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Summary

Dendritic cells play a crucial role in initiating tumour immunity as well as in
the immune response for invading foreign pathogens such as bacteria and
viruses. For bacterial and viral infections, the immature dendritic cells (iDCs)
residing in peripheral tissues are efficiently activated and matured by patho-
gen signals for performing the immune response. In contrast, for self-
antigens, the naive T cells are not activated by iDCs but proceed to anergy/
deletion, and the generation of regulatory T cells for immune tolerance. The
induction of immune response and tolerance is regulated strictly by iDCs as
the sensor for homeostasis of immune response in the host. Despite the
identification of some tumour antigens, tumour immunity is not provoked
successfully. Even though there are some critical obstacles to inhibit effective
tumour immunity, tumour cells are able to exploit the functional roles of
iDCs for tumour progression, which are induced by tumour-derived soluble
factors such as vascular endothelial growth factor (VEGF) and functionally
modulated in the microenvironment. The iDCs still remain as the critical
target for provoking tumour immunity. In this review, the functional roles of
tumour-associated iDCs and the strategy for targeting iDCs in effective
tumour immunity for the cancer patient are discussed.
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Introduction

Dendritic cells (DCs) play a crucial role in initiating the
immune response as the immunological sensor not only for
invading foreign pathogens, but also in provoking tumour
immunity [1,2]. For bacterial and viral infections, the imma-
ture dendritic cells (iDCs) derived from the bone marrow
and residing in peripheral tissues are recruited to the
inflamed site by pathogen signals. They capture foreign anti-
gens and undergo maturation and migration to secondary
lymphoid organs such as lymph nodes (LNs) [3]. The
migrated mature DCs present foreign antigens such as major
histocompatibility complex (MHC) peptides to naive T cells,
which are clonally expanded to effector T cells for the
primary immune response in which some are differentiated
to memory T cells for the second immune response [4]. In
contrast, apoptotic cells that result from normal cell turn-
over in peripheral tissues are an important source of self-
antigens [5]. Self-antigens derived from apoptotic cells
during tissue homeostasis are generally engulfed by iDCs,
which are recruited to LNs, and then presented as the

MHC-peptide to naive T cells. However, without the ampli-
fication of co-stimulatory molecules the migrated DCs
produce T cell anergy/deletion [6] and generation of regu-
latory T cells (Tregs) for immune tolerance [5,7]. Thus, the
systemic immune response upon invading foreign pathogens
as well as the induction of tolerance to self-antigens is con-
trolled strictly by iDCs under steady state conditions [8].

In tumour cells, the tumour-derived soluble factors
(TDSFs) such as vascular endothelial growth factor (VEGF)
act as a strong stimulator of iDCs from bone marrow, which
can be constitutively stimulated as long as the tumours
persist [9,10]. The induced iDCs, including myeloid and
plasmacytoid DCs from the bone marrow, are recruited to
the primary tumour site through chemokines and their
receptors [11], and are functionally modulated as tumour-
associated iDCs (TiDCs) that contribute to tumour immune
privilege [12]. The TiDCs are able to capture apoptotic
tumour cells, which were derived from the high growth frac-
tion of tumour cell kinetics. Apoptotic cells are phagocy-
tosed via a complex composed of the scavenger receptor
CD36 and avb3/5 integrins [13]. Many receptors have been
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implicated in the uptake of dying cells such as CD14 [14],
LOX1 [15] and the phosphatidylserine receptor in macroph-
ages [16]. The TiDCs-captured apoptotic cells (TiDCs-Cp)
become more stable and resistant to apoptosis than iDCs, in
which they contribute to induction of immune tolerance
[17]. Importantly, despite the fact that the TiDCs-Cp can be
matured by inflammatory signals, the MHC-tumour antigen
cannot be presented efficiently to naive T cells, resulting in
the continued induction of immune tolerance [18,19]. The
emerging existence of constitutively increased iDCs trig-
gered by VEGF and subsequent production of TiDCs-Cp
plays a critical role in exerting immune privilege for tumour
progression in the cancer patient. In this review, we discuss
the mechanism by which iDCs induce immune privilege and
how they are targeted for provoking tumour immunity, com-
pared to the regulation of immune response to microbial
invasion and self-antigens in the host.

General roles of DCs in immune response to foreign
pathogens and self-antigens

The general immune response for invading foreign patho-
gens such as bacteria and viruses is initiated by iDCs residing
in peripheral tissues in response to a pathogen signal. The
signal can recruit iDCs transiently through the CD34+ hae-
matopoietic progenitor cells (HPCs) from the bone marrow
to the inflamed site, where the iDCs capture foreign antigens,
leading to maturation and migration through lymphatic
vessels to T cell areas of lymphoid organs in response to the
chemotactic gradients of the CCR7 ligands CCL21 and
CCL19 [20,21]. The migrated mature myeloid DCs are able
to present MHC peptides to naive T cells leading to clonal
expansion of antigen-specific effector T cells in the primary
immune response, in which some are differentiated to
memory T cells [22]. In addition, DCs represent a critical
source of interleukin (IL)-12, a cytokine that is involved in
innate responses and drives T helper 1 (Th1) polarization
[23]. IL-12 production by DCs is tightly controlled, requir-
ing first a priming signal provided by microbial products or
interferon (IFN)-g and then an amplifying signal provided
by T cells through the CD40 ligand (CD40L) [24]. Thus, DCs
are capable of integrating signals from pathogens, cytokines
and T cells, leading to the generation of an adaptive immune
response of the appropriate class.

Foreign antigens such as bacteria and viruses are engulfed
by iDCs, which are recognized by pattern recognition recep-
tors (PRRs) such as Toll-like receptors (TLRs) that sense
microbial products and trigger DC maturation and cytokine
production, effectively bridging innate and adaptive immu-
nity [25]. For example, TLR2 is triggered by peptidoglycan
[26]; TLR3, by double-stranded RNA [27]; TLR4, by
lipopolysaccharide [26]; TLR7, by single-stranded RNA [28];
and TLR9, by unmethylated oligonucleotide (CpG) [29].
TLRs are localized in different components. Although most
TLRs are present on the cell surface, TLR7, TLR8 and TLR9

are in the endosomal compartments [30] and TLR3 is
intracellular. In addition, TLRs are expressed differentially by
distinct DC subsets. For example, TLR9 is expressed only by
plasmacytoid DCs (pDCs), whereas myeloid DCs (mDCs)
preferentially express TLR2 and TLR4 [31]. Foreign antigens
can be captured by iDCs either by phagocytosis or receptor-
mediated endocytosis that proceed to present MHC peptides
to naive T cells as non-self antigens [32]. After eliminating
foreign antigens by antigen-specific effector T cells, most of
these T cells are committed to die by activation-induced cell
death (AICD) [33]. Despite the commitment of T cell death
after completion of the immune response, some effector T
cells are differentiated to effector memory T cells [34].

DCs are also important in immune tolerance to self-
antigens [35]. Two mechanisms were created to avoid the
immune system attack on the components of self, central
and peripheral tolerance, both of which are controlled and
maintained by DCs. Central tolerance occurs in the thymus
and is dependent on mature thymic DCs, which are essential
for the deletion of newly generated T cells with a receptor
that recognizes self-components. However, as many self-
antigens may not access the thymus, the need for peripheral
tolerance is fulfilled in lymphoid organs and is mediated by
iDCs. Peripheral tolerance involves induction of T cell
anergy, i.e. unresponsiveness, or under certain circum-
stances, deletion [5,36]. Immature DCs within tissues
capture the remains of cells that die in the process of physi-
ological tissue turnover. As there is no inflammation accom-
panying this process, the DCs remain immature. These iDCs,
which lack co-stimulatory molecules, migrate to draining
lymph nodes where they present the tissue antigens to T
cells. T cells presented with antigens in the absence of
co-stimulation enter either into a state of anergy or are
deleted. Further, in extrinsic tolerance, iDCs are able to
expand CD4+ CD25+ Tregs [37], and are also able to induce the
Tr1-type Tregs [38]. Thus, DCs play a critical role in the
control of cellular immunity.

Functional roles of immature DCs in the impaired
tumour immunity

Several tumour and tumour-associated antigens have been
identified and cancer immunotherapy using peptide vaccine
and DCs loaded with peptide have been tried, but the clinical
response has been poor [39]. Several factors that inhibit
tumour immunity have been reported, including loss of
tumour antigen and human leucocyte antigen (HLA) [40],
immunosuppressive factors [41] and Tregs [21]. The impair-
ment of an effective anti-tumour immune response is due to
the lack of an efficient immune synapse between DCs and T
cells [42]. Nevertheless, in the initial phase of carcinogenesis
abnormal cells can be eliminated by tumour immunity, fol-
lowing which the tumour growth is in equilibrium with the
capacity for elimination by tumour immunity [43]. If it
exceeds the threshold, tumour cells escape from tumour
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immunity. The functional role of tumour immunity in the
initial phase can be disrupted gradually according to tumour
progression. Tumour cells can grow in an autocrine and
paracrine fashion supported by angiogenesis. TDSFs such as
VEGF increase according to tumour growth, and play an
important role in promoting immune escape from tumour
immunity [44]. The tumour-secreted VEGF is a strong
stimulator of iDCs from the bone marrow, which are
recruited to the primary tumour site via chemokines and
their receptors [11]. These iDCs can be modulated function-
ally in the tumour site, then referred to as TiDCs, which are
not only resistant to apoptosis but also express the immuno-
suppressive enzyme, indoleamine 2,3-dioxygenase (IDO)
[45]. IDO-high expression by tumour cells enables certain
cancer subsets to initially avoid immune attack and defeats
the invasion of T cells via local tryptophan depletion and the
production of pro-apoptotic tryptophan catabolites [46].
The accumulated TiDCs tend to expand immune privilege
by exploiting the functional roles of iDCs for immune toler-
ance: TiDCs may capture tumour antigens derived from
apoptotic cells and migrate to tumour-draining lymph
nodes, where they cannot present these antigens to naive T
cells without amplification of co-stimulatory signals, result-
ing in immune tolerance [36]. Further, TiDCs induce
CD4+ CD25+ Tregs from naive T cells, and suppress T cell
proliferation of both CD4+ and CD8+ T cells [47,48]. In
addition, CD4+ CD25+ Tregs down-regulated CD80/CD86
co-stimulatory molecules on bone marrow-derived DCs,
suggesting that their antigen-presenting function might be
affected [49]. Thus, TiDCs extensively reconstitute immuno-
logical tolerance to tumour antigens for immune escape in
cancer.

The other important causative factor to immune tolerance
is the anti-inflammatory property of iDCs, which is caused
by apoptotic tumour cells during tumour progression. The
high rate of tumour growth produces a number of apoptotic
cells for the homeostasis of cell kinetics during tumour
progression. The released apoptotic cells are phagocytized by
macrophages and iDCs through interaction of apoptotic
cells and surface receptors on the APCs, such as phosphaty-
dilserine and its receptor [50]. The apoptotic cells are cap-
tured very efficiently by macrophages and iDCs [51,52],
resulting in an increase in anti-inflammatory cytokines such
as IL-10 and transforming-growth factor-b (TGF-b) [53],
and a decrease in proinflammatory cytokines such as IL-1,
IL-6 and tumour necrosis factor (TNF)-a [54]. Apoptotic
cells prevent the release of intracellular proteases that acti-
vate antigen-presenting cells (APCs), and in the DC
microenvironment where the endocytosis takes place. The
anti-inflammatory response produced by apoptotic tumour
cells abrogates the initiation of an anti-tumour immune
response, which is due to inhibition of the maturation of
iDCs [55]. The iDCs have failed to express co-stimulatory
molecules and the MHC peptide complex on the sur-
face even after exposure to DC-activation, resulting in

impairment of effective presentation of the antigen to naive
T cells [18,19]. The reason for the impairment of exposure of
the MHC antigen complex on the surface in TiDCs is
unclear. Although the captured apoptotic tumour cells by
iDCs might be processed to an appropriate peptide for
antigen presentation, the complex may not be transported
effectively to the cell surface. Thus, it is unlikely that most of
TiDCs are appropriate for the presentation of tumour-
associated antigens in the cancer patient, even though these
TiDCs had been stimulated (Fig. 1).

The iDCs derived from peripheral blood monocytes in
the cancer patient are a uniform population of iDCs that
cannot be matured efficiently in the presence of IL-4
and granulocyte–macrophage colony-stimulating factor
(GM-CSF) (Mo-DCs) because a small population had the
morphology (large cells with thin projections), immunophe-
notype (including CD83+) and function of mature DC. In
contrast, haematopoietic stem cells, when cultured with
GM-CSF and TNF, yield a heterogenous population of
mature DCs including Langerhans cells and interstitial DCs
with DC function (CD34-DCs) [56]. Using Mo-DCs which
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were loaded with the antigen for adoptive immunotherapy,
the clinical effect of treatment with peptide vaccine or
peptide-loaded DCs (DC/peptide) for malignant tumours
was not satisfied, due to many variables remaining to be
explored. These included antigen sources, modes of DC
antigen-loading, multiple tumour antigens and tumour
microenvironment [56]. Even though there were some criti-
cal factors to inhibit effective tumour immunity, including
immunosuppressive cytokines and Tregs, the distributed
TiDCs might have already captured apoptotic cells in the
tumour site and peripheral tissues. Because of insufficient
antigen presentation, the release of anti-inflammatory
cytokines had less cross-priming ability to naive T cells
resulting in less anti-tumour immune response in the cancer
patient. In fact, tumour-induced DC dysfunction generates
an ineffective immune response. In the absence of TDSFs,
DCs differentiate and mature. Mature DCs increase their
capacity to process antigens and express the co-stimulatory
molecules and release the cytokines for initiating anti-
tumour immune response. In contrast, under the presence of
TDSFs, iDCs and apoptotic DCs are generated and
accumulated. Although iDCs can present antigens, they can
suppress T cell activation through the production of reactive
oxygen species. Immature DCs and apoptotic DCs can
present antigens, but in the absence of amplification by
co-stimulation and cytokine secretion they promote Th2
response, induce anergy or inhibit T cell proliferation that
lead to tumour immune evasion. Nevertheless, despite the
fact that treatment with peptide for tumour antigens for
malignant melanoma recruited a considerable number of
CD8+ cytotoxic T cells (CTLs) to the tumour site [57], it
appears that localization of CTLs at the tumour site were
required for the antigen-specific immune response. Because
less than 20% effector CD8+ T cells expressed perforin,
however, this was not sufficient to reduce tumour volume
clinically [57,58], even though other factors such as antigen
heterogeneity and immunosuppressive reactions were also
involved.

Strategies for targeting immature DCs for provoking
tumour immunity

Dendritic cells play a central role in the initiation and control
of T cell-mediated immunity. Immature DCs residing in
tissues endocytose soluble antigens, microbes or apoptotic
cells, and receive microbial or inflammatory maturation cues
depending on the type of pathogen and the nature and
extent of tissue damage [59]. Given that activation and
maturation of TiDCs in the cancer patient is important for
initiating an anti-tumour immune response, the problem
remains of understanding how TiDCs can be manipulated to
initiate an immune response to tumour cells. It seems that
even though TiDCs are activated, effective presentation of
tumour antigens by TiDCs cannot be expected. One possible
way for targeting iDCs is the recruitment of newly produced

CD34+ HPCs from the bone marrow. This can be induced by
GM-CSF that preferentially expands the myeloid DC (mDC)
subset in vivo [60]. Because the newly induced iDCs do not
capture apoptotic cells rapidly in steady state conditions,
iDCs recruited from the bone marrow may undergo differ-
ential maturation and activation compared to TiDCs. The
only recruitment of iDCs by GM-CSF is not enough for
initiating an anti-tumour immune response, because the
release of a number of tumour antigens is required for the
phagocytosis by iDCs. The increased release of dead cells is
provided by neoadjuvant chemotherapy, after which treat-
ment with GM-CSF can recruit new iDCs from the bone
marrow. When massive cell death occurs following neoadju-
vant chemotherapy, a number of damaged cells and subse-
quent dead tumour cells produce not only proinflammatory
stimuli such as TNF-a, IL-1, regulated upon activation
normal T cell expressed and secreted (RANTES), macroph-
age inflammatory protein (MIP)-1 and monocyte chemoat-
tractant protein (MCP)-1 [61], but also secondary necrosis
[62]. This is captured by newly induced iDCs that proceed to
maturation and migrate to LNs, and then present MHC-
peptide to naive T cells, resulting in clonal expansion of
effector T cells in the secretion of IL-12 for Th1 polarization
[63]. Given that apoptotic and necrotic cells are a strong
source of tumour antigens as well as self-antigens [64], the
chemotherapy-induced massive cell damage and resulting
cell death are able to activate iDCs as in a proinflammatory
situation. In fact, iDCs can capture various killed tumour
cells, including Jurkat T cell lymphoma, malignant mela-
noma and prostate carcinoma. DCs loaded with killed
tumour cells induce MHC class I- and class II-restricted
proliferation of autologous CD8+ and CD4+ T cells, demon-
strating cross-presentation of tumour cell-derived antigens
[65]. Of note, IL-12 production is potentially boosted by
activated T cells through CD40L [24]. However, IL-12 is not
induced by some maturation stimuli, such as TNF-a and
IL-1. IL-12 production can be modulated by cytokines and
mediators present during induction of maturation [66].

A second method of generating newly produced iDC from
bone marrow is the induction of pDCs from the bone
marrow by G-CSF [67]. This is activated by CpG oligonucle-
otides (ODNs) through TLR9 in the accumulated tumour-
derived components contained with hypomethylated CpG
ODNs following neoadjuvant chemotherapy. The activated
pDCs are matured with the expression of co-stimulatory
molecules and the production of IL-12 for Th1 polarization,
and migrate to LNs where they present MHC II-peptide to
naive T cells for induction of effector T cells through CD4+ T
cells [68]. The production of IFN-g from effector T cells
activates mDCs, which co-operate with pDCs for expansion
of antigen-specific effector T cells in provoking tumour
immunity. Although there is little evidence that pDCs are
important for antigen presentation in the induction phase of
immunity, their key property seems to be the production of
IFN-a/b [69]. This ability is clearly important for blocking
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viral replication, but it has also been reported to activate
other DCs, including those involved in cross-priming [70].
Further, in another study, using G-CSF-mobilized stem cells
obtained before initiation of chemotherapy, lymphodeplet-
ing chemotherapy followed by the transfer of highly avid
anti-tumour lymphocytes can mediate significant tumour
regression in heavily pretreated patients with IL-2 refractory
metastatic melanoma [71].

A third possibility for the effective presentation of
tumour antigens is to disrupt the compartmentalization
within the tumour site, in which iDCs are capsulized with
tumour and non-tumorous tissues. This would increase the
release of iDCs from the tumour site to LNs. In the previ-
ous report, iDCs were compartmentalized within the com-
ponent of breast cancer cells and non-cancerous tissues,
which differed from mature DCs being located in a peritu-
mour site [72]. The compartmentalization of iDCs in a
tumour site can be destroyed and loosened by neoadjuvant
chemotherapy, producing massive cell death and proin-
flammatory cytokines depending on the tissue damage. As
the compartmentalized iDCs in the tumour site may have
differential functional roles from TiDCs in the peritumour
site and peripheral tissues, they may still retain the capacity
for activation and maturation by capturing dead cells for
tumour immunity under the condition that the iDCs do
not capture apoptotic cells. In this regard, although

malignant transformation of melanocytes is associated with
the recruitment of various subsets of DCs to initiate an
immune response, in spontaneous other solid tumours
DCs may be unable to capture tumour peptides, as their
accumulation is limited to the connective tissue surround-
ing the tumour [73]. Thus, it is likely that the TiDCs, which
capture apoptotic cells, produce anti-inflammatory cytok-
ines and decrease the capacity to present tumour antigens
to naive T cells and are not suitable for provoking tumour
immunity. The newly induced iDCs from bone marrow by
GM-CSF and G-CSF or the released iDCs from compart-
mentalization may be more beneficial for the activation of
anti-tumour immune responses than TiDCs residing in
peripheral tissues (Fig. 2).

The above idea, that the newly produced iDCs may be
more effective for priming T cells compared to TiDCs, which
have been primed with apoptotic cells, can be supported by
several recent studies. In one of these studies the adminis-
tration of CD34+ progenitor-derived DCs loaded with
melanoma-associated epitopes appeared to induce an in vivo
expansion of melanoma-specific CTLs that correlated with
clinical outcome [74]. Another promising strategy appeared
to be effective in the context of breast cancer, in which the
iDCs derived from peripheral blood monocytes in healthy
volunteers captured radiation-induced apoptotic breast
cancer cells, which produced CTLs and killed allogenic
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breast cancer cells [75]. Another study, using newly produced
iDCs from G-CSF-mobilized stem cells before initiation of
chemotherapy for metastatic melanoma, showed the induc-
tion of melanoma-specific CTL and significant tumour pro-
gression [71]. These findings suggest strongly that use of the
iDCs which were not primed with apoptotic cells is more
effective for producing antigen-specific CTLs for tumour
immunity. In addition, some studies have been performed in
mouse models showing direct targeting of DCs in vivo. A
recent study showed that irradiated tumour cells injected
intravenously were captured by efficiently splenic DCs. Fur-
thermore, co-administration of the natural killer T (NK T)
cells mobilizing glycolipid a-galactosyl ceramide led to DC
maturation and the induction of protective immunity [76].
Differences in functional roles between tumour-associated
iDC and peripheral iDC, and newly produced iDC from
bone marrow, are summarized in Table 1.

Concluding remarks

Despite the fact that tumour immunity is effective for the
initial phase in carcinogenesis, numerous TDSFs specifically
inhibit effector cells such as CTLs and NK cells in the impair-
ment of tumour immunity. Eventually, tumour cells gain
control over the immunosuppressive network facilitating
tumour progression and metastasis [77]. The immunosup-
pressive condition derived from iDCs cannot be modulated
easily due to the balance between immunosuppressive and
immunopromoting factors in tumours, because the immu-
nosuppressive cytokines and Tregs are distributed predomi-
nantly from the tumour site to secondary lymphoid organs
such as LNs and peripheral tissues in advanced cancer.
Further, tumour cells exploit the inducing tolerogenic
mechanisms to self-antigens for expanding the immunosup-
pressive network. Given that DCs play a crucial role in ini-
tiating tumour immunity, and that DCs are composed of a
heterogeneous population of cell types rather than a single
cell type, the co-operating linkage with pDCs and mDCs
appears to be the important event for effective cross-
presentation of tumour antigens. Unlike TiDCs, the

recruitment of newly produced iDCs from bone marrow
may play a differential role in provoking tumour immunity.
Future studies will be needed to clarify these hypotheses for
a differential role of the iDCs in exerting tumour immunity
in the cancer patient.
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GM-CSF: granulocyte–macrophage colony-stimulating factor; IL: interleukin; TGF: transforming growth factor; VEGF: vascular endothelial growth
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