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Recent evidence suggests that the immune system is involved in the carcinogenesis 
process and the antitumor immune responses impact the clinical outcome, thus 
emphasizing the concept of cancer immune surveillance. In this context, dendritic 
cells (DCs) seem to play a crucial role, as they are the most potent APCs and are 
able to stimulate naive T  lymphocytes and to generate memory T  lymphocytes. 
Immunotherapy with DC-based vaccines is a very attractive approach to treat cancer, 
offering the potential for high tumor-specific cytotoxicity. Although breast cancer 
(BC) is traditionally considered a poorly immunogenic tumor, increasing numbers of 
both preclinical and clinical studies demonstrate that vaccination with DCs is capable 
of inducing an antitumor-specific response, while being well tolerated and safe. 
However, clinical objective responses are still disappointing and many reasons may 
explain the difficulty of developing effective DC-based therapies for BC. In this review, 
we discuss the characteristics of DCs, and the major clinical indications for DC-based 
immunotherapy in BC with related drawbacks.
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The immune system plays a critical role in 
the development of cancer. Both the innate 
and acquired immune systems are able to 
identify transformed cancer cells – recog-
nized as nonself – thus generating a specific 
immune response. The aim of the immune 
response is to destroy the transformed cells 
in order to prevent their proliferation and, 
consequently, tumor growth [1].

Immunotherapy is an emerging and 
increasingly promising approach to treat can-
cer [2]. Several efforts have been made in the 
recent years to identify molecules involved 
in the immune response to develop potential 
immune targets to treat cancers [3]. Breast 
cancer (BC) is the most common type of 
cancer among women. Despite the huge 
improvement in BC outcome with current 
multimodality approaches, approximately 
20–30% of BC patients still relapse, even 
many years after diagnosis [4]. In contrast to 
melanoma and renal cell carcinoma (RCC), 
which have been considered more responsive 

to immunotherapies, BC has been tradition-
ally considered poorly immunogenic, as it 
does not occur at higher incidence in the 
immunosuppressed populations who have 
been treated with immunosuppressive thera-
pies [5]. Nonetheless, despite poor influence 
on primary tumor growth, the immune sys-
tem seems to be effective in preventing BC 
metastases [6–8]. Different reasons can explain 
this limit, such as the heterogeneous expres-
sion of tumor antigens within the primary 
tumor or its metastases, the modification of 
antigenic profile during the tumor progress, 
and the low levels of the antigen, MHC pro-
teins and other costimulatory proteins neces-
sary to generate a strong immune response. 
On the other hand, the tumor microenviron-
ment releases immune-suppressive factors that 
make antigen presentation difficult, with a 
negative impact on the immune response [9]. 
However, as recently exemplified in metastatic 
non-small-cell lung cancer, even tumor types 
traditionally not considered to be responsive 
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to immunotherapy could be immunogenic with appro-
priate immune activation [10]. Thus, immunotherapy is 
now widely recognized as a key element in the treatment 
of cancer, including BC [11]. As dendritic cells (DCs) are 
considered the strongest stimulators of T-cell responses 
and play a crucial role in the initiation of primary 
immune response, different studies have exploited the 
potential effectiveness of DC-based vaccines in BC [12].

Immune system & cancer
Active immunotherapy in BC enables the immune 
system to discover neoplastic growth and to avoid 
carcinogenesis and reject transformed cells. Immune 
response can lead to the rejection of cancer, but can 
also have regulatory effects that promote tumor growth 
(i.e., immunoediting) [13]. Different mechanisms are 
involved in immune evasion, such as the defects in 
antigen presentation, the downregulation of adhesion 
molecules, the production of immunosuppressive fac-
tors and molecules, and the induction of mechanisms 
of immune tolerance (Box 1 & Figure 1) [3,14]. Accord-
ingly, cancer develops due to selection of less-immu-
nogenic tumor cells (immunoediting) and increased 
effectiveness of tumor-mediated immunosuppression 
(immune subversion) [13].

Emerging data also suggest that the killing of cancer 
cells by the immune system depends on the type of 
immune response elicited. A tumor-directed immune 
response involving CD8+ cytotoxic T  lymphocytes 
(CTLs), Th1 cells and NK cells seems to prevent 
tumor development and progression; conversely, the 
immune response that involves B cells and activation 
of humoral immunity and/or a Th2 response can 
encourage tumor growth and progression [15]. So, the 
induction of CTLs directed against tumor antigens in 
vivo is the attractive effect of a specific immunother-
apy, considering that these immune cells are mostly 
responsible for tumor elimination [16]. The aim is to 
develop a specific and long-lasting immune response 
able to eliminate cancer cells without harming normal 
tissue.

In recent years, the knowledge of the potential con-
trol of a tumor by the immune system has allowed to 
test the efficacy of antitumor immunization strategies. 
In particular, the use of immunogenic APCs, such as 
DCs loaded with tumor antigens is now considered one 
of the most promising approaches in cancer immuno-
therapy, due to their notable ability to stimulate naive 
T lymphocytes and generate memory T lymphocytes.

DC biology & DC-based vaccines
DCs are a heterogeneous population of leuko-
cytes that work as the most effective APCs, act-
ing as messengers between the innate and adaptive 

immunity  [17]. Immature DCs (iDCs) arising from 
bone marrow precursors are characterized by high 
endocytic activity and low T-cell activation, and they 
probably encourage antigen-specific tolerance rather 
than immunity [18]. Once iDCs get in contact with an 
antigen, they are activated into mature DCs by patho-
gen-associated molecular patterns (PAMPs) via Toll-
like receptors (TLRs), inflammatory cytokines and 
prostaglandins released in the environment [19]. These 
mature DCs expressing high levels of costimulatory 
and MHC molecules (CD80 and CD86) migrate to 
lymphoid organs where they activate T cells through 
interactions between CD40 (expressed by DCs) and 
CD40 ligand (expressed by the T cells), thus gen-
erating an antigen-specific response to kill antigens 
(Figure 1) [20].

Many studies revealed that in cancer patients, DCs 
present abnormalities that make T-cell activation 
against tumors difficult, because of reduced uptake and 
processing of antigens, low expression of costimulatory 
signals, ineffective motility and migration towards spe-
cific chemokines, and decreased production of IL-12 
and so on [21].

Nonproductive interactions between T cells and 
DCs on margins of murine breast tumors have been 
shown [22]. In this model, tumor-infiltrating DCs pre-
sented tumor-associated antigens (TAAs) to T  cells 
and created stable interactions with infiltrating 
tumor-specific T cells, but this interaction appears to 
be insufficient to sustain CTL activity. Defects in DC 
maturation and migration from periphery to lymphoid 
organs, where they activate immune response, may 
complicate the development of an immune response 
[23,24]. Moreover, patients with operable BC have been 
shown to have peripheral and lymph nodal DCs less 
able to stimulate leukocytes, with low expression of 
HLA-DR and CD86, and with low ability to induce 
IL-12 secretion in vitro as compared with healthy 
donors [25].

In order to overcome these problems and to improve 
the immune function of these cells, it would be bet-
ter to utilize DCs taken from the patient and manip-
ulated ex vivo. A large number of cells with the DC 
phenotype and functional properties can be generated 
from bone marrow precursors (CD34+) or peripheral 
blood monocytes in the presence of a cocktail of cyto-
kines including GM-CSF and IL-4 [26]. These APCs, 
efficient in antigen uptake but with limited capac-
ity to stimulate T-cell proliferation and to induce 
antigen-specific CTLs, are subsequently stimulated 
by exposure to activating factors (i.e., TNF-α, TLR 
ligands, CD40 ligand and monocyte-conditioned 
medium) or other types of cytokines to increase their 
immune-stimulatory capacity [27].
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After isolation and maturation, DCs are loaded 
with tumor antigens, administered in different forms 
(DNA, RNA, proteins, peptides, viruses or cell lyzates) 
for further presentation to T  lymphocytes. Thus, the 
use of ex vivo-generated DCs is profitable, because it 
allows to overcome the difficulties resulting from their 
compromised immunological function to develop an 
adequate immune response against the tumor.

Preclinical & clinical studies with DC-based 
vaccines
Melanoma is the cancer type most frequently treated 
with DC-based vaccinations, followed by prostate can-
cer, RCC, BC, multiple myeloma, leukemia, colorec-
tal cancer and glioma [28]. Particularly, melanoma 
and RCC have traditionally been considered more 

responsive to immunotherapies, due to their high 
immunogenicity. Immunotherapy is a cornerstone in 
the treatment of melanoma. Besides the demonstrated 
survival benefit achieved with an inhibitor of the gene 
coding RAF (B-RAF; vemurafenib) and a CTLA-4 
antibody (ipilimumab) [29], DC-based vaccines have 
been demonstrated to be safe and effective in treating 
metastatic patients [30].

Similar to melanoma, RCC and prostate cancer have 
also continued to be the subject of further DC vaccina-
tion studies. After unsatisfactory results with immune-
directed agents such as IL-2 or IFN-α, metastatic 
RCC patients’ outcome has markedly improved with 
the introduction of novel agents targeting angiogenesis 
and signal transduction pathways (i.e., VEGF tyrosine 
kinase inhibitor [TKI] and mTOR inhibitor) [31]. Still, 
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Figure 1. Immature dendritic cells derived from bone marrow precursors. Upon encounter with TAAs, immature DCs are induced to 
mature by inflammatory cytokines and prostaglandins relased in microenvironment. These mature DCs migrate in lymphoid organs 
where they interact with CD8+ and CD4+ T lymphocytes. CD8+ cells, once activated, become CTLs that will be mostly responsible for 
the eradication of malignant cells. Moreover, in many cases cancer cells can avoid immune response and allow the tumor growth. 
Different mechanisms such as the immunological ignorance, the production of immunosuppressive factors and molecules, the 
induction of immune tolerance and defects in antigen presentation are involved in immune evasion. 
CTL: Cytotoxic T lymphocyte; DC: Dendritic cell; TAA: Tumor-associated antigen.
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newer immune approaches include anti-CTLA-4 [32] 
and anti-PD1 agents [9], and DC vaccines have been 
investigated for the treatment of metastatic RCC with 
encouraging results [33].

Moreover, autologous DC vaccines have recently 
established a role in prostate cancer therapy; indeed, 
the US FDA has approved the first cancer vaccine, sip-
uleucel-T, for asymptomatic or minimally symptomatic 
castration-resistant prostate cancer [34].

Recently, the better knowledge of BC biology has 
allowed the emergence of some immunotherapeutic 
strategies, despite this disease not traditionally being 
perceived as an immunogenic tumor. The use of DCs 
for cancer immunotherapy provides an interesting 
opportunity to overcome the relative nonimmunoge-
nicity of BC and despite the limited success of such an 
approach, several preclinical and clinical studies have 
been conducted.

Preclinical studies in BC
Initial studies indicated that BC-infiltrating DCs were 
detected in >40% of patients with early and advanced 
BC, despite no correlation with outcome being observed 
[35]. DCs in BC seem to be able to provide a memory 
response to tumor antigens and to inhibit the tumor 
growth [36,37]. Gong et al. demonstrated that fusion of 
DCs with BC cells elicited autologous CTLs able to lyze 

cancer cells [38]. Furthermore, DCs loaded with allo-
geneic BC cells stimulated tumor-reactive CTLs with 
consequent destruction of target cells [39]. To improve 
immunogenicity of human EGFR2 (HER2), HER2-
positive BC mice were immunized with DCs express-
ing the DEC205 receptor and high levels of T- and 
B-cell immunity were observed, despite the low amount 
of HER2 protein [40]. Recently, some researchers have 
investigated the capacity to overcome resistance to 
trastuzumab (an antibody to HER2), using an OVA-
specific DC-released exosome (EXOOVA)-targeted 
CD4+ T cell-based (OVA-TEXO) vaccine against neu-
expressing Tg1-1 BC in the transgenic FVBneuN mice, 
resulting in the development of protective immunity 
[41]. The use of genetically modified DCs was also evalu-
ated though HER2 adenovirus-transduced DCs, which 
prevented the growth of BC in HER2-transgenic mice 
[42]. The effectiveness of a whole-cell BC vaccine in mice 
was evaluated using an immunocytokine composed of 
IL-2 with an antibody directed to an immune-suppres-
sive factor, phosphatidylserine. A total of 80% of mice 
survived free of tumor and their splenocytes had signifi-
cantly higher specific cytotoxicity than splenocytes from 
control mice [43]. This study demonstrates the impor-
tance of immune-modulatory factors in development of 
an adequate immune response. In the preclinical setting 
combination therapy was evaluated as well. Zheng et al. 
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Box 1. Mechanisms of tumor escape from the immune system.

Immunological ignorance
•	 Lack of danger signals
•	 Growth in immune privileged sites (i.e., brain)
•	 Downregulation of adhesion molecules and improper interaction between the immune system and tumor cells
•	 Physical barrier by stroma
Antigen presentation defects
•	 Loss or mutation of tumor antigens
•	 Heterogeneous expression of antigens
•	 Loss or mutation of MHC molecules
•	 Chronic antigen stimulation
•	 Defects in antigen processing (e.g., defects in transporter associated with antigen processing or proteasome 

subunits or tapasin)
•	 Defect of antigen-presenting cell functions
Immunosuppressive factors & molecules
•	 Inhibitory cytokines (e.g., TGF-β, IL-10, VEGF, IL-6 and IL-1β)
•	 Inibitory prostaglandins (i.e., PGE2)
•	 Inhibitory signaling molecules (i.e., PD-1 ligands)
•	 Inhibitory enzyme (production of IDO from dendritic cells)
Tolerance induction
•	 Lack of costimulatory molecules
•	 Induction of T-cell apoptosis via PD-1 and Fas
•	 Recruitment of myeloid suppressor cells
•	 Induction of T-cell anergy
•	 Dysfunctional dendritic cells
•	 Generation of Tregs
•	 Immune deviation (Th2 response vs Th1 response)
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Table 1. Clinical trials for dendritic cell vaccine-based therapies.

NCT number Study 
Phase

Estimated 
enrollment 
(n)† 

Primary end 
point

Setting Type of therapy 
(intervention)

Status 

NCT01730118 I 65 Safety/toxicity/
immunogenity

Metastatic Autologous 
adenovirus HER2-
transduced DC 
vaccine

Ongoing

NCT0088985 II 55 Response rate Locally 
recurrent or 
metastatic

Autologous DCs 
pulsed with E75 and 
E90 peptides with 
trastuzumab and 
vinorelbine

Completed

NCT01042535 I/II 37 MTD/safety Metastatic Adenovirus p53-
transduced DCs 
with 1-methyl-d-
tryptophan

Ongoing

NCT00266110 II 26 Efficacy Locally 
recurrent or 
metastatic

Autologous DCs 
pulsed with E75 and 
E90 peptides with 
trastuzumab and 
vinorelbine

Ongoing

NCT00978913 I 14 Toxicity/
immune 
response

Metastatic DCs transfected 
with survivin, hTERT 
and p53 mRNA with 
cyclophosphamide

Ongoing

NCT00622401 I/II 41 Toxicity Metastatic DCs/tumor cell 
fusion vaccine ± 
IL-12

Ongoing

NCT00715832 I 25 Toxicity Metastatic DCs loaded with 
oncofetal antigen/
iLRP

Ongoing

NCT01522820 I 30 Safety Adjuvant DCs/NY-ESO-1 
fusion protein 
vaccine ± sirolimus

Ongoing

NCT00923143 I/II 57 Safety/immune 
response

DCIS HER-2/Neu-pulsed 
DC vaccine

Ongoing

NCT00197522 I 5 MTD/toxicity Metastatic DCs infected with 
an adenovirus 
expressing Her-2

Completed

NCT00082641 I/II 24 Safety/toxicity/
immune 
response

Neoadjuvant 
or adjuvant

Adenovirus p53-
infected DC vaccine 
± chemotherapy 
± RT

Ongoing

NCT00128622 I 24 Safety Metastatic Autologous DCs 
infected with 
CEA-6D-expressing 
Fowlpox-Trico

Completed

NCT00004604 I 24 Safety Metastatic CEA RNA-pulsed DC 
vaccine

Completed

Trials can be found at [48]. 
†Completed trials demonstrate actual number enrolled; ongoing trials demonstrate estimated enrollment. 
DC: Dendritic cell; DCIS: Ductal carcinoma in situ; MTD: Maximum tolerated dose; pCR: Pathologic complete response; RT: Radiotherapy.
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developed a novel in vitro DC-based vaccine against BC 
using adriamycin-induced apoptotic MCF-7 cells [4]. In 
this study the human BC cell line MCF-7, after 24-h 
treatment with adriamycin (5 µg/ml), was cocultured 
with healthy donor-derived iDCs. Treatment with adri-
amycin potentiates the immunogenicity of the MCF-7 
BC cell line, leading to the induction of iDC maturation 
and T-lymphocyte activation in vitro.

Clinical studies in BC
These results have suggested a rationale to evaluate 
the role of DC-based vaccines in BC. The trials aim 
to demonstrate the safety and immunological/clini-
cal response of this type of immunotherapy in various 
subtypes and settings of BC patients.

Brossart et al. analyzed the feasibility and efficacy 
of a vaccination approach using HLA-A2-restricted 
HER2 or MUC peptide-pulsed DCs in ten patients 
with metastatic BC and heavily pretreated advanced 
ovarian cancer [44]. No side effects were observed and 
immunologic responses were recorded in all patients, 
even in those heavily pretreated, suggesting that pep-
tide-pulsed DC vaccinations could also be successfully 
used after intensive or even high-dose chemotherapy to 
eradicate residual disease. As DC vaccines are poten-
tially limited by the relatively low number of identi-
fied tumor antigens and by their low immunogenicity, 
one strategy is based on the fusion of autologous tumor 
cells with DCs. Avigan et al. have proved that patients 
with metastatic breast and renal cancer vaccinated 

future science group

Review    Gelao, Criscitiello, Esposito et al.

NCT number Study 
Phase

Estimated 
enrollment 
(n)† 

Primary end 
point

Setting Type of therapy 
(intervention)

Status 

NCT00197925 I/II 40 Tolerability/
safety

Metastatic Oncopeptide-
loaded autologous 
DCs

Completed

NCT00107211 I 30 Feasibility/ 
safety/clinical 
response

DCIS 
neoadjuvant

HER-2/Neu-pulsed 
DC1 vaccine

Ongoing

NCT01431196 II 29 pCR Stage II and 
III

Chemotherapy 
followed by DCs 
pulsed with tumor 
antigens

Ongoing

NCT00640861 II 45 Toxicity/
immune 
response

Stage II or III MUC1/HER-2/Neu 
peptide DC vaccine

Ongoing

NCT00162929 I 5 Toxicity Metastatic DCs transduced by 
an adenovector 
expressing Her-2/
neu

Completed

NCT01782274 II/III 60 All-cause 
mortality

Metastatic Allogeneic/
autologous 
hematopoietic 
stem cells, DCs 
and cytotoxic 
lymphocytes

Ongoing

NCT00003432 I/II 26 Immune 
response/ 
clinical efficacy

Metastatic CEA RNA-pulsed DC 
vaccine

Ongoing

NCT00879489 I/II 24 Toxicity Metastatic Autologous DCs 
pulsed with human 
recombinant 
oncofetal antigen 
(OFP/iLRP)

Ongoing

Trials can be found at [48]. 
†Completed trials demonstrate actual number enrolled; ongoing trials demonstrate estimated enrollment. 
DC: Dendritic cell; DCIS: Ductal carcinoma in situ; MTD: Maximum tolerated dose; pCR: Pathologic complete response; RT: Radiotherapy.

Table 1. Clinical trials for dendritic cell vaccine-based therapies (cont.).
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with fusion cells generated from patient-derived tumor 
cells and autologous DCs showed immunological and 
clinical antitumor responses, with minimal toxicity 
[45]. Similar results were observed in patients with ER/
PR-negative BC [46]. Approximately 58% of patients 
experienced a specific delayed type IV hypersensitivity 
reaction, as a result of immune activation, suggesting 
that tumor lyzate-pulsed DCs provide a wide source 
of BC antigens that are active in evoking anti-BC 
immune responses. The use of cytokine adjuvants, 
such as IL-12 or IL-2, might augment effectiveness of 
the DCs vaccine. A Phase I/II clinical trial evaluated 
the use of a DC vaccine and IL-2 in six metastatic renal 
and four BC patients [47]. Patients were treated twice 
with mature DCs pulsed with autologous tumor lyzate 
and low-dose IL-2. The vaccine was tolerable and vac-
cination induced specific immunity in all patients, 
despite response being observed in only one renal can-
cer patient, who achieved stable disease. Moreover, 
another Phase I/II trial is studying the safety of DC/
tumor cell fusion when given together with IL-12 to 
see how well they work in treating women with stage 
IV BC (NCT0062240 [48]). Further studies are also 
assessing the potential of DC immunization to syner-
gistically interact with other forms of medical treat-
ment, such as chemotherapeutic compounds (e.g., 
vinorelbine or cyclophosphamide) or targeted therapy. 
The combination of two or more therapeutic strate-
gies with different mechanisms of action may stimu-
late the immune system in different ways in order to 
evoke a strong and specific response to stop tumor cells 
from growing. Three clinical trials (NCT00088985, 
NCT00266110 and NCT00978913 [48]) are Phase II 
and I studies that are evaluating the efficacy and the 
toxicity of these combination therapies (Table 1).

Another promising approach to improve outcome of 
BC patients consists of targeting the innate and adaptive 
immune mechanisms. One strategy might be the use of 
autologous cytokine-induced killer cells (CIKs), which 
have shown significant cytotoxic activity in clinical 
studies [49]. Some investigators have assessed the combi-
nation of DCs with CIKs in 87 patients who underwent 
high-dose chemotherapy with docetaxel plus thiotepa. 
Compared with 79 patients who received standard-
dose chemotherapy, in the high-dose chemotherapy 
group progression-free survival and overall survival were 
improved, demonstrating that the combination of high-
dose chemotherapy with DCs/CIKs can be an effective 
choice for selected metastatic BC patients [50].

Limits of DC vaccines
Immunotherapy with DCs represents a very attrac-
tive therapeutic approach in the management of BC. 
Despite these cells seeming to be effective in induc-

ing a detectable tumor antigen-specific immunity 
and DCs vaccines being well tolerated and safe, clini-
cal benefit is still disappointing. Several reasons may 
explain the unsatisfactory result of this therapeutic 
strategy and the difficulty in developing DC-based 
therapies effective in controlling BC.

Time to vaccination & evaluation of response
Data from the preclinical models suggest that vacci-
nations are more effective in the prevention of tumor 
growth rather than in the treatment of established 
tumors [51]. For this reason, although the majority of 
DC vaccine clinical trials were performed in patients 
with large tumor burden and/or advanced disease with 
disappointing clinical results, we believe that clinical 
benefit could be reported in patients with disease remis-
sion or with small tumor burden. Studies have been 
conducted in patients with early BC and carcinoma in 
situ, in adjuvant and neoadjuvant settings [52–54]. In one 
of them, 27 patients with HER2 overexpressing ductal 
BC in situ were enrolled in a neoadjuvant immunization 
trial [54]. A DC vaccine was administered before surgi-
cal resection of carcinoma. After surgery, in 11 out of 
22 (50%) subjects with residual ductal carcinoma in 
situ, vaccination induced decline and/or eradication of 
HER2 expression, showing that even in the presence 
of an early tumor DCs are potent inducers of immu-
nity against HER2 cells. We could take advantage of 
the results of ongoing studies using HER-2-pulsed 
DCs (NCT00923143, NCT00107211), adenovirus p53-
infected DCs (NCT00082641), DC/NY-ESO-1 fusion 
protein vaccine (NCT01522820) and MUC1/HER-2/
Neu peptide (NCT00640861 [48]) to assess the real util-
ity of this strategy in this setting. However, randomized 
studies are required to establish whether immunotherapy 
provides an additional benefit to standard therapy.

How to assess clinical response is a major and 
debated issue in all immunotherapies. Indeed, to 
determine the clinical efficacy in immunotherapy-
based trials traditional clinical/radiological crite-
ria (Response Evaluation Criteria In Solid Tumors 
[RECIST]) based on tumor size are still used, even if 
these criteria seem to be inappropriate, since eliciting 
antitumor immune responses is slow and often associ-
ated with an increase in tumor mass, due to immune 
cell infiltration rather than with a reduction in tumor 
burden. Thus, novel criteria are required to capture 
the antitumor responses with immunotherapeutic 
agents, as proposed by some researchers [55]. At the 
moment, overall survival might be the only objective 
parameter to calculate the clinical efficacy of immu-
notherapy, but given that the evaluation of overall sur-
vival may require a long time, surrogate markers of 
overall survival are needed [56].
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Technical & immunological issues
The technical problems during the procedure of DC 
generation together with imperfect antigen presenta-
tion, due to use of defective DCs and/or ineffective 
TAAs, may have contributed to the failure of this 
therapy.

The most common approach used to collect DCs 
is the collection of peripheral blood mononuclear cells 
obtained from whole blood or leukapheresis [57]. This 
method does not allow the selective harvesting of 
monocytes, but other cells may contaminate the collec-
tion. Also, after leukapheresis, cells must be subjected 
to other procedures for their isolation, selection and 
differentiation in DCs. All these processes, although 
necessary, can have an important impact on the num-
ber and quality of the obtained DCs. Moreover, it has 
yet to be understood which signals and combination of 
stimuli for ex vivo manipulation make DCs mature/
immunogenic [26]. The maturation of DCs is a criti-
cal process and the risk is that DCs, not adequately 
stimulated, could be in an immature state, thus inhib-
iting rather than inducing an immune response [18]. 
Therefore, if on the one hand the ex vivo manipulation 
of DCs is a valid way to employ these cells in cancer 
immunotherapy, on the other hand, many problems 
must yet be overcome to obtain proper cells to develop 
an adequate immune response. This may require the 
transfer of genes encoding costimulatory molecules or 
cytokines into DCs to enhance the binding of tumor 
antigens to MHC molecules or to TLRs. Furthermore, 
since many tumor-derived factors can limit DCs dif-
ferentiation and maturation (e.g., PD-L1 or VEGFR-
1) [58], the association of DCs and other molecules 
capable of increasing antitumor efficacy could improve 
therapeutic effects of vaccination. For example, it could 
be interesting to use DC-based vaccination in combi-
nation with a PD-L1 inhibitor or with anti-VEGFR 
antibodies, or with other drugs directed to immuno-
suppressive molecules (i.e., TGF-β, IL-10 and IL-6) or 
signaling pathways such as STAT3, MAPK, β-catenin 
that interfere negatively with the immune response by 
preventing tumor growth and stimulating an effective 
and adequate immune response to eradicate malignant 
cells [59].

An alternative could be to target antigens directly to 
the DCs in vivo. This strategy stimulates the activation 
of natural DCs in vivo via monoclonal antibodies spe-
cific for particular DC surface molecules [60,61]. This 
system represents a promising approach [62,63]. How-
ever, despite various efforts, further studies are needed 
to establish which methods allow to obtain the best 
functional DCs able to improve immune response.

As discussed before, several studies conducted in 
BC have confirmed the impaired function of these 

immune cells. An enzyme that could be involved in 
the induction of immune tolerance instead of immune 
response is IDO, the accumulation of which in DCs 
has been observed in lymph nodes of patients with 
melanoma and BC and may precede the development 
of lymph node metastases [64]. A recent study report-
ing on the immunization of breast tumor-bearing 
mice with DCs loaded with tumor antigens and with 
siRNA-silenced IDO expression showed enhanced 
tumor antigen-specific T-cell proliferation and CTL 
activity, suggesting that silencing of IDO is an effec-
tive strategy to improve the efficiency of DC-based 
cancer immunotherapy [65].

Moreover, another problem is that only certain 
identified antigens can induce an immune response 
followed by cancer elimination. A number of breast 
tumor antigens have been described, and HER-2, car-
bohydrate antigens, MUC-1, CEA, p53 and cancer-
testis antigens (NY-eso-1), have received the greatest 
attention as antigens for vaccine formulation [66]. 
New information revealed by the genomic and pro-
teomic classification of BC should help us to clarify 
the specific biologic types of BC with different levels 
and patterns of tumor antigen expression and to iden-
tify new specific tumor antigens for effective immu-
notherapy. The use of DCs provides an opportunity 
to overcome the relative nonimmunogenicity of BC 
and address the underlying immunodeficiency. The 
ideal specific antigen should be overexpressed on the 
tumor cells and should have limited distribution in 
normal tissue, even if DC vaccines targeting single 
antigens have not often led to a measurable immune 
response because of the tumor escape mechanisms 
[14]. As discussed before, DCs may be directly loaded 
with autologous BC cell lyzates or apoptotic bodies, 
thus allowing the presentation of multiple tumor 
antigens [45,46]. However, vaccination with the whole 
cells expressing tumor-specific antigens but also non-
tumor-specific antigens could induce tolerance to the 
antigens contained in the vaccine, instead of eliciting 
immune response against TAAs. Transfection of DCs 
with amplified tumor-derived RNA or DNA might 
represent a potential solution [67] and improvement of 
this technique might translate into better outcome. 
Thus, the success of future DC vaccines in BC will 
depend on the identification of additional immu-
nogenic antigens, on developing the best antigen 
delivery systems and on the elucidation of the entire 
network of immune signaling pathways that regulate 
immune responses in the tumor microenvironment. 
Only by doing that it will be possible to develop a 
personalized immunological therapy, based on the 
specific characteristics of individual patient’s immune 
system and on the antigenic tumor profile.
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Conclusion
DC-based immunotherapy is a promising therapeu-
tic approach for BC patients. Currently, several DC-
based vaccine strategies are being developed both at 
the preclinical stage and in clinical trials. DC vac-
cines have shown to be able to induce antigen-specific 
immunity in vivo, but so far active specific immu-
notherapy with DCs for BC does not seem to pro-
duce a significant clinical benefit. Several questions 
are still open, such as how DCs and lymphocytes 
work, which alterations of immune response occur 
in the tumor microenvironment, which is the best 
setting for the use of DCs and how we can best use 
them in immunotherapy. Molecular typing of BC 
and genomic identification of BC antigens, as well as 
combinatorial therapies that target both BC-specific 
immune activation and inhibition of immune tol-
erance, could be also useful to improve the specific 
response of vaccines. Thus, a better understanding 
of the complex interplay among the host immune 
response, tumor cells, tumor microenvironment and 
further studies on tumor immunology are warranted 
to determine whether DC vaccination, alone or in 
combination with other therapies, could become a 
successful approach to improve clinical outcome and 
to control BC.

Future perspective
Although at the moment the success of this approach 
has been limited, in the future we believe that both the 
improving of the procedures for the in vivo or ex vivo 
manipulation of DCs and the promising information 
derived from the molecular typing of BC and genomic 
identification of BC antigens could lead to extend the 
benefit of DC-based immunotherapy to a larger BC 
patient population. The combinatorial approaches 
could be useful to capitalize on the effectiveness of 
vaccines. Drugs directed against immunomodulatory 
mechanisms that restrict the antitumor response could 
enhance the efficacy of DCs vaccines in BC.

Some molecules such as PD-1/PDL-1, CTLA-4 and 
immune cells such as Tregs are involved in the induction 
of tolerance to antigens and their upregulation is associ-
ated with increased risk of developing BC [68]. Investi-
gators have evaluated the efficacy of anti-CTLA-4 or 
anti-PD1/PDL-1 in BC, but so far none of these drugs 
alone have proven to be an effective approach [69].

The administration of anti-CTLA-4 blocking 
monoclonal antibodies in previously DC-vaccinated 
advanced melanoma and ovarian cancer patients 
increased immune-mediated tumor destruction in 
some subjects [70]. Similar results could be obtained 
in BC patients. The major problem is management of 
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Executive summary

Background
•	 Despite breast cancer (BC) traditionally being considered as poorly immunogenic, immunotherapy is an 

emerging and promising new approach to treat this cancer.
Immune system & cancer
•	 Immune response is important to eliminate cancer cells, but sometimes cancer cells can avoid the immune 

system allowing tumor growth.
•	 Active immunotherapy in BC enables the immune system to discover neoplastic growth and to reject 

transformed cells. The use of dendritic cells (DCs) is now considered one of the most promising approaches in 
cancer immunotherapy, due to their notable ability to stimulate T-cell response.

DC biology & DC-based vaccines
•	 DCs are the most effective immunogenic APC.
•	 In cancer patients DCs present abnormalities that make antitumor T-cell activation difficult.
•	 In order to improve the immune function of these cells, it would be better to utilize DCs manipulated ex vivo.
Preclinical & clinical studies with DC-based vaccines
•	 In preclinical models, DCs have been shown both to inhibit the growth of BC and to provide a memory 

response to tumor antigens.
•	 Many clinical trials were performed in BC in order to demonstrate the safety and immunological/clinic 

response of this type of immunotherapy in various subtypes and in diverse settings of patients.
Limits of DC vaccines
•	 Patients enrolled in the majority of clinical trials present advanced disease.
•	 Novel criteria are required to define the antitumor responses with immunotherapeutic agents.
•	 The technical problems during the procedure of DC generation together with the use of defective DCs and/or 

ineffective tumor-associated antigens may have contributed to the failure of this therapy.
Conclusion & future perspective
•	 Molecular typing of BC and genomic identification of BC antigens, as well as combinatorial therapies that 

target both BC-specific immune activation and inhibition of immune tolerance, could be also useful to improve 
the specific response of DC vaccines.
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the resultant side effects, which are often serious, and 
the autoimmune manifestations that occur in many 
patients. Thus, effort is needed to clarify the immuno-
logical and clinical effects of this form of immunother-
apy in vaccinated patients to reduce toxic effects as well 
as improve the antitumoral response.

Another option to enhance the efficacy of DC-based 
therapy in BC could be to combine it with other therapies 
such as chemotherapy or radiotherapy. The tumor apop-
tosis and/or necrosis induced by radiotherapy and some 
types of chemotherapeutic drug (e.g., anthracyclins, 
cyclophosphamide and platinum compounds) releases 
large amounts of tumor-associated proteins, can promote 
DC activation by molecularly defined pathways and 
depletes Tregs, potentially enhancing immune responses 
[71]. For example, anthracyclines and oxaliplatin promote 
tumor antigen presentation by DCs though the translo-
cation of CRT on the tumor cell surface, postapoptotic 
release of the chromatin-binding protein HMGB1 and 
extracellular release of ATP [72]. Recent evidence also sug-
gests that targeted therapies with small inhibitors may also 
benefit from antitumor immune responses. One ongoing 

Phase III trial will assess a DC vaccine in subjects with 
advanced kidney cancer as an add-on to targeted therapy 
with sunitinib, a receptor TKI (NCT01582672; ADAPT 
trial [48]). The combined use of this or other small-mole-
cule inhibitors and immunotherapy might be synergistic 
and might improve the antitumor effects [73]. We expect 
to get encouraging results from ongoing studies in order 
to determine whether immunotherapy in combination 
with other therapeutic strategies can provide an addi-
tional benefit with no significant side effects and also to 
identify the immunological features of patients that best 
respond to DC-based anticancer vaccines (Table 1) [48].

Financial & competing interests disclosure
The authors have no relevant affiliations or financial involve-

ment with any organization or entity with a financial inter-

est in or financial conflict with the subject matter or mate-

rials discussed in the manuscript. This includes employment, 

consultancies, honoraria, stock ownership or options, expert 

testimony, grants or patents received or pending, or royalties.

No writing assistance was utilized in the production of this 

manuscript.

References
Papers of special note have been highlighted as: 
•	 of interest
••	 of considerable interest

1	 Adam JK, Odhav B, Bhoola KD. Immune responses in cancer. 
Pharmacol. Ther. 99(1), 113–132 (2003).

2	 Andre F, Dieci MV, Dubsky P et al. Molecular pathways: 
involvement of immune pathways in the therapeutic response 
and outcome in breast cancer. Clin. Cancer Res. 19(1), 28–33 
(2013).

3	 Yaguchi T, Sumimoto H, Kudo-Saito C. The mechanisms 
of cancer immunoescape and development of overcoming 
strategies. Int. J. Hematol. 93(3), 294–300 (2011).

4	 Zheng J, Liu Q, Yang J et al. Co-culture of apoptotic breast 
cancer cells with immature dendritic cells: a novel approach 
for DC-based vaccination in breast cancer. Braz. J. Med. Biol. 
Res. 45(6), 510–515 (2012).

5	 Penn I. Tumors of the immunocompromised patient. Annu. 
Rev. Med. 39, 63–73 (1998).

6	 Chen Q, Zhang XH, Massague J. Macrophage binding to 
receptor VCAM-1 transmits survival signals in breast cancer 
cells that invade the lungs. Cancer Cell 20(4), 538–549 (2011).

7	 DeNardo DG, Barreto JB, Andreu P et al. CD4(+) T cells 
regulate pulmonary metastasis of mammary carcinomas by 
enhancing protumor properties of macrophages. Cancer Cell 
16(2), 91–102 (2009).

8	 Bidwell BN, Slaney CY, Withana NP et al. Silencing of Irf7 
pathways in breast cancer cells promotes bone metastasis 
through immune escape. Nat. Med. 18(8), 1224–1231 (2012).

9	 Mittendorf EA, Peoples GE, Singletary SE. Breast cancer 
vaccines: promise for the future or pipe dream? Cancer 110(8), 
1677–1686 (2007).

10	 Topalian SL, Hodi FS, Brahmer JR et al. Safety, activity, 
and immune correlates of anti-PD-1 antibody in cancer. 
N. Engl. J. Med. 366(26), 2443–2454 (2012). 

•	 The activity and safety of BMS-936558, an antibody that 
specifically blocks PD-1, was assessed in 296 patients 
with advanced melanoma, non-small-cell lung cancer, 
castration-resistant prostate cancer, renal cell cancer or 
colorectal cancer. Objective responses were recorded in 
approximately one in four to one in five patients with non-
small-cell lung cancer, melanoma, or renal-cell cancer.

11	 Eggermont AM, Kroemer G, Zitvogel L. Immunotherapy 
and the concept of a clinical cure. Eur. J. Cancer 49(14), 
2965–2967 (2013).

12	 Palucka K, Banchereau J. Human dendritic cell subsets in 
vaccination. Curr. Opin. Immunol. 25(3), 396–402 (2013).

13	 Criscitiello C, Curigliano G. Immunotherapeutics for 
breast cancer. Curr. Opin. Oncol. 25(6), 602–608 (2013). 

••	 Broad summary of the literature illustrating the immune 
approaches that should be evaluated in the treatment of 
breast cancer (BC).

14	 Dunn GP, Bruce AT, Ikeda H et al. Cancer immunoediting: 
from immunosurveillance to tumour escape. Nat. Immunol. 
3(11), 991–998 (2002).

15	 Curigliano G. Immunity and autoimmunity: revising the 
concepts of response to breast cancer. Breast 20(3), 71–74 
(2011).

16	 Rosenberg SA. Progress in human tumour immunology and 
immunotherapy. Nature 411(6835), 380–384 (2001).

17	 Turnis ME, Rooney CM. Enhancement of dendritic cells as 
vaccines for cancer. Immunotherapy 2(6), 847–862 (2010). 

••	 Detailed review explaining the use of dendritic cells 
(DCs) in immunotherapy.

future science group

Review    Gelao, Criscitiello, Esposito et al.



www.futuremedicine.com 359

18	 Steinman RM, Hawiger D, Nussenzweig MC. Tolerogenic 
dendritic cells. Annu. Rev. Immunol. 21, 685–711(2003).

19	 Berzofsky JA, Terabe M, Oh S et al. Progress on new vaccine 
strategies for the immunotherapy and prevention of cancer. 
J. Clin. Invest. 113(11), 1515–1525 (2004).

20	 Nencioni A, Grünebach F, Schmidt SM et al. The use of 
dendritic cells in cancer immunotherapy. Crit. Rev. Oncol. 
Hematol. 65(3), 191–199 (2008). 

•	 Includes a complete description of DC biology and 
methods of vaccination, as well as discussion about clinical 
application.

21	 Ma Y, Shurin GV, Peiyuan Z et al. Dendritic cells in the 
cancer microenvironment. J. Cancer 4(1), 36–44 (2013).

22	 Engelhardt JJ, Boldajipour B, Beemiller P et al. Marginating 
dendritic cells of the tumor microenvironment cross-present 
tumor antigens and stably engage tumor-specific T cells. 
Cancer Cell 21(3), 402–417 (2012).

23	 Mu CY, Huang JA, Chen Y et al. High expression of PD-L1 
in lung cancer may contribute to poor prognosis and tumor 
cells immune escape through suppressing tumor infiltrating 
dendritic cells maturation. Med. Oncol. 28 (3), 682–688 
(2011).

24	 Eisenbarth SC, Williams A, Colegio OR et al. NLRP10 is a 
NOD-like receptor essential to initiate adaptive immunity by 
dendritic cells. Nature 484(7395), 510–513 (2012).

25	 Satthaporn S, Robins A, Vassanasiri W et al. Dendritic cells 
are dysfunctional in patients with operable breast cancer. 
Cancer Immunol. Immunother. 53(6), 510–518 (2004) 

•	 Indicates the impaired immunological function of DCs of 
breast cancer patients compared with normal subjects.

26	 Banchereau J, Schuler-Thurner B, Palucka AK et al. 
Dendritic cells as vectors for therapy. Cell 106(3), 271–274 
(2001).

27	 Lee AW, Truong T, Bickham K et al. A clinical grade cocktail 
of cytokines and PGE2 results in uniform maturation of 
human monocyte- derived dendritic cells: implications for 
immunotherapy. Vaccine 20 (4), 8–22 (2002).

28	 Ballestrero A, Boy D, Moran E et al. Immunotherapy with 
dendritic cells for cancer. Adv. Drug Deliv. Rev. 60(2), 
173–183 (2008).

29	 Gogas H, Polyzos A, Kirkwood J. Immunotherapy for 
advanced melanoma: fulfilling the promise. Cancer Treat Rev. 
39(8), 879–885 (2013).

30	 Khattak M, Fisher R, Turajlic S et al. Targeted therapy 
and immunotherapy in advanced melanoma: an evolving 
paradigm. Ther. Adv. Med. Oncol. 5(2), 105–118 (2013).

31	 Escudier B. Emerging immunotherapies for renal cell 
carcinoma. Ann. Oncol. 23(8), 35–40 (2012).

32	 Rini BI, Stein M, Shannon P et al. Phase 1 dose-escalation 
trial of tremelimumab plus sunitinib in patients with 
metastatic renal cell carcinoma. Cancer 117, 758–767 (2011).

33	 Pal SK, Hu A, Figlin RA. A new age for vaccine therapy in 
renal cell carcinoma. Cancer J. 19(4), 365–370 (2013).

34	 Cheever MA. PROVENGE (sipuleucel-T) in prostate cancer: 
the first FDA-approved therapeutic cancer vaccine. Clin. 
Cancer Res. 17, 3520–3526 (2011). 

••	 Sipuleucel-T (PROVENGE®, Dendreon) is the first 
therapeutic cancer vaccine to be approved by the US FDA.

35	 Lissoni P, Vigore L, Ferranti R et al. Circulating dendritic 
cells in early and advanced cancer patients: diminished 
percent in the metastatic disease. J. Biol. Regul. Homeost. 
Agents 13(4), 216–219 (1999).

36	 Fields RC, Shimizu K, Mulé JJ. Murine dendritic cells 
pulsed with whole tumor lysates mediate potent antitumor 
immune responses in vitro and in vivo. Proc. Natl Acad. Sci. 
USA 95(16), 9482–9487 (1998).

37	 Wright SE. Immunotherapy of breast cancer. Expert Opin. 
Biol. Ther. 12, 479–490 (2012).

38	 Gong J, Avigan D, Chen D et al. Activation of antitumor 
cytotoxic T lymphocytes by fusions of human DCs and 
breast carcinoma cells. Proc. Natl Acad. Sci. USA 97(6), 
2715–2718 (2000).

39	 Neidhardt-berard EM, Berard F, Banchereau J et al. 
Dendritic cells loaded with killed breast cancer cells induce 
differentiation of tumor-specific cytotoxic T lymphocytes. 
Breast Cancer Res. 6(4), 322–328 (2004).

40	 Wang B, Zaidi N, He LZ et al. Targeting of the non-
mutated tumor antigen HER2/neu to mature dendritic 
cells induces an integrated immune response that protects 
against breast cancer in mice. Breast Cancer Res. 14, R39 
(2012).

41	 Wang L, Xie Y, Ahmed KA et al. Exosomal pMHC-I 
complex targets T cell-based vaccine to directly stimulate 
CTL responses leading to antitumor immunity in 
transgenic FVBneuN and HLA-A2/HER2 mice and 
eradicating trastuzumab-resistant tumor in athymic nude 
mice. Breast Cancer Res. Treat. 140(2), 273–284 (2013).

42	 Sakai Y, Morrison BJ, Burke JD et al. Vaccination by 
genetically modified dendritic cells expressing a truncated 
neu oncogene prevents development of breast cancer in 
transgenic mice. Cancer Res. 64(21), 8022–8028 (2004).

43	 Huang X, Ye D, Thorpe PE. Enhancing the potency 
of a whole-cell breast cancer vaccine in mice with an 
antibody-IL-2 immunocytokine that targets exposed 
phosphatidylserine. Vaccine 29(29–30), 4785–4793 (2011).

44	 Brossart P, Wirths S, Stuhler G et al. Induction of cytotoxic 
T-lymphocyte responses in vivo after vaccinations with 
peptide-pulsed dendritic cells. Blood 96(9), 3102–2108 
(2000).

45	 Avigan D, Vasir B, Gong J et al. Fusion cell vaccination of 
patients with metastatic breast and renal cancer induces 
immunological and clinical responses. Clin. Cancer Res. 
10(14), 4699–4708 (2004).

46	 Qi CJ, Ning YL, Han YS et al. Autologous dendritic cell 
vaccine for estrogen receptor (ER)/progestin receptor 
(PR) double-negative breast cancer. Cancer Immunol. 
Immunother. 61(9), 1415–1424 (2012).

47	 Baek S, Kim CS, Kim SB et al. Combination therapy of 
renal cell carcinoma or breast cancer patients with dendritic 
cell vaccine and IL-2: results from a Phase I/II trial. 
J. Transl. Med. 20, 9–178 (2011). 

••	 First trial to evaluate the safety and efficacy of the 
combination of IL-2 and DC vaccine.

future science group

Dendritic cell-based vaccines: clinical applications in breast cancer    Review



360 Immunotherapy (2014) 6(3)

48	 ClinicalTrials.gov home page.  
www.clinicaltrials.gov

49	 Cui Y, Yang X, Zhu W et al. Immune response, clinical 
outcome and safety of dendritic cell vaccine in combination 
with cytokine-induced killer cell therapy in cancer patients. 
Oncol. Lett. 6(2), 537–541 (2013).

50	 Ren J, Di L, Song G et al. Selections of appropriate regimen 
of high-dose chemotherapy combined with adoptive 
cellular therapy with dendritic and cytokine-induced killer 
cells improved progression-free and overall survival in 
patients with metastatic breast cancer: reargument of such 
contentious therapeutic preferences. Clin. Transl. Oncol. 
15(10), 780–788. (2013).

51	 Finn OJ, Forni G. Prophylactic cancer vaccines. Curr. Opin. 
Immunol. 14(2), 172–177 (2002).

52	 Koski GK, Koldovsky U, Xu S et al. A novel dendritic cell-
based immunization approach for the induction of durable 
Th1-polarized anti-HER-2/neu responses in women with 
early breast cancer. J. Immunother. 35(1), 54–65 (2012).

53	 Czerniecki BJ, Koski GK, Koldovsky U et al. Targeting 
HER-2/neu in early breast cancer development using 
dendritic cells with staged interleukin-12 burst secretion. 
Cancer Res. 67(4), 1842–1852 (2007).

54	 Sharma A, Koldovsky U, Xu S et al. HER-2 pulsed dendritic 
cell vaccine can eliminate HER-2 expression and impact 
ductal carcinoma in situ. Cancer 118(17), 4354–4362 
(2012).

55	 Wolchok JD, Hoos A, O’Day S et al. Guidelines for the 
evaluation of immune therapy activity in solid tumors: 
immune-related response criteria. Clin. Cancer Res. 15, 
7412–7420 (2009).

56	 Galluzzi L, Senovilla L, Vacchelli E et al. Trial watch: 
dendritic cell-based interventions for cancer therapy. 
Oncoimmunology 1(7), 1111–1134 (2012).

57	 Strasser EF, Eckstein R. Optimization of leukocyte 
collection and monocyte isolation for dendritic cell culture. 
Transfus. Med. Rev. 24(2), 130–139 (2010).

58	 Dikov MM, Ohm JE, Ray N. Differential roles of vascular 
endothelial growth factor receptors 1 and 2 in dendritic cell 
differentiation. J. Immunol. 174, 215–222 (2005).

59	 Kawakami Y, Yaguchi T, Sumimoto H et al. Improvement 
of cancer immunotherapy by combining molecular targeted 
therapy. Front. Oncol. 3, 136 (2013).

60	 Tacken PJ, de Vries IJ, Torensma R et al. Dendritic-cell 
immunotherapy: from ex vivo loading to in vivo targeting. 
Nat. Rev. Immunol. 7, 790–802 (2007).

61	 Sancho D, Mourão-Sá D, Joffre OP et al. Tumor therapy in 
mice via antigen targeting to a novel, DC-restricted C-type 
lectin. J. Clin. Invest. 118, 2098–2110 (2008).

62	 Bonifaz L, Bonnyay D, Mahnke K et al. Efficient targeting 
of protein antigen to the dendritic cell receptor DEC-205 
in the steady state leads to antigen presentation on major 
histocompatibility complex class I products and peripheral 
CD8+ T cell tolerance. J. Exp. Med. 196, 1627–1638 (2002).

63	 Hawiger D, Inaba K, Dorsett Y et al. Dendritic cells induce 
peripheral T cell unresponsiveness under steady state 
conditions in vivo. J. Exp. Med. 194, 769–779 (2001).

64	 Mellor AL, Munn DH. IDO expression by dendritic cells: 
tolerance and tryptophan catabolism. Nat. Rev. Immunol. 4 
(10), 762–774 (2004).

65	 Zheng X, Koropatnick J, Chen D et al. Silencing IDO 
in dendritic cells: a novel approach to enhance cancer 
immunotherapy in a murine breast cancer model. Int. 
J. Cancer 132(4), 967–977 (2013).

66	 Criscitiello C. Tumor-associated antigens in breast cancer. 
Breast Care (Basel) 7(4), 262–266 (2012).

67	 Van Tendeloo VF, Ponsaerts P, Berneman ZN. mRNA based 
gene transfer as a tool for gene and cell therapy. Curr. Opin. 
Mol. Ther. 9, 423–431 (2007).

68	 Zhang B, Beeghly-Fadiel A, Long J, Genetic variants 
associated with breast-cancer risk: comprehensive research 
synopsis, meta-analysis, and epidemiological evidence. Lancet 
Oncol. 12(5), 477–488 (2011).

69	 Vonderheide RH, LoRusso PM, Khalil M. Tremelimumab 
in combination with exemestane in patients with advanced 
breast cancer and treatment-associated modulation of 
inducible costimulator expression on patient T cells. Clin. 
Cancer Res. 16(13), 3485–3494 (2010).

70	 Hodi FS, Butler M, Oble DA. Immunologic and clinical 
effects of antibody blockade of cytotoxic T lymphocyte-
associated antigen 4 in previously vaccinated cancer patients. 
Proc. Natl Acad. Sci. USA 105(8), 3005 (2008).

71	 Zitvogel L, Apetoh L, Ghiringhelli, F et al. Immunological 
aspects of cancer chemotherapy. Nat. Rev. Immunol. 8, 59–73 
(2008).

72	 Ghiringhelli F, Apetoh L, Tesniere A et al. Activation of the 
NLRP3 inflammasome in dendritic cells induces IL-1beta 
dependent adaptive immunity against tumors. Nat. Med. 15, 
1170–1178 (2009).

73	 Stagg J, Andre F, Loi S. Immunomodulation via 
chemotherapy and targeted therapy: a new paradigm in 
breast cancer therapy? Breast Care (Basel) 7(4), 267–272 
(2012). 

•	 Discusses the underlying mechanisms of how cytotoxic 
chemotherapy can stimulate an antitumor immune 
response and how combinations of traditional agents 
with new immunotherapeutic therapies may significantly 
advance our treatment of breast cancer.

future science group

Review    Gelao, Criscitiello, Esposito et al.


