mostly pronounced when DC were
matured with proinflammatory stimuli, such as LPS and TNF-�, whereas DC
stimulated by CD40 ligation were less sensible to IDO inhibition. It was there-
fore hypothesized that tryptophan might be essential for DC maturation and
may play a role in the regulation of DCmigratory function (Hwang et al. 2005).
However, despite a possible role for IDO expression in regulating DC differ-
entiation from bone marrow precursors in vitro, in vivo IDO1–/– mice display a
normal DC compartment, pointing out that IDO is dispensable for DC devel-
opment and function (de Faudeur et al. 2008).

Taken together, although suppression of T-cell responses by IDO+ DC is
well documented (Munn and Mellor 2007), the role of DC-expressed IDO on
their own function further remains to be elucidated.
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Chapter 16

Dendritic Cells: From Inducers of Specific T-Cell

Responses to Promoters of Angiogenesis

George Coukos and Fabian Benencia

Abstract Dendritic cells are the most efficient antigen-presenting cells. They
capture, process and present antigens to T cells, thus initiating specific immune
responses. Taking into account this capability, dendritic cells have been pro-
posed as therapeutic agents against tumors. In recent years other properties of
dendritic cells have surfaced. In particular, dendritic cells have been shown to
have immunosuppressive properties in some settings and were also capable of
inducing proliferation of regulatory T cells. Moreover, it has been shown that
dendritic cells are able to generate angiogenic factors and might be able to
participate in the angiogenic process. Thus, for tumor therapeutic purposes,
further studies on the biology of dendritic cells are necessary in order to
generate cells with optimized immunogenic properties, but avoiding a pro-
angiogenic profile.

16.1 Dendritic Cells in Mouse and Humans

Dendritic cells (DC) are professional antigen-presenting cells (APC) found in
peripheral tissues and in immunological organs such as thymus, bone marrow,
spleen, lymph nodes and Peyer’s patches (Banchereau et al. 2000; Lanzavecchia
and Sallusto 2001; Bonasio and von Andrian 2006). DC present in peripheral
tissues sample the organism for the presence of antigens, which they take up,
process and present in the context of major histocompatibility molecules
(MHC). Then, antigen-loaded DC migrate to lymphoid organs where they
present the processed antigen to T lymphocytes triggering specific immune
responses. Different DC subsets have been identified both in mouse and
humans based on their differential expression of surface antigens (Liu 2001;
Shortman and Liu 2002; Ardavin 2003; Hieronymus et al. 2005). In the mouse,
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CD11c is a highly restricted marker of DC. Bone marrow-derived myeloid DC
are present in most tissues and are characterized by coexpression of CD11c and
CD11b. Three different subsets of splenic DC have been reported in the mouse
characterized by differential expression of CD4 and CD8 markers:
CD8�+CD4�, CD8��CD4+ and CD8��CD4� DC (Liu et al. 2001;
Hieronymus et al. 2005). Another subset of DC is comprised of plasmacytoid
DC (pDC). In the mouse, these cells are characterized by the expression of B220
andCD45RB, but noCD11b (Liu 2005). PlasmacytoidDC are characterized by
producing large amounts of type 1 interferons (IFN) in response to viral
infections (Penna et al. 2002; Liu 2005). Adding to the heterogeneity of mouse
DC subsets, two novel subsets of DC have been described in the last years. One
of these subsets, named killer DC, is characterized by the expression of B220
and NK1.1 receptors and is able to kill tumor cells, thus preventing tumor
growthwhen used in adoptive therapies (Taieb et al. 2006). The second subset of
DC is restricted to the spleen, expresses CD19 and suppresses T-cell responses
via indoleamine 2,3-dioxygenase (IDO) expression (Baban et al. 2005). Adding
to the complexity, it has been shown that DC subsets can change their pheno-
type. For example, CD8��CD4� can give raise to the other two splenic DC
subsets (Shortman and Liu 2002), while other reports showed that plasmacy-
toid DC could acquire myeloid DC characteristics under the influence of viral
infection (Diebold et al. 2003). Different protocols have been developed for
generating mouse DC in vitro to use in vaccination studies. Usually, these cells
are obtained in vitro from bone marrow using GM-CSF alone or in combina-
tion with IL-4 (Inaba et al. 1992; Lutz et al. 1999; Masurier et al. 1999).
Alternatively, myeloid and plasmacytoid DC can be obtained from bone mar-
row progenitors by using fms-related tyrosine kinase 3 ligand (Flt3) and differ-
ent cytokines such as IL-6, stem cell factor, IL-3 or insulin-like growth factor 1
(Maraskovsky et al. 1996; Hieronymus et al. 2005). Flt3 can be also used for
expansion of murine DC in vivo (Maraskovsky et al. 1996; Shurin et al. 1997).

In humans, circulating DC are characterized based on the expression of
CD11c and CD123 antigens as myeloid (CD11c+CD123�) or plasmacytoid
(CD11c–CD123+). Subsets of myeloid DC are further characterized based on
expression of BDCA1 or BDCA3 molecules (Bonasio and von Andrian 2006).
Human DC can be prepared in vitro for vaccination purposes from monocytes
or CD34+ precursors (Gluckman et al. 1997).

16.2 Dendritic Cell Maturation Process

Immature DC have a high phagocytic capability. These cells can take up
antigen by phagocytosis, macropinocytosis or receptor-mediated endocytosis
(Lanzavecchia and Sallusto 2001). The antigen is then processed into peptides
which are presented on the DC surface associated with MHC molecules. Then,
under the influence of pro-inflammatory cytokines or products released by
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damaged tissues (‘‘danger signals’’), immature DC turn into mature DC. The
maturation process involves upregulation of MHC class II molecules and
costimulatory molecules such as CD40, CD80 and CD86 and the chemokine
receptor CCR7 as well as downregulation of the chemokine receptor CCR6.
Uponmaturation, DC show decreased phagocytic capability, increased efficacy
to present processed antigens in the context of MHC molecules and conse-
quently improved capability to activate T cells. Chemokines CCL19 (ELC/
MIP-3�) and CCL21 (SLC/6Ckine), ligands for CCR7, are constitutively
expressed at high levels in lymph nodes (Sanchez-Sanchez et al. 2004). Thus,
mature DC migrate from the sites of antigen capture to T-cell regions of
draining lymph nodes, where they contact naı̈ve or memory T cells and initiate
a specific immune response (Banchereau et al. 2000). In the absence of inflam-
matory signals, DC can remain phenotypically immature upon antigen capture,
expressing low levels of MHC class II and costimulatory molecules. Impor-
tantly, antigen presentation in the absence of effective positive costimulation
can lead to T-cell anergy and tolerance (Lutz and Schuler 2002). Thus, these DC
are considered as ‘‘tolerogenic’’ in comparison with ‘‘immunogenic’’ DC capable
of inducing potent specific immune responses. Interestingly, DC can switch
from immunogenic to tolerogenic depending on the microenvironment condi-
tions (Heath and Carbone 2001). For example, viral infections can differentiate
pDC into Th1-inducing DC (Diebold et al. 2003), while IL-3 can induce Th1-
inducing DC to differentiate into Th2-inducing DC (Liu 2001).

16.3 Dendritic Cells with Immunosuppressive Properties

in the Tumor Microenvironment

DC are conspicuous members of the microenvironment of several types of
cancer (Curiel et al. 2004; Mantovani et al. 2004; Shurin et al. 2006; Whiteside
2006; Baleeiro et al. 2008). Interestingly, tumor-associated DC can show immu-
nosuppressive properties, may be incapable of inducing specific immune
responses or can induce regulatory T-cell expansion. Tumor-associated cyto-
kines such as vascular endothelial growth factor (VEGF), IL-10 and prosta-
glandin E2 (PgE2) can profoundly affect the nature of APC. In particular, DC
showing low levels of costimulatory molecules have been detected in tumors
expressing high levels of VEGF (Gabrilovich et al. 1996, 1999). VEGF is a
central angiogenic molecule which has been proposed as a target for antitumor
therapies (Ferrara 2004, 2005; Kenny et al. 2007). Highlighting the importance
of VEGF in this process, patients treated with anti-VEGF antibody showed a
decrease in immunosuppressive DC (Osada et al. 2008). Besides ‘‘paralysis’’ of
their immune function, we and others have recently shown that tumor-
associated DC or tumor monocyte subsets expressing DC markers are able to
produce angiogenic factors and can promote angiogenic processes in the tumor
microenvironment (Curiel et al. 2004; Mantovani et al. 2004; Coukos et al.
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2005). This phenotype may be however reversible. For example, treatment of

tumor-associated DC with inflammatory molecules induces them to acquire a

typical APC phenotype with restored capability to activate T cells (Vicari et al.

2002). Interestingly, it has been recently shown that the endothelial cell-pro-

duced anti-angiogenic cytokine vascular endothelial growth inhibitor also

induces DC maturation (Tian et al. 2007).

16.4 Dendritic Cells Showing Endothelial Cell Properties

Tumors require blood supply for expansive growth. With increasing distance

from vessels, hypoxic tumor cells produce angiogenic factors that induce the

formation of neovessels (Patan 2000). These are different from vessels of

normal tissue at the morphologic and molecular levels (Papetti and Herman

2002; Djonov et al. 2003). Until recently, angiogenesis, or sprouting of endothe-

lial cells (EC) from existing vessels, was the only accepted mechanism of tumor

vascularization. Recent studies have suggested that vasculogenesis, or recruit-

ment of endothelial progenitors that differentiate into endothelial cells, might

contribute to the formation of tumor neovessels (Bailey and Fleming 2003).

Endothelial cell progenitors were first identified by expression of the hemato-

poietic stem cell antigens, CD34 and flk-1, by other hematopoietic stem cell

antigens, such as CD133 (AC133) (Bailey and Fleming 2003). Several popula-

tions of hematopoietic cells assume an endothelial phenotype when cultured

under pro-angiogenic conditions. These include CD34+, Sca1+, CD133+ and

CD14+ cells. Emerging studies have reported the capability of a CD34�mono-

cyte/macrophage-containing mononuclear cell population to differentiate into

endothelial-like cells in vitro (Fernandez Pujol et al. 2000; Schmeisser et al.

2001). More recently, different studies have demonstrated that monocytes or

monocyte-like cells can also function as endothelial cell progenitors and incor-

porate into growing vasculature in experimental models (Rehman et al. 2003;

Lewis et al. 2007). We and others have shown that mouse bone marrow-derived

DC cultured in the presence of tumor factors can undergo an endothelization

process characterized by the loss of CD14 and CD45 and the upregulation of

endothelial markers CD31, CD34, von Willebrand factor, VEGF receptor-2

(VEGFR-2) and VE-cadherin (Fernandez Pujol et al. 2001; Conejo-Garcia et

al. 2004; Gottfried et al. 2007). Furthermore, these ‘‘vascularized’’ DC displayed

other characteristics of vascular cells such as LDL uptake, lectin binding and

formation of cord-like structures in 3D gels. Several reports have shown that

these cells are able to assemble into vascular structures in vitro and in vivo

(Fernandez Pujol et al. 2001; Schmeisser et al. 2001; Conejo-Garcia et al. 2004;

Gottfried et al. 2007). Furthermore, it has been recently reported that these cells

even acquire functional properties similar to brain microvascular endothelial

cells under the appropriate stimuli (Glod et al. 2006).
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We have reported, in human ovarian carcinoma, the presence of a subset of
CD45+ CD11c+ DC expressing endothelial markers and low levels of costi-
mulatory molecules CD80 and CD86 (Conejo-Garcia et al. 2005). By means of
cell sorting we were able to obtain a highly purified population of these cells and
we showed that they have the capacity to participate in vascular structures in
vivo (Conejo-Garcia et al. 2005). Recent studies have supported these data,
showing the capability of human tumor-associated DC to express endothelial
markers and assemble into endothelial-like structures in vitro (Gottfried et al.
2007). The capability of tumor-associated DC to behave as functional vascular
cells in vivo is a matter of current debate, but DC can also contribute to
angiogenic process by producing factors that can promote growth of bona
fide endothelial cells (Sozzani et al. 2007).

16.5 Dendritic Cells as a Source of Angiogenic Factors

We have previously shown that DC precursors participate in tumor progression
and angiogenesis in a mouse model of ovarian cancer (Conejo-Garcia et al.
2004). For these studies, we used the ID8-Vegf mouse model of ovarian carci-
noma. ID8, a cell line derived from spontaneous in vitro malignant transforma-
tion of C57BL/6 mouse ovarian surface epithelial cells, was engineered to
overexpress VEGF164. Our published data support that our engineered model
expresses levels of VEGF similar to that found in human ovarian tumor cells.
ID8-Vegf-A tumor cells are able to generate solid tumor or ascites when injected
into syngeneic C57BL/6 mice subcutaneously or via the intraperitoneal route,
respectively. In particular, we reported that admixing immature DCwith tumor
cells increases tumor progression and angiogenesis. A close analysis of DC
isolated from the tumor microenvironment showed that these cells expressed
low levels of costimulatory molecules and also expressed VEGF receptor 2
(VEGFR-2) at the level of RNA and protein, thus being susceptible to the
immunosuppressive effects of VEGF. Interestingly, these cells were able to
produce VEGF, thus indicating not only a possible autocrine mechanism, but
also their capability to contribute to endothelial cell growth (Conejo-Garcia et
al. 2004). In the same direction, recent data fromDr. J. Folkman’s lab (Fainaru
et al. 2008) highlight the contribution of DC to angiogenesis in a murine model
of endometriosis and in the peritoneal Lewis lung carcinoma tumor model.
Similar to what we observed in our model, they showed that these pro-
angiogenic DC have an immature phenotype and express VEGFR-2. Also,
the same group showed that immature DC participate in angiogenesis processes
in non-tumor settings (Nakai et al. 2008).

Further, we have isolated myeloid DC from the tumor microenvironment of
human ovarian cancer and analyzed their transcriptome profile by means of
low-density arrays (LDA). As shown in Fig. 16.1, these cells produce several
angiogenic factors such as VEGF, IL-8 and matrix metalloproteases which can
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contribute to endothelial cell proliferation and also express VEGFR-2. The

production of pro-angiogenic factors by tumor-associated immature DC was

also observed at the protein level as shown in Fig. 16.2. Interestingly, it has also

been reported that tumor-associated pDC are capable of contributing to angio-

genic process (Curiel et al. 2004), thus indicating that this capability may not be

restricted to a specific DC subtype. All these data indicate that tumor-asso-

ciated DC, showing an immature profile, are capable of contributing to

Fig. 16.2 Ovarian cancer-associated immature dendritic cells express pro-angiogenic factors at

the level of protein. Human myeloid CD83� dendritic cells were isolated from the ascites of
different patients by means of fluorescence-activated cell sorting. Proteins were isolated and
analyzed by means of antibody arrays. IL-8, interleukin 8; VEGF, vascular endothelial
growth factor; NEG, negative control; POS, positive control

Fig. 16.1 Ovarian cancer-associated immature dendritic cells express pro-angiogenic factors at

the level of RNA. Human myeloid CD83� dendritic cells were isolated from the ascites of
different patients by means of fluorescence-activated cell sorting. RNA was isolated, reverse
transcribed and pooled. Then, samples were analyzed by means of customized low-density
arrays. Values were normalized to human immature dendritic cells generated in vitro from
peripheral blood mononuclear cells. IL8, interleukin 8; MMP, matrix metalloproteinase;
VEGF, vascular endothelial growth factor; VEGF-R2, VEGF receptor 2
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angiogenesis, but recent reports consider that also mature DC might have
angiogenic potential.

16.6 Angiogenic Properties of Mature Dendritic Cells

An array of maturation stimuli have been used in order to generate clinical-
grade DC for antitumor therapies (Lee et al. 2002; Gigante et al. 2008). Inter-
estingly, it has been shown that although some of these cocktails, specifically
those containing PgE2, generate highly efficient DC in terms of antigen pre-
sentation, they can also induce production of angiogenic factors such as VEGF.
In particular, Riboldi et al. have reported that human blood myeloid DC can
secrete VEGF in a dose-dependent manner when stimulated with LPS in the
presence of calcitriol (1,25 dihydroxyvitamin D3), PgE2 or IL-10, while no
VEGF production was observed in in vitro cultures of immature myeloid
blood DC (Riboldi et al. 2005). These cells also express other molecules that
can act on endothelial cells such as fibroblast growth factor 2 (FGF-2). More-
over, mature DC can secrete chemokines such as IL-8 which can contribute to
angiogenic processes (Ghanekar et al. 2007). These mature DC with pro-
angiogenic capabilities have been named alternatively activated DC in opposi-
tion to the classical activated DC (Riboldi et al. 2005). Furthermore, human
myeloid DCmatured in the presence of PgE2 have shown to increase regulatory
T-cell levels when used in cancer patients for vaccination purposes (Banerjee et
al. 2006).

16.7 Final Comments

The relevance of DC has been growing in the last 20 years, with regard to their
exquisite capability to induce specific T-cell responses and their use as vaccines.
In recent years, new DC properties have been unraveled, in particular their
capability to participate in angiogenic process. In order to further enhance the
vaccination capabilities of DC in a tumor setting, without compromising the
patients’ health, further studies regarding the biology of tumor-associated DC
and the use of novel maturation cocktails that avoid enhancing their pro-
angiogenic capabilities must be assessed.
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Chapter 17

Protumorigenic Function of Dendritic Cells

Anjli Kukreja

Abstract A growing body of evidence suggests a strong role of the tumor

microenvironment in shaping up the final outcome of tumor progression. The

focus is now on how various stromal components interact with cancer cells to

promote tumor growth and metastasis. Infiltration of dendritic cells is a com-

mon feature of most human tumors and until recently, these tumor-infiltrating

dendritic cells have largely been studied for their immunologic properties.

Current studies reveal a more active role of dendritic cells in the microenviron-

ment leading to tumor enhancement, angiogenesis and bone resorption. These

observations have tremendous applications for tumor therapy and suggest a

need to better understand the ways by which dendritic cells regulate tumor

biology in terms of their antigen-presenting as well as tumor-supporting func-

tions including transdifferentiation into other cell types. This review focuses on

the protumorigenic effects of dendritic cells in tumor progression that can be

targeted to improve cancer therapy.

17.1 Introduction

Tumor microenvironment/stroma plays an important role in shaping up the

tumor outcome and is therefore an important target for therapeutic interven-

tion. There is a dynamic, bidirectional interplay between tumor and its stroma

where stroma has both tumor-supporting and tumor-inhibiting roles. In spite of

the fact that tumor stroma plays an important role in tumor progression, very

little is known about the tumor microenvironment, its constituents, how they

are recruited, altered and how they reciprocally affect tumor progression. A

complex interplay of growth and differentiation factors orchestrated by tumor

cells, stromal cells or tumor-infiltrating immune cells promote tumor cell
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survival, proliferation and metastasis (Krtolica et al. 2001; Coussens and Werb
2002; Iyengar et al. 2003).

Tumor cells, like normal cells, live in a complex microenvironment that
includes the extracellular matrix (ECM), diffusible growth factors, cytokines
and a variety of non-epithelial cell types, including those comprising the vascu-
lature, cells of the immune system (lymphocytes, macrophages, dendritic cells
(DC) and mast cells) and fibroblasts. Of the various cells that form a part of
reticuloendothelial/phagocytic system including macrophages, DC and neutro-
phils, DC are unique. DC are professional antigen-presenting cells (APC)
specialized to initiate and regulate adaptive immune responses. Immature DC
present in most tissues are specialized to capture and process antigens in vivo
(Trombetta and Mellman 2005) to be presented by MHC molecules on the cell
surface and recognized by T cells. DC also upregulate co-stimulatory molecules
andmigrate to secondary lymphoid organs, e.g., spleen and lymph nodes, where
they activate antigen-specific T cells. DC are also important in activating innate
immune cells, e.g., natural killer (NK) cells (Lucas et al. 2007) and NKT cells
(Fujii et al. 2002). Besides their ability to recognize and eliminate microbial/
foreign antigens, DC have the inherent capacity to induce tolerance to self-
antigens both in the thymus and periphery (Steinman et al. 2003). Just like
lymphocytes, there are different subsets of DC with distinct functional proper-
ties that exist not only in skin (Langerhans cells and interstitial DC) but also in
the peripheral blood (myeloid and plasmacytoid DC). The localization and
migration of different subsets of DC in the tissues is controlled by a variety of
cell-trafficking molecules, predominantly chemokines (Caux et al. 2000).

17.2 Role of Dendritic Cells in the Tumor Microenvironment

Infiltration of DC is a common feature of most human tumors (Rettig et al.
1997; Banchereau et al. 2000) and yet tumors evade immune responses, pro-
gress, metastasize and eventually result in death of the host. The relationship
between the presence of DC and the clinical prognosis is however complex and
depends not only on the numbers of DC but also on their maturation and
functional status. DC have largely been studied in the context of their antigen
presentation and induction and maintenance of antitumor immune responses.
Both animal models and patient studies have provided compelling evidence
suggesting that the immune system plays a major role in surveillance of sponta-
neous tumors (Dunn et al. 2002; Buell et al. 2005). DC play a major role in
prevention and treatment of tumors and therefore are an attractive target for
therapeutic manipulation of the immune system to enhance insufficient immune
response to tumor antigens. On the contrary, very little is known about the
ability of DC to support tumor pathogenesis in situ and whether this could play
a role in tumor progression. Studies are now underway to establish the non-
immunologic effects of DC on tumors. In this chapter, we will discuss the recent
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insights unraveling tumor/DC interactions favoring tumor progression, suste-
nance and survival that can be harnessed to improve cancer immunotherapy.

17.3 Protumorigenic Effects of Dendritic Cells

Although the presence ofDC signature in some types of cancers has been shown
to be associated with improved prognosis, other studies failed to show a
correlation between DC infiltration and overall and/or metastasis-free survival
(Vicari et al. 2004).

Tumors use several approaches to subvert immune responses and use DC in
various ways to prevent immune response, induce immune tolerance and sup-
pressive T cells. Recently, a more active role of DC in cancer pathogenesis has
been suggested as discussed below by directly altering tumor growth. Tumors
therefore have evolved ways to evade and exploit DC for their own benefit.
Listed below are the variousmechanisms that tumors use to subvert DC that are
at the center stage by not only supporting tumor growth but also transdiffer-
entiating into other cell types, leading to cancer progression and its
complications.

17.3.1 DC and Enhanced Tumor Growth

Presence of DC in the tumor bed has largely been interpreted in terms of their
ability to invoke an immune response. It is now increasingly clear that DC may
interact more directly with the tumor cells. Furthermore, several studies have
correlated the presence of DC signature in the tumormicroenvironment with an
adverse prognosis (Bell et al. 1999; Lin and Pollard 2004; Sandel et al. 2005).
Both myeloma tumors in patients and mouse plasmacytomas are extensively
infiltrated by DC (Said et al. 1997; Dembic et al. 2000; Bahlis et al. 2007). Our
recent data suggest the possibility that DC may provide a niche to support the
clonogenic growth of human myeloma (Kukreja et al. 2006) that was later
corroborated by another study by Bahlis et al. (2007). The clonogenic growth
of myeloma was supported not only by monocyte-derived immature and
mature DC but also by blood-derived myeloid and plasmacytoid DC (Kukreja
et al. 2006, 2007). DC not only supported the growth of myeloma but also
Mantle cell lymphoma and breast cancer in in vitro assays. Furthermore,
DC–tumor interactions led to upregulation of B-cell lymphoma 6 (Bcl-6)
expression in myeloma cells.

DC express several molecules implicated in B-cell differentiation as well as
co-stimulatory molecules and integrins (MacLennan and Vinuesa 2002). Two
of these pathways involving the tumor necrosis factor (TNF) superfamily
members, B-cell activating factor (BAFF)/a proliferation-inducing ligand
(APRIL) (Moreaux et al. 2004; Novak et al. 2004; Moreaux et al. 2005) and
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receptor activator of nuclear factor �B ligand (RANK-L) pathways (Pearse et
al. 2001) have been previously implicated in survival of myeloma cells. Blockade
of BAFF/APRIL-mediated interactions with transmembrane activator and
calcium modulator and cyclophilin ligand interactor-Fc (TACI-Fc) or block-
ade of RANK/RANK-L-mediated interactions with osteoprotegerin (OPG)
(Giuliani et al. 2001) led to inhibition of DC-mediated enhancement of tumor
clonogenicity in myeloma. This suggested that DC-mediated enhancement of
myeloma clonogenicity was mediated in part by RANK-L and BAFF/APRIL-
mediated interactions (Kukreja et al. 2006). However, this does not rule out
additional mechanisms of DC-mediated regulation of myeloma growth such as
integrins and co-stimulatory molecules expressed by DC.

Tumor-supporting role of DC was also shown in breast cancer where imma-
ture DC primarily localized in the tumor bed, whereas mature DC confined
mainly to the peritumoral areas (Bell et al. 1999). DC further skewed CD4+
T-cell response to a Th2 type that promoted early tumor progression (Aspord
et al. 2007). These observations suggest that DC have the ability to directly
impact the biology of human tumors and may be a target of therapeutic
intervention. In vivo experimental models are needed to address these questions
to decipher protumorigenic roles of DC subsets and whether these subsets
would be appropriate targets for cancer immunotherapy.

17.3.2 DC and Immunosuppression

Various studies during the past few years have shown that tumor-induced DC
defects lead to defects in tumor-specific T-cell responses resulting in failure of
immune system to respond to tumors (Enk et al. 1997; Nestle et al. 1997; Della
Bella et al. 2003). Several cytokines including IL-6 (Chomarat et al. 2000),
tumor-derived IL-10 (Steinbrink et al. 1999) and vascular endothelial growth
factor (VEGF) (Gabrilovich et al. 1996; Ohm and Carbone 2001) have been
implicated in the suppression of DC functions in the tumor microenvironment.

IL-6 is secreted by large numbers of tumors and is also known to be involved
in tumor-mediated regulation of DC differentiation (Menetrier-Caux et al.
1998). IL-6 has been shown to be a potent inhibitor of DC maturation in vivo
that required stat3 activation in DC (Park et al. 2004). A study byHayashi et al.
(2003) showed that bone marrow sera from myeloma patients inhibited DC
generation that could be reversed by anti-VEGF and/or anti-IL-6 antibodies.
Another study further showed an important role of IL-6 in abnormal DC
differentiation in multiple myeloma (Ratta et al. 2002).

IL-10 plays a major role in DC defects in cancer. IL-10 has been reported to
convert immature DC into tolerogenic APC through decreased expression of
co-stimulatory molecules (Steinbrink et al. 1997). Furthermore, it has been
shown that IL-10-treated DC mediated suppression of antigen-specific prolif-
eration of CD4+ and CD8+ T cells (Steinbrink et al. 2002). Tumor-induced

246 A. Kukreja



IL-10 has been shown to be specifically responsible for DC dysfunction in
response to antigen-driven maturation in a mouse tumor model. This was
confirmed by restoration of DC defect in IL-10 knockout mice (Yang and
Lattime 2003).

VEGF was the first tumor-derived factor shown to inhibit DC differentia-
tion. It plays an important role in neoangiogenesis and in hematopoiesis during
embryogenesis. Sustained angiogenesis is a hallmark of most, if not all, tumors
(Hanahan and Weinberg 2000). A number of studies in cancer patients have
shown inhibitory effects of VEGF on DC differentiation (Saito et al. 1998;
Lissoni et al. 2001; Takahashi et al. 2004). VEGF-treated DC are less potent
stimulating antigen-specific T cells, suggesting a unique role of VEGF in down-
regulating host immunity to cancer (Laxmanan et al. 2005).

It therefore appears intriguing that tumors secrete a variety of distinct
cytokines that block or induce defective DC differentiation.

Another mechanism by which tumors evade immune responses is through
the induction of suppressive cells thereby linking tumor expansion to immuno-
suppression. A study by Ghiringhelli et al. (2005) showed that a subset of DC
exposed to tumor cells acquired the ability to secrete transforming growth
factor-b (TGF-b) and to stimulate the expansion of regulatory T cells. Another
study by Aspord et al. (2007) showed that breast cancer targets and instructs
DC to prime IL-13+ CD4+ T cells that facilitated tumor development.

Tumors also have the ability to subvert DC functions by altering DC antigen
capture and antigen-presenting pathway. Tumor antigen mucin 1 (MUC-1),
overexpressed by breast cancer cells, interacts with DC-specific intercellular
adhesionmolecule 3 (ICAM-3)-grabbing nonintegrin (DC-SIGN) onDC and is
inefficiently endocytosed by DC, leading to defect in antigen processing and
presentation and causes fewer frequency of antigen-specific T cells (Finn et al.
1995; Hiltbold et al. 2000). Another study showed thatMUC-1 antigen prevents
development of efficient Th1-type antitumor immunity and favors a Th2-type
response (Carlos et al. 2005).

17.3.3 DC and Angiogenesis

Angiogenesis plays an important role in tissue repair and remodeling. Similarly
angiogenesis is important for both primary and metastatic tumor growth. DC
are increasingly being recognized as a highly plastic cell population. Recent
observations have shown that different DC subsets produce and release various
pro- and anti-angiogenic mediators depending on their activation status and
cytokine milieu. DC mediate vasculogenesis through the cooperation of b-
defensins and VEGF-A in breast cancer (Conejo-Garcia et al. 2004). Similarly
other studies have shown that DC in the presence of specific cytokines have the
ability to transdifferentiate into endothelial-like cells (Fernandez Pujol et al.
2001; Gottfried et al. 2007). Another report by Curiel et al. in ovarian cancer
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further suggested that plasmacytoid DC induced angiogenesis in vivo through
the production of tumor necrosis factor-� (TNF-�) and IL-8. Myeloid DC on
the other hand inhibited angiogenesis through the production of IL-12 (Curiel
et al. 2004). DC therefore are not only relevant in tumor immunopathogenesis
but also might support angiogenesis in the tumor microenvironment.

17.3.4 Transdifferentiation of DC

Osteoimmunology is an emerging field that deals with the role of the immune
system in bone remodeling (Arron and Choi 2000). The mass and shape of
healthy skeleton is maintained by a delicate balance between bone-forming
osteoblasts and bone-resorbing osteoclasts. Osteoclasts (OC), the multinu-
cleated cells, are located in the vicinity of bones and play an important role in
bone remodeling and homeostasis (Boyle et al. 2003; Teitelbaum and Ross
2003). Similar to DC, OC are derived from the monocytic–macrophage lineage
of the hematopoietic precursors and are formed as a result of fusion of mono-
nuclear cells. OC are also derived from blood monocytes, but in the presence of
osteoclastic cytokines, RANK-L and macrophage colony-stimulating factor
(M-CSF). There is excessive osteoclastic activity in many human diseases
such as rheumatoid arthritis, Langerhans cell histiocytosis, Paget’s disease
and multiple myeloma leading to bone resorption or osteoporosis. Recent
studies have shown alternate pathways of OC formation from DC in inflam-
matory states, suggesting highly plastic nature of these APC (Rivollier et al.
2004; Speziani et al. 2007). Langerhans cell histiocytosis is another rare disorder
of unknown etiology characterized by aggressive chronic granuloma formation,
bone resorption and soft tissue lesions (Grois et al. 2005). There is characteristic
accumulation of CD1a+ Langerhans-like cells, myeloid cells and multinu-
cleated giant cells (MGC) in one or multiple organs particularly in bone, skin
and lymph nodes (da Costa et al. 2005). It was recently shown that IL-17
produced by DC led to IL-17-dependent DC fusion and formation of MGC,
seen typically in Langerhans cell histiocytosis (Coury et al. 2008).

Our preliminary data suggest that DC, essential contributors to normal
human immune responses, also have the ability to fuse and become MGC
when co-cultured with myeloma cells (Kukreja et al. in preparation). Osteolytic
lesions are a major source of morbidity in myeloma, and our data provide
evidence that DC are not just immune-modulating specialized APC, but play an
important role in not only supporting myeloma growth (Kukreja et al. 2006)
but also serving as precursors to OC leading to characteristic osteoporosis in
myeloma. Further, it will be interesting to see if DC are part of the malignant
clone, forming OC by fusing with the tumor cells and may contribute to drug
resistance.

RANK/RANK-L pathway is known to be essential for the osteoclast for-
mation and has been studied extensively (Boyle et al. 2003; Teitelbaum and
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Ross 2003). Besides RANK/RANK-L pathway, macrophage inflammatory
protein-1� (MIP-1�) from tumor cells (Han et al. 2001), colony-stimulating
factor (CSF)/macrophage colony-stimulating factor receptor (M-CSFR) (Tei-
telbaum 2000) and immunoreceptor tyrosine-based activation motif (ITAM)
(Koga et al. 2004) pathways have been shown to promote osteoclastogenesis.
The molecular mechanism of cell fusion leading to the formation of MGC is
however not known. To date several molecules have been identified as candi-
dates for cell fusion. Signal regulatory protein-� (SIRP-�)/CD47 has been
shown to support macrophage fusion to form giant cell (Han et al. 2000).
Kukita et al. showed that the seven-transmembrane receptor-like molecule,
DC-specific transmembrane protein (DC-STAMP), expressed on human
monocyte-derived DC is involved in osteoclastogenesis (Kukita et al. 2004).
DC-STAMP-deficient mice showed complete abrogation of multinucleation of
OC (Yagi et al. 2005). Taken together, these findings provide new insights into
molecular pathogenesis of osteoclastogenesis and identify new potential mar-
kers for disease progression and therapeutic targeting.

17.3.5 DC and Metastasis

The significance of active recruitment and presence of DC subsets in tumors is
beginning to be realized. Extensive data exist which suggests that tumors exploit
the normal matrix remodeling capacities of macrophages enabling them to
egress into andmigrate through the surrounding stroma (Condeelis and Pollard
2006), enhancing tumor cell migration and invasion (Condeelis and Segall
2003).

The migratory pattern of DC is integral to their function as APC. The
migration of DC to reach the inflammatory site requires chemokines (Caux et
al. 2000), adhesion molecules (D’Amico et al. 1998; Pendl et al. 2002) and
proteinases (matrix metalloproteinases (MMP)-2 and -9) (Osman et al. 2002;
Vermaelen et al. 2003) involved in degradation of extracellular matrix. Several
studies have reported that monocyte-derived DC and Langerhans cells in
humans produce MMP-9 and low levels of MMP-2 (Hollender et al. 2002;
Kouwenhoven et al. 2002; Osman et al. 2002). We speculate that tumors
might also exploit DC for proteolysis of extracellular matrix in their migration
through basementmembrane resulting in tumormetastasis (Chabot et al. 2006).

17.4 Dendritic Cells Versus Macrophages

As already mentioned above, reticuloendothelial/phagocytic system is a com-
plex network of specialized cells consisting of DC, macrophages as well as
osteoclasts that infiltrate tumors. While the role of DC in tumor enhancement
is beginning to be explored, the role of tumor-associated macrophages is
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extensively characterized. Various studies have shown that macrophages sup-
port tumor growth and infiltration of tumors with macrophages has been
correlated with adverse prognosis (Lissbrant et al. 2000; Koide et al. 2004;
Tsutsui et al. 2005). Macrophages have been shown to secrete various factors
(epidermal growth factor (EGF), fibroblast growth factor (FGF), TGF-b,
VEGF, chemokines and cytokines) that support tumor cell growth, migration
and metastasis (Sica et al. 2008). Furthermore, macrophages are actively
involved in tumor progression by producing pro-angiogenic factors such as
VEGF, TNF-�, IL-8 and bFGF (Lewis et al. 1995). Additionally they express a
broad range of angiogenesis-modulating enzymes, including MMP-2, MMP-7,
MMP-9, MMP-12 and cyclooxygenase-2 (COX-2) (Sunderkotter et al. 1991;
Klimp et al. 2001).

DC are, however, functionally and biologically distinct from macrophages.
Both DC and macrophages recognize and uptake dying cells, but the immuno-
logical consequences of antigen processing and presentation are distinctly
different between the two cell types (Trombetta and Mellman 2005). This may
be due tomarked differences in the lysosomal protease content betweenDC and
macrophages. Unlike macrophages where proteins are rapidly degraded, lim-
ited lysosomal protease content in DC favors antigen persistence and efficient
class II presentation (Delamarre et al. 2005). Furthermore, DC can efficiently
present tumor antigens not only on class II but also on class I, termed cross-
presentation (Albert et al. 1998; Heath et al. 2004). Cross-presentation of
antigens from apoptotic tumor cells has been shown to be critical for induction
of antitumor immunity (Heath et al. 2004). Our studies in myeloma have shown
that DC and not macrophages promote tumor clonogenicity (Kukreja et al.
2006) and that DC undergo cell fusion to form tartrate-resistant acid phospha-
tase (TRAP)+ bone-resorbingMGC/OC in the presence of myeloma (Kukreja
et al. in preparation).

17.5 Summary

The importance of tumor microenvironment can be highlighted by the recent
success of drugs specifically targeting tumor stroma. Proteasome inhibitor
bortezomib that targets not only tumor cells but also DC (Kukreja et al.
2007), that have been shown to be present in tumor microenvironment in
myeloma patients as already discussed, is being increasing used to treat refrac-
tory myeloma and its associated bone disease (Richardson and Anderson 2003;
Richardson et al. 2005; Uy et al. 2007). Furthermore, the emergence of anti-
angiogenic drugs (bevacizumab, anti-VEGF antibody; lenalidomide; thalido-
mide) targeting endothelial cells in the tumor stroma strengthens the progress
toward this goal (Ferrara and Kerbel 2005).

The role of immune cells in human neoplasia is not clear (de Visser et al.
2006). On the one hand, immunocytes by releasing inflammatory mediators
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support angiogenesis and metastasis; however, they also inhibit tumor growth
and have been shown to be associated with improved prognosis. Likewise, DC
play an important role in shaping immune responses to tumors in addition to
being a part of the complex network of mononuclear phagocyte infiltrate of
tumor microenvironment and exhibiting non-immunologic effects on tumor
cells. A thorough understanding of DC in tumor beds and tumor–DC interac-
tion is therefore extremely important and may provide a rationale for specifi-
cally targeting this interaction as a novel approach to the therapy of human
cancer.

Very little is known about the type, density and location of DC in the tumor
bed and how tumors support the differentiation of DC in situ is yet to be
established. A spectrum of new monoclonal antibodies will allow for the
identification of distinct subsets of DC along with their functional properties
in the inflammatory microenvironment. Presence of DC signature can be a sign
of an active immune response or it may reflect a subversive effect of tumors.
More studies in patients and experimental tumor models are needed to address
these issues. These findings provide a foundation for the future work to thor-
oughly understand and characterize DC in the tumor bed and pave the way for
the development of novel treatment modalities for cancer.
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Chapter 18

Dendritic Cell Maturation Versus Polarization in

Tumor Escape

Michael W. Lipscomb, Walter J. Storkus, and Amy K. Wesa

Abstract Dendritic cells serve as key immunosurveillance agents throughout
the body and orchestrate the coordinate innate and adaptive immune responses
to antigenically complex cells and organisms that challenge the host. The ability
of dendritic cells to promote beneficial versus irrelevant or even, counterpro-
ductive, immunity in the cancer setting depends to a large degree on the opera-
tional parameters displayed by the heterogeneous population of dendritic cells
found in the tumor microenvironment. This chapter will discuss how tumors
manipulate the state of maturation and type of functional polarization dis-
played by dendritic cells in order to affect immune escape.

18.1 Introduction

As described elsewhere in this volume, the tumor microenvironment (TME) has
been characterized as an immunosuppressive one that impairs both innate and
adaptive arms of the immune system (Kim et al. 2006b; Rabinovich et al. 2007;
Yu et al. 2007). Given the ability of humoral- and T-cell-mediated immunity to
promote tumor regression under optimal conditions, it is perhaps not surprising
that the progressive TME has developed a myriad of immune-escape strategies
(Yang and Carbone 2004; Kim et al. 2006b). Many of these are directed at host
dendritic cells (DC) that operate at the nexus between innate and adaptive
immunity, hence subversion of DC numbers/function by tumors have ‘‘ripple’’
effects on a diverse array of ‘‘downstream’’ host-protective mechanisms (Kim
et al. 2006a, b; Shurin et al. 2006). As a result of regulating normal DC
operations, tumors may indirectly subvert potent antitumor effector circuits
including NK cells, T cells and B cells (antibodies) (Yang and Carbone 2004;
Pinzon-Charry et al. 2005; Fricke and Gabrilovich 2006; Kim et al. 2006a;
Shurin et al. 2006; Rabinovich et al. 2007). In this chapter, we will discuss
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how the TME affects DC maturation and functional polarization and, conse-
quently, how such alterations serve to shape evolving immune responses under
chronic disease conditions, leading to tumor escape.

18.2 Tumor Manipulation of Dendritic Cell Biology

DC are a heterogeneous population of antigen-presenting cells (APC) that derive
from hematopoietic progenitor cells in the bone marrow (Shortman and Naik
2007). DC seed the various barrier tissues of the body, where they serve as
sentinels against pathogenic insult by constant surveillance (or sampling) of
their microenvironment using a range of cytokine, chemokine and pattern-
recognition receptors. DC exhibit functional plasticity, allowing them to rapidly
respond to environmental cues (i.e., ‘‘danger signals’’, etc.) and transmit condi-
tional signals dictating whether antigen-specific immunity or tolerance is pro-
moted in tissue/tumor-draining lymph nodes (TDLN). An expanding range of
functional DC subsets, and within these classifications, diverse states of DC
differentiation exist in vivo (Shortman and Naik 2007). Notably, these distinct
DC subsets display variable operational characteristics that are predictive of the
functional nature of the adaptive immune response fostered by these cells. Hence,
in a complex tissue microenvironment, the state of DCmaturation, as well as the
composition of DC subsets encountering antigen, has a cumulative and evolving
bearing on the resultant magnitude and quality of corollary immune responses
(Kapsenberg 2003; de Jong et al. 2005).

In this regard, tumors can regulate the state of DCmaturation, as well as the
type and differentiation of progenitor DC recruited into their microenviron-
ment via elaborated soluble mediators (Fricke and Gabrilovich 2006; Shurin et
al. 2006). It is clearly to the advantage of the tumor to recruit immature DC
(iDC) or ‘‘tolerogenic’’ (or regulatory) DC (as well as myeloid suppressor cells,
etc.) that yield immune tolerance/hyporesponsiveness (Yang and Carbone
2004; Condeelis and Pollard 2006; Kim et al. 2006a; Marigo et al. 2008) or to
subvert normal DC development (Shurin and Gabrilovich 2001; Zou et al.
2001; Gabrilovich 2004; Nefedova et al. 2004; Wojas et al. 2004). Immune
tolerance may be further refined upon consideration of DC-mediated mechan-
isms leading to the apoptotic deletion or functional restraint of tumor-specific T
cells versus the functional suppression of T effector cells instigated by T reg-
ulatory cells (Treg) (Curiel 2007).

18.3 ‘‘Entry’’ Level Deviation of Dendritic Cells by Tumors

The TME is awash with a diverse array of factors that drive tumor proliferation
and the establishment of a supportive stromal compartment capable of nour-
ishing the progressive lesion. These factors may be produced directly by tumor
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cells themselves or by stromal cells under the influence of tumor-associated

stimuli or the hypoxic conditions (i.e., hypoxia-induced factor (HIF)-

associated) that are often observed within tumors (Table 18.1).
Growing evidence suggests a shift in the composition of tumor-associated DC

subsets over time in the progressor TME, resulting in an overall decrease in DC

numbers and accumulation of iDC and/or tolerogenic DC over functionally

competent-mature DC (Yang and Carbone 2004; Kim et al. 2006a, b). Not

surprisingly, the accumulation of iDC in the cancer setting has been associated

with weak antitumor T-cell-mediated immunity, enhanced Treg frequencies/

function and poor patient prognosis (Nagorsen et al. 2007; Stoitzner et al. 2008).
Clear compartmentalization of DC occurs within the TME of a broad range

of cancer histologies, with accumulation of iDC, tolerogenic DC and tumor-

associated macrophages (TAM) in the tumor core (most influenced by the

hypoxia), whereas more mature DC are found at the normoxic, peripheral

areas of the lesion (Fig. 18.1) (Troy et al. 1998; Bell et al. 1999; Zou et al.

2001; Vermi et al. 2003; Mantovani et al. 2006; Gulubova et al. 2008; Stoitzner

et al. 2008). Interestingly, when they are found, perilesional DC appear to be

composed of bothmyeloid (myDC) and plasmacytoid (pDC) subsets of DC and

these cells exhibit a ‘‘semi-mature’’ phenotype characterized by the ability to

cluster with infiltrating T cells and produce IL-12 and IFN-�, respectively,

Table 18.1 Tumor-associated ‘‘factors’’ impacting DC development, recruitment, matura-
tion, and functional polarization

Factors Sources Impact on DC References

ATP* TME Promotes tolerogenic DC Wilkin et al. (2002)

Exosomes Tumor cells Prevent DC development

Induction of MDSC

Iero et al. (2008)

Gangliosides Tumor cells Inhibit DC maturation Shurin et al. (2001)

IL-6* Tumor cells Inhibits DC maturation/survival Hegde et al. (2004)

IL-8* TME Inhibits DC migration in TME Feijoo et al. (2005)

IL-10* TME Promotes tolerogenic DC Steinbrink et al. (1999)

M-CSF* Tumor cells Inhibits DC maturation Li et al. (2007)

MCP-1* Tumor cells Recruitment of MDSC, TAM Huang et al. (2007)

MIP-3� TME Recruitment of immature DC Caux et al. (2000)

MUC1 Tumor cells Promotes tolerogenic DC Carlos et al. (2005)

SDF-1* Tumor cells Recruitment of pDC, iDC Zou et al. (2001)

TGF-b* TME Promotes tolerogenic DC Rutella et al. (2006)

TSP-1* Tumor cells Inhibits DC maturation/survival Doyen et al. (2003)

VEGF* Tumor cells Prevents DC development
Promotes pro-angiogenic DC

Gabrilovich (2004)
Murdoch et al. (2008)

ATP, adenosine triphosphate; iDC, immature DC; IL, interleukin; M-CSF, macrophage
colony stimulating factor; MDSC, monocyte-derived suppressor cell; MIP, macrophage
inhibitory protein; MUC, mucin; pDC, plasmacytoid DC; SDF-1, stromal cell differentiation
factor-1; TAM, tumor-associated macrophage; TGF, tumor growth factor; TME, tumor
microenvironment; TSP-1, thrombospondin-1; VEGF, vascular endothelial growth factor.
*Upregulated under hypoxic conditions.
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albeit at modest and variable levels (Suzuki et al. 2002; Vermi et al. 2003;

Colonna et al. 2004; Bergeron et al. 2006; Perrot et al. 2007). Nevertheless,

the degree of perilesional infiltration by more mature DC-LAMP+ DC has

been positively correlated with specific antitumor T-cell responses in the senti-

nel lymph node and with the lack of tumor metastases in human melanoma

patients (Movassagh et al. 2004).
Tumor-derived cytokines and chemokines modulate the preferential

recruitment of iDC and/or tolerogenic/regulatory DC into the TME

(Bell et al. 1999). Vascular endothelial growth factor (VEGF) is over-

expressed in a large proportion of tumor cell types and serves not only to

Fig. 18.1 Dendritic cells in the tumor microenvironment (TME). Factors produced within the
TME promote the recruitment and regional localization of iDC, pDC and myDC within the
tumor lesion. iDC are distributed throughout the tumor stroma and are the predominant form
of DC in the hypoxic tumor core. Semi-mature pDC and myDC are typically seen at the
periphery of the lesion, where they may interact with infiltrating T cells and promote effector
silencing or Treg activity. While many ‘‘mature’’ DC may be retained in the tumor based on
factors that limit DC expression of CCR7 or which serve as DC migration inhibitors, those
DC that make their way to the tumor-draining lymph node (TDLN) typically promote non-
Type-1 T-cell responses that are linked with poor prognosis. If full DCmaturation does occur
in the TME, migratingDCmay effectively promote Type-1 T-cell responses within the TDLN
that maymediate protective/regressor activity upon the migration of these effector T cells into
the TME. However, if the suppressive environment of the TME is not therapeutically
antagonized, these Type-1 cells may become functionally tolerized or deleted
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support tumor angiogenesis but also to alter development of iDC from

hematopoietic progenitor cells within the TME (Dikov et al. 2005).

Levels of VEGF (and TGF-b) produced within tumor lesions have been

linked to infiltration by iDC, but found to be inversely correlated with

total numbers of CD83+ mature tumor-infiltrating DC (Takahashi et al.

2002; Iwamoto et al. 2003). Interestingly, beyond serving as hypostimu-

latory or tolerogenic APC to T cells, VEGF-conditioned iDC may func-

tion as stromal pericyte-like cells in driving tumor neovasculogenesis/

neoangiogenesis (Fainaru et al. 2008; Murdoch et al. 2008). Additionally,

tumor-shed microbodies (also known as exosomes) have been reported to

blunt the development of DC from precursor cells (Valenti et al. 2007;

Iero et al. 2008).
Tumor cells also produce the chemokine stromal-derived factor-1 (SDF-1;

CXCL12) associated with the recruitment of CXCR4+ DC subtypes (pDC,

but not myDC precursors) involved in immune tolerance and the blockade of

infiltrating DC maturation/function (Zou et al. 2001). Additional TME-

associated chemokines include MCP-1 (CCL2) and MIP-3� (CCL20), known

to recruit myeloid-derived suppressor cells (MDSC) and TAM versus iDC,

respectively (Huang et al. 2007).

18.4 Instruction Lost

Unfortunately, even after recruitment, iDC are influenced by additional

TME-associated factors that prevent adaptive antitumor immune

responses by blocking maturation and migration into TDLN. Typically,

these agents inhibit nuclear translocation of NF-�B, a key step in DC

maturation, which might normally occur via locoregional stimulation

with pro-inflammatory cytokines or triggering of toll-like receptor

(TLR) ligands (Hegde et al. 2004; Dikov et al. 2005). Classic examples

of DC maturational inhibitors include gangliosides, IL-6, macrophage

colony stimulating factor (M-CSF) and thromospodin-1 (TSP-1) (Table

18.1). In addition to their ability to prevent DC maturation, these factors

may also sensitize iDC to apoptosis (Table 18.1) (Esche et al. 1999;

Pirtskhalaishvili et al. 2000). Under such conditions, tumor-infiltrating

iDC are non-durable APC for tumor-infiltrating T cells only, represent-

ing an ineffective ‘‘adjuvant’’ for the priming of adaptive immune

responses. Interestingly, even if a cohort of infiltrating DC was able to

take up tumor antigens and to become activated and transport-competent

(i.e., via upregulation of lymph node homing receptors such as CCR7),

they may fail to ever leave the TME. As recently reported for intratu-

moral administration of mature (gene-modified) DC in a phase I/II

clinical trial, the vast majority of injected DC remain locked within the
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tumor lesion as a result of the influence of tumor-associated IL-8 that
blocks their emigration (Feijoo et al. 2005).

18.5 Tumor Microenvironment-Associated Deviation of Dendritic

Cell/T-Cell Functional Polarization

The fate of naı̈ve T cells is determined by three critical signals provided by DC:
cognate antigen in MHC complexes (signal 1), costimulatory/coinhibitory
molecule interactions (signal 2) and polarizing cytokines/chemokines (signal
3). DC cytokines that promote effective Type-1 immunity (i.e., IFN-�, TNF-�,
IL-12 family members and IL-15) (de Jong et al. 2005) are often limited by TME
influences that restrict DC maturation, or, in some cases, enforce STAT3 or
SOCS1 expression in DC (Gabrilovich 2004; Hanada et al. 2005; Evel-Kabler et
al. 2006; Li et al. 2006).

Of the minor population of mature DC typically imaged at the tumor
periphery or the infrequently matured DC originating from the tumor core,
other TME-associated cytokines may affect the DC polarization state, and
hence the type of adaptive immune response that may be prompted when
priming T cells in the TDLN. Factors that are elevated in the TME and promote
tolerogenic DC include ATP (via interaction with adenosine receptors
expressed by DC), IL-10, MUC1, TGF-b, among others. In contrast to the
other soluble polarizing agents, MUC1, a transmembrane mucin family mem-
ber overexpressed in 90% of breast carcinomas, appears to mediate immuno-
suppression via direct tumor/DC contact, yielding IL-10 secreting DC (Carlos
et al. 2005; Fricke and Gabrilovich 2006).

Indeed, regulatory/tolerogenic DC characteristically express low levels of T-
cell ‘‘costimulatory’’ molecules, such as CD40, CD80 (B7.1), CD86 (B7.2), and
high levels of ‘‘coinhibitory’’ molecules, such as B7-H1, B7-DC and B7-H4
(Chaux et al. 1997; Tirapu et al. 2006). These cells are also typically poor
producers of Type-1-biasing cytokines (i.e., IL-12), strong producers of IL-10,
and may express the tryptophan-catabolizing enzyme Indoleamine
2,3-dioxygenase (IDO) that might suppress T-cell responses (Mellor et al. 2003;
Munn et al. 2004;Marteau et al. 2005; Popov and Schultze 2008). pDCwithin the
tumor periphery and TDLN constitutively express IDO and represent tolero-
genic DC (Munn et al. 2004). Overall, such conditioned DC are less able to
promote protective Type-1 T-cell-mediated immunity and are far more likely to
elicit Treg-type responses that benefit tumor escape and progression (Munn et al.
2004; Fricke and Gabrilovich 2006; Li et al. 2007; Sharma et al. 2007). The
presence of Treg cells infiltrating the tumor tissue and surrounding peritumoral
and TDLN has been shown to be directly involved in suppression of antitumor T
effector cell responses and indirectly involved in modulating DC toward a
tolerogenic fate; i.e., establishing a self-reinforcing DC! Treg! DC feedback
loop (Curiel 2007; Larmonier et al. 2007; Sharma et al. 2007; Terme et al. 2008).
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Tumor cells can regulate their own cytokine production and that of DC via
modulating levels of suppressor of cytokine signaling (SOCS) proteins, STAT
transcription factors, and/or regulating protein inhibitors of activated STAT
(Jackson et al. 2004; Evel-Kabler et al. 2006; Yu et al. 2007). In particular,
expression of SOCS1 in DC limits IL-12p70 production and hinders antitumor
immune responses by CD8+ T cells, effectively ablating Type-1 immunity in
cancer settings (Hanada et al. 2005; Evel-Kabler et al. 2006). Conversely, inmodels
deficient in SOCS1 expression, inflammatory diseases were observed in association
with unabated Type-I interferon (IFN-�/b) and IFN-g production. The TME
may also induce constitutive STAT3 activation in DC (Nefedova et al. 2004),
thereby blocking DC maturation (Jackson et al. 2004) and upregulating DC
expression of functional IDO, yielding tolerogenic DC (Kortylewski et al. 2005).

Cumulatively, the net balance of iDC and semi-mature pDC andmyDC subsets
in the TME and TDLN are consistent with the observed Type-2/Treg-biased
antitumor T-cell repertoire in progressor cancer patients (Tatsumi et al. 2002,
2003). The tumor itself may directly suppress T cells (Rabinovich et al. 2007);
however, most tumors, which lack costimulatory molecules, are not able to evoke
primary tumor-specific responses. Since tumor-specific (albeit ineffective) T-cell
responses are commonly observed in cancer patients, one must assume that DC
have at some point influenced the priming of these effector cells. Indeed, T-cell
priming by suppressive DC correlates with the induction of Treg or non-Type-1
responses (Nagorsen et al. 2007). In other patients, Type-1 T cells exhibiting
limited functionality are observed, which may suggest that defective priming has
occurred or that T cells succumb to the corollary suppressive influences of the
TME. This is suggested by the finding that Type-1 antitumor T cells, when they
can be found in such patients, typically exhibit a pro-apoptotic phenotype and
limited functionality (Wesa et al. unpublished results). In these cases, iDC may
only provide partial signals for T-cell responses to develop, resulting in premature
T-cell senescence. Such cases are reminiscent of the so-called ‘‘helpless’’ CD8+
T-cell responses, where in the absence of CD40 ligand-mediatedmaturation of DC
(i.e., dependent upon effectively primed Type-1 CD4+ responses), the CD8+
T cells initially proliferate and secrete cytokines, but fail to thrive and are unable to
survive after several early cell divisions (Janssen et al. 2003). Such defects have
been observed in patients, where tumor-specific effector and memory T cells
appear phenotypically/functionally abnormal (Inokuma et al. 2007). Thus,
TME-induced DC polarization may directly dictate the fate (i.e., effectively
expanded or ultimately aborted) and inclination (i.e., polarization) of antitumor
T-cell responses, thereby facilitating tumor escape.

18.6 Conclusions

A dynamic and synergistic network of tumor-derived immunosuppressive fac-
tors results in the suppressed maturation and altered functional polarization of
DC within the TME and TDLN. Progressive tumor lesions exhibit an
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accumulation of non-Type-1 polarizing iDC and tolerogenic DC, as well as
‘‘semi-mature’’ pDC and myDC, that actively contribute to the poor induction
of protective antitumor T effector cells. These tumor-conditioned DCmay also
support the generation of Treg cells that mediate peripheral tolerance of the
antitumor immune response and establish a self-reinforcing feedback loop by
conditioning additional tolerogenic DC. As DC dysfunction in the TME is
multi-factorial, at the level of suppressive agents and the mechanisms by which
they impact the various DC subsets, therapeutic solutions will invariably be
combinational in nature. In this light, the results of recent combinational
therapies using surgical debulking, DC-activating drugs and/or Treg antago-
nists (Vicari et al. 2002; Danna et al. 2004; Piconese et al. 2008) are intriguing
and may provide clues for the development of translational approaches to
mitigate TME-induced DC defects for optimizing the induction, as well as
functionality and survival of therapeutic Type-1 antitumor T cells.
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Chapter 19

Trafficking of Dendritic Cells in the Tumor

Environment

Zoya R. Yurkovetsky and Ghena N. Yurkovetsky

Abstract To initiate immune responses, dendritic cells follow amigratory route
from their recruitment as sentinels into tissues, including solid tumors, then to
secondary lymphoid organs where they contour the immune response. Migra-
tory capacities and chemokine responsiveness are therefore key elements in
dendritic cell immunobiology. Tumor-derived factors alter dendritic cell
maturation and function and thus markedly affect dendritic cell trafficking
and distribution. Tumor-mediated down-regulation or redirection of dendritic
cell migration and homingmaymarkedly alter a normal pattern of dendritic cell
localization and thus induction of antitumor immunity in tumor-bearing hosts,
and might also strongly inhibit the efficacy of dendritic cell vaccines. Improved
understanding of the regulation of DC trafficking might offer new opportu-
nities for therapeutic interventions to control immune responses. Given the
current interest in applying dendritic cell-based immunotherapy to cancer
treatment, an understanding of the molecular defects responsible for dysfunc-
tion of dendritic cell trafficking and biodistribution in cancer is essential for
designing and testing the next generation of dendritic cell vaccines.

19.1 Regulation of Dendritic Cell Trafficking: Introduction

A fundamental property of cells of the immune system, including dendritic cells
(DC), is mobility, allowing them to navigate the body and contest microbial and
tumor pathogens. DC are professional antigen-presenting cells which play a
crucial role in initiation and regulation of both innate and adaptive immunity.
In vivo, the capacity of DC to activate T cells depends on their ability to migrate
to the T-cell areas of lymph nodes. This is modulated by a complex array of
chemokines and their receptors, which provide the molecular signals to direct
cells to where they are required. Chemokines have long been known to
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orchestrate DC migration in the body (Caux et al. 2000). However, recent

evidence has shown that chemokines can not only direct the trafficking of DC
but also regulate their maturation status. This dual function of chemokines

ensures that T cells and DC meet in T-cell regions of lymphoid organs and that
antigen is presented in an immunologically optimal context for T-cell priming

(Bachmann et al. 2006) (Fig. 19.1).
DC function generally depends on the level of cell maturation/activation and

the local tissue milieu, especially cytokine and chemokine networks. DC differ-
entiate from the hematopoietic precursors in the bone marrow or macrophages

in the periphery and scattered throughout lymphoid and non-lymphoid tissues,
where they act as immune sentinels by responding to invading pathogens.

Immature DC reside at the sites of antigen capture and are active in internaliza-
tion and processing of different antigens. After antigen capture, DC migrate to
the lymphoid organs where, after a maturation step, they present processed

antigenic peptides to antigen-specific T cells through MHC class I and II
molecules, thereby inducing activation, differentiation, and expansion of

naı̈ve T cells into effector cells (Cavanagh and Weninger 2008). After accumu-
lating in the lymph nodes through distinct trafficking pathways, DC interact

with lymphocytes temporally and spatially to establish effective immune
responses (Yoneyama et al. 2005). Interestingly, it has been recently reported
that DC that migrate into the lymph nodes are not uniquely responsible for the

dendropoiesis

DC vaccine

↑ ↑
↓ ↓
↑ ↑

↑ ↑
↓ ↓

lymph nodetumor

↑ ↑
↓ ↓
↑ ↑

↑ ↑
↓ ↓

↑ ↑ DC sequestering
↓ ↓ CCR7
↑ ↑ IL-8

↑ ↑ DC chemorepellents
↓ ↓ DC chemoattractants (CXCL14)

Fig. 19.1 Regulation of dendritic cell trafficking into and from the tumormass as amechanism of

tumor escape from immune control. Tumor cells can prevent immigration of circulating
dendritic cells (DC) into the tumor mass by producing chemorepellents that cause repulsion
of DC by the mechanism termed chemorepulsion or fugetaxis. Tumor cells may also down-
regulate expression of DC-attracting chemokins, such as CXCL14 (BRAK) and others.
Furthermore, some tumors may effectively chemoattract DC, modulate their phenotype, and
eventually damage DC mobility by inhibiting expression of CCR7 or producing IL-8. This
mechanism prevents emigration of DC from the tumor site resulting in low number of DC
reaching lymph nodes. These pathways operate for both endogenous or hostDCand exogenous
or injected DC, i.e., DC vaccines
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activation of specific T cells. These DC can transfer antigens to resident DC and
thereby spread antigens to a larger pool of DC to increase priming efficiency
(Carbone et al. 2004; Allan et al. 2006).

DC precursors transmigrate through the blood vessel endothelia to enter the
tissues under the direction of locally produced chemokines (McWilliam et al.
1996; Robert et al. 1999). DC trafficking from non-lymphoid tissues into the
regional lymph nodes is promoted by locally produced homeostatic and inflam-
matory cytokines, chemokines, and other molecules that are generated or
down-regulated in response to infection, inflammation, and the immune
response development (Rescigno et al. 1999; Bertho et al. 2005; Mueller et al.
2007). Usually, circulating immature DC first enter the non-lymphoid tissues in
response to constitutively expressed, like CXCL14, or inflammatory, like MIP-
3� (CCL20), chemoattracting cytokines. After having ingested and processed
incoming pathogens, they switch their chemokine receptor set, for instance
from CCR6 to CCR7, and migrate to regional lymph nodes in response to
homeostatic lymphoid chemokines, like CCL21, which also direct their position
within lymphoid tissues so that DC can efficiently present processed antigens to
lymphocytes, priming them for specific immune response (Yoshie 2000;McColl
2002). The trafficking of mature DC is primarily regulated by chemokine
receptor CCR7 and a secondary lymphoid organ chemokine system operating
at least in part through the afferent lymphatics (Dieu et al. 1998; Mantovani
et al. 1998; Gunn et al. 1999). DC maturation signals drive DC trafficking and
migration first to the lymphatic vessels and then to the draining lymph nodes via
CCL21/6Ckine and other chemokines, including CCL19/MIP-3� and CCL20/
MIP-3� (Lanzavecchia and Sallusto 2001; Bertho et al. 2005). Many cytokines
including IL-10, IL-1�, CD40L, and TNF-� have been shown to regulate DC
migratory responses via modulation of chemokine receptor expression
(Takayama et al. 2001; Berthier-Vergnes et al. 2005). Infection agents also
affect expression of homeostatic chemokines (Choi et al. 2003) and DC locali-
zation into secondary lymphoid tissues by altering expression of chemokines
and chemokine receptors (e.g., CCR7 and CCR6) (Sallusto et al. 1998). More-
over, functional leukotriene B4 at low concentrations might promote the
migration of immature and mature DC toward CCL19 and CCL21, which is
associated with a rapid increase of CCR7 expression (Del Prete et al. 2007).

Regulation of migration and recruitment of different DC subpopulations are
not alike, and different sets of chemokines and their receptors, as well as different
trafficking pathways, are involved in a complex orchestration of the immune
response by the DC system. For instance, conventional DC precursors are
recruited to inflamed tissues in response to inflammatory chemokines and then
remobilized to regional lymph nodes in response to CCL21. In contrast, plasma-
cytoid DC precursors directly transmigrate to regional lymph nodes via high
endothelial venules in a CXCL9- and E-selectin-dependent manner (Randolph
et al. 2005; Yoneyama et al. 2005). Although many molecules, pathways and
mechanisms of DC recruitment, migration, and homing in a number of tissues
have been identified, little is known about DC motility and trafficking in
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tumor-bearing hosts. The data onDCmigratory routes havemostly been derived
from observations in physiological conditions or infectious models. On the other
hand, the DC migration network in the context of solid tumors, as well as the
interactions between the tumor-associatedDC and the tumor in terms of motility
and activation or inhibition signals are still poorly understood. Yet, the under-
standing of these pathways could give us clues to improve or initiate effective
antitumor immunity in preclinical and clinical settings (Vicari et al. 2004).

19.2 Trafficking of Dendritic Cells at the Tumor Site

Whether the immune system can actually target tumors has been debated for
nearly a century (Burnet 1957; Keast 1970; Stagg et al. 2007). Compelling
evidence now suggests that DC play a crucial role in limiting tumor progression
and metastases, although the mechanisms regulating their motility and distri-
bution in the tumor environment are mostly unknown. DC continuously
migrate from the periphery into lymphatic tissues to orchestrate the immune
system both in the presence and in the absence of ‘‘danger’’ signals (Allavena
et al. 2000). Localization in tumor tissues andmigration to lymphoid organs are
essential steps in DC immunobiology that are linked to their maturation and
T-cell stimulatory function (Shurin et al. 2006). Once penetrating the tumor,
DC should move in response to local gradient of chemotactic and/or chemo-
repulsive factors to which they are sensitive (Vicari et al. 2004). Although the
exact nature of those factors remains unclear, the presence and positioning of
DC in the tumor bed reflect those influences. Studies in preclinical models and
in clinical trials have demonstrated that DC infiltration of tumors is associated
with improved survival of patients with a variety of cancers (Becker 1992;
Shurin and Gabrilovich 2001). For instance, evaluating the prognostic signifi-
cance of DC in 132 specimens from patients with primary head and neck
squamous cell carcinoma (HNSCC), Reichert et al. reported that a low number
of tumor-infiltrating DC were more predictive of poor survival than lymph
node involvement (Reichert et al. 2001). Analyzing the distribution of DC in the
primary tumor, adjacent tissue, and regional lymph nodes, Kikuchi et al.
revealed that the number of DC in the tumor predicts overall survival, dis-
ease-free survival, and time to disease recurrence in patients with HNSCC
(Kikuchi et al. 2002). Similarly, accumulation of DC in the tumor tissue has
been associated with a better prognosis in patients with breast (Allan et al.
2004), gallbladder (Nakakubo et al. 2003), gastric (Huang et al. 2003), ovarian
(Eisenthal et al. 2001), colorectal (Sandel et al. 2005) cancers, melanoma
(Ladanyi et al. 2007), and other malignancies. However, the means by which
tumors regulate and mechanisms of how tumors influence DC trafficking
during tumor progression remain unclear.

Cancers exert local and systemic impact on immune cell function through
various mechanisms. Among these, altered DC function is of utmost
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importance because DC are the most potent antigen-presenting cells of the
immune system. Recent studies on the generation, maturation, longevity, and
function of DC in cancer suggest that tumor-induced (i) apoptosis of DC;
(ii) inhibition of DC capacity to uptake, process, and present tumor antigen(s);
and (iii) redirection of DC migration are the three principle mechanisms
employed by different tumor types to suppress the DC system and thus increase
the likelihood of evading immune recognition (Shurin and Gabrilovich 2001;
Yang and Carbone 2004; Bennaceur et al. 2008 #90). At present, it is clear that
the defects of the DC system in cancer are systemic and are not always localized
to the tumor tissues. Several reports proved that the high numbers of immature
DC found in certain tumor masses were due to increased cell migration. Indeed,
chemokines produced by transformed squamous cells might attract Langerhans
cell precursors and thus regulate cell recruitment to the epithelial tumors
(Halliday et al. 1992). Increased levels of immature DC in breast carcinoma
were explained by high production of MIP-3� by tumor cells (Bell et al. 1999).
Zou et al. reported that malignant human ovarian epithelial tumor cells express
high levels of stromal-derived factor-1 (SDF-1 or CXCL12), which induces
chemotaxis of plasmacytoid DC precursors and protects them from apoptosis
(Zou et al. 2001). This contributed to increased IL-10 levels and poor T-cell
activation. Thus, the quantity and quality of activation and inhibiting signals in
the tumor milieu may dictate whether (i) tumor-associated DC remain imma-
ture and within the tumors, therefore preventing adaptive immune response or
(ii) immature DC still reach the lymph node, resulting in tolerance induction
(Vicari et al. 2004). Another important pathway is that tumor could secrete
factors sequestering DC inside the tumor.

It has been reported that melanoma cell lines can effectively chemoattract
DC,modulate their phenotype, and eventually damageDCmobility.Melanoma-
treated DC exhibited an increased adhesion capacity to melanoma cells in vitro
and did not migrate in response to DC chemokines (Remmel et al. 2001). In
addition, ex vivo-generatedDC failed to home into draining lymph nodes follow-
ing intratumoral injection in patients with metastatic melanomas (Triozzi et al.
2000). One potential mechanism is the production of IL-8, which was reported to
be expressed by hepatocellular, colorectal, and pancreatic cancers, and may
contribute to the retention of DC inside malignant lesions and the destruction
of DC migration toward CCR7-binding chemokines (Feijoo et al. 2005). In the
context of tumors, CCR7 is likely involved in the migration of DC to draining
lymph nodes, althoughmay be impaired in certain cancers. Tumor-derived TGF-
�, for instance, may increase expression of chemokine receptors CCR1, CCR2,
CCR3, and CCR6 on immature DC and prevent expression of CCR7 and
thus prevents DC migration toward lymph nodes keeping them immature
at the tumor site (Bennaceur et al. 2008). Other data suggest that CCR7 expres-
sion on DC is enhanced with direct contact with apoptotic tumor cells and
may have a critical role for DC migrating to regional lymph nodes (Hirao et al.
2000). Neuroblastoma, which is known to abrogate DC maturation via release
of gangliosides (Shurin et al. 2001), has been recently shown to down-regulate
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CCR7 expression on DC with tumor progression (Walker et al. 2005). Mela-
noma-derived gangliosides can also impair DC migratory function through the
down-regulation of CCR7 expression (Bennaceur et al. 2006). Tumor-derived
gangliosides alter spontaneous and chemokine-induced motility of DC by sup-
pressing activity of small Rho GTPases in DC (Shurin et al. 2005b; Tourkova
et al. 2007).

Other factors and conditions specific for the tumor microenvironment are
also known to impede DC motility and alter DC distribution. For instance, it
was reported that hypoxia, which is a characteristic of solid tumors, may inhibit
DC migratory activity by regulating the balance between the expression of
migration-related genes, such as matrix metalloproteinases (MMP) and their
endogenous tissue inhibitors of matrix metalloproteinases (TIMP) (Qu et al.
2005). Because prostaglandin E2 (PgE2), which is overproduced in a wide
variety of humanmalignancies, has been implicated in regulation of the balance
between MMP and TIMP, it is possible that tumor-derived PgE2 might affect
DC migratory capacity through the extracellular matrix (ECM) by altering
MMP and TIMP equilibrium. In fact, it was reported that the treatment of
DC with exogenous PgE2 was correlated with reduced DC migration through
ECM (Baratelli et al. 2004). Similarly, DC cultured in supernatants from
cyclooxygenase-2 overexpressing lung cancer cells that secrete high levels of
PgE2, exhibited decreased migration through ECM (Baratelli et al. 2004).
However, other results indicate that PgE2 significantly up-regulates MMP-9
expression and that in turn, DC-derivedMMP-9 is essential for DC chemotaxis
in response to the CCR7 ligand CCL19 (Yen et al. 2008). Consequently it is
possible that DC matured within inflammatory sites require both CCR7 and
PgE2-inducedMMP-9 for their directional migration to draining lymph nodes.
Moreover, HNSCC cell lines have been recently shown to autonomously
express C-reactive protein, which could trigger the down-regulation of chemo-
kine receptor CCR5 and led to a decreased migration of human DC (Frenzel
et al. 2007). Thus sequestration of DC within tumor tissues and the subsequent
inhibition of their migration are one of the several mechanisms by which tumors
induce immunosuppression and escape from immune recognition and
eradication.

Another related mechanism of tumor escape is the loss of expression of DC-
attracting chemokines by malignant cells. For instance, DC chemokine
CXCL14 was shown to be expressed in all normal tissues and cells, but its
production in tumor tissues and by tumor cell lines was significantly down-
regulated or blocked (Hromas et al. 1999; Frederick et al. 2000). Lost expres-
sion of CXCL14 protein in human HNSCC was associated with decreased
attraction of DC to the tumor site both in vitro and in vivo and thus might
result in suboptimal induction of antitumor immune responses (Shurin et al.
2005a). Using two murine HNSCC models, it was also demonstrated that
migration and homing of DC into CXCL14-transfected tumors was associated
with inhibition of tumor growth and induction of antitumor immunity. In
agreement, overproduction of CCL20 (MIP-3�) by tumor cells causes the
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local accumulation of DC and activation of tumor-specific CTL in four murine
tumor models (Fushimi et al. 2000). Expression of CCL20 was also found in the
papillary carcinoma of the thyroid, a tumor heavily colonized by DC (Scarpino
et al. 2000). In addition, the down-regulation of the expression of CXCL14
might be an important step in successful oncogenesis to prevent NK immune
surveillance of the malignancy (Starnes et al. 2006).

Gaining a better understanding of the crosstalk between DC and tumor cells
during the migration of DC to the tumor site and then to lymph nodes is
essential for future advances in manipulating DC trafficking as a means to
fine-tune immune responses in clinical settings, e.g., clinical trials utilizing DC
vaccines for cancer treatment.

19.3 Dendritic Cell Vaccines and Dendritic Cell Trafficking

in Cancer

The goal of immunotherapy in cancer patients is to activate and boost the
immune system in order to destroy the tumor and to induce specific and long-
lasting immune memory to protect against recurrent disease. After the discovery
of DC’s unique capacity to activate naive tumor antigen-specific T cells, numer-
ous experimental treatments are now based on the vaccination of cancer patients
with ex vivo prepared autologous DC loaded with tumor antigens (Palucka et al.
2005). Although immunological responses are observed in most clinical trials,
clinical responses are limited to a minority of treated patients. Opportunities for
improvement of clinically significant outcome lie in a number of variables, such
as DC culture conditions, maturation stage of prepared DC, choice of DC
subpopulations, means of antigen loading, route of DC administration, dose
and frequency of vaccination, and others (Zhong et al. 2007).

One important aspect of DC-based immune therapy is appropriate delivery of
the vaccine (Verdijk et al. 2008). For the delivery of DC three different options for
administration are commonly distinguished: in peripheral tissue, such as skin
[intradermal (i.d.) or subcutaneous (s.c.)] and mucosa, into the lymphatic system
(intralymphatic (i.l.) or intranodal [i.n.]), and systemic intravenous (i.v.) or rare
intraperitoneal (i.p.) administration. Vaccine delivery and distribution after injec-
tion has been studied in experimental animal models and clinical trials. In clinical
protocols, DC prepared from blood-derived monocytes or hematopoietic progeni-
tor cells were radiolabeled with indium or technetium and their localization after
administrationwas analyzed by scintigraphic imaging of the patients. These studies
revealed that after i.v. inoculation DC migrate to the liver, lung, spleen and bone
marrow (Mackensen et al. 1999; Morse et al. 1999). Analyzing DC trafficking in
patients with multiple myeloma, Prince et al. concluded that s.c. and i.d. routes of
DC administration produced similar levels of DC migration to regional lymph
nodes (Prince et al. 2008). The migration and homing patterns of tumor-specific
peptide-pulsedDC administered via different routes to patients withHNSCCwere
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studied employing single photon emission computed tomography (Horiguchi et al.
2007). DC administered directly into the nasal submucosa quickly migrated to the
regional neck lymph nodes in the neck. However, after inoculation of the cells into
the palatine tonsils, DC remained close to the site of administration and did not
migrate to regional lymph nodes or to other mucosal regions.

In animals, analysis of DC labeled or transduced with fluorochromes proved
that the route of DC administration was critical in determining the site of DC
accumulation and time of DC persistence in vivo. The analysis demonstrates
that i.d. injection increases the amount of labeled DC in the lymph node
compared to s.c. injection (Eggert et al. 2003). DC-injected s.c. accumulated
in the draining lymph node, and DC-injected i.v. in the spleen. DC appeared in
the lymph node by 24 h after s.c. injection, their numbers peaked at 48 h and
declined at 96 h. DC were found in the spleen at 3 and 24 h after i.v. injection,
but their numbers were low and declined by 48 h (Huck et al. 2008). Depending
on the tumor cell line used, DC-injected s.c. were as effective or more effective
than DC-injected i.v. at inducing antitumor responses (Huck et al. 2008).
However, s.c. but not i.v. injection of DC in a mouse melanoma model induced
protective immunity against s.c. growing tumors, while, in contrast, metastatic
lung lesions were controlled by i.v. immunization and only partially by s.c.
immunization of DC vaccines (Eggert et al. 1999; Mullins et al. 2003; Okada
et al. 2005). Interestingly, tumor antigen-loaded DC migrated more efficiently
to the lymph nodes and were more effective activators of local (but not
systemic) cellular immune response than were unloaded DC in a murine colon
carcinoma model (Rossowska et al. 2007).

To target peripheral lymph nodes, DC can be administered into the skin or
directly into the skin-draining lymphatics or lymph node. In mice, s.c. injections
of DC are effective in both targeting DC to draining lymph nodes and inducing
immune responses. In human, no or little migration of DC to skin-draining
lymph nodes was found after s.c. injection of DC. Intradermal injection was
more effective although the number of DC that reach the regional lymph nodes
did not exceed 4% (Verdijk et al. 2008). Investigating the influence of indium
and technetium labeling on the motility of antigen-loaded DC in humans, the
authors did not demonstrate migration of DC from i.d. or s.c. sites of injection
to regional lymph nodes and concluded that a large proportion of antigen-
loaded DC, as used in current human trials for cancer therapy, may not reach
regional lymph nodes (Blocklet et al. 2003). However, another study demon-
strated that the rate of migration of antigen-bearing DC in situ from the skin to
the lymph node is 100-fold higher than previously estimated (Adema et al.
2005). In contrast, evaluation of in vivo migratory capacity of i.d. administered
DC during a phase I/II clinical trial for metastatic melanoma revealed that
technetium-labeled DC traveled to the draining inguinal lymph nodes within
10 min, and the draining lymph nodes were clearly outlined up to 4 h after
injection (Thomas et al. 1999). Furthermore, in a recent clinical trial in patients
with multiple myeloma utilizing anti-idiotype (Id) vaccination with DC-admi-
nistered s.c. and i.v., the results revealed that s.c. injections of Id-pulsed DC
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were safe and, in contrast with i.v. administrations, induced antitumor T-cell
responses (Curti et al. 2007).

Alternatively, ex vivo-generated DC can be injected directly into the lymph
nodes or lymphatic vessels draining the skin. However, initial analyses showed that
i.n. injection is not always successful, even when it is performed under ultrasound
guidance by a highly experienced radiologist (de Vries et al. 2005). Intralymphatic
(i.l.) injection is an even more challenging technique that requires a highly skilled
surgeon and hospital admission (Quillien et al. 2005). Importantly, despite the fact
that most of the injected cells reach one or inmost cases multiple lymph nodes, DC
still need to migrate into the T-cell-rich areas (Verdijk et al. 2008).

Thus, one can conclude that i.d. and i.v. administration of tumor-antigen-
loaded DC is preferred in clinical protocols, although one important drawback
is the low efficiency in targeting DC to peripheral lymph nodes. In addition,
there are several potential problems with the above strategies, namely, (i) the
homing efficiency of cytotoxic T lymphocytes (CTL) induced by antigen-loaded
DC to the tumor sites may be relatively low (Grover et al. 2006); (ii) the tumor
antigens are not being recognized in manymalignancies; and (iii) it is difficult to
induce antigen-specific CTL suitable for the full repertoire of tumor antigens
expressed by tumors. Furthermore, despite eliciting vigorous immune
responses, to date, most DC vaccines have had limited clinical impact justifying
the rationale for developing alternative DC-based immunotherapeutic strate-
gies. Although DC vaccination occasionally leads to tumor regression, clinical
efficacy and immunogenicity of DC in clinical trials have not yet been clarified.
One explanationmay be the small rate of DC reaching the afferent lymph nodes
(less than 10%) (Schuler et al. 2003). Interestingly, it has recently been sug-
gested that DC migration from the site of injection to the lymph nodes and the
subsequent immune response may be enhanced by the previous topical admin-
istration of inflammatory factors. This should lead to up-regulation of the
CCR7 ligandCCL21 in the local lymphoid vessels, thus favoringDC trafficking
through the vessels to the lymph nodes (MartIn-Fontecha et al. 2003). Accor-
dantly, CCR7-tranducedDC have been shown tomigrate to the regional lymph
nodes more efficiently then control cells (Okada et al. 2005).

In view of these findings, it seems that the development of a strategy to
enhance and direct DC migration in the tumor environment, particularly when
using cancer vaccines, is highly desirable. An interesting alternative approach
that is currently being explored is to target tumor antigens directly to DC in situ
and boost DC mobilization from tumor tissues.

19.4 Intratumoral Dendritic Cell Vaccines

Immune cells, such as cytotoxic T lymphocytes, NK cells, B cells, and DC, have
a central role in cancer immunotherapy. Conventional studies of antitumor
therapy have focusedmainly on the search for an efficient means to prime/boost
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tumor antigen-specific immunity. A systematic understanding of the molecular
basis of the trafficking and biodistribution of immune cells, however, is essen-
tial for the development of more efficacious cancer immunotherapies. It is well
recognized that the basis and premise of immunotherapy is the accumulation of
effective immune cells in tumor tissues. In animal tumor models, chemokine-
induced recruitment of DC to the site of the tumor has typically been correlated
with amplified antitumor immune responses. Examples include the administra-
tion of tumor cells genetically engineered to express chemokines CCL7, CCL16,
CCL21, CXCL14, and others (Fioretti et al. 1998; Giovarelli et al. 2000; Vicari
et al. 2000), viral delivery of the chemokine genes, e.g., CCL20 (Fushimi et al.
2000), in growing tumors or the intratumoral/intralesional injection of recom-
binant chemokines, e.g., CCL21 (Kirk et al. 2001). Furthermore, the clinical
benefits from intratumoral administration of DC, including tumor rejection,
prolonged survival, and induction of immune memory, have been reported in
mice and rats (Melcher et al. 1999; Pirtskhalaishvili et al. 2000b; Candido et al.
2001; Tong et al. 2001; Ehtesham et al. 2003; Ahmed et al. 2004). A pilot study
in patients with melanoma and breast carcinoma demonstrated marked anti-
tumor potential of intratumoral delivery of DC without addition of tumor
antigens (Triozzi et al. 2000). Other clinical trials, evaluating intralesional
administration of IL-12-transfected DC in patients with hepatocellular carci-
nomas and metastatic pancreatic and colorectal malignancies, concluded that
intratumoral injection of DC is feasible and well tolerated (Feijoo et al. 2005;
Mazzolini et al. 2005). Similarly, injection of autologous immature DC into
tumor in conjunction with radiotherapy in patients with advanced hepatoma
revealed its safety and also induction of tumor-specific and innate immunities
(Chi et al. 2005). Evidence has been obtained showing that intratumoral DC can
capture and process tumor antigens to be presented to T lymphocytes (Melero
et al. 2000). Interestingly, DC were recently reported to be cytotoxic for several
tumor cell lines suggesting that this may have important consequences for their
ability to pick up antigens from dying tumor cells and thus stimulate tumor-
specific CTL (Vanderheyde et al. 2001; Yang et al. 2001).

Thus, intratumoral approaches are appealing because they may direct anti-
gen-specific responses at the tumor site, exploit the presence of multiple unde-
fined tumor antigens present in the endogenous tumor, and would be expected
to reduce systemic toxicity (Crittenden et al. 2005). However, clinical efficacy of
intratumoral delivery of DC might be limited by suppression of DC longevity
and function in the tumor microenvironment. Tumor-induced DC apoptosis
and suppression of DC function are the key mechanisms mediating suppression
of the DC system in the local tumor microenvironment (Gabrilovich et al. 1997;
Esche et al. 1999; Shurin and Gabrilovich 2001; Bennaceur et al. 2008). Of
special interest is the fact that tumor-induced apoptosis of DC or inhibition of
DC function may be tumor-specific: melanoma, lung carcinoid, and several
prostate adenocarcinoma cell lines were strong inhibitors of DC survival (Esche
et al. 1999; Katsenelson et al. 2001; Pirtskhalaishvili et al. 2001), while neuro-
blastoma and HNSCC did not induce significant DC apoptosis but suppressed

280 Z.R. Yurkovetsky and G.N. Yurkovetsky



antigen presentation by DC (Shurin et al. 2001; Tourkova et al. 2005). There-

fore, in the intratumoral DC delivery strategy, for the purpose of enhancing

antigen-specific antitumor immunity in the absence of define tumor antigens, it

is important to increase antigen processing inDC and prolong survival of DC at

the local tumor sites.
Several approaches can be used to increase the antitumor efficacy of intratu-

morally delivered DC vaccines. For instance, transfection of DC with the anti-

apoptotic gene Bcl-xL significantly increased their resistance to prostate cancer-

induced apoptosis andwas associated with significant antitumor potential upon

intratumoral delivery in vivo in animal models (Pirtskhalaishvili et al. 2000b).

Pretreatment of DC with certain cytokines or transfection of DC with the

cytokine genes, including TNF-�, CD40L, IL-12, and IL-15, also protects

DC from tumor-induced apoptosis (Pirtskhalaishvili et al. 2000a; Esche et al.

2001; Pirtskhalaishvili et al. 2001; Tourkova et al. 2002). This effect is mediated

by up-regulation of expression of the anti-apoptotic proteins Bcl-2 and Bcl-xL

and down-regulation of the pro-apoptotic protein Bax. For instance, it was

recently reported that intratumoral injection of adenovectors encoding 4-1BBL

and CD40L resulted in a significantly stronger inhibition of murine breast

cancer progression than the treatment with RANKL (Yurkovetsky et al.

2006). The authors also demonstrated that intratumoral administration of

DC transduced to express the TNF-related ligands resulted in a significant

inhibition of colon adenocarcinoma growth as compared with control groups

treated with control DC. Interestingly, DC expressing CD40L, 4-1BBL and

RANKL survived significantly longer at the tumor site than control DC (Yur-

kovetsky et al. 2006). Many agents, including TNF-�, IFN-g, CD40L, TRAIL,

LIGHT, CpG, TLR ligands, IL-12, IL-15, and IL-1, have been shown to

stimulate DC maturation and function and might protect DC longevity and

function in the tumor microenvironment. For instance, the magnitude of T-cell

response, which was proportional to the number of antigen-carrying DC that

reached the lymph node, could be boosted up to 40-fold by preinjection of

TNF-� that conditioned the tissue for increased DC migration (MartIn-Fon-

techa et al. 2003). Furthermore, all-trans retinoic acid has been shown to

enhance DC migration from the tumor bed to draining lymph nodes due to

an increase inMMP production with a simultaneous decrease in the production

of tissue inhibitors of metalloproteinases, allowing for enhanced DC mobiliza-

tion (Darmanin et al. 2007).Thus, in summary, together with clinical evidence

demonstrating that infiltration of tumor mass by DC is associated with better

patient survival, administration of DC vaccines into the tumor site might

provoke proficient antitumor immune responses.
In conclusion, optimal DCmigration for cellular therapy against tumors may

be achieved by generating a protective and stimulatory environment together

with making DC with a high migratory capacity and immune activation poten-

tial. Controlling DC distribution, homing and trafficking to lymph nodes to a

level that is sufficient for inducing proficient immune response against the tumor
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and long-lasting protection against recurrence of disease is essential for the
development of DC-based immunotherapy into a valid treatment.

19.5 Conclusions

The critical role of DC in immune responses suggests that the ability to manip-
ulate DC migration might have therapeutic potential for cancer treatment.
Before this potential can be realized, however, additional studies are required
for understanding molecular pathways that direct DC trafficking and homing
in different physiologic and pathophysiologic settings (Randolph et al. 2008).
For instance, there are virtually no data available regarding trafficking require-
ments for DC in patients with different types of cancer. The ability to alter
recruitment of DC precursors from the blood to the tumor site might have
therapeutic benefit in humans, but was not yet evaluated. In an effort to
maximize the migration of DC for cellular therapy, it is indispensable to
know how DC migration is initiated and what factors are essential for the cell
to move toward the draining lymph node and enter the T-cell-rich areas in the
tumor environment. Clearly, as our understanding of DC trafficking becomes
more developed, there will be an increased likelihood of successfully exploiting
DC migration for therapeutic intervention.
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Chapter 20

Dendritic Cells in Tumor-Draining Lymph Nodes

Alistair J. Cochran, Rong-Rong Huang, Eijun Itakura, Jonathan H. Lee,

and Barbara G. Molenkamp

Abstract Dendritic cells are neither the most obvious nor the most abundant
cells in lymph nodes, but are certainly among the most immunologically influ-
ential, acting primarily as highly potent professional antigen-presenting cells
that control complex sequences of innate and adaptive immune responses.
Immune responses against tumors, immune resistance, and tolerance are
initiated in tumor-draining lymph nodes, including sentinel lymph nodes
where mature dendritic cells present processed tumor antigens to naı̈ve T cells
generating tumor-specific cytotoxic and helper T cells. Dendritic cells in sentinel
lymph nodes of cancer patients have maturation defects that influence their
function and phenotype. Lymph nodes contain follicular dendritic cells and
paracortical dendritic cells (interdigitating dendritic cells). This chapter deals
exclusively with the latter. The topic is a research interest for the authors who
have published previously on the topic and this review draws extensively on
these prior publications.

20.1 Normal Physiologic Flow of Dendritic Cells to Lymph Nodes

Dendritic cells (DC) are neither the most obvious nor the most abundant cells in
lymph nodes, but are certainly among the most immunologically influential,
acting primarily as highly potent professional antigen-presenting cells that
control complex sequences of innate and adaptive immune responses. They
are characterized by elegant attenuated cell processes (dendrites) that dramati-
cally increase the surface area for their contacts with other cells. DC were first
identified in the epidermis by Paul Langerhans (Langerhans 1868). Langerhans
considered incorrectly that epidermal DC were nerve cells: ‘‘branched skin cells
resembling neurons’’. DC were given their current name by Steinman and Cohn
(Steinman and Cohn 1973). Lymph nodes contain follicular DC and
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paracortical DC (interdigitating DC). This chapter deals exclusively with the
latter. The topic is a research interest for the authors who have published
previously on the topic and this review draws extensively on these prior pub-
lications (Cochran et al. 1987; Huang et al. 2000; Cochran et al. 2001; Vuylsteke
et al. 2002; Lee et al. 2005; Cochran et al. 2006; Molenkamp et al. 2007).

DC develop from bone marrow stem cells and evolve via hematopoietic
precursors of either common myeloid/monocytic lineage (myeloid DC/mDC)
or common lymphocytic lineage (plasmacytoid DC/pDC) under the influence
of cytokines. Identification ofmDC and pDC in lymph nodes is based in part on
the extent of their HLA-DR expression (Cox et al. 2005). mDC populate
peripheral tissues as immature DC and migrate to lymph nodes via afferent
lymphatics where they constitute the mature DC population and stimulate
antigen-specific T cells (Banchereau et al. 2000; Randolph et al. 2005). pDC
migrate directly from blood to lymph nodes across the high endothelial venules
and are phenotypically immature (Cella et al. 1999; Summers et al. 2001).

In peripheral tissues immatureDC, highly competent endocytic cells, but poorly
competent antigen presenters (for T cells), sample their environment for microbial,
tumor, and other antigens, using pattern recognition molecules such as Toll-like
receptors (TLR). When appropriate antigens are encountered, immature DC
mature to antigen-presenting DC by upregulating their co-stimulatory profile,
developing the capacity to present processed antigens with MHC molecules to T
cells. Mature DC can also interact, directly and/or indirectly via CD1c or CD1d,
withNK cells and someB cells (Munz et al. 2005). After acquisition of appropriate
antigens and under the influence of chemokine receptor CCR7, mature DC
migrate via afferent lymphatics (as veiled cells) to regional lymph nodes. In
lymph nodes DC settle in the paracortical (T-dependent areas) and after upregu-
lating co-receptors for T-cell activation (CD80, CD86 and CD40) interact with
naı̈ve and memory T lymphocytes. In the steady state, most DC with a mature
phenotype in lymphoid organs havemigrated from epithelial surfaces.MatureDC
in peripheral lymph nodes originate as either dermal DC or epidermal Langerhans
cells, the latter expressing CD1a strongly (Wilson et al. 2003).

Antigen capture, processing, and presentation by DC are key steps in the
antigen-specific control of adaptive immunogenic and tolerogenic immune
responses (Steinman and Banchereau 2007). Immunogenic mature DC have
upregulated expression of the co-stimulatory molecules CD80, CD86, and
CD40 andmarkers of maturity such as CD83 and CCR7 and provide resistance
to infection and tumor progression. They induce activation, proliferation and/
or expansion of T-cell responses viaMHC class molecules. TolerogenicDC lead
to silencing of immune responses by deleting T cells (Hawiger et al. 2001; Probst
et al. 2005), suppressing T-cell responses to produce anergy (Luo et al. 2007), or
by generating T regulatory cells that restrict T-cell activity (Shortman and Naik
2007). Silencing is desirable in transplantation, autoimmunity, and allergy, but
undesirable in tumor immunity where it facilitates escape from host immune
surveillance. Tolerogenic DC are resistant to maturation in response to ‘‘danger
signals’’, such as HMGB1, TLR ligands, and CD40L, and express low levels of
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MHC and co-stimulatory molecules (Morelli and Thomson 2007). Tolerogenic

DC can generate, select, and expand alloantigen-specific, naturally occurring or

adaptive regulatory T cells (CD4+CD25+Foxp3+Tregs). Mature/activated

DC stimulate T-cell proliferation, whereas immature DC can induce

CD4+CD25+Foxp3+Tregs. Tregs can in turn inhibit the evolution of DC,

preventing their maturation and inducing downregulation of the cytokine IL-

10, and immunosuppressive molecules of the B7-H family (Mahnke et al. 2007).

CD4+ Foxp3+ T cells are more frequent in the peripheral blood of melanoma

patients (relative to healthy donors), tumor-infiltrated lymph nodes (relative to

normal nodes), and in tumor sites (Jandus et al. 2008). In animal models,

tumor-draining lymph nodes (TDLN) contain increasedCD4+CD25+Foxp3+

Tregs (Liyanage et al. 2006) and/or indoleamine 2,3-dioxigenase (IDO)-expres-

sing pDC (Munn et al. 2004), key cells in regulation of T-cell-mediated immu-

nity. Maturation, activation, and functioning of these regulatory cells are

governed in part by the composition of and variations in the local cytokine

microenvironment. For example, Foxp3+ Tregs, which suppress responses to

self and non-self antigens, are inducible by a TGF-�-mediated mechanism

(Liyanage et al. 2006; Liu et al. 2008). TGF-� produced by the cells of many

solid tumors suppresses CD4+ and CD8+ T-cell responses, inhibits activation

of naı̈ve CD4+ T cells, suppresses Th1 but not Th2 memory cell activation and

cytokine production, and enhances IL-10 production by macrophages (Maeda

et al. 1995; Maeda and Shiraishi 1996; Ludviksson et al. 2000).
DC evolution requires a continuing supply of immature DC to peripheral

tissues, their continued capacity to seek and acquire relevant antigens, migrate

to lymph nodes and there present processed antigens to recipient T cells.

Interference with any stage of this process impacts the differentiation, prolif-

eration, migration, and maturation of DC and significantly down regulates

immune responses against microbial and tumor antigens with potentially dis-

astrous clinical results. In studies of DC around primary melanomas, we (Stene

et al. 1988) and others (Facchetti et al. 1984; Gatter et al. 1984) demonstrated a

decreased frequency of Langerhans cells in the epidermis overlying and adja-

cent to invasive primary melanomas. This raised the possibility that melanomas

might generate and secrete soluble molecules that regulated local DC and, via

the lymphatics, nodal DC, thus influencing primary melanoma progression and

metastases. While Vermi et al. found increased numbers of intratumoral and

peritumoral pDC in primary melanomas (Vermi et al. 2003), such cells are

incompletely activated/matured as evidenced by their expression of CD86,

but neither CD80 nor CD83 suggesting a possible tolerogenic role for these

pDC in peripheral lymphoid tissue. These ‘‘defective’’ pDC can still produce

IFN-�, but expression of the IFN-� inducible protein MxA is extremely incon-

stant and very limited in melanomas. The paucity of intratumoral DC and the

predominantly immature phenotype of peritumoral dermal DC indicate defec-

tive maturation of DC associated with primary cutaneous melanoma, a defect

that is likely to reduce T-cell priming (Vermi et al. 2003).
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20.2 Heterogeneity of Immune Reactivity from Node to Node

We evaluated individual tumor-draining lymph nodes and found differences in

reaction intensity and in indices of immune function from node to node

(Cochran et al. 1987). Nodes were evaluated histologically for paracortical,

follicular, and sinusoidal reactions. Paracortical DC frequency, density and

dendrite formation were evaluated using antibodies to S-100 protein, CD1a,

HLA-DR, and fascin. To assess density and distribution of T lymphocytes, we

used antibodies to CD3, CD43RA, CD45RO, and CD25. DC and T-cell

frequency and density were analyzed by computer-linked morphometry.

Lymph nodes containing metastases, nodes closest to primary tumors and

nodes adjacent to metastatic nodes, were least reactive: with reduced area and

density of paracortical DC compared to more remotely located nodes. Follicu-

lar and sinusoidal activity was similar regardless of nodal position relative to

tumor (Cochran et al. 1987).
Functional studies of nodal lymphocytes (Hoon et al. 1987) evaluated

spontaneous uptake of tritiated thymidine and uptake in response to phy-

tomitogens, cytokines, and alloantigens. Internodal variations in sponta-

neous and mitogen- or alloantigen-induced proliferation were detected in a

majority of patients: nodes nearest tumor being less reactive than more

remote nodes. Differences in isotope uptake between unstimulated cell sus-

pensions from individual nodes suggested that the alterations detected were

present in vivo. Similar internodal differences were observed with assays of

inhibition of leukocyte motility in supernatants of short-term cultures of

cells from metastasis-free nodes at differing distances from primary tumors

(Wen et al. 1989). Nodes near tumor generated supernatants that were least

inhibitory of leukocyte migration and lymphoid cells that proliferated

weakly in response to standard stimuli.
Two-color flow cytometry of nodal lymphocytes from melanoma patients

revealed significant variations in lymphocyte subpopulations (Farzad et al.

1990) that correlated with clinical stage, proximity to the primary tumor, and

tumor status of the node, confirming prior data from breast cancer patients

(Morton et al. 1986). There was a striking reduction in CD4+ helper/inducer T

cells, with associated alterations in the CD4/CD8 ratio and an increase inCD56+

NK cells with increasing clinical stage (Farzad et al. 1990). Lymphocytes from

tumor-oriented nodes varied in their effect (inhibitory or enhancing) on mela-

noma cell growth in vitro (Farzad et al. 1997). Lymph nodes close to primary

tumors or nodally metastatic melanoma harbor increased ConA inducible sup-

pressor cells relative to more remote nodes (Hoon et al. 1990).
These data demonstrate that lymph nodes close to cancer are less reactive

than more remote nodes, but the studies were limited by technical considera-

tions. Exact lymphatic connections were unknowable, the extent of internodal

lymphatic connections could not be assessed and the specific lymphatics that

originated in the skin around a primary tumor could not be identified. The need
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for an accurate, dynamic approach to identify the node most influenced by
tumor was one stimulus to our development of dye-directed lymphatic mapping
and sentinel node biopsy.

20.3 Sentinel Node Concept

Minimally invasive intraoperative lymphatic mapping and sentinel node
biopsy (LM/SNB) are widely used to stage the regional lymph nodes of
patients with early-stage melanoma (Morton et al. 1992; Cochran et al.
2000; Morton et al. 2006). LM/SNB accurately detects clinically occult
metastases. If the sentinel lymph node (SLN) is tumor-free (ca. 80% of
patients), it is likely that the remaining nodes in the basin will also be tumor
free. If the SLN contains tumor (ca. 20% of patients), additional regional
nodes may also be tumor positive. On this basis complete lymph node
dissection (with its associated morbidity and cost) can be reserved for
patients with a tumor-positive SLN. In addition to the many clinical bene-
fits associated with LM/SNB, the technique provides for the first time the
opportunity to study physical interactions between a primary tumor and the
specific regional lymph nodes that receives lymph directly from the tumor
and its immediate environs. The balance of this chapter describes studies of
nodal pathophysiology based on LM/SNB and exploration of the thesis that
tumor cells create a nodal microenvironment that facilitates the survival and
expansion of metastasis-competent tumor cells that arrive in the lymph
node. We report studies that show that tumor-induced nodal immune down-
regulation may be reversed in vivo and consider whether such reversal may
inhibit or reverse the establishment of nodal metastases.

20.4 Alterations in Dendritic Cell Number, Phenotype

and Activation Status

Immune responses against tumors, immune resistance, and tolerance are
initiated in TDLN, including SLN where mature DC present processed
tumor antigens to naı̈ve T cells generating tumor-specific cytotoxic and/or
helper T cells. DC in SLN of cancer patients have maturation defects that
influence their function and phenotype. Compared to nodes from non-
cancer patients, TDLN contain significantly fewer CD1a+DC, S100+DC,
and (possibly) CD86+DC (Laguens et al. 2002). SLN had a lower frequency
and density of S100+, HLA-DR+, and fascin+ DC compared to NSLN
(Huang et al. 2000; Lana et al. 2001; Huang et al. 2004a). In breast cancer
patients, cellular immune responses, DC maturation, and Th1 responses are
less active in SLN (relative to NSLN) with significantly lower expression of
CD83 and IFN-� mRNA, and decreased populations of HLA-DR+,
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CD80+, CD83+, and CD40+DC, alterations detectable before development

of nodal metastases (Matsuura et al. 2006). We demonstrated a predomi-

nance of oligodendritic DC in SLN contrasting with the abundant polyden-

dritic DC seen in NSLN (Huang et al. 2000, 2004a, b). From a microscopic

perspective, oligodendritic morphology is a correlate of DC immaturity.

Oligodendritic DC express S100, HLA-DR, CD1a, and fascin, as well as

markers of immaturity, such as Langerin. Meshwork formation by fas-

cin+DC was lower in SLN than in NSLN, an alteration that correlated

with the presence of fewer CD45RO+ activated T cells, raising the possibi-

lity that reduced DC surface area secondarily downregulates dendrite-depen-

dent interactions between DC and T cells (Huang et al. 2004a).
Immature DC can transmigrate across resting endothelia in vitro, whereas

mature DC cannot (Wethmar et al. 2006). Mature DC migrate to secondary

lymphoid organs through afferent lymphatics, dependent on CCR7 (Ohl

et al. 2004). Oligodendritic Langerin+DC locate preferentially around high

endothelial venules (HEV) in melanoma-draining SLN (Huang et al. 2008). It

is possible that these oligodendritic DC may be either apoptotic DC

(apopDC) or pDC. Circulating DC from patients with early-stage breast

cancer certainly show increased rates of spontaneous apoptosis (Pinzon-

Charry et al. 2006). Melanoma-derived gangliosides impair Langerhans cell

maturation by downregulating co-stimulatory markers CD40, CD54, CD80,

and CD86 and maturation markers CD83 and CCR7, which correlate with

impairment of the capacity of these cells to induce allogeneic T-cell prolifera-

tion and with reduced Langerhans cell migration to lymph nodes. Melanoma-

derived gangliosides also enhance spontaneous apoptosis of LC (Bennaceur

et al. 2006). Using terminal deoxynucleotidyl transferase biotin-dUTP nick

end labeling (TUNEL) and double and/or triple cocktail staining with CD68,

fascin, and CD25 antibodies, we found that most TUNEL-positive

‘‘ApopDC’’ are CD68+/fascin– macrophages (some co-expressing CD25)

with a minority of fascin+/CD68– DC containing engulfed TUNEL-positive

apoptotic bodies. Apoptotic fascin+DC were not seen in SLN and NSLN

from melanoma patients (Huang et al. 2005). pDC express CD123, CD68,

CLA/HECA452, and BDCA-2 (Facchetti et al. 1988; Dzionek et al. 2002),

but are infrequent in ‘‘healthy’’ lymph nodes in the steady state. Using

immunohistochemical double staining, we found most oligodendritic Lan-

gerin+ DC to be CD68–, as are some HLA-DR+ and fascin oligodendritic

DC in both SLN and NSLN, suggesting that not all oligodendritic DC in

TDLN are pDC. These findings support our hypothesis that DC with no

dendrites or short dendrites are in some cases defective mature DC. While

accumulation of immature DC in lymph nodes may indicate inhibition of DC

maturation (Vermi et al. 2003), accumulation of mature DC-LAMP+ DC in

SLN is reportedly associated with continued generation of effective cytotoxic

T cells and a favorable prognosis (Movassagh et al. 2004; Elliott et al. 2007;

Ladanyi et al. 2007).
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It is possible that all areas of a TDLN are not uniformly exposed to tumor-
derived downregulatory molecules. To evaluate this possibility we examined
SLN where the point of entry of tumor-derived lymph was indicated by the
presence of carbon particles derived from intradermal injection (with marker
dye) in the skin around the primary tumor (Lucci et al. 1999; Haigh et al. 2001;
Morton et al. 2003). Tumor-free SLN were divided into four quadrants and we
compared the frequency and density of DC and activated T cells in the different
quadrants oriented to carbon deposits that indicate the point of entry of lymph
from the area of the primary melanoma. There were significantly fewer DC in
the quadrant adjacent to the point of entry of the afferent lymphatics, i.e., the
area of the node most exposed to tumor lymph and its molecular contents
(Huang et al. 2008).

20.5 Molecular and Signaling Alterations in the Sentinel Lymph

Nodes

The SLN also provides a unique opportunity to study molecular aspects of
tumor-associated immunological alterations. Downregulation of the SLN is
believed to be caused by soluble immunosuppressive factors released by
tumor cells and associated inflammatory cells, including regulatory immune
cells within the microenvironment of the primary tumor and draining lymph
nodes. IL-10 is considered to have a prime role in this process. Melanoma
cells, especially metastatic melanoma cells frequently express IL-10 (Chen
et al. 1994; Krüger-Krasagakes et al. 1994), which is also elevated in the
serum of patient with advanced melanoma (Dummer et al. 1995; Boyano
et al. 2000). Melanoma-derived IL-10 impedes the differentiation and function
of DC downregulating CD1 molecules on DC (Gerlini et al. 2004). IL-10
expression levels are higher in tumor-positive SLN than in non-SLN (Lee
et al. 2005). Increased expression of IL-10 in SLN from melanoma patients
has been confirmed (Torisu-Itakura et al. 2007b). While the cellular source(s)
of IL-10 within the SLN remain to be determined, IL-10 is expressed by
CD14+ monocytes in the peripheral blood of melanoma patients (Torisu-
Itakura et al. 2007a). Tumor-infiltrating lymphocytes (Biggs and Eiselein
2001; Seo et al. 2001; Polak et al. 2007a) and macrophages (Pollard 2004)
are also sources of IL-10 in the tumor microenvironment.

TGF-� is an immune modulatory cytokine that has dual roles as an
immune suppressor (and in this role may actually be oncogenic) and as a
tumor suppressor that inhibits proliferation of tumor cells. In melanoma,
TGF-� produced by tumor cells induces immune suppression at the primary
site acting through tolerogenic DC and regulatory T cells that express TGF-
� receptor 1 (Polak et al. 2007a, b). In contrast, melanoma cells are reported
to be generally resistant to the tumor-suppressive effects of TGF-� (Hussein
2005). Other tumor-derived factors may assist tumor cells to escape cytolysis
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by cytotoxic T cells (Kim et al. 2006). Soluble Fas (CD95) and FasL are

detected in advanced melanoma, and these molecules are associated with

poor prognosis (Mouawad et al. 2000; Ugurel et al. 2001; Redondo et al.

2002) possibly as a result of impairment of functions of the Fas receptor-

ligand system. The tryptophan-degrading enzyme indoleamine 2,3-dioxygen-

ase (IDO) is expressed by antigen-presenting cells and is also considered to

influence acquired tolerance to tumors by inhibiting T-cell function. In

animal models, IDO-expressing pDC activate mature resting Tregs in an

MHC restricted fashion via the GCN2 pathway (Sharma et al. 2007). IDO-

positive cells are present in the perisinusoidal regions of lymph nodes from

melanoma patients (Lee et al. 2003). Expression of IDO is high in tumor-

positive SLN increases with melanoma progression (Polak et al. 2007a) and

is associated with significantly decreased survival (Munn et al. 2004). In a

comparison of tumor-positive and tumor-negative SLN, IL-13, leptin, lym-

photoxin � receptor (LT�R), and CCL4 (MIP-1�/macrophage inflammatory

protein-1�) were all upregulated, while IL-11R� was down-regulated

(Torisu-Itakura et al. 2007b).
CCL2 (MCP-1: monocyte chemotactic protein-1) plays a key role in recruit-

ing monocytes and enriching tumor-associated macrophages (TAM) in the

tumor microenvironment (Varney et al. 2005a, b). In the tumor microenviron-

ment, TAM are educated by tumor cells have immunosuppressive character-

istics and produce immune suppressive factors (Kim et al. 2006). Another

mechanism is postulated by which TAM may influence tumor angiogenesis

by generating angiogenic factors, VEGF and IL-8 (CXCL8) (Torisu et al.

2000), both of which are identifiable in tumor cells in advanced melanoma

(Lacal et al. 2000; Varney et al. 2006). Targeting TAM by inhibition of CCL2

reduces angiogenesis and the growth of melanoma xenografts (Gazzaniga

et al. 2007).
In addition, individual chemokine receptors expressed by melanoma cells

are reportedly associated with metastasis to specific organs, possibly acting

through chemotactic mechanisms (Payne and Cornelius 2002; Murakami

et al. 2004). For example, CCR7 expression by melanoma cells is associated

with lymphatic metastasis in working with CCL21, produced by lymphatic

endothelial cells (Wiley et al. 2001; Takeuchi et al. 2004; Shields et al. 2007).

Also CXCR4 is associated with metastases to lung and liver in response to

CXCL12, but CXCR4 is also present in some nodal metastasis (Scala et al.

2006). CCR9 expression by melanoma cells is associated with metastasis to

the small intestine in response to CCL25 (Amersi et al. 2008).
Thus, secretion of immune modulatory molecules by tumor cells and tumor-

associated leukocytes drives the evolution of immunosuppressive networks

within which tumor can escape attack by the host immune system. Such

immune suppressive networks contribute to tumor progression and the devel-

opment and progression of metastases.
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20.6 Reversal of Immunomodulation of the Sentinel Lymph Nodes:

A Novel Adjuvant Therapeutic Option?

The role of GM-CSF, a prototypical pro-inflammatory cytokine, in determin-

ing and shaping the SLN immune milieu is of considerable interest. In an in

vitro setting, IL-4 and GM-CSF can induce the differentiation of monocytes

into CD1a+DC (Palucka et al. 1998). Exogenous dermal injection of GM-CSF

has resulted in reversal of the histological abnormalities noted in SLN from

melanoma patients (Lee et al. 2005) restoring SLN T-cell and DC areas and

density back to ‘‘normal’’ levels. Animal studies, on the other hand, suggest that

increased expression of GM-CSFwithin TDLN results in increased recruitment

of IDO-expressing DC (Munn et al. 2004). A similar functional dichotomy is

seen with IFN-�, another prototypical pro-inflammatory cytokine. In the in

vitro setting, IFN-� itself can mature the DC that induce cytotoxic T cells;

however, with co-expression of IL-10, IFN-� can induce maturation of IDO-

expressing DC (Munn et al. 2002).
To study the effect of local immunotherapy on immune effector cells in the

SLN, a special technique was developed to investigate DC and T-cell functions

without interfering with routine diagnostic pathology procedures (Vuylsteke

et al. 2002). A small phase II study was performed in which Stage I melanoma

patients were randomized to receive intracutaneous injections of either GM-

CSF or plain saline around the scar of the excision of the primary melanoma,

prior to local re-excision and SLN dissection (Vuylsteke et al. 2004). GM-CSF

was chosen because it has powerful stimulatory effects in vivo on recruitment,

activation and survival of mDC (Dranoff 2002).
Flow cytometric analysis showed a significant increase in the number and

maturation status of CD1a+mDC in the SLN of patients exposed to preopera-

tive GM-CSF and a concomitant increase in DC/T-cell clustering (Vuylsteke

et al. 2004). In view of the critical role of mDC in the initiation of T-cell-

mediated immunity, it was hypothesized that potentiated mDC functions in

the GM-CSF-administered group might be associated with a higher number

of tumor-specific CD8+ T cells in the SLN. We tested this and the results

supported our hypothesis, showing that local priming of melanoma-specific

CD8+ T cells was associated with a high frequency of mDC in the SLN, best

observed in patients receiving locally administered preoperative GM-CSF

(Vuylsteke et al. 2006). Together, these two investigations demonstrate that

locally primed antitumor T-cell responses in the SLN are detectable as early as

Stage I of melanoma development and may be enhanced by GM-CSF-induced

increases in SLN-DC frequencies.
Unmethylated cytosine–phosphate–guanine oligodeoxynucleotides (CpG

ODN) directly stimulate pDC through intracellular TLR9 triggering. Activated

pDC preferentially release large amounts of IFN-� (Krug et al. 2001; Duramad

et al. 2003; Ito et al. 2006), which may facilitate direct activation of CD8+ T

cells and NK cells, as well as promote the differentiation and maturation of
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neighboringmDC or their precursors, and thus provide indirect as well as direct
stimulation of T-cell activation (Patterson 2000; Dzionek et al. 2001; Kawarada
et al. 2001; Gursel et al. 2002; Salio et al. 2003). To investigate the effects of local
administration of the CpG B-type ODN, PF-3512676 (formerly known as CpG
7909) applied prior to SNB, on DC and T-cell subsets in the SLN, clinical Stage
I–II melanoma patients were randomized to receive either PF-3512676 or saline
(Molenkamp et al. 2007). We demonstrated that intradermal PF-3512676
administered around the primary tumor excision site prior to SNB resulted in
increased activation status of pDC and mDC. In the group who received PF-
3512676, we found induction of a newly identified TRAIL+mDC subset with a
mature T-cell stimulatory phenotype, an increased pro-inflammatory Type-1
T-cell cytokine profile and a reduction in the frequency of immunosuppressive
CD4+CD25+FoxP3+ Tregs (Molenkamp et al. 2007).

We hypothesize that these PF-3512676-induced immunostimulatory effects
affecting both DC and T-cell subsets in the SLN would translate into higher
frequencies of melanoma-associated antigens (MAA)-specific CD8+ T cells.
This hypothesis was supported by our finding of increased CD8+ T cell respon-
siveness to melanoma-associated epitopes in the PF-3512676 recipient group
(Molenkamp et al. 2008). CD8+ T cells from SLN and peripheral blood were
tested for reactivity in an IFN-� ELISPOT-assay against a number of HLA-
A1/-A2/-A3-restricted epitopes derived from a range of MAA. Melanoma-
specific CD8+ T-cell responses against more than one MAA epitope in either
the SLN or the post-injection blood samples were seen in 0 of 11 patients in the
saline control group and 6 of 10 patients who received PF-3512676. Cells
derived from both post-injection blood and the SLN from 4 of the 6 responding
patients had a significant response to more than one MAA epitope. A clear
relationship was found between increased frequencies of melanoma-specific
CD8+ T cells and NK cells in the SLN and PF-3512676-induced pDC matura-
tion. These data demonstrate a simultaneous increase in melanoma-specific
CD8+ T cells and innate NK effector cells following PF-3512676 treatment
and support PF-3512676 as a possible candidate agent for adjuvant treatment
of early-stage melanoma patients.

We have demonstrated that both GM-CSF and PF-3512676 are potent
boosters of the immune system. Even without the separate simultaneous admin-
istration of MAA, we have found increased frequencies of melanoma-specific
CD8+ T cells in both the SLN and the peripheral blood after tumor-site
administration of GM-CSF or PF-3512676. This clearly indicates that primed
T cells are present in the SLN at relatively early stages of melanoma develop-
ment and that these cells that can be (re)activated by an immunostimulatory
‘‘push’’ such as that provided by pro-inflammatory cytokines and/or TLR
ligands leading to increased local and systemic frequencies of functionally
active CD8+ T cells.

To definitively demonstrate the benefit of non-specific and generally applic-
able immune potentiation, large-scale, randomized phase III trials are needed.
Until then, more feasible small-scale phase II trials are appropriate to test the
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relative efficacy of different cytokines, TLR ligands or novel modulators of

tumor-related immune suppression (e.g., small-molecule inhibitors of IDO or
STAT3 phosphorylation), in terms of DC and melanoma-specific T-cell activa-

tion. These studies may ultimately lead to the identification of the most promis-
ing immunopotentiating cocktails to be further developed for routine clinical
application in the adjuvant treatment of early stage and possibly more

advanced melanoma patients. In the absence of effective chemotherapy, time
invested in this relatively novel approach to management of early-stage mela-
noma may be highly rewarding.
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Chapter 21

Dendritic Cell Vaccines in Cancer: Obstacles

to Overcome

Ezra D. Mirvish, Rebecca G. Pomerantz, Louis D. Falo, and Larisa J. Geskin

Abstract Significant progress has been made in the development of cancer

immunotherapies. However, as advances continue to unravel the complexity

of the immune system and processes involved in the induction of antitumor

immunity and tolerance, new questions increasingly arise. Various approaches

have been undertaken in an effort to induce efficient antitumor immunity.

Dendritic cells are the most potent antigen-presenting cells known, and this

capacity of dendritic cells has been exploited against various malignancies

under different conditions. This chapter reviews various controversies in den-

dritic cell-based vaccine development, including sources of dendritic cells, their

differentiation, maturation and antigen loading, vaccine delivery, as well as

effective monitoring of the immune and clinical responses in vivo.

21.1 Introduction

Dendritic cells (DC) are the most potent known antigen-presenting cells (APC)

capable of effectively taking up, processing, and presenting antigens to induce

and modulate immune responses, including antitumor immunity. This capacity

of DC has been widely explored for use in cancer vaccination approaches.

However, despite significant progress in the development of DC-based vaccines

and growing knowledge about the immunology and biology ofDC, a number of

unresolved questions remain. This chapter will address some of the issues

surrounding the design of DC vaccines for cancer immunotherapy, including,

but not limited to

1. Which subset of DC should be used in order to elicit potent antitumor
responses in various malignancies?
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2. What is the most efficient way to generate effective DC for use in anticancer
vaccines?

3. What types and sources of antigens should be utilized in order to ensure
optimum uptake by DC and stimulation of immune effectors?

4. What is the most effective technique for loading DC with antigens?
5. How do the conditions of DC maturation affect the nature of the immune

responses induced by DC vaccination?
6. After DC are generated and loaded with antigen, what is the optimal route of

administration? How does the method of vaccine administration affect the
type and intensity of the elicited immune response?

7. What agents can be used as adjuvants to enhance the anticancer immune
responses stimulated by DC vaccines?

8. How should the effects of DC vaccination be evaluated?

Growing body of evidence further expands our understanding of mechan-
isms of immune responses; daily many more issues arise and indicate ever
increasing complexity and intricacy of the immune system and processes
involved in the control of immunity.

21.2 Use of Dendritic Cell Subsets for Immunotherapy

DC arise from stem cell precursors in the bone marrow; they share certain
defining features, such as high levels of HLA-DR major histocompatibility
complex (MHC) antigens and a lack of other leukocyte lineage markers
(CD3, CD14, CD19, CD20, CD16, and CD56). However, DC constitute a
heterogeneous cell population, with variability in immunophenotype, function
and, potentially, hematopoietic lineage (Yang et al. 2005). Twomajor subsets of
peripheral blood DC have been described: myeloid DC and lymphoid DC
(Table 21.1).

Myeloid DC (CD14–/CD11c+/CD123–) are potent activators of T cells and
inducers of cytotoxic T lymphocyte (CTL) responses. Lymphoid DC (CD14–/
CD11c–/CD123+), also called ‘‘plasmacytoid’’ DC due to their morphologic
similarities to plasma cells, are primarily known for their ability to produce high
levels of IFN-�. Early studies showed that in comparison to myeloid DC,
lymphoid DC have weaker capacities for phagocytosis and T-cell stimulation
(O’Doherty et al. 1994) and that upon stimulation, lymphoid DC favor a Th2
rather than Th1 cytokine secretion profile (Rissoan et al. 1999). Due to the well-
characterized role of CTL in the destruction of tumor cells and the more potent
CTL responses induced by myeloid DC than by lymphoid DC, the former
subset has been employed in current DC vaccination approaches. However,
IFN-secreting lymphoid DC can also be induced to drive Th1 polarization
(Cella et al. 2000), and recent evidence demonstrates synergy between lymphoid
DC and myeloid DC in stimulating T-cell activation and antitumor immune
responses (Lou et al. 2007). Moreover, appropriately stimulated plasmacytoid
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DCmay play a more significant role in anticancer immune responses than once

believed (Basner-Tschakarjan et al. 2006). Taken together, emerging evidence

supports the idea that the interplay between DC subsets is important in eliciting

appropriate immune responses and that any subset, given the appropriate

conditions, may produce potent antitumor immune responses. Investigations

of combined vaccination approaches incorporating multiple DC subsets are

underway.

21.3 Generation of Dendritic Cells for Therapeutic Vaccines

Methods for generating DC have changed significantly within the past two

decades. DC are rare in peripheral blood, and sufficient numbers of DC need to

be collected for effective immunotherapy to take place. The simplest and most

commonly utilized approach to obtaining DC in large amounts is by utilizing

monocyte progenitors. Induction of DC differentiation in vitro from isolated

monocyte precursors has enabled the generation of large numbers of mouse

(Inaba et al. 1992) and human(Romani et al. 1996) DC from bone marrow as

well as peripheral blood in as little as 48 h. Autologous or allogeneic monocyte

progenitors can be used for DC vaccine generation. Because cancer patients

have decreased numbers of DC precursors and functionally deficient circulating

DC (Romani et al. 1996; Gabrilovich et al. 1997; Gottfried et al. 2008), allo-

geneic approaches may be considered preferable, though they pose a risk of

HLA-mismatch and graft-vs-host disease (GVHD). All the same, DC generated

from themonocyte precursors of cancer patients have been shown to be capable

of inducing potent immune responses (Babatz et al. 2003; Pedersen et al. 2005;

Schaft et al. 2005); accordingly, autologous DC have been widely utilized in the

generation of anticancer vaccines (Fig. 21.1).
Currently, the most widely employed technique for preparing DC is differ-

entiation of peripheral blood monocytes by short-term in vitro culture with

interleukin-4 (IL-4) and granulocyte–macrophage colony-stimulating factor

(GM-CSF). Cytokines other than IL-4 can also be used for ex vivo DC differ-

entiation; IL-15 cultured monocytic DC, for example, have been shown to

induce a more robust CTL response in vitro than their IL-4-cultured counter-

parts (Mohamadzadeh et al. 2001). Immature myeloid DC obtained via in vitro

differentiation (CD14+/CD11c+/CD123–) are efficient in antigen uptake.

However, immature DC are thought to promote immune tolerance rather

than active immunity, leading to the proliferation of regulatory T cells (Treg)

and induction of other immune-suppressive processes. This tolerogenic prop-

erty of immature DC may be related to their low expression of costimulatory

molecules (e.g., CD80, CD86) or their high expression of various inhibitory cell-

surface proteins, such as CTLA-4 (Steinman et al. 2003). Although not a desired

attribute of anticancer vaccines, the tolerogenic quality of immature DC has
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Fig. 21.1 Generation of dendritic cell-based vaccines and induction of antitumor immune

response.Several steps are required for DC vaccine preparation. 1. DC for therapeutic use
can be derived from various sources, Monocyte-derived DC (moDC) are the most commonly
used subtype of DC. 2. Differentiation of DC from DC precursors is most commonly
accomplished by using IL-4 and GM-CSF. Alternatively, IL-15 may be used. 3. Maturation
of DC induces loss of endocytotic/phagocytic receptors, which is associated with a decrease in
antigen capture; concomitant changes that increase DC motility and LN homing (e.g.,
increased CCR7 expression); pMHC translocation to cell surface, and increased expression
of costimulatory molecules (e.g., CD80, CD86, Tumor Necrosis Factor Receptor (TNFR)
ligands like OX40L and 4-1BBL). Use of TLR ligands like poly I:C (p-I:C) in DC maturation
cocktails may induce DC polarization to the DC1 phenotype, with an associated increase in
secretion of Th1-favoring cytokines like IL-12 (Hokey et al. 2005). PgE2 induces increased
CCR7 expression, which in turn increases lymph node homing, but also decreased IL-12
expression (Kalinski et al. 2001), leading to decreased CTL response. 4. Antigen loading is
most commonly carried out in immature DC due to their increased ability to endocytose
antigen, though mature DC can also be loaded with antigen successfully depending on the
type of antigen utilized. 5. Mature and antigen-loaded DC-based vaccine expressing high
levels of costimulatory molecules can then be delivered in vivo. 6. Numerous routes of
immunization can be utilized (curved arrow), depending on the desired immune effect (see
text). 7. In vivo, DC vaccine can stimulate appropriate lymphocyte populations. Depending
on the antigen used for loading, this stimulation may be restricted by MHC class I or class II
presentation. In some cases, such as when the whole tumor is used for DC loading, antigen
presentation can occur through both MHC class I and class II molecules, which results in
synergistic stimulation of bothCD8+andCD4+ lymphocytes. 8.DC-stimulated cytotoxic T
cells can kill tumor cells with or without the assistance of CD4+ T-helper cells. 9. Immune
responses to DC vaccines can be hampered by various immune mechanisms, including the
induction of regulatory T cells, secretion of immunosuppressive cytokines, or action of other
suppressive molecules
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been explored for the treatment of autoimmune diseases and in transplantation
medicine (Popov et al. 2006).

Characteristic qualities of immature DC include low levels of costimulatory
molecules and maturation markers (CD40; CD80 (B7.1) and CD86 (B7.2);
CD83; and various members of the TNF-receptor superfamily, including
OX40L and 4-1BBL) (O’Neill et al. 2004) coupled with a notable ability to
internalize and process antigens (Morelli et al. 2004). The high endocytic
activity of immature DC can be harnessed for a number of qualitatively differ-
ent antigens in cases where antigen must be taken up before endocytic receptors
are lost. However, in cases utilizing genetic material, such as RNA, antigen
loading may be successfully accomplished before or after the maturation pro-
cess is completed (Morse et al. 1998; Schaft et al. 2005).

Following their in vitro differentiation and loading with antigen, DC can be
induced to mature without exposure to additional external stimuli (Stober et al.
2002; Gamvrellis et al. 2004) or in a 48–72 h process involving exposure to
supplemental cytokines. These maturation processes yield stable, homoge-
neous, and mature antigen-loaded DC populations capable of inducing tumor-
icidal immune responses.Mature DC lose endocytic receptors and gain motility
(which correlates with an increase in expression of CCR7) as well as surface
expression of MHC receptors plus antigen peptide (pMHC). The standard
cytokine cocktail used for maturation includes IL-1�, IL-6, tumor necrosis
factor (TNF)-�, and PgE2(Jonuleit et al. 1997). While PgE2 increases DC
expression of the CCR7 chemokine receptor, which increases lymph node
homing in response to the MIP-3� chemokine (Scandella et al. 2002), it may
also inhibit secretion of IL-12, a cytokine fundamental to the induction of a Th1
immune response (Kalinski et al. 2001). These competing concerns have led to
the development of a number of different approaches to in vitro DC matura-
tion, including transduction of DC with an IL-12-encoding vector in order to
promote expression of the cytokine (Nishimura et al. 2001). Mailliard and
colleagues developed a PgE2-free cocktail containing interferon (IFN)-�,
IFN-g, polyinosinic:polycytidylic acid (p-I:C), IL-1�, and TNF-� (Mailliard
et al. 2004). The synthetic ligand p-I:C, which binds to toll-like receptor-3
(TLR-3), is utilized due to the important role of particular TLR ligations in
the maturation of DC (Sporri and Reis e Sousa 2005) and the polarization of
DC to DC1, which induce the Th1 T-cell phenotype that effects cytotoxicity
(Hokey et al. 2005).

DC can also be generated from CD34+ hematopoietic stem cells from bone
marrow or peripheral blood. These progenitors are cultured with TNF-�,
GM-CSF, and Flt3 ligand (Flt3-L) in the presence or absence of IL-4 to yield
differentiated DC. In contrast to monocyte-derived DC, CD34+-progenitor-
derived DC comprise multiple DC subtypes including dermal DC and Langer-
hans cells (LC). The inclusion of LC in CD34+-derived vaccines has been
hypothesized to increase their immunogenicity, and CD34+-derived DC vac-
cines have been employed in a number of clinical trials in melanoma (Di Nicola
et al. 2004; Banchereau et al. 2005; Fay et al. 2006). While a comparative
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analysis of CD34+-derived DC and monocyte-derived DC revealed similar
antigen uptake and presentation abilities (Herbst et al. 1997), other studies
have shown that the former DC type stimulates more potent in vitro CTL
responses after induction with certain experimental stimuli (Mortarini et al.
1997; Ferlazzo et al. 1999; Ratzinger et al. 2004). Functional differences
between monocyte-derived and CD34+ progenitor-derived DC remain incom-
pletely characterized; however, and further investigation is needed to assess
their relative utility for vaccination approaches.

An alternative approach in obtaining DC for vaccination is to isolate circu-
lating immature DC populations (CD14–/CD11c+/CD123–) from human
blood. As discussed previously, the paucity of DC in peripheral blood is a
major limitation; however, in vivo administration of granulocyte colony-
stimulating factor (G-CSF) and Flt3-L to donors expands populations of
circulating DC by up to 20-fold (Pulendran et al. 2000; Fong et al. 2001). DC
generated in this manner have the theoretical advantage of greater similarity to
physiologic DC, and increased responsiveness to maturation stimuli has been
observed in DC generated in vivo with Flt3-L compared to DC generated in
vitro frommonocytes (Luft et al. 2002). However, the limited DC yield remains
a major obstacle to the implementation of this approach, and functionally
significant differences between circulating DC and CD14+ DC differentiated
in vitro are not apparent.

21.4 Antigen Selection for Therapeutic Vaccination

One of the most significant obstacles in the development of DC-based immu-
notherapy is the identification and selection of appropriate antigens for DC
loading. In most human cancers either specific dominant antigens are not
known, or the roles of known antigens are not well defined. Identification of
tumor-specific antigens is of utmost importance to avoid damage to non-
malignant cells when anticancer immune responses are elicited, and to prevent
induction of tolerance by presenting ‘‘self-antigen’’.

To date, most trials of DC vaccines for cancer have utilized DC charged with
a single tumor antigen (TA). Most commonly, these vaccines are produced by
pulsing DC with synthetic peptides derived from a defined TA. Alternatively,
specific TA components can be delivered to DC by genetic integration
approaches, including viral and nonviral (passive uptake of naked nucleic
acids, lipofection, particle-mediated transfection, and electroporation) techni-
ques (Breckpot et al. 2004). Loading DC with one or a few TA components, by
either peptide pulsing or genetic modification, enables specific targeting of
validated markers known to be expressed by a particular tumor.

Vaccination approaches in which DC are loaded with one or a few defined
TA confer certain advantages. For some cancer types, TAs that are expressed
on the majority of tumors are well characterized and contain short,
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immunogenic peptide sequences that can be synthesized with relative ease.
Defined-TA DC vaccination approaches may avert the need for autologous
tumor material, which can be limited or difficult to extract. Furthermore, since
DC are primed to present only one or a few specific epitopes, the risk of
inducing autoimmune disease in patients is low. Another advantage of utilizing
DC vaccines loaded with a defined TA is the opportunity to serially monitor
levels of that antigen as an assessment of treatment response.

However, the use of defined-TA vaccines has several important limitations.
First, there are many cancer types for which specific TAs have not been
identified or sufficiently well characterized. Additionally, DC with a single
antigenic target do not induce immunity against tumor cells that fail to express
that particular epitope; administration of such a vaccine could lead to clonal
expansion of antigen-negative cells and the consequent development of a vac-
cine-resistant tumor. Similarly, these TA may not represent the dominant
antigen in a particular tumor type and immunization using such TA may result
in observation of immune responses alone, without clinically significant corre-
lates. Some smaller single peptide antigens can be targeted to enterMHC class I
pathways (Falo et al. 1995), which results in CD8+ T-cell activation without
concurrent MHCII activation of CD4+ T cells, and accordingly, the elicited
antitumor response may not be optimally robust (Celluzzi et al. 1996). Other
longer peptides go throughMHC class II processing pathways and elicit CD4+
T-helper responses without activation of CD8+ cytotoxic cells (Kudela et al.
2007; Adams et al. 2008).

To overcome these obstacles in antigen selection, autologous whole tumor
cell products, containing a broad repertoire of undefined antigens, have been
used to prime DC. This approach averts the need for identification of an
appropriate TA, while enabling targeting of uniquely expressed (polymorphic
or mutated) tumor antigens that may be important components of immune
evasion mechanisms. Unlike DC primed by a single antigen, DC loaded with
undefined tumor cell components present multiple epitopes in MHCI as well as
MHCII, triggering activation of both CD4+ and CD8+ T cells (Hokey et al.
2002; Kingston et al. 2003). Theoretically, DC charged with a broad repertoire
of tumor epitopes are more likely to effect a polyclonal immune response,
reducing the opportunity for tumor immune escape by antigenic variation.

21.5 Optimizing Conditions for Antigen Loading

Whether DC are to be charged with a single TA or an entire tumor cell
repertoire, loading can be achieved via peptide/protein-based approaches or
by genetic transfection of nucleic acids. That is, DC can be pulsed with a single
peptide or with whole tumor cell lysate, and, similarly, DC can be transfected
with a short genetic sequence encoding a single known antigen or with the entire
genetic content of a tumor cell. Utilizing tumor mRNA or cDNA may hold
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particular appeal, as array technology or subtractive hybridization could be
used to compare tumor DNA to normal genomic material from the same
patient; such high-throughput technologies could provide a powerful means
of charging DC with a wide selection of highly specific TAs that are unlikely to
induce autoimmunity. While the protein products of transfected mRNA can
potentially induce strong CTL immunity through MHC class I presentation,
they tend not to undergo endosome trafficking and consequent MHCII pre-
sentation, thus limiting the potential for induction of a strong CD4+ T-cell
response. Given this constraint, TA mRNA can be modified to encode a
C-terminal domain that targets the peptide to the lysosome, with the goal of
simultaneously inducing antigen presentation in both MHCII and MHCI
molecules (Wu et al. 1995). Genetic modification approaches may entail sig-
nificant technical complexity, but they may also reduce the quantity of required
tumor tissue, since nucleic acids can be highly amplified prior to delivery.
Concerns regarding genetic approaches include potential effects of genetic
modification on DC function as well as the biosafety of DC with incorporated
viral vectors.

Tumor lysates represent only one of many available protein sources for DC
loading: live tumor cells, necrotic debris, apoptotic bodies, heat shock proteins
(HSP), and exosomes derived from tumors have been utilized in clinical vacci-
nation approaches (Mosca et al. 2007). Another related method involves fusing
DC with tumor cells to form DC-tumor hybridomas, which have been gener-
ated with polyethylene glycol or, more recently, through the use of electrofusion
techniques, in which cells are mechanically aligned and application of electric
pulses leads to fusion of the cell membranes of juxtaposed cells. Though capable
of inducing a robust immune response, autologous tumor lysate as a source of
DC antigen requires a large amount of tumor material. Allogeneic tumor lysate
may be more widely available in the form of banked specimens or cultured
tumor cell lines, but this approach suffers from a lack of specificity for the
repertoire of epitopes expressed by the tumor cells of a given patient.

Considerable controversy surrounds the issue of the relative usefulness of
necrotic vs apoptotic tumor cells for loading DC. Contradictory findings of the
effects of these two approaches on antigen uptake, DC maturation, and release
ofHSP have been reported (Sauter et al. 2000; Kotera et al. 2001). The complex-
ity of the problem has been further demonstrated by studies which show that
standard procedures used to induce apoptosis actually produce a mixed popu-
lation of viable, apoptotic, and necrotic tumor cells (Kotera et al. 2001). Multi-
ple lines of evidence suggest that DC pulsed with tumor-derived apoptotic
bodies or lysates, or fused or co-cultured with live tumor cells, can be effective
immunogens in vivo; direct mechanistic analyses of tumor antigen internaliza-
tion, processing, and presentation are currently under study (Hokey et al. 2001).
While little data are currently available regarding the comparative efficiency of
antigen delivery and presentation using these different delivery strategies, a
randomized clinical trial is currently in progress at the University of Pittsburgh
Cancer Institute to assess the biological and clinical merits of various loading
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techniques (L. Geskin, personal communication). The results of this trial will be
available within the next year.

While the vaccination approaches described above rely on the in vitro gen-
eration of mature, antigen-loaded DC, a number of alternative methods have
been employed. Vaccines have been prepared from antigen-loaded immature
DC, which are injected in combination with an inflammatory adjuvant that
enhances DC trafficking to lymph nodes and immune response induction (Nair
et al. 2003). Approaches utilizing immature DC bypass the complex, expensive
process of inducing DCmaturation in vitro, but their efficacy relies on effective
stimulation of endogenous DC maturation mechanisms, with the risk of indu-
cing an immune-suppressing response if DC fail to mature. Alternatively,
tumor epitopes can be delivered to DC in vivo by injection of antigens con-
jugated to DC-targeting elements, such as nanobeads, antibodies, or specific
proteins (Tacken et al. 2006). Similarly, this method depends critically upon a
functional endogenous system of DC activation, maturation, and antigen pre-
sentation, processes which may not be fully intact in individuals with cancer.

21.6 Enhancing Immune Responses to Dendritic Cell Vaccination

Most clinical trials to date have demonstrated that DC-based vaccines elicit
antigen-specific immune responses in the majority of immunized patients.
However, these immune responses have not been associated with significant
clinical responses in Phase III clinical trials. Various hypotheses have been
proposed in order to explain this phenomenon; studies have explored the
roles of regulatory T cells and immunosuppressive cytokines, inhibition of
lymphocyte function by T-cell receptors, and promotion of DC survival and
function by a broad array of molecules and receptors. It is evident that the
regulation of immune responses is a multifactorial and highly complex process,
and optimization of desired responses may involve a variety of interventions
involving DC, lymphocytes, and general modifications of the tumor
microenvironment.

Reduction of Treg populations in cancer patients may enable the recovery or
induction of tumor-specific immune responses capable of limiting disease pro-
gression (Yang 2008). Selective and non-selective approaches to Treg depletion
have been attempted. Cyclophosphamide was found to deplete Treg cells
(Ghiringhelli et al. 2004) and decrease the activity of remaining Treg (Lutsiak
et al. 2005) in rodents. Alternatively, CD25 (the alpha-chain of the IL-2 recep-
tor) may be targeted with antibodies or the recombinant IL-2 diptheria toxin
conjugate denileukin diftitox, which has been shown to reduce circulating Treg
and enhance T-cell antitumor response when administered prior to DC injec-
tion (Dannull et al. 2005).

The timing of DC-based immunotherapy coupled with Treg depletion is also
of major importance. Since cyclophosphamide-induced Treg depletion is
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transient, DC vaccines should be delivered within a specific window following
cyclophosphamide administration, during which Treg are maximally depleted
and have not yet begun to significantly regenerate. In a murine model of
melanoma, pre-treatment with cyclophosphamide enhanced the response of
tumor-primed effector T cells to a DC-based exosome vaccine (Taieb et al.
2006). In the case of CD25-targeting approaches for Treg depletion, activated
T cells transiently express high levels of CD25; therefore, Treg-depleting,
CD25-targeting agents should be administered 2–10 days before DC vaccina-
tion (Litzinger et al. 2007).

Immune-suppressing cytokines – including IL-6, IL-10, IL-13, TGF-�, and
VEGF (Rabinovich et al. 2007) – are also potential targets for antibody-
mediated reduction in conjunction with DC vaccination. It has been shown,
for instance, that IFN-g production and CTL response to injected tumor cells
are enhanced in the presence of anti-IL-10 and anti-TGF-� antibodies in mouse
models (Jarnicki et al. 2006). Similarly, transgenic mice whose T cells are
insensitive to TGF-� signaling are more resistant to exogenous tumor cell
infiltration than control mice (Gorelik and Flavell 2001). Further, in vitro
studies of human cancer cells have shown that TGF-� suppresses CTL activa-
tion and function (Ahmadzadeh and Rosenberg 2005), while anti-TGF-�
mechanisms, including antibodies, soluble receptors, and antisense oligonu-
cleotides, can induce antitumor immune responses. In a trial of a DC vaccine
for glioblastoma, tumor expression of TGF-� was associated with poorer
clinical outcome and was inversely correlated with vaccine-induced T-cell infil-
tration of tumor (Liau et al. 2005).

Similarly, cell-surface receptors that mediate lymphocyte inhibition (e.g.,
PD-L1 (B7-H1), CTLA-4, indoleamine 2,3-dioxygenase (IDO)) can be targeted
with antibodies(O’Neill et al. 2004). Such cell-surface markers, much like the
inhibitory cytokines, create immune-tolerant milieus conducive to tumor
growth. PD-L1, for example, binds PD-1 on T cells and promotes immune
tolerance; blocking this interaction (e.g., through the use of an anti-PD-L1
antibody) leads to increased activation of T cells, increased secretion of cyto-
toxicity-promoting cytokines such as IFN-g, and decreased secretion of toler-
ance-inducing cytokines such as IL-10 in mice (Curiel et al. 2003; Strome et al.
2003; Hirano et al. 2005). NSAID (Ulrich et al. 2006), certain chemotherapeutic
agents, or other small molecules could also be utilized to alter the immunoto-
lerant tumor microenvironment that decreases DC vaccine effectiveness. The
COX-2 inhibitor celecoxib, for instance, increases the effectiveness of DC-based
(Basu et al. 2006) and other (Zeytin et al. 2004) antitumor vaccines in mice.

Factors that contribute to DC suppression can also be reduced through the
use of RNA interference (RNAi) technology. For instance, blocking DC
expression of pro-apoptotic proteins (e.g., BAX, BAK) and immunosuppres-
sive factors (e.g., PD-L1, IDO, IL-10, SOCS1) via RNAi mechanisms may help
effect more robust DC and CTL activity (Shen et al. 2004; Mao et al. 2007).
Analogously, DC can be transfected or transduced with anti-apoptotic genes,
such as the Bcl family members (Pirtskhalaishvili et al. 2000; Kim et al. 2003).
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In addition to abrogating immune-signaling pathways that oppose DC
effector responses, immune targeting approaches that promote DC-activating
pathways may also be employed as adjuvant therapies. Cytokines that promote
Th1 differentiation and CTL activity, including IL-12, IFN-g, and TLR
ligands, can be co-transfected or co-transduced with TA or administered as
adjuvants with DC vaccination. Similarly, antibodies that agonize members of
the TNF-receptor superfamily, including CD40, CD27, CD137 (4-1BB), and
CD134 (OX40) (Barr et al. 2006; Yurkovetsky et al. 2006), may help effect
robust DC responses. CD40 in particular has been implicated as playing an
important role in DC activation, stimulating the secretion of Th1-promoting
cytokines (e.g., TNF-� and IL-12) as well as the expression of various costimu-
latory molecules (Grewal and Flavell 1998). In clinical trials, CD40L (CD154)-
transduced leukemic T cells have been shown to induce immune response to
tumor cells and to decrease tumor burden (Wierda et al. 2000). Alternatively,
soluble CD40L can be utilized ex vivo, along with various cytokines, in order to
activate DC before administering them to patients (Davis et al. 2006; Palucka
et al. 2006). Thus, the CD40-CD40L-signaling pathway is an appealing target
for manipulation.

Many other cytokines and/or cell-surface receptors have been proposed as
potential adjuvants or agonist targets to enhance DC-based immunotherapy,
but the involvement of many of these molecules in complex and apparently
paradoxical immune-signaling pathways may complicate their suitability for
use as adjuvant therapy. For example, IL-15 is involved in the generation of
long-term, robust cellular immunity (Oh et al. 2003) yet has also been impli-
cated as being important in the maintenance of Treg suppressive function
(Yates et al. 2007). This highlights a need for careful study in selecting agents
to administer along with DC vaccines, especially when these agents may have
multiple or incompletely elucidated roles in immune cascades.

21.7 Routes, Dose, and Timing of Vaccine Administration

Route ofDC administration is one of the critical factors influencing vaccination
outcome. Intravenous (i.v.), intradermal (i.d.), subcutaneous (s.c.), intralym-
phatic (i.l.)/intranodal (i.n.) (Nestle et al. 1998), and intratumoral (i.t.) routes
have been utilized in clinical trials. A study comparing i.v., i.n., and i.d. admin-
istration showed that the i.n. route was associated with superior delayed-type
hypersensitivity and T-cell cytokine secretion responses to novel peptide expo-
sure (Bedrosian et al. 2003). Additional studies have demonstrated that
intranodal DC vaccination can lead to enduring T-helper cell activity and
Th1-skewed cytokine production (Gilliet et al. 2003), as well as objective clinical
response (Maier et al. 2003). However, questions exist regarding the mainte-
nance of lymphatic cytoarchitecture after intranodal injection, a factor that
may increase the appeal of intralymphatic injection. Yet another option is

320 E.D. Mirvish et al.



intratumoral DC injection; this has been tried with encouraging results in
animal models (Nishioka et al. 1999; Satoh et al. 2002; Song and Levy 2005;
Zhong et al. 2007a) and in clinical trials (Chi et al. 2005; Yamanaka et al. 2005;
Guo et al. 2007), but is limited by tumor accessibility. Identifying the most
appropriate route of administration is thus in itself a complex issue, and it is
further complicated by the finding that based on site of injection, DC can
induce T cells with different homing patterns that may in effect confer regional
immunity (Geskin et al. 2001; Mullins et al. 2003). This observation suggests
that depending on the localization of tumor and metastases, it may even be
useful to combine various administration routes in individual patients.

In addition to route of administration, vaccine dose and frequency are
important considerations. Tracking radiolabeled DC has shown that neither
i.v.- nor s.c.-administered DC localize to lymph nodes, while perhaps less than
1% of i.d.-administered DC do in fact drain to local lymph nodes (Morse et al.
1999); another study that differentiated between lymph node homing of imma-
ture and mature DC estimated this number at less than 3% for mature DC and
less than 0.3% for immature DC (De Vries et al. 2003). Clinical trials have
tended to use DC doses averaging approximately 106–108 cells per inoculation
(Ridgway 2003), with outcomes suggesting that higher-range doses do not
affect greater immune responses (Banchereau et al. 2001; Bedrosian et al. 2003).

There is insufficient empirical evidence at present to define optimum time
intervals between initial DC vaccinations and injections. However, the practice
of giving boosters at 2-week intervals has been bolstered by the discovery that
DC can generate memory-like T cells in 4–6 days (Badovinac et al. 2005), as well
as the consensus that repeated injections are required to retain the ability to
carry out antitumor activities. Pre-injection with TNF-� or other DC at the site
of vaccination induces greater than ten-fold increases in lymph node homing in
mice (MartIn-Fontecha et al. 2003); therefore, prior administration of these
agents may increase the proportion of injected DC that stimulate T cells and
decrease the required dose of vaccine. TLR-ligand pre-treatment also increases
DC lymph node migration, and even stimulates DC maturation, thus averting
the need for ex vivo DC maturation (Nair et al. 2003).

21.8 Evaluating Efficacy of Dendritic Cell Vaccines

While the goal of DC vaccination is achievement of objective clinical responses
and ultimately, improved survival, clinical trials to date have shown limited
efficacy with respect to these endpoints. In order to allow for meaningful
interpretation of study results and comparisons between different vaccination
approaches, defining immunologic outcomes for assessment of response to DC
vaccination is an important goal. Various methods of immunomonitoring have
been developed or adapted to gauge the reactivity of peripheral CD8+ T cells
to tumor antigens after DC vaccination. These include a chromium release

21 Dendritic Cell Vaccines in Cancer 321



assay, in which a patient’s CD8+ T cells induce apoptosis in antigen- and
Cr-pulsed cells; IFN-g Enzyme Immunospot (ELISPOT) and flow cytometry
detection, whichmonitor IFN-g production in response to antigen presentation
(Berard et al. 2000); and detection of MHC-peptide tetramer bound to reactive
T cells (Altman et al. 1996; Paczesny et al. 2004). An assay for measurement of
CTL induction by whole tumor-loaded cells, when the specific antigen and
MHC are not known, has also been developed (Palucka et al. 2006). In a
study comparing the ELISPOT, flow cytometry, and tetramer techniques, the
three methods yielded disparate results (Whiteside et al. 2003), highlighting the
limitations of commonly employed immunomonitoring techniques. One plau-
sible explanation for this discordant data is the fact that CTL capable of
responding to tumor antigen may be concentrated in lymph nodes (Romero
et al. 1998) or bone marrow (Feuerer et al. 2001a, b), limiting the presence of
these populations in peripheral blood.

An alternate approach to assessing the induction of immune responses by
DC vaccines is with delayed-type hypersensitivity (DTH) skin tests (Bedrosian
et al. 2003). One investigation, however, found that DTH indurations could be
elicited by DC alone; in the same study, when antigen-loaded DC were injected
and biopsies of the resultant indurations were performed, positive staining for
antigen-specific T cells was associated with clinical response to vaccination.
These results suggest that immunohistologic characterization of DTH-induced
indurations, but not the simple presence or absence of DTH response, is a
pertinent immunologic outcome (de Vries et al. 2005). Other immune measures
that may serve as correlates of clinical response to DC vaccination are concen-
trations of activated immune effectors other than CD8+ T cells, including NK
cells, CD4+ T cells, and B cells.

21.9 Conclusion

There are a multitude of variables surrounding DC vaccination that affect
antitumor outcomes; ongoing studies are addressing various limitations of
DC-based vaccination approaches in order to achieve optimization of these
complex parameters (Zhong et al. 2007b). While we describe some of the many
issues surrounding the development, administration, and evaluation of DC
vaccines in this chapter, space constraints limit our ability to discuss all of the
pertinent hypotheses and approaches that have been proposed by investigators.

DC vaccines have been evaluated in over 150 phase I-III clinical trials in at
least 30 histologically distinct malignancies. With respect to achievement of
objective clinical responses, the results of DC vaccines for cancer have been
disappointing thus far. Modest rates of objective clinical responses have been
reported in clinical trials, with some small phase II studies showing improved
survival in select patients with corresponding CTL responses (Wheeler et al.
2008). However, recent phase III trials have failed to replicate some of these
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positive findings, and no phase IV trials have yet been performed. Despite low
overall rates of response in clinical trials to date, complete responses have been
observed in some patients. These individual successes, combined with the
achievement of intermediate immunologic endpoints in many patients as well
as numerous preclinical reports of therapeutic efficacy in murine models,
demonstrate the antitumor potential of these agents. Given that successful,
precise manipulation of a wide array of variables is necessary in order to
produce an effective vaccine, it is to be expected that unsuccessful initial
attempts will precede simultaneous optimization of all relevant parameters.

DC vaccines have been remarkably well tolerated in clinical trials. The most
commonly reported adverse events in clinical trials are fever and local injection
site reactions, and there have been no reports of serious side effects. Given their
excellent safety profile, it might be reasonable to investigate certain DC vac-
cines in earlier stages of disease, or after standard interventions have been
employed to eradicate the bulk of the tumor burden. DC vaccination may be
more successful in destroying residual disease or in preventing recurrence than
in leading to tumor regression in patients with advanced, disseminated disease,
and compromised immunity. Furthermore, refinement of patient selection
criteria for individual vaccines, as well as standardization of vaccination para-
meters in order to allow for more meaningful comparisons between trials, will
help to direct the development of the next generation of anticancerDC vaccines.
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Chapter 22

How Best to Generate Dendritic Cells

from Patients with Cancer and How Best to Use

them for Immunotherapeutic Purposes

Mark M. Aloysius, Richard A. Robins, and Oleg Eremin

Abstract The purpose of vaccinating patients with cancer is to achieve objec-

tive tumor regression or stasis, in contrast to vaccination strategy in infectious

diseases, where it is primarily preventive in nature. Anti-cancer vaccines are

designed to maximally induce and sustain host immune responses targeted

against tumor antigens, leading to subsequent cancer cell death. Most cancer

immunotherapy trials have been performed in patients with advanced cancers,

in whom established therapies are usually ineffective or the patient has run out

of therapeutic options. Such a therapeutic immunity is clearly more challenging

to generate and sustain, compared with preventive immunity, as active immune

surveillance and constant targeting of the tumor is required. As dendritic cells

are the most potent antigen-presenting cells that sensitize naive T cells to

antigen, designing cancer vaccines using the patient’s own autologous dendritic

cells is a logical and core concept in cancer immunotherapy, which continues to

be an area of major interest and therapeutic challenge for both clinicians and

scientists.

22.1 Naturally Occurring and Ex Vivo-Generated Dendritic Cells

Naturally occurring DC are found in low numbers in the circulation (0.1–2%

in healthy individuals) and may be even lower in cancer patients who have

received chemotherapy and immunotherapy. Thus, in order to study these cells

significant volumes of blood have to be obtained by venipuncture and sub-

stantial volumes (usually via leukapheresis) when harvesting for immunother-

apeutic purposes (Savary et al. 1998). Decreased numbers of DC in patients

O. Eremin (*)
Research and Development Department, United Lincolnshire Hospitals NHS Trust,
Lincoln County Hospital, Greetwell Road, Lincoln LN2 5QY, UK
e-mail: val.elliott@ulh.nhs.uk

M.R. Shurin, R.D. Salter (eds.), Dendritic Cells in Cancer,
DOI 10.1007/978-0-387-88611-4_22, � Springer ScienceþBusiness Media, LLC 2009

331



with cancer may be due to tumor-induced apoptosis, to inhibition of their

differentiation in vivo by soluble factors released by the tumor or both

biological mechanisms (Freudenthal and Steinman 1990). Furthermore,

tumor-induced release of cytokines, such as IL-10, may retard DC develop-

ment (O’Doherty et al. 1993; Thomas et al. 1993; Savary et al. 1998).
Circulating DC in patients with cancer are phenotypically and functionally

hyporeactive, rendering them ineffective inducers of T-cell responses

(Hoffmann et al. 2002; Gabrilovich 2004). We have shown that DC, even in

women with early operable breast cancer, are dysfunctional and anergic

(Satthaporn et al. 2004). We have also demonstrated that this dysfunction

can be overcome by ex vivo generation of autologous monocyte-derived DC

in the presence of specific cytokine cocktails (Satthaporn et al. 2008).
Sources of DC for clinical trial use include CD34+ blood or bone marrow-

derived precursors, or CD14+ monocytes. CD14+ monocyte-derived DC are

the most widely used in clinical trials as it is difficult to isolate circulating DC

due to their very low numbers in peripheral blood and the lack of a DC-specific

marker (Van Voorhis et al. 1983). Both approaches using either CD34+ or

CD14+ cells and ex vivo DC generation have recently been found to be

equivalent, with comparable functional and phenotypic profiles. There may,

however, be a slightly reduced yield from CD34+ stem cells, compared with

CD14+ monocyte precursors (Syme et al. 2005).
DC can be cultured from CD34+ cells mobilized by granulocyte colony-

stimulating factor (G-CSF) or granulocyte macrophage colony-stimulating

factor (GM-CSF) from the bone marrow. In the presence of GM-CSF, inter-

leukin (IL)-4, IL-13, tumor necrosis factor (TNF)-�, and stem cell factor and 10

days of culture in vitro, the generated DC are CD14– and human leukocyte

antigen (HLA) DR– (Szabolcs et al. 1995a, b; Young et al. 1995). If transform-

ing growth factor (TGF)-� is included in this culture system, the DC express

CD1a, which indicates a predominant Langerhans cell (LC) phenotype,

thereby, possessing good T-cell allostimulatory capacity (Strobl et al. 1996).

Culture of CD34+ human cord blood cells with GM-CSF and TNF-� gen-

erates DCwith LC phenotype, expressing CD1a, HLA-DR, and co-stimulatory

molecules, but the yield is only 5–15% (Caux et al. 1992). Mobilized peripheral

blood CD34+ cells cultured under similar conditions provide a better yield of

CD1a expressing cells (30–55%) (Strunk et al. 1996). Another approach used to

double the yield of CD1a expressing DC is to add Flt-3 ligand to the culture

system (Strobl et al. 1997).
CD14+ monocytes have been shown to develop into DC when cultured in

the presence of IL-4 andGM-CSF (Sallusto and Lanzavecchia 1994). However,

these DC are immature, induce tolerance and are, therefore, unsuitable for

cancer immunotherapy. However, an additional maturation stimulus may be

provided through a variety of cytokines and adjuvants, which can make these

DC mature, active, and abundant for immunotherapy. Some of these matura-

tion factors are discussed below.
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22.2 Dendritic Cell Generation for Clinical Trials

The ‘gold standard’ approach, commonly used in many pilot studies, to derive

active and mature DC from CD14+ precursor cells, is to culture these cells in

the presence of IL-4, GM-CSF, IL-1�, TNF-�, and prostaglandin E-2 (PgE2)

(Figdor et al. 2004). However, this approach has been criticized for its low yield

and absence of production of IL-12 (Kalinski et al. 2001). Moreover, there is

speculation that lack of response may be due to terminally mature DC (expres-

sing CD83), incapable of inducing efficient cytotoxic T lymphocytes (CTL)

against tumor antigens (TA) (Langenkamp et al. 2000). Alternative DC activa-

tion and maturation approaches have been described using IL-13 instead of IL-

4, CD40 ligand, poly-I:C, and Flt3 ligand (Figdor et al. 2004). The relatively low

clinical responses with all these differentially derived DC, underpins the current

need for novel ex vivo DC generation and reactivation techniques, yielding

optimally functional and mature DC.
Different combinations of cytokines have been described in generating DC

from CD14+ monocytes obtained from healthy volunteers. Various combina-

tions with IFN-� have been shown to produce DC of activated and mature

phenotype and enhanced function (Radvanyi et al. 1999; Dauer et al. 2003;

Tamir et al. 2005; Dauer et al. 2006). We have recently demonstrated that IFN-

� is critical for optimal phenotypic maturity of monocyte-derived DC from

patients with cancer (Satthaporn et al. 2008). Cutaneous recurrences of primary

breast cancers when treated with injections of natural IFN-� and -�, delivered
in combination or separately, resulted in complete regression of some of these

lesions and was shown to correlate with enhanced expression ofHLA-DR in the

DC and concurrent increased activation and infiltration of T cells locally. Such

an enhanced DCmaturation and activation response supports our findings that

IFN-� is a pre-requisite for optimal DC maturation and activation in patients

with breast cancer (Ozzello et al. 1992). Traditionally, all methods of DC ex

vivo generation from monocyte precursors required 7 days of culture in vitro.

However, by culturing monocytes with GM-CSF and IL-4 for 48 h and IFN-�
for the subsequent 24 h, it is possible to generate ‘‘fast DC’’ within 72 h from

monocytes (Dauer et al. 2006). In advanced breast cancer, TNF-� and polyI:C

have also been used previously as maturation stimuli and to induce secretion of

IL-12p70, as this is the chief functional determinant of a T helper-1 (Th1) T-cell

response (Pedersen et al. 2005).
Triggering toll-like receptors (TLR) on DC induces high IL-12p70 produc-

tion, which is critical for a Th1 response in the context of cancer immunotherapy

(Napolitani et al. 2005). Maturation of DC by pro-inflammatory cytokines alone

is insufficient to produce DC that support T-cell clonal expansion; they fail to

efficiently direct effector T-cell differentiation (Sporri and Reis e Sousa 2005).

Interestingly, DC matured in the presence of TLR ligands are able to enhance

T-cell effector function (Sato and Iwasaki 2004).Moreover, cross-presentation of

exogenous antigen inmajor histocompatibility complex (MHC) class I proteins is
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facilitated in the presence of TLR ligands (Datta and Raz 2005). DC matured
with poly-I:C (TLR3 ligand) and/or R848 (TLR7/8 ligand) are able to produce
large amounts of IL-12p70, but exhibit a reduced migratory capacity, which can
be overcome by the addition of PgE2 (Boullart et al. 2008).

22.3 Quality Control Required for Dendritic Cell Produced

for Immunotherapy

Validated standards have yet to be established for clinical trials using ex vivo
generated DC for immunotherapy.

22.3.1 Purity

Purity (percentage of cells that are DC) determinations use flow cytometry to
evaluate the presence of lymphocytes (CD3+, CD19+ or CD56/16+) and/or
monocytes (CD14+) in the final DC cellular product. The absence of the
CD14+ surface marker may be helpful for defining DC differentiation. How-
ever, standards for the level of purity of DC depend on the source of progenitor
cells (i.e., CD34+ or CD14+ cells), in vitro maturation conditions used and
duration of culture, and have yet to be fully established and validated. More-
over, DC lack a single unique identification phenotypic marker and are usually
characterized by multiple surface markers, which makes the characterization
and standardization of the cells produced by different groups and processes
difficult.

22.3.2 Sterility

Sterility testing, including a 7–14-day incubation of DC products, ensures the
absence of microorganisms including mycoplasma. This is determined by poly-
merase chain reaction (PCR) or a 28-day in vitro culture, and bacterial products
(e.g., endotoxins) are assayed by using a validated chromogenic technique; this
is done in most Good Manufacturing Practice (GMP)-accredited laboratories.
Clearly, a 100% sterile product is optimal for all clinical trials.

22.3.3 Viability

Viability of DC can be measured microscopically by the trypan blue dye test or
by flow cytometry using propidium iodide (PI). A viability of 95% or more is
acceptable to most regulatory agencies.
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22.3.4 Maturation

DC upon activation, typically express high levels of HLA molecules, and co-
stimulatory molecules, such as CD80, CD86 and maturation marker CD83, in
addition to enhanced expression of the chemokine receptor CCR7. This is
routinely assessed by flow cytometry. The degree of maturation and activation
will depend on the culture conditions used. Before exposure to TA DC should
be sufficiently mature and activated to be non-tolerogenic but not terminally
differentiated to lose the capability to take up antigen and present it to naı̈ve T
cells in the paracortical compartments of the lymph node.

22.3.5 Stability

Stability assays evaluate the ability of DC to sustain viability and activity over
varying chronological and thermal conditions to ensure stability over time, and
freeze-thaw cycles.

22.3.6 Potency

DC are known to secrete multiple cytokines, however, the key cytokine that
determines an effective Th1 response is IL-12p70. This cytokine is sponta-
neously secreted by DC or in response to CD40L stimulation, with or without
the addition of innate immune signals (e.g., lipopolysaccharide [LPS]). This
property of DC has been recently used to standardize a DC potency assay
defined as a quantitative measure of DC biologic function(s) in vitro and in
vivo (Butterfield et al. 2008).

MostDC generation protocols require patients to undergo apheresis to obtain
precursor white blood cells exposing the patients to the attendant risks of this
procedure. Subsequent immunomagnetic isolation of CD14+ or CD34+ cells
and their culture under controlled conditions requires GMP grade facilities,
which makes the whole procedure laborious and expensive. There have been
considerable advances in the development of closed bag systems which are
alternatives to sterile GMP environments (Pullarkat et al. 2002; Rouard et al.
2003; Elias et al. 2005). The entireDCgeneration process is carried out in a closed
system of sterile bags, from the apheresis sample to the final DC product (Sorg
et al. 2003). Closed-bag systems reduce the costs considerably for large-scale
production of DC for use in cancer immunotherapy trials.

OnceDC are prepared, the next step is to load themwith suitable TA enabling
the TA-loaded DC to prime naı̈ve CD8+T cells to generate TA-specific CTL in
the paracortical zone of the regional lymph node draining the inoculation site.
Procedures used to load DC with TA are diverse and each technique has its own
advantages and disadvantages, which are outlined in Table 22.1.
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22.4 Dendritic Cell Vaccines in Specific Cancers: In vitro

and In vivo Assessment

22.4.1 Esophageal Carcinoma

There have been very few studies, investigating the role of immunotherapy in
esophageal cancer. This has been due to the inability to identify specific TA in
this malignancy. Nagao et al.showed that whole tumor (esophageal cancer)-
pulsed DC could activate CTL to target esophageal cancer cells in vitro (Nagao

et al. 1999). When these DC were injected locally into skin lesions in a patient
with metastatic esophageal squamous cell cancer, the skin lesions disappeared
(Nagao et al. 1999). Another study by Kanaoka et al. showed that DC pulsed
with HLA-A2-restricted peptide MAGE-3 were able to elicit specific CTL
responses against an esophageal cancer cell line bearing MAGE-3 (Kanaoka
et al. 1999). This has not yet been confirmed in vivo. There have been some

promising results from preliminary studies. However, adequately powered
clinical trials are required before such interventions can be used as possible
therapy in advanced esophageal cancer.

22.4.2 Gastric Carcinoma

Various TA have been used in immunotherapy against gastric cancer. Sun et al.
demonstrated that wild-type p53 in an adenovirus vector transfected into DC

Table 22.1 Different tumor antigen-loading procedures: advantages and disadvantages

Tumor
antigens Advantages Disadvantages

Peptides Antigen-specific responses can be
evaluated

HLA-restriction, rendering non-
HLA-restricted types to be
unsuitable

Tumor
proteins

No HLA restriction Antigen-specific responses
cannot be assessed

Tumor tissue
lysate

No HLA restriction Many antigens unknown, risk of
autoimmunity, compared with
defined proteins or peptides

mRNA/DNA
encoding
antigens

Generation of CD4+cognate help
along with CD8+T-cell priming
from the same DC

Risk of viral contamination and
pathogenicity of viruses used
for transfecting DC

Tumor-
derived
total RNA

Generation CD4+ cognate help to
enhance CD8+ CTL responses

Lack of specificity to monitor
responses

Dendritoma
(DC–tumor
cell hybrid)

Tailored to the patient’s cancer Lack of specificity to monitor
responses
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and stimulated with gastric cancer lysates induced antigen-specific CTL (Sun
et al. 2005). These DC, when injected into mice, showed a reduction in the
volume of implanted gastric cancer xenografts (Liu et al. 2004; Sun et al. 2004).
RNA from gastric cancer has been used to pulse DC to induce antigen-specific
CTL and antitumor responses in mice bearing tumor xenografts (Liu et al.
2004). A novel technique of introducing gastric cancer cell RNA into DC by
electroporation was described by Ohshita et al.Using this method, tumor RNA
was amplified before being introduced into DC; the CTL generated from these
DC were able to produce more tumor-specific IFN-� than conventionally
stimulated CTL (Ohshita et al. 2003). Survivin, an apoptotic inhibitor, and
HLA-A.2.1-restricted CEA peptides (CEA(9)671 and CEA(9)652) are other
TA from gastric cancer that have been used to pulse DC in order to induce
antigen-specific CTL (Kim et al. 2000; Ohta et al. 2002; Sun et al. 2005).
However, these interesting in vitro findings need to be confirmed in vivo.

Human epidermal growth factor receptor 2 (EGFR-2) was shown to induce
antigen-specific CTL in vitro when introduced through theMHC class I protein
pathway (Shiku et al. 2000). The only clinical study, to date, has been the use of
DC pulsed with HLA-A2-specific EGFR-2 (p369)-derived peptides. These DC
were able to generate peptide-specific CTL in six out of nine patients in vivo,
two of whom had a partial clinical response (Kono et al. 2002). A few novel
techniques exist, which can incorporate TA intoDCwithout selection forHLA-
A2. Hybrid cell formation by electrofusion of a DC with a gastric cancer cell is
one such approach. This effectively produces an activated DC capable of
eliciting tumor-specific CTL responses (Imura et al. 2004). Another approach
is to use purified complexes of heat shock proteins linked to TA (HSPPC). This
stimulated a strong antitumor response, longer than that generated by expres-
sion of the same TA by the tumor cell. Phase I/II trials, using HSP-based tumor
vaccine (HSPPC-96, Oncophage), are being carried out in patients with gastric
and pancreatic cancers, and results are awaited with interest (BioDrugs 2002).

Biological response modifiers (BRM) have been tested successfully in many in
vitro gastric cancer studies. They are peptides that regulate the cytotoxic activity
of various effector cells by the induction of response augmenting cytokines and
inhibition of response inhibiting cytokines. Streptococcal antigen OK-432 and
fungal antigen PSK have been tested in gastric cancers. OK-432-incubated DC
producedmore IL-12, IFN-�, and expressedmore co-stimulatorymolecules than
controls (Itoh et al. 2003). PSK, a protein bound polysaccharide from Basidio-
mycetes, was able to recover DC function and maturation by blocking their
inhibitory stimuli in the cancer mileu (Okuzawa et al. 2002).

22.4.3 Cholangiocarcinoma

An in vitro study demonstrated that apoptotic cholangiocarcinoma cells (apop-
tosis induced by mitomycin) were able to prime DC to activate tumor-specific
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CTL (Wu et al. 2003). Immunotherapy in cholangiocarcinoma is an unexplored
area, possibly due to the low incidence of this tumor in Europe and the United
States. However, this should not prevent exploration of newer tumor vaccina-
tion strategies as the prognosis is poor in these patients despite conventional
therapy. Many present late and are inoperable and incurable.

22.4.4 Pancreatic Carcinoma

In pancreatic cancer, a wide range of TA has been tried in vitro or in vivo. A
pilot study was carried out using DC loaded with CEA mRNA and adminis-
tered to three patients following curative resection (Morse et al. 2002). All three
patients were disease-free for more than 30 months following surgery (Morse
et al. 2002). In another clinical study, autologous DC pulsed with tumor lysates
were injected into a patient with Stage IV pancreatic adenocarcinoma leading to
the generation of tumor-specific CTL and disease stabilization for 6 months
(Stift et al. 2003).

A novel DC-tumor cell hybrid vaccine with staphylococcal enterotoxin B
(T-cell stimulant) was able to stimulate tumor-specific CTL and enhance survi-
val in transgenic mice with spontaneous pancreatic carcinoma (McConnell
et al. 2002). In an in vitro study, DC transfected with total tumor pancreatic
RNA were potent activators of tumor-specific CTL (Kalady et al. 2004).
Tumor-specific CTL could also be generated in vitro by pulsing DC with
CA19-9 and K-ras (Marten et al. 2000). DC transfected with HLA-A2-
restricted peptide 652–662, from proto-oncogene HER2/neu, were able to
produce similar results (Peiper et al. 1997). As there are no specific TA for
pancreatic cancer, tumor lysates, tumor RNA, and DC-tumor hybridomas
have been used in various vaccines. Irradiated pancreatic cells, that have under-
gone apoptosis and necrosis, have been found to be a good source of peptides
for pulsingDC (Shimamura et al. 2005). Although the results are promising, the
safety and efficacy of many of these vaccines await validation through appro-
priate clinical trials.

22.4.5 Hepatocellular Carcinoma (HCC)

Various TA have been used to pulse DC in immunotherapy in patients with
HCC. Hyperthermia-induced tumor lysates, were found to enhance CD8+/
CD4+ cytotoxicity against the HCC cell line HEPG2. This was related to
expression of HSP-70 and HSP-90 following heat treatment (Schueller et al.
2003). In another study, tumor-derived HSP-70 was used to pulse DC, which
induced the generation of tumor-specific CTL (Wang et al. 2005a, b). Trans-
plantation of NKT pulsed with HCC lysates in mice with HCC showed tumor
suppressive properties in mice (Margalit et al. 2005). In a related human study,
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15 post-hepatectomy patients injected with autologous DC pulsed with HCC
lysates demonstrated lower recurrence rates and better survival, compared with
a similar number who received only chemotherapy (Gao et al. 2005). In a not
dissimilar clinical study, 17 patients received DC pulsed with tumor lysates,
followed by booster doses. Their survival was compared with a group of 14
patients who received only a single dose of DC pulsed with tumor lysates.
Pulsed DC vaccination with tumor lysates followed by boosters was shown to
confer a survival advantage, compared with pulsed DC vaccination alone (Lee
et al. 2005). Similarly, pulsed autologous DC with autologous HCC antigens
injected in two advanced HCC patients was found to be safe and effective
(Ladhams et al. 2002). The most effective mode of delivering autologous-pulsed
DC is to inoculate directly into the tumor, as it is apparent from published
evidence that the tumor microenvironment directly inhibits DC infiltration.

Intratumoral injection of DC into the liver, following injection of 100%
ethanol, has been found to be safe with no adverse effects (Kumagi et al. 2005).
Various other TA-pulsed DC have been shown in vitro to induce tumor-specific
CTL. These are �-fetoprotein, human cancer antigen (HCA-587), HSP-70, and
glycoprotein-96 (gp-96) (Wang et al. 2005a, b). Tranfection of DC with the
tumor cell genome is another approach being explored in activating DC.
Transfection of DC with the HBsAg gene is capable of evoking an effective
CTL response in vitro against HCC originating from livers which had chronic
hepatitis B infection (Yang et al. 2004). A similar response was observed when
DCwere transfected with an adenovirus-encoding human cancer antigenHCA-
661 (Chan et al. 2004). Recently, dendritomas from tumor cell–DC fusions have
been shown to be successful in generating mature and functional DC, able to
induce tumor-specific CTL in vitro (Guan et al. 2004, 2005).

22.4.6 Colorectal Carcinoma (CRC)

CRC lack well-characterized TA. CEA-pulsed DC or CEA mRNA-transfected
DC appear to evoke tumor-specific CTL against CEA-expressing cells in vivo
and in vitro (Nakamori et al. 2000; Eppler et al. 2002). However, not all CRC
cells express CEA. HLA–A2-restricted HER-2/neu-derived peptides, E75 and
GP2, have been used to pulse DC. TheseDC generate CTLwhich are capable of
lysing CRC cells bearing these epitopes in vitro (Brossart et al. 1998). The use of
whole tumor mRNA to transfect DC overcomes the requirement of HLA
restriction and the identification of TA expressed by CRC. This concept was
demonstrated in vitro by plasmid transfection of whole tumor mRNA into DC,
which seem to activate CTL against multiple cancer cell lines (Nencioni et al.
2003). Moreover, levels of CRC cell lysis obtained with tumor-specific CTL
(blood mononuclear cells stimulated with DC transfected with total tumor
RNA) were higher than the lysis obtained with CEA-specific CTL (blood
mononuclear cells stimulated with DC transfected with CEA RNA) (Nair
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et al. 2002). Such enhanced tumor lysis may be due to unidentified non-CEA
antigens, priming DC. Arming DC with tumor lysates is another approach to
overcomeHLA restriction. A phase I/II clinical trial (30 patients) of autologous
DC-based whole tumor vaccine (DC pulsed with whole tumor mRNA or DC
pulsed with whole tumor lysates) has demonstrated the safety of this approach
with no adverse effects (Rains et al. 2001). The majority of patients had stable
disease but no significant tumor regression was observed.

Murine studies have shown that CRC treated with mitomycin C are rich
sources of apoptotic cell products; when exposed to DC they are capable of
inducing tumor regression (Inoue et al. 2003). Allogeneic dendritomas can be
produced by fusion of DC with CRC cells using 50% polyethylene glycol (Xu
et al. 2004). Such dendritomas have been shown to elicit tumor-specific CTL
and helper T-cell responses against metastatic CRC cells in vitro (Xu et al.
2005). Tumor-derived TGF-� has been shown to reduce the effectiveness of
dendritoma-based immunotherapy in vivo (Kao et al. 2003). This highlights the
complex requirements for neutralizing tumor-derived or dendritoma-derived
TGF-� before vaccine delivery. Similar to gastric cancer, PSK, a BRM from
Basidiomycetes, has been shown to reactivate in vitro, dysfunctional DC from
CRC patients (Okuzawa et al. 2002). This may represent another approach to
optimize autologous DC function in CRC patients before immunotherapy.

22.5 Future Directions

Molecular targeting of tumors with a strategy to disrupt antigens in the cancer
cell survival pathways is a clear advantage over targeting antigens which may
escape immune surveillance, immune editing, and escape. Examples of such
novel antigens are survivin and human telomerase reverse transcriptase
(hTERT). Survivin is an anti-apoptotic molecule in cancer cells. hTERT is the
catalytic unit of telomerase which continually elongates telomeres in cancer
cells rendering them ‘‘immortal’’. Survivin has been used to pulse DC before
vaccinating prostate and colorectal cancer patients and has demonstrated
strong immunological responses (Schmitz et al. 2000; Casati et al. 2003; Reed
and Wilson 2003; Fuessel et al. 2006). Similarly, hTERT has been used in a
much wider spectrum of malignancies with promising immunological and some
clinical responses in patients with advanced malignancies (Aloysius et al. 2006;
Aloysius 2008).

Cancer immunotherapy is at a crucial stage of development, with evidence
accruing on safety, immunogenicity, and limited clinical efficacy for well-
designed novel immunization protocols with cancer generic antigens like survivin
and hTERT. It is also crucial to understand the scientific basis of negative clinical
responses in individual studies. Such an approach would enable investigators to
revisit their studies and design protocols to selectively block tumor-immune
escape pathways. For example, inhibition or deletion of CD4+ 25+Foxp3+
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T regulatory cells (which induce tolerance to TA) by receptor-specific antibodies

or selectively enhance cytotoxic pathways by viral transfection of co-stimulatory

molecules on tumor cells. Continually emerging new knowledge and a better

understanding of basic immunology will lead to further new and novel strategies,

and hopefully clinically beneficial therapeutic outcomes.
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Chapter 23

Genetically Modified Dendritic Cells in Cancer

Immunotherapy

Brian J. Morrison, Jason C. Steel, Melissa Gregory, John C. Morris,

and Anatoli M. Malyguine

Abstract Dendritic cells are powerful antigen-presenting cells that can generate
primary cytolyticT lymphocyte responses against tumors.Consequently, there has
been much interest in their application as antitumor vaccines. A number of
dendritic cell-based vaccine trials targeting a variety of tumors have been con-
ducted in different countries; however, the rate of clinical responses remains low.
The majority of these studies have administered dendritic cells loaded with syn-
thetic peptide epitopes or tumor lysates. Genetic modification of dendritic cells to
express tumor antigens or immunostimulatorymolecules through gene transfer or
mRNA transfection offers a logical alternative with potential advantages over
antigen loading in dendritic cells. In this chapter, we review the current and future
prospects for genetically modified dendritic cell vaccines for cancer therapy.

23.1 Introduction

Studies of antitumor vaccination using tumor antigen(s) (TA) loaded or modified
DChavegained increasingpopularity.This approach is basedon thehigh efficiency
of DC, as powerful professional antigen-presenting cells in the regulation of toler-
ance and immunity, and induction-specific antitumor responses. DC pulsed with
TApeptides, proteins, tumor cell lysates, apoptotic or necrotic tumor cells, or fused
with tumor cells, as well as genetically modifiedDC, have been studied as potential
anti-cancer vaccines. Numerous publications describe different approaches for
improving efficacy of DC vaccines for the treatment of cancer. This includes such
critical parameters as the source of DC, methods of preparation, maturation and
activation, methods of loading tumor antigens, source of tumor antigens, route of
administration, and immunomonitoring of subjects (Gilboa 2007; Zhong et al.
2007; Nencioni et al. 2008; Vulink et al. 2008). To further enhance antigen pre-
sentation and immunostimulation,DC can be geneticallymodified. In this chapter,
we focus on this interesting and promising approach for cancer immunotherapy.
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23.2 Genetic Modification of Dendritic Cells

Genetic modification of DC for anti-cancer vaccination can take two general,

non-mutually exclusive approaches: (i) the transfer of genes-encoding TA or

antigen-expressing mRNA into DC and (ii) the transfer of genes-encoding

immunostimulatory molecules, cytokines, chemokines, anti-apoptotic molecules,

and other factors to enhance DC function. Genetically modified DC offer a

number of potential advantages over tumor antigen loading or cell-fusion strate-

gies. No knowledge of individual MHC molecule or peptide-binding affinities is

required. The expression of complete antigen sequences within genetically mod-

ifiedDC supplies greater number of epitopes to which an immune responsemay be

generated. Intracellular antigen processing by genetically modified DC may lead

to more effective antigen presentation compared to exogenous antigen loading.

Gene transfer may permit long-term antigen expression. Foreign antigens

expressed by viral gene transfer vectors may stimulate the maturation and activa-

tion ofDC, resulting in amore robust immune response, and finally, the possibility

of an unwanted autoimmune response may be decreased since an array of normal

antigens is not loaded, as in the tumor lysate or cell-fusion strategies.
Genetic modification of DC can be accomplished by viral or non-viral gene

transfer vectors (Fig. 23.1). Non-viral vectors consist mainly of plasmid DNA

constructs expressing the cDNAof TA or extractedmRNA. Biophysical techniques

such as electroporation, lipofection, or chemical transfection are used to facilitate

the uptake of the plasmid. Unfortunately, plasmid DNA transfection is a relatively

inefficient process and transfection efficiency varies between DC types (Arthur et al.

1997). Questions have also been raised as to the specificity of the CTL and memory

response achieved with DNA transfection. In the other approach, transfer of

mRNA-encoding TA, including unidentified antigens using total tumor cell RNA

is used. Alternatively, a specific antigen can be expressed by cloning and in vitro

mRNA, transcription to generate mRNA encoding only the TA for transfection

(Van Tendeloo et al. 2001; Gilboa and Vieweg 2004). Using this approach, mRNA

can be obtained from small clinical samples such as micro-dissected tumor cells and

subsequently amplified (Caretti et al. 2008).
Recombinant viral vectors have proven to be very efficient at transferring

genetic material into a large variety of cells, including DC. Several types of

recombinant viruses have been employed for this purpose. These viruses are

genetically engineered to carry genes encoding TA and are at the same time

made replication deficient by deleting critical genes required for their reproduc-

tion. Themost widely used vectors are replication-deficient adenoviruses, which

exhibit high-level gene expression and can infect DC at relatively low concen-

trations. Adenoviruses also infect non-dividing mature DC. In addition, infec-

tion with adenovirus has been shown to increase expression ofMHC class I and

II, B7 co-stimulatory molecules, CD40 and enhance IL-12 and IFN-� produc-

tion by DC. Molony-based retroviruses, lentiviruses, vaccinia virus, fowlpox,

and canarypox, Herpes simplex virus, adeno-associated virus, and alphaviruses
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have also been employed for gene transfer into DC. A comparison of gene

transfer methods and the use of various non-viral and viral vectors in the

transfection of human DC have been extensively reviewed (Arthur et al. 1997;

Van Tendeloo et al. 2001; Ribas 2005; Kikuchi 2006).
Genetic modification may also be used to engineer DC that are capable of

overcoming functional inhibition in the tumor environment, enhance DC sur-

vival and provide additional activation signals for T and NK cells (Ribas 2005;

Kikuchi 2006; Vulink et al. 2008) (Table 23.1).

Table 23.1 Genetic modification of DC function

Groups of factors Examples

Cytokines IL-2, IL-7, IL-12, IL-15, IL-18, IL-21, IL-23, GM-CSF,

IFN-�, �, g, TNF-�
Chemokines SLC/CCL21, MDC/CCL22, lymphotactin/XCL1, Mig/

CXCL9, CXCL19, fractalkine/CX3CL1

Adhesion and co-stimulatory
molecules

ICAM-1, LFA-3, B7.1, B7.2, 4-1BBL, CD40, CD40L

Pro-inflammatory and anti-
apoptotic molecules

NF-�B, Bcl-xL, bcl-2, FLIP, XIAP/hILP,
dominant-negative procaspase-9, HSP70, Akt-1

TAA gene

TA
protein

+
Tumor cell

killing

CD8+ CTL

DNA Plasmid Viral
vector

mRNA

TcR

MHC/B7
TA Epitope

Naive T cell

TAA gene

TAA mRNA

TAA
protein

CD4+ T–
helper  cell

IL-12

+
Th1

TA Epitope

Tumor

Dendritic  cell

Fig. 23.1 Techniques for generating genetically modified DC for antitumor vaccination. DC are
modified to express TA through nucleic acid transfection with DNA plasmids, TA mRNA or
viral-mediated gene transfer. After gene transfer and expression, the TA is processed, loaded
and presented by an MHC complex molecule as peptide epitopes to the receptor on T cells.
This results in the activation and expansion of CD4+ T-helper cells and tumor-specific
CD8+ CTLs that recognize and eliminate tumors expressing the antigen
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23.3 Pre-clinical Models of Genetically Modified Dendritic

Cell Vaccines

Studies of antitumor vaccination using gene-modified DC in mouse models

have demonstrated activation of both humoral and cell-mediated immu-

nities, protection from tumor challenge, and to cause the regression of estab-

lished tumors. Vaccination of neu transgenic mice with DC modified with an

adenoviral vector expressing a truncated neu oncogene, induced protective

antibodies, enhanced IFN-g production and prevented the development of

mammary cancers (Sakai et al. 2004). A lentiviral vector encoding the murine

tyrosinase-related protein-2 (TRP-2) efficiently transduced mouse DC and

induced the rejection of established B16 melanoma (Metharom et al. 2001).
In another study using a murine B16 melanoma brain tumor model, mice

vaccinated with DC modified with a recombinant Semliki forest virus vector

expressing IL-12 showed marked survival improvement (Yamanaka et al.

2002). Genetically modified DC transfected with an adenoviral vector expres-

sing IL-12 were shown to eradicate established tumors when administered

intratumorally to subcutaneous murine CT26 colon carcinoma (Melero et al.

1999). Vaccination of carcinoembryonic antigen (CEA) transgenic mice with

genetically modified DC expressing CEA, granulocyte-macrophage colony-

stimulating factor (GM-CSF), and IL-12 elicited a more potent therapeutic

response than vaccination with CEA-transfected DC alone (Ojima et al.

2007a).
The possibility of utilizing genetically modified human DC from healthy

donors and cancer patients was explored in a number of studies. Using normal
donors, Grünebach et al. (2005) demonstrated that electroporation of DC with

mRNA coding for the HER-2/neu antigen elicited antigen-specific effector

CTL and that co-expression of 4-1BBL (CD137L) enhanced DC ability to elicit

primary CTL responses. In another study (Ojima et al. 2007b), CEA-specific

CTL were generated from donor peripheral blood mononuclear cells (PBMC)

and stimulated with genetically modified CEA-expressing DC co-transducted

with GM-CSF cDNA. Co-transduction of the DC with the GM-CSF gene

inhibited apoptosis by upregulating Bcl-XL expression. Another method for

extendingDC survival was demonstrated by Balkir et al. (2004). DC transduced

with anti-apoptotic molecules FLIP, XIAP/hILP, a dominant-negative procas-

pase-9, and HSP-70 showed resistance to melanoma cell-induced apoptosis. It

has been shown that DC transfected with a fusion recombinant human telo-

merase reverse transcriptase (hTERT)-human IL-18 (hIL18) cDNA (hTERT-
IL18) showed greater telomerase activity and elicited an hTERT-specific CTL

response in vitro (Tong et al. 2008). Bonehill et al. (2008) showed that immature

DC electroporated with CD40L and/or constitutively active toll-like receptor-4

(TLR4) mRNA acquired a mature phenotype along with enhanced secretion of

several cytokines and chemokines. These DC were found to be potent in
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inducing naive CD4+ T cells to differentiate into IFN-g-secreting Th1-type

cells. When all three molecules were transfected, a >500-fold increase in Melan

A-specific CD8+T cells was observed when compared with immature DC, and

a>200-fold increase was seen when compared with cytokine-matured DC. The

authors concluded that immature DC genetically modified to express stimulat-

ing molecules can induce tumor antigen-specific T cells in vitro and could be a

significant improvement over DC matured with the methods currently in use.
González-Carmona et al. (2006) attempted to break immunological tol-

erance toward the hepatocellular carcinoma (HCC)-associated �-fetoprotein
(AFP) antigen. When DC from healthy donors or HCC patients were

transduced with hAFP encoding adenovirus and co-cultured with cytokine-

induced killer (CIK) cells, these CIK lysed approximately 70% of AFP-

expressing HCC cells. Interestingly, with this approach, CIK cells from

immunosuppressed patients with AFP-positive HCC could be stimulated

to lyse AFP-expressing HCC cells as effectively as CIK cells derived from

healthy individuals. Zhang et al. (2006) transfected AFP mRNA into DC

and evaluated the ability of the DC to induce AFP-specific CD4+ and

CD8+ T cells. They found that this strategy could generate fully functional

DC that could induce T cells to recognize AFP-expressing HCC cells. In

another study (Morandi et al. 2006), the generation of neuroblastoma-

specific CTL from T cells primed by tumor mRNA-transfected DC was

investigated both in healthy donors and in patients with neuroblastoma.

The expanded CTL expressed an effector/memory phenotype and a Th1-like

cytokine-secretion profile. CTL specificity was demonstrated by IFN-g
release on incubation with HLA-matched tumor cell lines and by CTL-

mediated HLA-restricted lysis. This study supports a possible role for DC

immunotherapy in the treatment of extracranial solid tumors.
Ni et al. (2008) studied Sézary syndrome, the leukemic variant of cutaneous

T-cell lymphoma. Autologous DC, generated from peripheral blood mono-

cytes from 10 cancer patients, were transfected with total RNA amplified by

in vitro transcription of mRNA extracted from Sézary cells. The RNA-

transfected DC induced antitumor IFN-g-producing CTL in 7 of 10 subjects

and granzyme B-producing CTL in 6 of 9 subjects, as measured by ELISPOT.

Both CD3+CD8+T cells and CD4+CD25+T cells were expanded without

induction of regulatory T cells. Vujanovic et al. (2006) demonstrated that

IL-12p70 and IL-18 gene-modified DC loaded with MAGE-A6 recombinant

protein effectively stimulate specific type 1 CD4+ T-cell responses in normal

donors and melanoma patients in vitro. DC co-infected with Adeno/IL-12

and Adeno/IL-18 were more effective at stimulating MAGE-A6-specific

Th1-type CD4+T-cell responses than DC infected with either of the cytokine

vectors alone. The superiority of co-infected DC-based stimulation in mela-

noma patients was independent of initial disease stage or current disease

status.
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23.4 Genetically Modified Dendritic Cell Vaccines

in Clinical Trials

Pre-clinical data provided a strong rationale for the translation of genetically

modified DC antitumor vaccines to clinical studies. Table 23.2 summarizes the

results of a number of these trials. In a phase I trial performed in 13 patients with

metastatic prostate cancer, no dose-limiting toxicity, adverse effects, or autoim-

munity was seen when prostate-specific antigen (PSA) mRNA-transfected DC

were administered. Induction of PSA-specific T-cell responses was detected in all

patients. Vaccinationwas associatedwith a significant decrease in the log-slope of

the serum PSA elevation in six of seven subjects examined. Three analyzed

patients exhibited a transient molecular clearance of circulating tumor cells

(Heiser et al. 2002). Morse et al. (2003) reported a phase I study of patients

with advanced carcinoembryonic antigen (CEA)-expressing malignancies fol-

lowed by a phase II study in patients with colon cancer undergoing resection of

hepatic metastases. The immunizations with autologous DC transduced with

CEA encoding mRNA were well tolerated. Of the 24 evaluated phase I patients,

there was 1 complete response measured by tumor markers, 2 minor responses,

and 3 patients had stable disease. In the phase II study, 9 of 13 patients recurred at

a median of 122 days. However, since this was not a controlled study, the

significance of this is unknown. Evidence of an immunologic response was

demonstrated in biopsies of the vaccine injection sites and in the peripheral

blood of selected patients.
A clinical trial was initiated by Su et al. (2005), in which telomerase reverse

transcriptase (hTERT) mRNA-transfected DC were administered to 20

patients with metastatic prostate cancer. hTERT is an attractive target for

cancer immunotherapy, since it is activated in most human tumors but not

expressed in most normal cells. Nine of 20 patients receiving autologous DC

transfected with mRNA encoding a chimeric lysosome-associated membrane

protein-1 (LAMP)-hTERT fusion protein, developed hTERT-specific CD8+

and CD4+ T-cell responses. After repeated vaccination, hTERT-specific

T cells were found at the intradermal injection site. In 19 of 20 patients, expansion

of hTERT-specific CD8+ T cells was measured in the peripheral blood. Immu-

nization with the chimeric LAMP-hTERT vaccine resulted in higher frequencies

of hTERT-specific CD4+ T cells over immunization with only hTERT-trans-

fected DC. CTL-mediated killing of hTERT+ targets was enhanced in the

LAMP-hTERT-vaccinated group, suggesting that an improved CD4+ response

augmented the CTL response. Vaccination was associated with a transient

reduction of PSA velocity in 5 of 12 patients and molecular clearance of circulat-

ing tumor cells in 9 of 10 patients.
Mazzolini et al. (2005) studied the effect of the intratumoral injection of

DC modified with a recombinant adenovirus engineered to secrete IL-12 in

17 patients withmetastatic gastrointestinal carcinomas. Fifteen of the 17 patients

were evaluable for toxicity and 11 for clinical and immune responses. Treatment
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was well tolerated, and concentrations of IFN-g and IL-6 were increased in the
serumof 15 patients. Increase inNK cell activity in five patients’ peripheral blood
was documented. A potent antibody response against adenoviral capsid proteins
was seen, along with a marked increase of infiltrating CD8+ T lymphocytes in
3 of 11 tumor biopsies. A partial response was observed in one patient with
pancreatic carcinoma, and stable disease was observed in two patients.

A combination of a p53 gene-modified DC vaccine with chemotherapy in
patients with advanced stage small-cell lung cancer was studied by Antonia
et al. (2006). DC transduced with the full-length wild-type p53 gene delivered
via an adenoviral vector were administered to 29 patients. The p53-specific
T cells were observed in 57.1% of patients and were associated with a moderate
increase in the titer of anti-adenovirus antibodies. One patient had a partial
response to vaccination and seven patients had stable disease.

All together, 302 patients with various cancers were treated in the clinical
trials presented in Table 23.2. The majority had advanced prostate cancer (n ¼
72) or malignant melanoma (n ¼ 60). Of the 302 patients, 216 were studied for
tumor-specific CD8+ T cells’ responses to vaccination. In 153 (70.8%), there
was an increase of specific CD8+ T-cell frequency and/or activity. Nine of 14
(64%) tested displayed an increase in NK activity. Despite these immunological
responses, the clinical results have been disappointing. Of the 265 evaluated
patients, 22 (8.3%) demonstrated some survival benefits based on comparison
with historical numbers, and stable disease was seen in 21 (7.9%) patients. Since
these clinical trials were not randomized, the significance of these findings is
uncertain. Forty-six patients (17.3%) demonstrated an improvement in some
biochemical marker of tumor burden or growth rate, including indirect mea-
sures such as decreased PSA log-slope or velocity, or a decrease in serum CEA
levels. In fact, PSA changes were detected in 37 of 58 vaccinated prostate cancer
patients. However, overall, only five patients (2%) showed response by tumor
measurement. When analyzing these trials, it should be kept in mind that the
majority of these studies enrolled heavily pre-treated, immunocompromised
patients with advanced stage disease. In addition, comparison of the data
between studies is made difficult due to inconsistent response criteria between
investigators, insufficient information provided by authors and often inade-
quate evaluation of immunological and clinical responses.

To date, it is estimated that about 300 DC-based vaccine clinical trials
involving more then 3000 patients have been conducted worldwide (Zhong
et al. 2007). A large number of different DC vaccine formulations utilizing
different generation methods, antigen sources, tumor cell fusions, and genetic
modifications in combination with various adjuvants and carriers have been
evaluated (Gilboa 2007; Palucka et al. 2007; Zhong et al. 2007; Nencioni et al.
2008; Vulink et al. 2008). While DC vaccines have been successful in inducing
tumor-specific T-cell responses in cancer patients, the clinical outcomes have
been disappointing (Rosenberg et al. 2004; Zhong et al. 2007).

The limited clinical benefit can be attributed to many reasons including,
suboptimal DC preparations, lack of uniform DC production standards, flaws
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in protocol design, and response monitoring. Other explanations to consider

are the attenuation of DC function in cancer patients and the difficulties in

inducing an immune response in patients with advanced cancer, especially with

treatment-induced immunosuppression. These issues have been addressed in

several recent reviews (Gilboa 2007; Palucka et al. 2007; Zhong et al. 2007;

Nencioni et al. 2008; Vulink et al. 2008) and highlighted the need for additional

research in improving DC-based vaccines. Another unresolved issue is the

observation that tumor-specific cellular immune response that follows vaccina-

tion, including DC-based vaccines, does not lead to clinical cancer regression in

spite of the ability to stimulate T cells to produce immunostimulatory cyto-

kines, to generate tumor-specific CTL and kill tumor cells ex vivo. Based on the

analysis presented in Table 23.2, 56% of vaccinated patients exhibited a tumor-

specific T-cell response, while few patients experienced tumor regression. This

lack of correlation between the immune responses and the clinical efficacy may

be explained by (1) lack of universal standards for immunological monitoring

of clinical trials; (2) low observed clinical response rates not allowing mean-

ingful correlations of immune response with clinical response; (3) typically only

the peripheral blood components are accessible for serial analysis when in fact,

there is no convincing evidence that the peripheral blood immune responses are

representative of those occurring in the tumor; (4) CTL usually maintain
effector function for a relatively short period that quickly tapers into a memory

phase, still recognizing target cells, but lacking meaningful effector activity; (5)

unlikelihood that the study of single parameters is enough to provide reliable

information about extremely complex CTL–tumor interactions; and (6) suita-

ble animal models for studying immune monitoring are lacking. Thus, data

from ex vivo T-cell assays have not yet defined surrogate markers for clinical

efficacy. Analyzing effector cell responses after vaccination currently may or

may not help to detect factors that determine success or failure of the vaccine

and its immunological potency.

23.5 Strategies for Increasing Efficacy of Genetically Modified

Dendritic Cell Vaccines

In an effort to enhance the antitumor activity of genetically modified DC
vaccines and to improve tumor responses, a number of additional strategies

are under investigation. These include co-transfection of DC with immunomo-

dulating factors to enhance antigen presentation and antitumor effector cell

activation. Modifications to enhance DC maturation, decrease tolerogenic

activity and prolong survival are also being researched. Along with TA, DC

can be engineered to express various immunomodulating cytokines, chemo-

kines, co-stimulatory and adhesion molecules, pro-inflammatory and anti-

apoptotic proteins, or a combination of these (Tables 23.1 and 23.2).
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Methods for the depletion of T-regulatory cells (Treg) that attenuate immune
responses are under investigation. Studies have shown elevated numbers of Tregs
in the peripheral blood and tumor microenvironment in cancer patients (Woo
et al. 2002; Dannull et al. 2005; Ménard et al. 2008). Strategies for eliminating
these cells involve lymphoablative conditioning or targeted elimination of
CD4+CD25+Tregs usingmonoclonal antibodies or immunotoxins. Lymphoa-
blation prior to adoptive T-cell transfer in patients with metastatic melanoma
significantly improved clinical response rates (Rosenberg et al. 2008). Recently,
Dannull et al. (2005) demonstrated that elimination of CD4+/CD25+ cells
using the recombinant IL-2-diphtheria toxin conjugate, denileukin difitox
(OntakTM), enhanced the immunostimulatory effect of a tumorRNA-transfected
DC vaccine. Denileukin difitox reduced the number of Tregs in the peripheral
blood of metastatic renal cell carcinoma (RCC) patients and abrogated Treg-
mediated immunosuppressive activity in vivo. Moreover, treatment with deni-
leukin difitox followed by vaccination with RNA-transfected DC improved the
tumor-specific T-cell responses in RCC patients compared to vaccine alone.

The blockade of tumor-associated immune suppressor factors is another poten-
tial approach.Tumors, their stromal cells andavarietyof tumor-associated immune
regulatory cells, can produce a number of soluble factors that influence NK, T cell
and DC development and function. The efficacy of DC vaccines may be improved
by blocking these tumor-produced immune suppressor factors, which include vas-
cular endothelial growth factor (VEGF), transforming growth factor-� (TGF-�),
IL-10, IL-13, indoleamine-2, 3-dioxygenase (IDO), inducible nitrous oxide
synthase (iNOS), prostagladin E2 and arginase-1 (Lizee et al. 2006; Rabinovich
et al. 2007; Mantovani et al. 2008; Ménard et al. 2008). Neutralization or
blockage of immunosuppressive factors by specific monoclonal antibodies,
soluble receptors or antagonists may be used to enhance vaccines and adoptive
immune transfer. Consequently, bevacizumab (AvastinTM), a humanized
monoclonal antibody directed against VEGF and approved for the treatment
of metastatic colon, lung, and breast cancers (Midgley and Kerr 2005; Tyagi
2005), is associated with a decrease in the accumulation of immature progeni-
tor cells and induces a modest increase in the DC population in peripheral
blood. Moreover, anti-VEGF antibody treatment enhances allostimulatory
capacity of DC and T-cell proliferation against recall antigens (Osada et al.
2008). The targeting of two enzymes expressed bymyeloid suppressor cells and
some tumor cells, iNOS and arginase-1, may also thwart immune suppression
(Bronte et al. 2005; De Santo et al. 2005).

Other potential targets include CTLA-4, an immunoattenuating transmem-
brane protein expressed by Treg and effector T cells, and the immunoinhibitory
receptor programmed death 1 (PD-1), along with its ligand B7-H1 (Lizee et al.
2006; Ménard et al. 2008). Significant increases in antitumor immunity and
objective tumor regression following treatmentwith an anti-CTLA-4monoclonal
antibody have been observed in vaccinatedmelanoma patients (Phan et al. 2003).
Antibody blockade of PD-1 and its ligand, B7-H1 (PD-L), has also been shown to
augment vaccine immunotherapy in mouse tumor models (Hirano et al. 2005).
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A new strategy is the use of small interfering RNA (siRNA) to silence
immunosuppressive gene expression. For example, silencing of the inhibitory
molecules IDO and SOCS1 (suppressor of cytokine signaling 1) by siRNA,
enhanced the antitumor immune response from antigen-pulsed DC vaccines
(Mao et al. 2007). The siRNA knockdown of DC PD-L (programmed death
ligand), DIgR2 (immunoglobulin receptor 2) and notch ligand resulted in
higher levels of tumor-specific CD4+ and CD8+ T cells, as well as improved
immunity to tumors (Mao et al. 2007). The silencing of endogenous IL-10 inDC
preferentially activates Th1 type cells and subsequently produces a more robust
CTL response against human tumor antigens (Chhabra et al. 2008).

Another approach is to improve DC interactions with NK cells, which play an
important role in antitumor immunity (Woo et al. 2006). The combined activation
of TA-specific CTL and NK cells may be crucial for eradication of both MHC-I-
positive and negative tumors. In pre-clinical studies, immunization with
MART-1 antigen-engineered DC in C57Bl/6 mice resulted in the generation
of antigen-specific CTL. Protective responses against murine B16 melanoma
were demonstrated in vivo and found to be dependent on the presence of
functional NK cells, although NK cells alone did not generate a fully protec-
tive response (Wargo et al. 2005). In vitro vaccination with mature human
DC transfected withMART-1 and pro-inflammatory cytokines IL-12 and IL-
18, increased NK cell and TA-specific CTL activities (Bontkes et al. 2008). In
a phase I clinical trial, NK cell responses were analyzed after vaccination with
autologous DC transducted with a fowlpox vector encoding CEA. Among
nine patients studied, NK cytolytic activity increased in four, including three
who also had increased NK cell frequency. These NK responses correlated
more closely with clinical outcome than did T-cell responses (Morse et al.
2005; Osada et al. 2006). Intratumoral injection of autologous DC transfected
with an adenovirus encoding IL-12 activated NK cells in five patients with
metastatic gastrointestinal carcinomas (Mazzolini et al. 2005).

CombiningDC vaccinations with other therapeutic modalities, such as surgery,
radiation or chemotherapy, offers an attractive strategy. CombinationDC vaccine
and chemotherapy may augment tumor cell killing or indirectly generate addi-
tional pro-inflammatory signals and may overcome inhibitory immune signals to
enhance antitumor responses. Antonia et al. (2006) reported an unexpectedly high
rate (61.9%) of objective clinical responses to chemotherapy immediately follow-
ing vaccination with p53-transduced DC. The clinical response to chemotherapy
was closely associated with an immunological response to the DC vaccination.

23.6 Conclusions

The enormous progress in our understanding of DC biology and of the role DC
play in generating immune responses has translated into their study as ther-
apeutic antitumor vaccines. Current DC vaccination strategies are limited by
the low affinity of most tumor epitopes for MHC, the low availability of ‘‘free’’
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MHC molecules for occupancy on the surface of DC, the limited numbers of

different epitopes that may be exogenously loaded, suboptimal DC maturation

and activation protocols, and the inability to routinely generate clinically

relevant specific CTL responses to tumor. These problems may be overcome

in part by the use of gene-modified DC expressing optimized tumor antigens

and immunostimulatory molecules or cytokines that enhance and appropri-

ately direct the vaccine response. From analysis of available clinical trials in

which genetically modified DC were utilized (Table 23.2), two important les-

sons may be learned. First, DC vaccination against cancer is safe, and second, a

need for significant improvement in efficacy remains. Despite this, considering

the complexity of the host–tumor relationship andmultilevel regulatory control

of immune response, it remains surprising that single intervention can ever lead

to objective clinical responses in patients with advanced cancer. Thus, even low

rates of response to DC vaccine may still be considered as an encouraging proof

of principal for DC-based cancer immunotherapy. Genetically modified DC-

based anti-cancer vaccination holds promise, perhaps being employed in the

adjuvant setting with minimal residual disease after primary treatment, or in

combination with other antitumor or immune-enhancing therapies.
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Chapter 24

Dendritic Cell Tumors

Lourdes R. Ylagan

Abstract Neoplasms of histiocytes and dendritic cells are rare, and their phe-
notypic and biological definition is incomplete. This chapter deals with the
morphology of dendritic cell tumors as seen by pathologists and cytopatholo-
gists. It is divided into three sections: the follicular dendritic cell tumor, the
interdigitating dendritic reticulum cell tumor and Langerhans cell histiocytosis.
Currently used immunohistochemical markers of differentiation are presented
and discussed to help in the differential diagnosis of these entities.

24.1 Origin and Classification of Dendritic Cell Tumors

Dendritic cells are major components of essential immune accessory cells
necessary for antigen presentation, follicle differentiation and B- and T-cell
activation in lymph nodes and other extranodal locations where follicles or
germinal centers are found. The dendritic cell compartment is made up of
follicular dendritic reticulum cells (FDC), interdigitating dendritic reticulum
cells (IDC) and the Langerhans dendritic cell of the skin, epidermis, stomach,
esophagus, cervix, vagina and vulva. The first two are generally called nodal
reticulum cells because they form a network and supporting structure by which
B and T lymphocytes adhere and contact with while they are in the lymph node.
FDC generally reside in the follicles of lymph nodes and present antigens to
both B and T cells, whereas IDC reside in the interfollicular areas and present
antigen to T cells. Known tumors from these cells are therefore named on the
basis of finding cells whose immunophenotypic and ultrastructural properties
characterize the original cell type (Hollowood et al. 1995; Nayler et al. 1996;
Pileri et al. 2002; Kairouz et al. 2007). The Langerhans cells are also T-cell-
presenting dendritic cells in epithelial organs, but which can travel through the
bloodstream where they are often called ‘‘veiled cells’’, then enter the afferent
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lymphatics and reside in the paracortex. Tumors arising from these cells often-
times have both histiocytic and dendritic properties and have a different immu-
noprofile than their nodal or germinal center counterparts (Pileri et al. 2002).
Hence, tumors arising from these cells in association with epithelia are called
Langerhans histiocytosis. They have also been referred to in the literature as
histiocytosis X, eosinophilic granuloma or Langerhans cell granulomatosis
(WHO).

Follicular and interdigitating dendritic cell tumors commonly arise in
lymph nodes. However, organs which may have a robust germinal center
formation such as Peyer’s patches of the colon, germinal centers in thyroid
in cases of chronic lymphocytic or Hashimoto’s thyroiditis, tonsils and thy-
mus may give rise to tumors of dendritic cell origin. And in fact, any solid
organ by which germinal center formation has been microscopically docu-
mented as in cases of chronic pancreatitis, colitis, cirrhosis, gastritis, follicular
cervicitis can be a primary foci of extranodal site involvement of a dendritic
cell malignancy. Given the variety of location germinal centers may arise,
recognition and diagnosis of nascent extranodal dendritic cell tumors then
prove difficult.

Over the years since first described by Monda in 1986 (Monda et al. 1986),
the basis for their ‘‘differing biologic behavior’’, as is commonly described in the
literature, is most likely due to the inherent difficulty in their diagnosis and sub-
categorization exaggerated by the general under recognition of these entities.
Their similar behavior and morphologic appearance to tumors, especially soft
tissue sarcomas commonly arising in similar locations, can mimic the more
aggressive malignant fibrous histiocytoma or the more indolent inflammatory
pseudotumor, hence making this diagnosis and predicting its prognosis even
more difficult. It became obvious then that a sub-categorization of dendritic
cells was necessary not only for uniformity of nomenclature, but also for
predicting biologic behavior in these tumor subtypes.

The International Lymphoma Study Group, in 2002, published a review
article based on a panel of 15 antibodies for the subclassification of these
tumors of histiocytes and accessory dendritic cells. Based on the morphologic,
immunophenotypic and ultrastructural features of these tumors, they were able
to classify 93% of the tumors in their study (n=63). Since this is the biggest
concentration of tumors of these types, thus far, most of our current diagnosis
of these entities is based on this categorization system (WHO).

24.2 Follicular Dendritic Cell Tumor/Sarcoma

The WHO classifies follicular dendritic cell tumor/sarcoma as originating
from mesenchymal stem cells. This supposition, however, is currently mainly
based on the absence of shared immunophenotypic characteristic of normal
monocytes. This designation of sarcoma/tumor is based on the tumor’s
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morphologic feature of spindled cells in whorling, at times interstitial
arrangement which on electron microscopy shows long cytoplasmic processes
interconnected by desmosomes and oftentimes expression of stromal-derived
markers such as vimentin. Special marker of immunoreactivity with CD21
and CD35 with an almost absent staining for other hematolymphoid-derived
markers of differentiation characterize this tumor such as in B cells (CD20),
T cells (CD3, UCHL1), granulocytes (CD30, CD15) or histiocytes (CD68).
They are also not immunoreactive for epithelial markers of differentiation
(CK), neural (S-100), smooth muscle (desmin, smooth muscle actin) or vas-
cular markers (CD31, CD34). The tumor is variably positive for EMA
(Hollowood et al. 1995) .

Other than primary in the lymph node, extranodal FDC tumors have been
described in the mesocolon (Hollowood et al. 1995), pancreas (Hollowood et al.
1995) , tonsil (Nayler et al. 1996), oral cavity (Chan et al. 1994b), spleen (Perez-
Ordonez and Rosai 1995) , nasopharynx (Beham-Schmid et al. 1998), thyroid
(Galati et al. 1999) and liver (Shek et al. 1996) all with variable degree of
aggression. Although previously regarded as a tumor of intermediate behavior,
some cases have progressed to liver metastasis even after aggressive radiother-
apy (Hollowood et al. 1995; Chan et al. 1997) with abdominal locations carry-
ing a more ominous prognosis (Chan et al. 1994a, 1997). Common sites of
metastasis include the liver, peritoneum, pancreas, lymph nodes and lung (Chan
et al. 1997). Some cases have been associated with hyaline-vascular Castleman’s
disease (Chan et al. 1994a, 1997) and a few are found in association with the
Epstein–Barr virus (Chan et al. 1997).

24.2.1 Gross Features and Histomorphology

The tumor is generally bulky averaging in size of 6–7 cm, but can reach up to
15 cm in the abdomen (Chan et al. 1997). It is usually a solid slow growing
tumor with pushing rather than an infiltrative border. It has very focal areas of
necrosis, with mostly fleshy gross consistency. Microscopically, it is described
most commonly as a synctitium of spindled cells in whorling, fascicular, diffuse,
trabecular, follicular or storiform pattern with very low mitotic index (Chan
et al. 1997). There is interspersed within the tumor, mature T lymphocytes
which are deemed reactive and non-clonal and some tumors have associated
multinucleated giant cells with large pleomorphic nuclei which can resemble a
malignant fibrous histiocytoma (MFH). Some cases have distinct perivascular
cuffing of lymphocytes (Perez-Ordonez and Rosai 1995, 1998). The spindled
cells can have fine granular chromatin without nucleoli, while others have
vesicular chromatin with small nucleoli (Fig. 24.1). On electron microscopy,
they are described as having very few organelles with long cytoplasmic inter-
digitating processes bound by desmosomes. This gives the tumor a synctitial
look in histology and a solid gross consistency.
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24.2.2 Clinical Behavior and Outcome

Follicular dendritic cell tumors have shown to be more aggressive than was

generally thought, at least in the most exhaustive case series of both Chan et al.

Fig. 24.1 Follicular dendritic cell tumor/sarcoma of the pharynx of a 28-year-old man. (A)

Section of tumor in the soft tissue of the pharynx, consisting of tumor cells in storiform
configuration resembling a granuloma at low power. It is composed of spindled cells with
abundant eosinophilic cytoplasm, vesicular nuclei with prominent nucleoli (inset) (400�
original magnification, inset: 1000�). (B) Typical perivascular cuffing seen in this tumor
(600�). (C) CD21 stain is strongly and diffusely immunoreactive as is CD35 stain (D). (E)
CD45 is immunonegative in the tumor cells which highlights the reactive lymphocytes
(1000�). (F) S-100 stain is negative in this tumor (1000�)
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(n=17) and Perez-Ordonez et al. (n=13) (Perez-Ordonez andRosai 1995; Chan
et al. 1997). Since then a total of the 51 total cases of FDC tumors from 1986 to
2008 have been described in the literature as pure FDC tumors. Ameta-analysis
by Fonseca et al. showed that these tumors are less aggressive than their
interfollicular counterpart or the interdigitating dendritic cell tumor/sarcoma
(Fonseca et al. 1998). Although a few patients have experienced a long and
indolent course (some going on 9 years), most of these tumors recur within the
next 2 years despite a combination of radiotherapy after surgery or aggressive
chemotherapy after surgery (Pileri et al. 2002).

Although treatment algorithms are currently not available in this very rare,
yet devastating neoplasm, this difference in clinical behavior and outcome
makes differentiation between these two tumor cell types the more important.
Treatment modalities have included total resections followed by radiation or
chemotherapy used for high-grade non-Hodgkin’s lymphoma, but recur-
rences within 2 years after initial diagnosis are usually not survivable by
many.

24.3 Interdigitating Dendritic Cell Tumor/Sarcoma

Interdigitating dendritic cell tumors/sarcomas of lymph nodes are primarily
nodal in origin and arise from the interdigitating cells of the interfollicular zones
or T-cell zones which are the cells responsible for stimulating and presenting
antigens to T cells. Unlike follicular dendritic cell tumors/sarcoma, they are
thought to be monocyte derived from the bone marrow and may co-express
monocyte markers of differentiation.

24.3.1 Gross Features and Histomorphology

Like FDC tumors, IDC tumors can present at extranodal locations as large
bulky masses with bulbous pushing borders. A mixture of whorling, storiform-
ing, trabecular and diffuse architecture is also found. In contrast to FDC
tumors, however, their long cytoplasmic projections and processes are not
attached by desmosomes. Almost all do not express the CD21/CD35 marker,
but instead are immunoreactive for monocyte markers CD1a, HLA-DR and
are invariably positive for the S-100 protein (Fig. 24.2).

24.3.2 Clinical Behavior and Outcome

IDC tumors are more aggressive in their presentation, and in at least 21 well-
documented cases in the literature presented with lymphadenopathy and had
earlier time to recurrence than FDC tumors at extranodal sites (Fonseca
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Fig. 24.2 Interdigitating dendritic cell tumor/sarcoma of an intraparotid lymph node of a 66-

year-old man. (A) Section of tumor of IDRCT (H&E, 600� original magnification)
showing large and pleomorphic high-grade sarcoma cells with bizarre, markedly enlarged
nuclei with deep nuclear indentations (inset: 1000�). (B) Cytologic features of the same
tumor showing enlarged nuclei with convoluted features also seen in Diff Quik stains
(inset: 1000�). (C) CD21 is immunonegative in the tumor cells as is CD15 (D) (1000�).
(E) CD45 is immunonegative in the tumor cells, but shows reactive T lymphocytes which
were immunoreactive for CD45 (1000�). (F) CD1a is immunoreactive in the tumor cells
(1000�)
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et al. 1998; Ylagan et al. 2003). Recurrence within 2 years heralds a more

aggressive course without much response to radiation or chemotherapy in

most patients.

24.4 Langerhans Cell Histiocytosis/Sarcoma

Langerhans histiocytosis or sarcoma is sonamedbecause of its indeterminate cell of

origin with both histiocytic and dendritic characteristics. Langerhans cell histiocy-

tosis most commonly occurs in childhood, with a slight male predilection (3:1),

more common in whites with an association with acute lymphoblastic leukemia

(WHO). Organs of involvement include the flat and long bones: skull, pelvis and

femur, but can also involve the skin, liver, lymph nodes and lung (Satter and High

2008).Amultifocal unisystemdisease is synonymouswithHand–Shuller–Christian

disease and a multifocal multisystem disease is synonymous with Letterer–Siwe

disease. It has also been associated with adults with a smoking history.

24.4.1 Gross Features and Histomorphology

This tumor usually presents with multifocal involvement of bone and soft

tissue. Histologically they are composed of a solid aggregate of histiocytic or

foamy cells with the characteristic grooved, indented, folded or lobulated

nuclei, with fine granular chromatin and small nucleoli. The most common

feature of this neoplasm is its intimate association with eosinophils, so much so

that it had been called eosinophilic granuloma at one point. Recognition of

these histiocytic cells in close association with eosinophils, lymphocytes, macro-

phages and giant cells is its identifying feature. They are usually immunoreac-

tive with CD1a and S-100 protein, variably reactive with CD45, CD68 and

lysozyme (Fig. 24.3) and on electron microscopy shows the characteristic

Birbeck granules (tennis racket-like structures). The cytoplasm has variable

numbers of lysosomes and they have no cell junctions.
The summary of immunohistochemical markers used to distinguish these

tumors from each other is presented in Table 24.1.

24.4.2 Clinical Behavior and Outcome

Multiple organ involvement heralds a bad prognosis. Patients with unifocal

disease progress to multifocality in 10% of cases (Allen and McClain 2007).

Some may spontaneously regress, but progression to more than one organ

involved heralds a more ominous prognosis. Adult patients who had lung

lesions have seen regression of their disease after cessation of smoking.
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Fig. 24.3 Langerhans cell histiocytosis of liver (A–C), bone (D and E) and skin (F and G). (A)

H&E section of explanted liver from a 3-year-old boy with bridging fibrosis and portal tracts
that were expanded by an accumulation of foamy histiocytes (400� original magnification,
inset: 1000�) which were strongly immunoreactive for CD1a (B, 1000�) andCD68 (C, 400�).
(D) Bone marrow curettage specimen from a 6-year-old boy showing abundant accumulation
of CD1a-positive cells (E, 600�) and eosinophils (D inset: 1000�). (F) Skin sections from a
4-year-old boy show perivascular nests of foamy cells (400�, inset: 600�). (G)These cells were
immunoreactive for CD1a (400�) and S-100 (not shown)
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24.5 Conclusions

Dendritic cell neoplasms are rare tumors that are being recognized with increas-

ing frequency. They were previously classified as lymphomas, sarcomas or

histiocytic neoplasms. The World Health Organization classifies dendritic cell

neoplasms into several groups, including Langerhans cell histiocytosis, Langer-

hans cell sarcoma, interdigitating dendritic cell sarcoma/tumor, follicular den-

dritic cell sarcoma/tumor, dendritic cell sarcoma, not specified otherwise.

Pathological, clinical and therapeutic aspects of follicular dendritic, interdigi-

tating dendritic and Langerhans cell tumors require further investigations and

analyses. Much still needs to be learned about the most effective adjuvant

therapy and the molecular biology of these tumors.
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Chapter 25

Future Directions in Dendritic Cell Research

in Cancer

Madhav V. Dhodapkar

One never notices what has been done; one can only see what
remains to be done.

Marie Curie (Letter to her brother, 1894)

The most important thing is not to stop questioning.

Albert Einstein (1879–1955)

Abstract Dendritic cells play a critical role in the regulation of both innate and

adaptive immunities. Tumors can exploit the biology of these cells to both evade

immunity and facilitate their growth. Although much has been learnt about the

biology of these cells, much more remains to be discovered. It is likely that

several aspects of the host immune response to tumor cells are conditioned by

the interactions of dendritic cells and tumor cells. Dendritic cells may also have

non-immune effects on the biology and growth of tumor cells. Improved under-

standing of how tumor cells interact with dendritic cells therefore has implica-

tions for both cancer biology and immunity to tumors.

Dendritic cells (DC) were so named for their tree-like projections that allow
them to probe and sense the environment and communicate with other cells

(Steinman et al. 1975; Steinman and Banchereau 2007). A large body of

research over the last two decades has placed these cells as central players in

the immune system, capable of interacting with and regulating the function of

other immune cells, for both innate and adaptive immunities. Not surprisingly,

DC have also been the focus of intensive investigation in cancer, particularly as

tools for therapeutic vaccines against cancer (Steinman and Dhodapkar 2001).

Attempts to harness the immune-stimulating properties of these cells are also

underway in the clinic. Progress (and challenges) in this field has been recently

reviewed (Palucka et al. 2007). Here, we will argue that althoughmuch has been
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learnt, muchmore remains to be determined.Wewill discuss some of the gaps in
existing knowledge about the interactions of DC and tumor cells. Improved
understanding of the biology of these cells will be needed to effectively harness
their properties in the setting of human cancer.

25.1 Location, Location, Location

Tumors in both mice and humans are commonly infiltrated by cells of myeloid
origin including DC, macrophages, and myeloid suppressor cells (Talmadge
et al. 2007). Several studies have tried to examine the phenotype and activation
status of these cells. DC with both myeloid and plasmacytoid phenotype have
been identified within tumors. Even within myeloid DC, several subtypes may
exist (Banchereau et al. 2000; Ueno et al. 2007). Some of the current confusion
relates to the lack of definitive markers for identification of these cells and their
subsets within archived human tissues. Location of DC within the tumors may
also matter. For example, DC within tumors seem to have an immature phe-
notype, while cells with more mature phenotype were found near the periphery
in human breast cancers (Bell et al. 1999). However, most of these studies only
provide static/cross sectional information. It is expected that advances in live
imaging will provide opportunities for understanding the dynamics of recruit-
ment, differentiation, mobilization, and fate of tumor-associated DC. Recent
studies have begun to elucidate the precursors and differentiation of DC in vivo
both under steady state and inflammatory conditions (Jakubzick et al. 2008).

The source of DC may also depend on the tissue. For example, the major
precursors to myeloid DC in the spleen in mice seem to be myeloid precursors that
are distinct from monocytes. However, monocytes do clearly contribute to the
renewal of the DC pool in the steady state in the tissues and under inflammatory
conditions (Naik et al. 2006; Shortman and Naik 2007). However, translation of
this work to humans remains a challenge. Formany of the subsets of splenicDC in
mice (such as CD8�+ or CD8�-), the human counterparts remain to be clarified.
There may also be important species-specific differences. For example,
Ly6CloCD115+monocytes account for half of murine monocytes, but the corre-
sponding human CD14intCD16+ monocytes represent a much smaller subset
(Ziegler-Heitbrock 2007). Much remains to be learnt about the biology of myeloid
cells within tumors. What are the precursors of DC and their subsets in tumors?
How is their recruitment and differentiation regulated? Another important aspect
of DC is their migratory properties. For example, alveolar macrophages out-
number DC by over 100-fold within airways. Yet, DC that migrate to lung
draining lymphatics outnumber macrophages (Jakubzick et al. 2006).

Due to their migratory properties, DCmay also be an important component
of the premetastatic niche. In the lymphoid tissues, the specific location of DC
(e.g., within the T-cell zone) is of paramount importance. We suspect that the
location of DC within tumors is not random, but rather consist of specialized
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niches or organized structures, wherein their interactions with other cells will be

important. For example, resident DC in the lamina propria may play an

important role in sampling and responding to gut flora and regulate innate

inflammation (Hart et al. 2005; Garrett et al. 2007). Such DC were recently

implicated in regulating inflammation in a mouse model of ulcerative colitis,

which is known to increase the risk for colon cancer. Similarly, DC in a

perivascular location in the bone marrow may be important for survival of

long-lived B cells (Sapoznikov et al. 2008). It is notable that DC are often found

to be enriched in focal lesions in human B cell tumors such as myeloma (Bahlis

et al. 2007). Tumor microenvironment is not uniform but can vary widely with

regions of hypoxia, low pH, and altered interstitial pressures due to abnormal

vasculature (Grimshaw and Balkwill 2001). All of these aspects may alter the

properties of tumor infiltrating DC (and other cells). Improved understanding

of the properties of DC in specific tissues may allow novel approaches for

regulating inflammation in tissues.

25.2 Function and Plasticity

A critical property of DC is that they are highly specialized in responding to the

cues from the microenvironment. The microenvironment within tumors is quite

abnormal and includes cytokines, shed molecules, and other tumor derived

factors that can provide an immune suppressive signal (Shurin et al. 2006).

For example, tumors express cytokines such as IL-6, IL-10, and VEGF

that suppress the function of DC in the tumor bed via STAT3 signaling (Korty-

lewski et al. 2005). Other molecules such as gangliosides shed by tumor cells can

also inhibit DC function (Shurin et al. 2001). Other suppressive elements that

inhibit DC function include reactive oxygen species, indoleamine dioxygenase

(IDO), and arginase-related pathways (Zou 2005). The degree of plasticity in

functional properties of tumor-associated DC remains to be clarified. The

immune suppressive environment within tumors instructs DC to form suppres-

sive T cells such as FOXP3+ regulatory T cells (Treg) (Banerjee et al. 2006) as

well as IL-13 producing T cells (Aspord et al. 2007). In other words, tumors may

instruct DC to prevent the activation of antitumor effector T-cell responses. In

addition to T cells, DC are also specialized for the activation of innate NK or

NKT cells (Munz et al. 2005). An important gap in the present knowledge is the

extent to which different subsets of DC interact, both with each other and for

activation of T cells in the tumor bed. For example, plasmacytoid DC can

produce interferons and membrane bound costimulators that recruit other DC

to stimulate immunity to viruses (Yoneyama et al. 2005). DC are not the only

antigen-presenting cells in the tumor bed, and the cross talk between DC and

other antigen-presenting cells, such as endothelial cells, alternately activated M2

macrophages and B cells in the tumor bed, needs further study.
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Most of the current work relates to the ability of DC to activate immune
cells, although it is likely that DC also play important roles in the tumor bed
that extend beyond the immune system. For example, monocyte-derived
human DC were recently shown to be effective for enhancing the clonogenicity
of human myeloma (Kukreja et al. 2006). DC and other vascular lymphocytes
have also been implicated as potential precursors to new blood vessels or
angiogenesis within tumors (Coukos et al. 2005; Noonan et al. 2008). It
would be useful to better understand the cellular fates of tumor-associated
DC and their contributions to the cellular elements of the microenvironment.
We suspect that as the biology of these cells is better understood, their con-
tributions to several aspects of cancer biology will be appreciated and under-
stood at a cellular and molecular level.

25.3 Dendritic Cells as a Focal Point for Immune Regulation

A critical property of DC is their ability to activate both innate and
adaptive immune cells (Steinman and Banchereau 2007). The capacity of
DC to interact with NK cells and activate them has emerged as an impor-
tant pathway for the activation of these cells. NK and NKT cells in turn
can also deliver an activation stimulus to DC and help link innate and
adaptive immunities (Munz et al. 2005). DC have a specialized endocytic
system that plays a key role in processing peptides for presentation to
CD4+ and CD8+ T cells, self and microbial glycolipids to NKT cells,
and intact antigen to B cells. Although the diversity of T-cell response
continues to grow (with the most recent addition being inflammatory IL-
17 producing T cells), it is likely that DC are critical regulators of the
balance of these immune cells (Gutcher and Becher 2007). It is likely that
the additional and defined forms of T-cell polarization will be identified and
that this will depend on the nature of the signals derived from antigen-
presenting cells. An important insight in the recent past has been the
recognition of the importance of uptake receptors (Mahnke et al. 2000;
Hawiger et al. 2001). Initial studies took uptake of antigens by DC for
granted. However, in the past several years, several defined receptors for
uptake of antigen have been identified. The molecular specificity of many of
these receptors still remains to be fully understood. However, targeting
antigens to specific receptors not only yields high efficiency (>100-fold)
but also impacts the nature of immune response. For example, the nature
of T-cell immunity after FcgR-mediated uptake of immune complexes is
determined by the balance of engagement of activating versus inhibitory
FcgR (Dhodapkar et al. 2005).

An important property of DC from the perspective of tumor immunity is the
property of cross-presentation of exogenous antigens (such as from dying
tumor cells) to yield CD8+ killer T cells (Albert et al. 1998; Heath and Carbone
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2001). Although DC express several receptors for the recognition of dying cells,
the nature of specific receptors involved in the uptake of dying tumor cells in
situ remains to be defined. A critical aspect may be the specialized processing of
the antigen in the phagosome, limited degradation, and access of antigen to the
cytosol in DC (Mellman and Steinman 2001). An emerging concept in this
regard relates to immunogenic versus non-immunogenic death of tumors. The
distinction between these forms of cell death may relate to the delivery of an
activation signal to DC, such as that mediated by exposure of intracellular
chaperones (Obeid et al. 2007; Spisek et al. 2007).

The capacity of DC to stimulate immunity is linked to their activation or
maturation status. However, DC maturation is a complex process that is
still being understood at a molecular level. In particular, how DC integrate
different and often opposing signals to stimulate different types of T cells
remains to be fully clarified. Future studies will attempt to integrate how
signals from diverse subsets of DC are integrated with diverse signals from
the same DC (Dhodapkar et al. 2008). Such analyses may also provide
novel insights into the need for diverse subsets of DC in the immune
response. An important issue is how long-term T-cell memory is generated.
Another aspect wherein we suspect DC will be found to play an important
role is the regulation of innate immunity and chronic inflammation (Cous-
sens and Werb 2002). There is a growing body of evidence that chronic
inflammation may be an early event in carcinogenesis. Understanding the
role of DC in this stage of cancer may provide important insights for
prevention of cancer.

25.4 Harnessing Dendritic Cells for Immune Therapy of Cancer

The capacity of DC to serve as potent antigen-presenting cells and stimulate
tumor-specific immunity has led to several attempts to target these cells for
immune therapy or prevention of cancer. Two general approaches are being
attempted (Banchereau and Palucka 2005). The approach already being tested
in the clinic involves adoptive transfer of DC generated and loaded with anti-
gens ex vivo. Another approach involves targeting DC in situ.

25.4.1 Ex Vivo Dendritic Cell Vaccines

The discovery that precursors from blood monocytes or CD34+ progenitors
could be differentiated into DC provided the impetus for testing adoptive
transfer of antigen-loaded DC in cancer (Palucka et al. 2007). An advantage
of this approach over in vivo targeting is that one can precisely control the
delivery of antigen to DC and their activation status. It has been clearly
documented that the injection of antigen-pulsed DC in humans can boost
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immunity to defined antigens and is well tolerated. Although some clinical
responses have been observed in these studies, they have been rare, and there
is no evidence for improved survival yet. There are several deficiencies of
current trials. Most studies have focused on patients with advanced cancer;
migration of injected DC to lymph nodes remains suboptimal (de Vries et al.
2005); injected DC often also boost Treg (Banerjee et al. 2006); and true tumor
rejection antigens remain unknown (Gilboa 1999). Nonetheless, the approach
to optimize adoptive transfer of DC and combine it with other immune mod-
alities remains a promising area of investigation.

25.4.2 In-Situ Dendritic Cell Targeting

Another approach is to mobilize DC in situ, either within the tumor or
within lymphoid organs. One approach is the injection of tumor cells
genetically modified to express GM-CSF, which can recruit patient DC to
capture tumor antigens (Soiffer et al. 1998). Another approach, largely
attempted in mice, involves delivery of a signal from activated NKT cells
to DC (Dhodapkar 2008). Yet another approach is to target antigens to DC
via monoclonal antibodies against receptors on DC. One example, now
extensively tested in mice, is antibodies against the decalectin uptake recep-
tor, DEC-205 (Mahnke et al. 2005; Charalambous et al. 2006; Bozzacco
et al. 2007; Soares et al. 2007). One potential advantage is that large numbers
of DC can be targeted in vivo. Key challenges in this area include potential
differences in the biology of specific receptors between mice and humans.
DC-mediated targeting still remains a field in its infancy and will likely
expand as we better understand the biology of these cells and their ability
to induce or suppress immunity.

25.5 Summary

A considerable body of evidence over the last decade has demonstrated that DC
are not just innocent bystanders, but play an active role in regulating cancer
biology and immune resistance against tumors (Steinman and Banchereau
2007). Improved understanding of the roles these cells play and harnessing
their immune regulatory properties may have important implications for cancer
research, as well as immunology. Efforts to understand the biology of these cells
should continue not just in model systems in laboratory animals, but also in
defined disease settings in humans.
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Graft-vs-host disease (GVHD), 312
Granulocyte colonystimulating factor

(G-CSF), 315

Granulocyte macrophage
colony-stimulating factor
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