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Abstract

Emerging data is suggesting that the process of dendritic cell (DC) tolerization is an important step 

in tumorigenesis. Our understanding of the networks within the tumor microenvironment that 

functionally tolerize DC function is evolving while methods for genetically manipulating DC 

populations in situ continue to develop. A more intimate understanding of the paracrine signaling 

pathways which mediate immune evasion by subverting DC function promises to provide novel 

strategies for improving the clinical efficacy of DC-based cancer vaccines. This will likely require 

a better understanding of both the antigen expression profile and the immune evasion network of 

the tumor and its associated stromal tissues.

 Introduction

Discovered in 1973 by Ralph Steinman, the dendritic cell (DC) is an antigen-presenting cell 

(APC) comprised of highly specialized antigen-processing and presentation machinery that 

allows for the efficient activation of antigen-specific T cells (Steinman and Cohn, 1973). 

This includes the ability to capture antigen from diverse peripheral tissues and to process 

this antigen in a manner that allows for effective presentation to effector CD8+ T cells in 

local lymph node tissues (Steinman et al., 1983). Additional attributes of the DC further 

enable these APCs to direct the differentiation and ultimate phenotype of the responding T 

cell, further shaping the adaptive immune response of the host (Banchereau and Steinman, 

1998). These abilities explain the notable potency of DC-mediated T cell activation and 

establish the DC as the central orchestrator of anti-tumor immunity.

 Development of DC-based Cancer Vaccines

These remarkable characteristics of the DC led to the concept of DC-based cancer vaccines, 

an approach that utilizes the myeloid DC as a vector for priming the immune system toward 

cancer-expressed antigens. While this approach was sought to capitalize on the DCs 

specialized ability to induce the activation of naïve T cell populations, it offered a seemingly 

elegant solution for overcoming the self-tolerance of tumor-expressed antigens (Gilboa, 
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2007). To date, however, this strategy has only resulted in limited benefit in the clinic 

(Melief, 2008). Since the initial clinical trial examining the efficacy of DC-based vaccination 

in 1995, steps toward the optimization of multiple parameters involved in the generation and 

delivery of DC-based cancer vaccines have been taken (Constantino et al., 2015). These have 

involved the eventual development of phase III clinical trials examining the role of DC-

based cancer vaccines in several solid tumors including renal cell carcinoma, melanoma, 

prostate cancer, and glioblastoma. These studies have led to the first in-class approval of a 

DC-based vaccine strategy, sipuleucel-T (Provenge®) for metastatic, hormone-refractory 

prostate cancer after showing an improvement in overall survival relative to placebo. This 

has been followed by additional DC-based vaccines primarily for the treatment of 

glioblastoma that have been given orphan drug designations by the Food and Drug 

Administration (FDA) and the European Medicine Agencies (EMA). Despite this advance in 

the field, the overall impact of these agents in clinical oncology has remained limited. Part of 

this limitation is related to the intricacies of DC subset selection and preparation, tumor 

antigen selection and loading, as well as the route of DC delivery (Palucka et al., 2010). In 

addition to these technical issues of DC-based vaccine design, there has been a developing 

literature describing mechanisms by which cancers both evade and actively suppress the 

generation of anti-tumor immunity (Gajewski et al., 2006). It is has become clear that these 

mechanisms play an important role in immunotherapy failure and likely contribute to the 

limited efficacy of DC-based cancer vaccines (Gabrilovich, 2004). Indeed, recent reports 

have described biochemical mechanisms that cancers have evolved to subvert DC function in 

order to generate sites of immune privilege and to facilitate disease progression (Da Forno et 
al., 2008; Hanks et al., 2013a; Holtzhausen et al., 2015). While many of these mechanisms 

serve to suppress DC-dependent stimulation of T cell activation, some are capable of 

reprogramming DCs to allow for the differentiation and expansion of regulatory T cell 

(Treg) populations known to be central mediators of tumor-induce immune tolerance. It 

follows, therefore, that an improved understanding of these mechanisms will facilitate the 

engineering of more effective DC-based cancer vaccines. To date, efforts to take advantage 

of our understanding of these mechanisms to improve DC-based vaccination strategies have 

been relatively limited, suggesting that opportunities exist to significantly improve this 

immunotherapy strategy.

 Tumor-mediated Immune Evasion and DC-targeted Subversion

A variety of mechanisms have been described by which developing cancers manipulate host 

immunity ultimately allowing for their escape and metastatic progression. Many of these 

mechanisms have been passive, describing ways in which cancers downregulate the 

expression of more immunogenic antigens and/or class I major histocompatibility complex 

(MHC) molecules, effectively cloaking them from infiltrating CD8+ T cells (Rabinovich et 
al., 2007; Swann and Smyth, 2007). Additional studies have described more active 

mechanisms of immune suppression exemplified by the upregulation of PD-L1 to inhibit 

effector T cell activity (Kroemer and Galluzzi, 2015; Xu et al., 2014). The importance of 

these mechanisms is exemplified by the clinical effectiveness of the anti-PD-1 and anti-PD-

L1 antibodies to block PD-L1-mediated T cell suppression (Badiee et al., 2007; Topalian et 
al., 2012; 2014). These immune evasion mechanisms also involve the expression and release 
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of soluble mediators by either the tumor stroma or the tumor cells themselves that drive 

paracrine signaling networks in the tumor microenvironment (Liao et al., 2009). These 

networks have been shown to modulate DC function and, in some cases, induce their 

tolerization via as yet poorly understood biochemical signaling pathways (Figure 1). In light 

of the central role of the DC in the generation of cellular immunity, these paracrine signaling 

pathways are likely to be highly potent immune suppression mechanisms and to represent 

promising targets for augmenting DC-based cancer vaccine efficacy.

The transforming growth factor-β (TGF-β) cytokine has been shown by several investigators 

to suppress the activity of many different components of the immune system including 

various T cell subsets, natural killer (NK) cells, and DCs either directly or indirectly through 

the generation of Treg populations (Flavell et al., 2010). Several cancer types exhibit 

elevated levels of TGF-β expression primarily within their associated stroma and these levels 

have been correlated with poor clinical prognosis in several studies (Teicher, 2007). In terms 

of the DC, TGF-β directly suppresses the expression of interferon-γ (IFN-γ), a pro-

inflammatory cytokine that plays a critical role in promoting CD8+ cytotoxic T cell 

activation and the TH1 polarization of differentiating CD4+ helper T cell populations (Travis 

and Sheppard, 2014). In addition, TGF-β suppresses DC co-stimulatory molecule and MCH 

class II expression while also promoting the expression of the CCL22 chemokine which is 

capable of recruiting Tregs to the tumor bed (Flavell et al., 2010; Hanks et al., 2013a). 

Indeed, transgenic mice harboring DCs engineered to be unresponsive to TGF-β signaling 

exhibit diminished melanoma growth along with enhanced T cell immunity to melanoma-

expressed antigens (Hanks et al., 2013a; Laouar et al., 2008). These findings are consistent 

with the work of others which have shown myeloid cell TGF-β signaling to be a necessary 

step in the metastatic progression of pre-clinical murine tumor models (Pang et al., 2013). 

These immunologic attributes of TGF-β have led to the development of pharmacological 

treatment strategies to augment the currently available checkpoint inhibitors (Hanks and 

Morse, 2010; Holtzhausen et al., 2014a).

Although multifunctional and context dependent, the interleukin-10 (IL-10) cytokine has 

also been found to be expressed at high levels by some developing cancers and to be capable 

of directly inhibiting myeloid DC expression of several critical antigen presentation and co-

stimulatory molecules by interfering with their NF-κB-dependent maturation program 

(Bhattacharyya et al., 2004; Mocellin et al., 2005). Indeed, IL-10 has been implicated in the 

inhibition of DC cross-presentation, the critical process of exogenous antigen uptake from 

the tumor microenvironment with subsequent MHC class I-restricted antigen presentation to 

cytotoxic T lymphocytes (Moore et al., 2001). Further work has shown tumor-released IL-10 

to inhibit DC expression of the pro-inflammatory cytokine IL-12, a potent driver of 

cytotoxic T cell and NK cell activation, as well as the TH1 polarization of CD4+ helper T 

cells, all of which is necessary to generate a potent cell-mediated immune response. 

Consistent with these findings, T cells responding to IL-10 conditioned DCs become 

functionally anergic. In addition, tolerized DCs themselves have been shown to express the 

IL-10 cytokine to maintain their anergic state through an autocrine signaling mechanism that 

involves the anti-inflammatory signaling mediator, signal transducer and activator of 

transcription 3 (Stat3). This negative feedback loop has been implicated by some 
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investigators to be particularly suppressive to DC-mediated T cell activation (Huang et al., 
2011).

Factors that have been traditionally associated with other pro-tumorigenic properties such as 

angiogenesis as well as tumor cell survival and invasion have also been shown to suppress 

DC functionality. These include vascular endothelial growth factor A (VEGF-A) which 

inhibits the DC maturation program by interfering with the RelB, NF-κB subunit (Mimura et 
al., 2007). Consistent with these findings, anti-VEGF antibody therapy (bevacizumab) has 

been associated with an increase in peripheral blood DCs and a reduced number of immature 

myeloid progenitors in patients with advanced cancer (Osada et al., 2008). This impact on 

DC function may explain the recent data demonstrating improved disease control rates in 

advanced melanoma patients receiving combination ipilimumab and bevacizumab therapy 

(Hara et al., 2008).

Another factor that has been demonstrated to negatively influence DC function includes 

prostaglandin E2 (PGE2). This prostanoid lipid is generated by the cyclooxygenase (COX)-1 

and 2 enzymes that are known to be overexpressed by several tumor types including 

colorectal, breast, and pancreatic cancers (Weeraratna et al., 2002). Previous work has 

demonstrated that PGE2 suppresses DC-mediated T cell proliferation by signaling through 

the G protein-coupled receptor, EP2 (van Baren and Van den Eynde, 2015).

Studies have demonstrated that the generation of PGE2 by tumors inhibits DC-induced 

effector T cell proliferation in vivo and others have found PGE2 to regulate T cell responses 

by inducing DC expression of the immunoregulatory enzyme, indoleamine 2,3-dioxygenase 

(IDO) (Jung et al., 2010; Kerner and Hoppel, 2000). Using a transgenic melanoma model, a 

more recent study has shown tumor-derived PGE2 to suppress the recruitment and activation 

status of the immunostimulatory CD103+ DC subset (Da Forno et al., 2008). These authors 

went on to show synergism between pharmacological COX inhibition and anti-PD-1 

antibody immunotherapy in a murine melanoma model.

A more recently described mechanism that has been shown to actively tolerize DC 

populations within the tumor microenvironment includes the tumor-mediated release of 

soluble Wnt ligands. Although historically characterized as a key signaling pathway in 

developmental biology, there has been increasing interest in the Wnt-β-catenin signaling axis 

in the field of immunology (Clevers and Nusse, 2012; Staal et al., 2008). Initial studies 

implicating a role for β-catenin in regulating DC biology demonstrated the activation of this 

signaling pathway to suppress inflammatory cytokine expression by myeloid DCs (Jiang et 
al., 2007). This effect was found to promote the generation of IL-10-expressing CD4+ T 

cells and to ameliorate the condition of a murine model of multiple sclerosis. Based on this 

data, the authors conjectured that β-catenin may serve as a mediator of tolerogenic DCs. 

During a separate route of inquiry, studies identified the Wnt-β-catenin signaling pathway in 

intestinal DCs to promote the expression of the immunosuppressive cytokines, TGF-β and 

IL-10, while also suppressing the expression of the proinflammatory cytokines IL-6 and 

IL-12 (Manicassamy et al., 2010). Indeed, the genetic ablation of β-catenin expression 

specifically in DCs led to a significant reduction in Tregs within the intestinal epithelium of 

transgenic mice and promoted the development of inflammatory bowel disease. Further 
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studies have also associated the Wnt3a and Wnt5a ligands with the development of a 

tolerogenic DC phenotype (Oderup et al., 2013; Valencia et al., 2011). A follow-up report 

suggested the tolerization effect of the DC β-catenin signaling pathway to be partially 

dependent upon the induction of retinoic acid synthesis, allowing for downstream induction 

of Treg differentiation (Hong et al., 2015). More recent work has shown melanomas to 

hijack this pathway in order to establish a site of immune privilege (Holtzhausen et al., 
2014b). By releasing soluble Wnt5a into the tumor microenvironment, melanomas induce 

expression of the IDO enzyme in local DC populations in a β-catenin-dependent manner 

(Holtzhausen et al., 2015). IDO enzymatically converts the tryptophan amino acid into 

kynurenine, a compound capable of directly driving Treg differentiation (Fallarino et al., 
2006; Sharma et al., 2007). Indeed, the upregulation of IDO by the Wnt5a-β-catenin 

signaling axis resulted in potent Treg generation and melanoma progression in an 

autochthonous BRAFV600EPTEN−/− melanoma mouse model. Interestingly, systemic 

inhibition of this signaling pathway synergistically enhanced the activity of anti-CTLA-4 

antibody immunotherapy in murine melanoma while further work showed melanoma Wnt5a 

expression to be associated with diminished responses to anti-CTLA-4 antibody 

immunotherapy in both murine and human melanoma (Zhao et al., 2015).

 Exploiting Mechanisms of DC-targeted Immune Evasion to Augment DC-

based Cancer Vaccines

Investigators have utilized various approaches to genetically alter these immunosuppressive 

signaling pathways in DC-based vaccines. Ex vivo manipulation of tumor antigen-pulsed 

DCs using viral transduction or RNA transfection techniques allows the opportunity to 

augment DC functionality prior to their delivery to tumor-bearing hosts. While studies have 

evaluated the impact of ex vivo pharmacological treatment of DC vaccines to reverse these 

immunosuppressive signaling pathways prior to their administration, significant concerns 

exist in terms of the duration of the treatment impact on the physiology of the DC in situ. As 

a result, we focus here on genetic approaches to promoting DC functionality in the 

immunotolerant tumor microenvironment.

Investigators have utilized lentiviral vectors to overexpress a dominant-negative version of 

the type II TGF-β receptor (TβRIIDN) in myeloid DC-based vaccines to circumvent the 

suppressive activity of TGF-β in a prostate cancer mouse model (Lua et al., 2015). This 

study found tumor antigen-pulsed TβRIIDN DCs to enhance prostate cancer cell killing in 
vitro while suppressing prostate tumor growth and prolonging the survival of prostate tumor-

bearing mice relative to control DC vaccines. An alternative approach has been taken to 

suppress DC-dependent expression of the IL-10 cytokine via small interfering RNA 

(siRNA)-targeted transfection (Zhao et al., 2015). This approach demonstrated that DC 

IL-10 inhibition generated a significant improvement in T cell-mediated leukemic cell 

killing, a reduction in bone marrow leukemic cells, and prolonged survival in a rat model of 

acute myeloid leukemia compared with control siRNA-transfected DC vaccines. Cationic 

microparticles to improve DC vaccine transfection have also been utilized to genetically 

silence DC IL-10 expression (Carreno et al., 2015). When paired with toll receptor 

stimulation, the blockade of IL-10 induction resulted in synergistic enhancement of DC pro-
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inflammatory cytokine expression as well as prolongation of survival in a murine lymphoma 

model. Silencing the expression of IL-10 in human monocyte-derived DCs similarly 

enhanced the induction of autologous T cell proliferation and TH1 CD4+ T cell polarization 

relative to control transfected DCs and has also been shown to enhance the generation of T 

cell responses targeting the MART1 melanoma antigen (Chhabra et al., 2008; Liu et al., 
2004). As an alternative approach to blocking IL-10 signaling in DCs, siRNA-mediated 

silencing of the DC IL-10 receptor has also been investigated (Kim et al., 2011). Similar to 

the studies reported above, this maneuver enhanced DC expression of pro-inflammatory 

cytokines including IL-12 and promoted CD4+ TH1 polarization. In addition, these authors 

showed this strategy to enhance antigen-specific CD8+ T cell responses while suppressing 

the progression of a murine lung cancer model.

While studies have not directly altered the Wnt-β-catenin axis in an attempt to augment the 

T cell stimulatory capacity of DCs, investigators have targeted the IDO enzyme, a critical 

downstream effector of DCs in this pro-tolerogenic signaling pathway. Using human 

peripheral blood mononuclear cell-derived DCs, investigators have optimized siRNA 

transfection protocols to selectively suppress the expression of DC IDO (Flatekval and 

Sioud, 2009). Further studies showed that IDO-silenced DCs were capable of generating 

more robust T cell responses in vitro and inducing antigen-specific T cell responses in a 

small cohort of patients with gynecological malignancies (Sioud et al., 2013). One patient 

with metastatic ovarian cancer within this cohort was noted to have a prolonged clinical 

response following treatment with an IDO-silenced DC vaccine (Sioud et al., 2015). 

Additional work has demonstrated IDO-silenced DCs to enhance the activity of cytotoxic T 

lymphocytes while also suppressing the development of Treg populations in the tumor-

draining lymph node tissues of a murine breast cancer model (Zheng et al., 2013). While the 

IDO-silenced DC vaccine suppressed growth of the breast cancer model when administered 

on the same day as implantation, it failed to impact tumor progression if treatment was 

delayed until primary tumor development was noted.

In order to circumvent the potential pitfalls of ex vivo generation and manipulation of DC 

vaccines, a contingent of investigators have launched a series of studies to genetically target 

DC populations in vivo (Tacken et al., 2007). Many of these in vivo DC targeting protocols 

involve tumor antigen delivery to in situ DCs utilizing a variety of different approaches. 

These include tumor antigen-conjugated antibodies that are specific to different DC-

expressed C-type lectins, including DEC-205, and that target protein antigens to both MHC 

class I and class II processing pathways in DCs (Bonifaz et al., 2002; Steinman et al., 2003). 

Fused with the NY-ESO-1 cancer testis antigen, this approach is currently being evaluated in 

a series of active clinical trials in several different malignancies. This strategy has also been 

adapted to target siRNA-containing liposomes to in vivo DC populations (Badiee et al., 
2007; Fan and Moon, 2015). By incorporating anti-DEC-205 antibodies into a liposomal 

structure, this approach can be used to deliver siRNA payloads to DCs in vivo (Zheng et al., 
2009). Although the authors did not use a DC-specific strategy, a recent manuscript 

described the use of liposomal nanoparticles to genetically silence TGF-β expression in the 

microenvironment of a murine melanoma model (Xu et al., 2014). This study found that the 

addition of TGF-β-targeted silencing to nanoparticle vaccination for the TRP2 antigen was 

able to suppress growth even in previously established melanomas. Finally, a more recently 
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developed approach using a re-engineered lentiviral vector has been designed to specifically 

transduce DCs by targeting the C-type lectin, DC-SIGN (Odegard et al., 2015). This 

technology is currently being utilized to treat patients with a variety of solid tumors by 

delivering the NY-ESO-1 cancer testis antigen to DCs in a phase I clinical trial 

(NCT02122861).

While many questions remain including the target cell specificity and transfection 

efficiencies of these in vivo DC delivery strategies, there are several potential advantages 

including the transfection of DCs within the natural environment of the tumor-draining 

lymph node as well as the simpler logistics of vaccine preparation which make this an 

attractive option for future cancer vaccine development.

 Conclusions

Despite our evolving understanding of the mechanisms utilized by cancers to subvert DC 

function, few studies to date have attempted to engineer DC-based vaccines to circumvent 

these suppressive pathways. While checkpoint inhibitor therapies have led the 

immunotherapy revolution in oncology, these agents do not offer the promise of 

personalized immunotherapy and, as a result, can be associated with significant autoimmune 

toxicity particularly when administered in combination (Kroemer and Galluzzi, 2015; Larkin 

et al., 2015; Postow et al., 2015). The future of cancer immunotherapy is likely to 

incorporate elements of various approaches including checkpoint blockade to augment 

effector T cell responses but also personalized cancer vaccines designed based on both 

selected tumor antigens as well as the incorporation of various modalities to inhibit or 

reverse active immune evasion and DC subversion mechanisms within the tumor 

microenvironment. The inclusion of DC-based cancer vaccines into checkpoint inhibitor 

regimens has been supported by a recent report showing that DC-based vaccination is 

capable of revealing a larger naïve T cell repertoire that is able to recognize and respond to 

sub-dominant tumor antigens, effectively enlarging the pool of T cells that can be further 

activated by checkpoint blockade (Carreno et al., 2015). The selection of which immune 

evasion pathways to target in these DC-based vaccine protocols will likely be determined 

based on data derived from various genetic, flow cytometry-based, and 

immunohistochemical/immunofluorescence-based studies of the tumor and tumor-draining 

lymph node tissues harvested from the patient prior to undergoing treatment (Figure 2). This 

rational combinatorial approach offers the optimal chance of generating potent anti-tumor 

immunity and achieving the therapeutic synergism that will be necessary to effectively treat 

patients with advanced malignancies.
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Figure 1. 
Tumor-mediated mechanisms of dendritic cell (DC) tolerization and immune suppression. 

Tumor-derived soluble factors and exosomes promote DC-mediated Treg differentiation to 

generate an immune privileged site conducive to tumor progression. COX, cyclooxgenase; 

PGE2, prostaglandin E2; IDO, indoleamine 2,3-dioxygenase; RA, retinoic acid.
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Figure 2. 
Ex vivo and in vivo DC-based vaccine protocol design based on dominant immune evasion 

mechanisms identified in tumor and tumor-draining lymph node (TDLN) tissues.
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