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Dendritic cell immunobiology
Why dendritic cells for tumor vaccines?
Dendritic cells (DCs) have unique character-
istics that have made them an ideal choice for 
antitumor vaccines. They are considered the 
most effective antigen-presenting cell (APC) [1] 
responsible for primarily sensitizing naive T cells 
to specific antigens. DCs are ten- to 100-times 
more potent than their fellow APCs, B cells and 
monocytes, in inducing T-cell proliferation [2,3]. 
Additionally, DCs play an important role in the 
establishment of immunologic memory [4,5]. In 
contrast with monocytes and B cells, DCs are 
able to use soluble protein antigens to sensitize 
naive T cells in vitro [2,6,7]. Using these soluble 
proteins, DCs have successfully sensitized both 
CD4+ [7,8] and CD8+ T cells inducing antigen-
specific cytotoxic T  lymphocytes (CTLs) [6]. 
This capability gives developers of DC-based 
vaccines a wider range of potential antigen tar-
gets that can be effectively used to sensitize T 
cells. With respect to their use against cancer, 
the ability of DCs to prime T cells to attack 
tumor cells has been demonstrated in vitro [5,9] 
as well as in various animal models [10–12].

Another benefit of DCs is their role as the 
principal APC with the ability to cross-prime, 
meaning that in addition to their ability to 
present via the classical pathways of presenting 
exogenous antigens on MHC class II molecules 
and endogenous antigens on MHC class I mole-
cules [13], they can also route exogenous antigens 

into the pathway for presentation on MHC 
class  I molecules, which is necessary for the 
generation of CTLs [14–17]. The capability for 
presenting exogenous tumor antigens on MHC 
class I molecules has been demonstrated in vitro 
and in mouse models [18,19], and has been shown 
to occur with both infectious and tumor anti-
gens [20,21]. While macrophages and B cells have 
exhibited some ability to cross-prime, they do 
so to a much lesser extent than DCs. Receptors 
involved in various steps in antigen internaliza-
tion and processing have been associated with 
the ability of particular DCs to cross-prime in 
contrast with macrophages and B cells [22]. For 
example, DCs express fewer lysosomal proteases 
than macrophages [23] and also inhibit lyso-
somal acidification via NOX‑2-mediated alka-
lization of phagosomes and endosomes [24,25], 
thereby preventing activation of lysosomal pro-
teases and maintaining extracellular antigens 
available in the intracellular compartment for 
cross-presentation. This enhanced antigen sta-
bility in DCs increases their ability for cross-
presentation [26]. In addition to higher antigen 
stability, cross-priming depends on endocytic 
receptors that target internalized antigen to 
storage compartments. For example, DEC-205 
is an endocytic receptor associated with effec-
tive and prolonged cross-presentation in CD8+ 
murine DCs [27–29]. Mannose receptor-mediated 
endocytosis has also been associated with tar-
geting internalized antigens for endosomes that 
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can be processed for cross-priming [22,30] as have 
other endocytic receptors, including dectin-1 
[31], and neonatal Fc receptor [32] among oth-
ers [33–36]. More recently, CD40 on monocyte-
matured DCs was shown to be highly efficient 
at cross-presentation when compared with 
mannose receptor and DEC-205 despite less 
efficient antigen internalization [33]. Another 
requirement for successful cross-presentation 
is functional transporter associated with anti-
gen processing (TAP) complexes, in particular 
endosomal TAP complexes [37], to mediate pep-
tide transport from the cytosol into phagosomes 
for loading onto MHC class I molecules [38–
40]. While more than one pathway can mediate 
cross-presentation [41], having operational path-
ways for cross-presentation make DCs that have 
this capability important for activating CTLs 
using exogenous antigen in vaccine constructs. 
Such DCs have been shown to be capable of 
priming CTLs even in the absence of sensitized 
CD4+ cells [42,43].

The capabilities of the DC as an immune 
effector cell, in particular its role as a potent 
and versatile APC, make it well suited to be the 
vehicle of an antitumor vaccine. However, it is 
important to recognize that DCs not only prime 
naive T cells for antigen recognition but also 
regulate the nature of the subsequent immune 
response. DCs can induce a diversity of T‑cell 
behaviors varying from potent antitumor or 
antimicrobial activity to regulation of immune 
tolerance, which can be a serious factor limit-
ing vaccine success [44]. Some of this variability 
in behavior relates to their heterogeneous line-
age and understanding this lineage helps us to 
choose appropriate DCs for use in vaccination.

DC lineages & the choice of cell lineage 
for vaccine construct
DCs develop from a variety of precursors. 
A choice of DC subset to use for vaccination 
should weigh both logistic concerns in terms of 
obtaining adequate numbers of cells for vaccina-
tion as well as biologic factors as to how these 
DCs differentiate, mature and function as part 
of the immune response. The ontogeny of DCs 
is fairly complicated and a complete mapping 
and understanding of DC development is yet 
to be fully realized. Labeling schemes for DC 
subsets vary in the literature and are evolving. 
This inconsistency further complicates under-
standing DC development. We will outline the 
current knowledge of DC subsets and how their 
characteristics impact choice of DC lineage for 
vaccine production.

Mouse models have examined different DC 
lineages to elucidate their tendencies to induce 
a certain immune response. Mouse cells have 
been separated into CD8+ and CD8- subsets, 
although this CD8 positivity has not been found 
in human DCs. CD8+ murine DCs have been 
shown to induce a T helper (Th)1 response while 
CD8- DCs have a tendency to promote a Th2 
response, suggesting that DC lineages have cer-
tain biases [45,46]. Variability among these murine 
lineages has also been found in their ability to 
cross-prime. In particular, DCs of the CD8+ lin-
eage are capable of cross-presentation [47,48]. This 
functional divide in mice suggests the need to 
be aware of similar differences in the capabilities 
of human DCs of different lineages. For exam-
ple, evidence suggests that not all human DC 
subsets are able to undertake cross-presentation 
[27], which is an important part of mediating 
CD8+ immunity to exogenous tumor antigen. 
Various tissue DCs have demonstrated the abil-
ity to cross-present [49,50] as have DCs derived 
from monocytes [15]. As outlined above, further 
study is being conducted into the receptors on 
DCs that are important for cross-presentation 
along with ways of manipulating these receptors 
to enhance cross-presentation [51]. In addition to 
monitoring cell subsets for receptor expression, 
antigens can be targeted towards receptors that 
are present to increase cross-presentation effi-
ciency [28]. Investigation into which human DC 
subsets are able to cross-prime will help identify 
candidate lineages for creating effective vac-
cines while a more in-depth understanding of 
the receptors and cellular machinery involved 
in cross-presentation may not only help identify 
cells with the intrinsic capacity to cross-prime, 
but provide targets for engineering DCs to more 
effectively engage in cross-presentation.

Historically, attempts have been made to clas-
sify various DC subsets both in terms of their 
differentiation pathways as well as based on their 
tendency to elicit a particular immune response, 
with type 1 DCs (DC1s) and type 2 DCs (DC2s) 
or pre-DC1s and pre-DC2s designated based on 
their tendency to polarize T cells towards a Th1 
or Th2 response, respectively [52,53]. However, 
the plasticity of DCs and their ability to elicit 
different outcomes despite these tendencies 
have led to ongoing evolution of classification 
systems used in the literature. We will attempt 
to elucidate and clarify classification schemes 
as we discuss various DC subsets and their 
applications in cancer vaccines. Currently, the 
distinction between conventional DCs (cDCs) 
that arise directly from DC progenitor cells 
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and nonconventional DCs (non-cDCs) is one 
major separation in DC ontogeny noted in the 
literature [54]. Previously, attempts were made to 
distinguish DCs of myeloid origin from those of 
lymphoid origin. Myeloid DCs were originally 
thought of as cDCs and considered to have a 
tendency to elicit Th1-type immune responses. 
However, subsequently, it was discovered that 
DCs, whether of myeloid or lymphoid origin, 
can give rise to any DC subset with Flt3L iden-
tified as an essential component of DC devel-
opment [55–58]. In another prior classification 
attempt, cDCs were distinguished from plas-
macytoid DCs (pDCs), although more recently 
pDCs and monocyte-derived DCs have both 
been grouped together as non-cDCs, given that 
in steady state in vivo, they do not give rise to the 
DCs that reside in various lymphoid and non
lymphoid tissues [59] but rather differentiate into 
DCs under certain environmental conditions.

Whereas monocyte-derived DCs and pDCs 
are both migratory in nature, DCs that fall 
within the category of cDCs can be both migra-
tory or reside in lymphoid tissues [60]. Migratory 
DCs have been of greater interest for potential 
use in vaccines given that they are characterized 
by their ability to take up antigen in the periph-
ery and subsequently travel to draining lymph 
nodes to interact with T cells [60]. However, 
given the limited exploration into their use, 
examination of tissue DCs may reveal additional 
useful DC subpopulations for incorporation into 
vaccine strategies.

Separate from cDCs, stem cells also produce 
cells capable of following a different develop-
ment path but that, under certain conditions, 
can differentiate into DCs. Some literature has 
termed these cells immediate DC precursors, or 
pre-DCs, in contrast with cell lines that differ-
entiate earlier from hematopoietic progenitors 
into immature DCs, although this terminology 
is somewhat inconsistent across the literature 
with some using the term pre-DC to refer to 
committed DC progenitors [59]. Immediate DC 
precursors exist in lymphoid and solid organs 
and replenish or give rise to resident DCs. These 
resident DC precursors, or ‘resident pre-DCs’ 
[54], have not been commonly incorporated into 
vaccine constructs. Some literature has also des-
ignated circulating monocytes and pDCs as pre-
DCs [52,53], although they have more recently 
also been classified as non-cDCs [54]. Initially, 
monocyte-derived DCs and pDCs were deemed 
pre-DC1 and pre-DC2 for suggested tenden-
cies to mature into DCs that polarized T cells 
to a Th1 and Th2 response, respectively. The 

subsequent realization that there exists plastic-
ity in their development and immunologic out-
comes has abrogated use of this terminology, 
and the terms DC1 and DC2 are used more to 
describe mature phenotype and functional out-
come rather than being closely associated with 
particular DC lineages. Found in the blood, and 
thus migratory in nature, the non-cDCs – pDCs 
and monocytes – are of potential interest for use 
in vaccines.

Human pDCs express CD4, the IL-3 recep-
tor, are CD11c–, and have been most distinctly 
characterized by their production of type  1 
interferon in response to viral infection [61]. As 
noted above, pDCs have at times been desig-
nated as pre-DC2s in the literature [62], in con-
trast with monocytes that have been designated 
as pre-DC1s. This pre-DC2 designation resulted 
because pDCs that were shown to develop in the 
presence of IL-3 and CD40L [62,63] did not pro-
duce high levels of IL-12, an important cytokine 
for causing Th1 polarization of the immune 
system. Rather, pDCs have demonstrated a ten-
dency to polarize T cells towards a Th2 profile 
[64] or even induce suppressor T cells [64,65] via 
induction of Tregs [66]. Some clinical studies 
have found tumor-associated pDC infiltration 
in the primary tumor and in draining lymph 
nodes to be associated with poorer outcomes in 
various cancers including ovarian cancer, breast 
cancer, prostate cancer and melanoma, and these 
pDCs were shown to be less effective at immune 
activation, probably due to dysfunction caused 
by the tumor microenvironment [52,66–68]. Zou 
et al. showed tumor recruitment of pDCs to the 
tumor microenvironment in ovarian cancer that 
in turn induced poorly functioning T cells when 
compared with their counterpart pDCs found in 
blood [52]. While TGFb and PD‑1/PD‑L1 have 
been implicated in mediating tolerogenic prop-
erties of tumor-associated pDCs, FOXO3 has 
also recently been implicated as a key compo-
nent in inducing immunosuppressive activities 
in tumor-associated DCs, primarily pDCs. 
These mediators of the tolerogenic behaviors of 
pDCs provide targets to block that could poten-
tially enhance the antitumor function of pDCs 
[68,69]. Furthermore, opportunities exist to take 
advantage of the functional plasticity of pDCs. 
Despite a historical association to produce a Th2 
response, different signals can alter the pathway 
of their development. For example, viral infec-
tion can induce their production of type 1 inter-
ferons, indicating the capability of pDCs to play 
a role in the inflammatory immune response, 
and pDCs have been shown to differentiate to 
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more closely resemble inflammatory cDCs in 
the setting of viral infection [70,71]. While the 
murine pDC counterparts of human pDCs 
have been shown to possess a more immature 
phenotype than mouse cDCs, particular signals 
can elicit a mature phenotype from these pDCs 
with subsequent successful priming of T cells. 
Brawand et  al. compared murine cDCs and 
pDCs, revealing different patterns of Toll-like 
receptor (TLR) expression with cDCs express-
ing high amounts of TLR2, TLR3, and TLR4 
while pDCs had higher expression of TLR7 and 
TLR9. Stimulation with CD40L and CPG, a 
TLR9 agonist, led to a more mature phenotype 
of the pDCs with increased expression of cos-
timulatory molecules and secretion of IL-12, 
albeit at lower levels than their cDC counter-
parts. Furthermore, when activated with CPG 
and CD40L, the pDCs were able to sensitize 
naive T cells to specific antigens at levels com-
parable to cDCs [63]. These findings suggest that 
while pDCs may not have as strong a tendency 
as cDCs towards mediating a specific inflamma-
tory response, particular signals administered to 
pDCs may make them just as viable a DC subset 
for use in a vaccine [72]. The ability of pDCs 
to induce Th1- or Th2-type immune responses 
despite a tendency towards Th2 polarization 
suggests that environmental signals have a 
greater impact on the mature DC phenotype. 
Taking advantage of the plasticity of pDCs may 
provide a population of malleable DCs that can 
be manipulated to optimize their use in cancer 
vaccines.

Another set of non-cDCs, those derived from 
circulating moncoytes, has been well-studied 
for use in DC-based vaccines. Several biologic 
factors favor the use of monoctye-derived DCs. 
They are present in circulation and are able to 
take up antigen and travel to draining lymph 
nodes for antigen presentation. They are eas-
ily converted into immature DCs (iDCs) with 
GM-CSF and IL-4 [73]. Monocyte-derived 
CD11c+ iDCs demonstrate a high phagocytic 
ability in contrast with CD11c– pDCs [73] 
thereby optimizing their ability to take up anti-
gen for presentation. Furthermore, this subset 
has a tendency to be easily matured into a DC1 
phenotype, earning them the designation of pre-
DC1s in some of the literature describing DC 
ontogeny [64].

In addition to their favorable biology, wide-
spread use of monocyte-derived DCs is largely 
logistical given the easy accessibility to periph-
eral blood monocytes in humans when com-
pared with tissue sources of DCs. Leukapheresis 

is an efficient way to obtain sufficient numbers 
of peripheral blood monocytes for the generation 
of a vaccine and for additional in vitro study 
[74]. Logistic limitations change when using a 
mouse model where DCs from bone marrow, 
spleen or lymph nodes may in fact be more easily 
accessible.

While monocyte-derived DCs are used for 
vaccine development, utilization of other DC 
lineages is possible given evidence that environ-
mental signals more strongly influence mature 
phenotype. Use of particular DC lineages for 
vaccine production must be shaped by knowl-
edge of their receptor expression and the sig-
nals required to induce a desired phenotype [75]. 
While in vitro and mouse studies suggest efficacy 
of T-cell sensitization for a variety of DC sub-
types including monocyte-derived DCs, pDCs, 
Langerhans cells [76,77] and other interstitial DCs 
[78], there is a paucity of clinical trials testing the 
efficacy of these varying subtypes (see Table 1) 
and few comparative studies [79]. In particular, 
in vitro studies of Langerhans cells have been 
very promising in demonstrating sensitization 
[77] as have pDCs [80], even when compared with 
monocyte-derived DCs [81]. However, human 
trials using pDCs have yet to be conducted. 
Comparative clinical study of DC lineages is 
an area where further study could reveal more 
effective combinations of functional DCs for 
incorporation into a DC-based vaccine.

DC maturation & immune tolerance
DCs in circulation and in peripheral tissues are 
largely found in an immature form. Upon receiv-
ing appropriate maturation signals, DCs upregu-
late chemokine receptors to facilitate migration 
to nearby lymph nodes [82], increase surface 
expression of MHC molecules to enhance anti-
gen presentation and upregulate costimulatory 
models necessary for amplification of the T-cell 
response [83,84]. In addition to antigen uptake 
and T-cell interactions, DCs require additional 
danger signals to become fully activated. Based 
on the type of maturation signals the DCs 
receive, they mature into various phenotypes, 
and these phenotypes affect their interactions 
with T cells and the cytokines they will secrete.

In addition to playing a role in activating the 
immune system, DCs can also induce immune 
tolerance, which is a potential barrier to a suc-
cessful vaccine strategy. Evidence has suggested 
that DCs that are not fully matured will be 
prone to inducing tolerance [85]. Studies that 
support this role have linked immature DCs to 
the promotion of regulatory T-cell development 
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conferring peripheral self-tolerance [86,87]. 
Jonuleit et  al. used peripheral monocytes to 
generate immature DCs by culturing them with 
GM-CSF and IL-4. A mature population was 
also developed from these peripheral monocytes 
by further activating them with inflammatory 
cytokines, IL-1, TNFa, IL-6 and PGE2. When 
these populations were used to stimulate naive 
CD4+ T cells, the mature population induced 
a proliferative response on restimulation and a 
cytokine profile characteristic of a Th1-polarized 
immune response. In contrast, the immature 
DCs induced a profile more consistent with a 
Treg population characterized by nonprolifera-
tion upon restimulation and IL-10 secretion. 
This phenotype was not completely reversed 
with subsequent stimulation by mature DCs 
nor with IL-2 [86]. While this immune suppres-
sion described by Jonuleit et al. was not antigen 
specific, Dhodapkar et al. subsequently demon-
strated that injection of antigen-pulsed iDCs 
leads to antigen-specific immune suppression, 
even inhibiting pre-existing antigen-specific 
T-cell function and leading to antigen-specific 
IL-10 secretion by CD8+ T cells in humans 
in vivo [87]. These findings suggest that using 
DCs that are not fully matured will be ineffec-
tive in vaccination against tumor antigens and 
may even promote immune tolerance, indicat-
ing that vaccines should incorporate signals to 
achieve full maturation and activation of DCs 
prior to vaccine administration. In fact, taking 
advantage of immature DCs to try to promote 
anergy has been applied in efforts to subdue to 
immune system in the settings of transplan
tation and automimmunity [88]. Other research-
ers aiming for immunosuppression have even 
engineered DCs to lack expression of certain 
mature features, such as CD80/86, important 
costimulatory molecules expressed on mature 
DCs whose absence has been shown to lead to 
anergic T-cell development [89].

Alternatively activated DCs can also lead to 
immune tolerance, such as those used by Arce 
et al. whereby lentivirus vectors were used to 
selectively activate ERK in DCs that subse-
quently led to antigen-specific Treg differentia-
tion [90] showing that inappropriately activated 
DCs can also induce T-cell tolerance. Perona-
Wright et al. demonstrated that DC matura-
tion induced with lipopolysaccharide (LPS) in 
the presence of IL-10 still led to expression of 
mature cell-surface markers such as CD80 and 
CD86 but that this expression was less stable 
and became downregulated more quickly than 
those DCs matured without IL-10 present. 

Similarly, IL-12 secretion was more short-lived 
and ultimately these cells induced tolerance 
[91]. These and other signals have been shown 
to alternatively activate DCs to a tolerogenic 
state [92]. Awareness of such signals must direct 
the choice of maturation signals used, as well 
as facilitate targeting of any such factors that 
may be present in the tumor microenvironment 
mediating tolerance. Furthermore, maturation 
alone is likely not sufficient to assure immune 
activation. Banjeree et  al. demonstrated that 
vaccination of myeloma patients with cytokine-
matured DCs led to expansion of a Treg popu-
lation despite the use of mature DCs. Being an 
in vivo study, this suggests a role of the tumor 
environment in affecting the behavior of these 
DCs, but also indicates that the signals used to 
lead to a mature phenotype impact the mature 
DCs’ ability to be immune-activating or -sup-
pressing [93]. Thus, for cancer vaccines, assuring 
full maturation as well as appropriate activation 
of DCs is an important part of overcoming the 
barrier of immune tolerance. The tolerogenic 
outcomes in these studies point out the need to 
confirm DC maturity and phenotype through 
cell-surface markers and cytokine secretion prior 
to vaccine administration.

DCs as immune suppressors
To better understand how to use DCs in a 
vaccine construct, the role of DCs as poten-
tial mediators of immune suppression should 
be explored further. Immune suppressor cells 
exist in both the lymphoid population, such 
as the well-characterized Treg population, as 
well as among myeloid cells. DCs, when in the 
immature or resting state, have the capability of 
mediating immune tolerance via induction of 
Tregs, which in turn secrete immunosuppressive 
cytokines such as IL-10, suppressing both T-cell 
proliferation and DC activation [94]. However, 
myeloid-derived suppressor cells (MDSCs) also 
play an important role in immune tolerance, and 
are of particular interest as a potential barrier to 
successful vaccination with DC-based vaccines 
as they may arise from the same cell popula-
tions used to construct the vaccines and may 
be recruited by signals used as adjuvants with 
these vaccines.

MDSCs are defined by their myeloid ori-
gin, immature state [95,96] and, of course, their 
biologic role in immune suppression. MDSCs 
have been shown to exert their effect on T cells 
via multiple factors including reactive oxygen 
species [97], inducible nitric oxide synthase, 
nitric oxide [98], TGFb [99,100], IL-10 [101] and 



Future Oncol. (2012) 8(10)1280 future science group

Review Cintolo, Datta, Mathew & Czerniecki

prostaglandin E
2
 [102]. In a similar characteriza-

tion scheme to that of mice, MDSCs have been 
divided into two main subsets: human granulo-
cytic MDSC and monocytic MDSC, although 
in reality these MDSCs have been found to 
be quite heterogenous [103,104]. These different 
human subsets utilize distinct mechanisms with 
granulocytic monocytic MDSCs utilizing reac-
tive oxygen species and M-MDSCs secreting 
TGF‑b [105]. The monocytic subset is CD14+, 
like the peripheral monocytes used to develop 
many of the DC-based vaccines in humans, and 
has been identified in association with various 
cancers such as melanoma [102] and prostate can-
cer [106]. One recruiter of MDSCs, GM-CSF, is 
of note in that it has been used as an adjuvant 
in vaccine therapy, and the suppressive effect 
of excess GM-CSF has been demonstrated in 
humans. Melanoma patients that were injected 
with autologous melanoma cell-derived heat-
shock protein peptide complex gp96 in the pres-
ence of low-dose GM-CSF in an attempt to pro-
mote DC development and accumulation were 
found to display a decreased CD8+-mediated 
T-cell response and decreased antitumor effect 
when compared with those treated without the 
GM-CSF injection. Under randomized control-
led conditions, these differences were associated 
with an increased population of MDSCs, spe-
cifically CD14+CD11b+ cells that were secreting 
TGFb, and this difference was in turn linked 
to the administration of GM-CSF  [102]. This 
study suggests the importance of maturing 
sufficient numbers of DCs and injecting them 
in an already activated state rather than using 
GM-CSF in vivo given its potential to recruit a 
variety of cells including MDSCs.

Tolerogenic DCs that maintain antigen-specific 
Treg populations have also been described. Their 
formation is promoted by TGFb, IL-10, IL-27, 
vitamin D3 and IDO and, similar to MDSCs, 
they promote immune tolerance via secretion of 
TGFb, IL-10 or IDO [107–109]. Tregs, which are 
characterized by expression of Foxp3 [110], have 
the ability to induce immune tolerance among 
other T cells [111] as well as promote tolerogenic 
DCs. The importance of TGFb in the interplay 
between Tregs and tolerogenic DCs has been 
well-characterized [108,112].

Aside from assuring appropriate activa-
tion of DCs administered in a vaccine so as to 
avoid an immunosuppressive phenotype, the 
vaccine must overcome immune suppression 
being carried out by regulatory cells present in 
the microenvironment such as MDSCs, Tregs 
and tumor-associated immunosuppressive 

macrophage (M2) cells [113]. Tumors themselves 
condition the microenvironment to promote 
immune tolerance, a concept addressed in part 
upon discussing the role of the tumor microen-
vironment in inducing tolerogenic behavior in 
pDCs. Immunosuppressive cytokines such as 
GM-CSF, VEGF, IL-13, IL-6 and IL-10 can 
negatively impact the function of T cells and pro-
mote formation of MDSCs [98,114]. In addition to 
factors secreted by the tumor, the bidirectional 
communication between Tregs and tolerogenic 
DCs contributes to persistent immune tolerance.

Using properly matured and activated DCs 
is one way to prevent these DCs from having 
a tolerogenic effect and overcome the suppres-
sive tumor microenvironment. In fact, DCs have 
been shown to reverse peripheral T-cell tolerance 
against a variety of antigens including tumor 
antigens [115–117]. The importance of maturing 
DCs to a particular phenotype is highlighted 
by studies showing that the suppressive pheno-
type of MDSCs is enhanced by Th2 cytokines 
whereas Th1 cytokines can overcome this inhi-
bition and increase antigen-specific T-cell cyto-
toxicity [98,118]. These findings suggest that a 
Th1 immune response will have the capability 
for overcoming immune suppression induced by 
the tumor. In addition to engineering DC-based 
vaccines to overcome these barriers, pharmaco-
logic methods for combating MDSCs are under 
investigation by inhibiting compounds such as 
inducible nitric oxide synthase or arginase that 
mediate their suppressive function [119–121]. 
Coupling such pharmacologic therapies to target 
a variety of regulatory cells found in the tumor 
microenvironment with immunotherapy in the 
form of a properly activated DC vaccine could 
increase vaccine success.

Maturation signals
As previously noted, DCs require signals in 
addition to the antigen, in order to achieve a 
fully mature and activated state. These can be 
inf lammatory signals from the local micro
environment, pathogen-related molecules and 
signals from T cells [73]. Inflammatory signals 
include TNF, IL-1 and prostaglandins, used to 
generate ‘classical cytokine-generated DCs’ that 
have demonstrated successful in vitro sensitiza-
tion [86,122] and been applied successfully in some 
human trials (see Table 1). Still, this method has 
its limitations. Generating these DCs requires at 
least 1 week of culture, which increases the risk 
of bacterial contamination in addition to being 
less physiologic [1], and some in vivo studies have 
demonstrated cytokine-matured DCs leading to 
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expansion of the immunosuppressive Treg pop-
ulation [93]. There are now effective protocols 
for rapidly maturing DCs within 24–48 h [123] 
using both serum-containing [124] and serum-free 
media [123]. Deviating from the classical cytokine 
method has opened the possibility of eliciting 
more effective danger signals for activating the 
DCs. While inflammatory cytokines physiolog-
ically mimic conditions that may be found in 
infection, so do pathogen-related signals includ-
ing LPS, bacterial DNA and dsRNA [125,126]. In 
particular, TLR agonists have been explored due 
to their role in activating innate immunity and 
their subsequent potential for activating DCs. 
When LPS, a TLR4 agonist, has been used as 
one of the activating agents, high levels of IL-12, 
whose role in effective T-cell sensitization will 
be discussed, are produced [126]. A subsequent 
comparative in vitro study has reinforced these 
findings, suggesting that use of TLR agonists, 
in contrast with pure stimulation by the classical 
inflammatory cytokine milieu, is a more effective 
strategy [127]. Clinical trials using TLR agonists 
as a maturation technique are still few (Table 1), 
with the bias towards cytokine-matured DCs, 
and further trials will provide an opportunity to 
compare outcomes between cytokine-matured 
and TLR-activated DCs in order to determine 
the most effective method to activate DCs in 
such a manner as to prevent and even combat 
immune tolerance. In addition to exogenous 
signals to activate TLRs, researchers have been 
exploring alternative methods for delivering mat-
uration signals via the downstream cell signaling 
pathways by use of various different molecules as 
well as by engineering DCs to have constitutively 
active TLR signalling [128]. For example, DCs 
modified to express constitutively active TLR4 
with and without CD40L have demonstrated 
both maturation and the ability to stimulate an 
immune-specific CTL response [129]. These high-
light alternative methods for taking advantage of 
the TLR signaling pathway.

DC phenotype in vaccine design
Thus far, we have seen that there is a high degree 
of plasticity in DC lineage and that external sig-
nals greatly impact DC maturation. We have 
also discussed the importance of fully activating 
DCs, such as with the use of TLR agonists, in 
order to prevent or even abrogate immune toler-
ance. The ability of DCs to drive the immune 
system depends on both functional maturation, 
discussed above, as well as the mature pheno-
type [86]. Choice of maturation signals is consid-
ered, not only for achieving full maturation, but 

also to determine the subsequent polarization of 
the immune response.

It has long been established that the immune 
response can be polarized into different catego-
ries, initially described as the Th1- and Th2-type 
response [130]. These labels reflect active CD4+ 
Th cell subtypes and refer to the nature of the 
associated immune response. We have already 
discussed tolerogenic DCs and their ability to 
induce Tregs and thus an immunosuppressive 
response. More recently, a Th17 helper cell has 
also been described. DCs have been shown to 
affect the development of these different helper 
cells via the elaboration of cytokines [131]. The 
DCs that induce these types of response can thus 
be labeled as DC1s, DC2s and DC17s. In par-
ticular, the cytokines that most greatly impact 
this polarization are those that are present dur-
ing antigen presentation when DCs are interact-
ing with T cells via the T-cell receptor (TCR) 
[132,133]. We will discuss these categories of DCs, 
the signals that induce their development, the 
subsequent signals they provide and their impact 
on the immune system (Figure 1) as well as their 
role in antitumor immunity and cancer vaccines.

DC1-induced Th1 polarization
The DC1 phenotype is so named because it 
induces Th1 helper subsets. Th1 cells are char-
acterized by high IFN-g secretion, and have been 
associated with immunity against intracellular 
pathogens [130,131], autoimmunity [134,135] and 
antitumor immunity, particularly when com-
pared with Th2 cells [136–138]. IFN-g enhances 
the activity of cytotoxic CD8+ lymphocytes, an 
action thought to be a large part of the antitumor 
effectiveness of Th1 cells. Other cytokines pro-
duced by Th1 cells include TNF-a, a media-
tor of inflammation; and IL-2, which leads to 
expansion of lymphocyte populations. Th1 cells 
play a role in humoral immunity by inducing 
antibody class-switching and the production of 
IgG by B cells, including complement-fixing 
IgG1. The association of Th1 cells with auto
immunity also suggests an ability to overcome 
the barrier of immune tolerance, given that many 
tumor antigens are self-differentiation antigens. 
We have already addressed the improved abil-
ity of Th1 cytokines to overcome immune sup-
pression when compared with Th2 cytokines. 
Furthermore, we have found that Th1-driven 
T cells are more sensitive at detecting MHC 
class I–tumor antigen complexes than their 
Th2-driven counterparts [139]. This role of Th1 
cells in anticancer immunity has made DC1s the 
primary DC phenotype for vaccination.
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Cytokines that favor induction of a Th1 
response both in vitro and in vivo include IL-12 
and IFN-g [140]. DCs with the capability of 
inducing a strong Th1 response are characterized 
by the secretion of high amounts of IL-12. Both 
inflammatory cytokines and TLR agonists can 
be combined to mature DCs to a Th1-polarizing 
phenotype [141,142], and high IL-12 produc-
tion requires two such danger signals [141,143]. 
Although various combinations have been used 
with success [141], we have had particular suc-
cess using a combination of IFN‑g and LPS [144], 
leading to the highest levels of IL-12 secretion 
by DCs [126]. We have found that IL-12 is a key 
component of the antitumor effects of DC1s in 
addition to its well-described role in initiating 
the Th1-polarized response [145,146].

IL12 is a member of the small family of 
cytokines. It can be secreted in a free or 
homodimeric subunit or as a p70 heterodimer 
[147], but it is the p70 heterodimer composed of 
a p40 and p35 subunit and secreted by DCs that 
has the ability to polarize CD4+ T cells to the Th1 
phenotype [144,148,149]. IL-12 itself seems to have 

an inherent antitumor effect, in that it possesses 
antiangiogenic capabilities [150] and can activate 
natural killer cells [151,152], which play a key role 
in attacking tumor cells that have decreased or 
absent MHC expression. However, IL-12 also 
enhances adaptive immunity and improves sen-
sitization to tumor antigens [144]. Our laboratory 
has demonstrated that DC1s, characterized by 
high IL-12 secretion, improve CD8+ recognition 
of tumor-derived peptide antigens. When com-
pared with CD8+ T cells sensitized by DC2s, 
those sensitized by DC1s showed enhanced 
recognition of tumor cells expressing the target 
antigen and increased tumor lysis, which were 
linked to the impact of IL-12 during DC–T‑cell 
interactions. Furthermore, activation by DC1s 
increased the functional avidity of CD8+ T cells, 
the mechanism of which was also linked to the 
presence of IL-12 [144]. By using DC1s that were 
characterized by high IL-12 secretion, antigens 
to which T cells previously could not be sensi-
tized [153], or that could only be sensitized with 
multiple stimulations [154], were sensitized over 
the course of one stimulation with DC1s in a 
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6–7 day culture of DC1s with CD8+ T cells. This 
increased T-cell sensitization in turn resulted in 
tumor recognition and killing, in contrast with 
earlier studies that identified antigen recognition 
but without tumor killing when HER2/neu pep-
tide was injected with Freund’s incomplete adju-
vant [155]. Clinically, we have found that using 
DC1s that secrete high amounts of IL-12 and 
timing our injections to take advantage of this 
IL-12 secretion has yielded promising clinical 
results [156,157].

DC2-induced Th2 polarization
DC2s, in turn, refer to DCs that mature so as 
to have a cytokine profile favoring production 
of Th2 CD4+ cells and their associated immune 
response. Cytokines that favor production of the 
Th2 subset include IL-4 and anti-IFN-g. These 
Th2 CD4+ cells in turn secrete IL-4, IL-5, IL-6 
and IL-10. The Th2 arm of the immune system 
is characterized by its role in combating para-
sites while also promoting allergic reactions and 
asthma. This is because IL-4 and IL-5 activate 
mast cells and eosinophils that lead to elevated 
levels of IgE. Th2 cells also produce B‑cell 
growth and differentiation factors, associat-
ing the Th2 arm of the immune system with 
humoral responses although, as discussed, Th1 
polarization induces antibody class-switch and 
thus also affects humoral immunity. Some have 
suggested a role of the Th2 response in anti-
tumor activity via the activation of eosinophils 
[158], and Mattes et al. found that Th2 cells were 
capable of clearing lung and visceral metasta-
ses of B16 melanoma transfected to express 
chicken protein, OVA, in C57Bl/6 mice. This 
tumor regression was associated with an influx 
of eosinophils into tumors and was dependent on 
eotaxin, an eosinophil chemokine, and STAT6 
[159]. Despite findings that both Th1 and Th2 
cells can have an antitumor effect [136], Th2 
cells have generally been deemed less effective 
than their Th1 counterparts in combating can-
cer [160,161]. Furthermore, Th2 cytokines can 
inhibit Th1 activity and in that way may be det-
rimental. Aspord et al. linked Th2 polarization, 
particularly IL-13 secretion, with promoting 
early tumor development in breast cancer. This 
high IL-4- and IL-13-secreting Th phenotype 
depended on induction by DCs that had been 
influenced by the tumor microenvironment, 
illustrating the importance of DC activation in 
directing immune polarization [162]. DeNardo 
et al. used tissue analysis and mouse models to 
demonstrate that Th2  CD4+ cells character-
ized by IL-4 secretion promoted invasion and 

subsequent pulmonary metastases in breast 
cancer via their effects on macrophages, with 
one effect being increased expression of TGFb 
and EGF [163]. The beneficial findings of Th1-
polarized immunity and the mixed or poten-
tially harmful influence of Th2 immunity has 
biased vaccine production towards the promo-
tion of Th1 polarization via the production of 
DC1-based vaccines.

DC17-induced Th17 polarization
DC17s refer to DCs matured so as to induce 
a Th17 response. Th17 cells are a more recent 
discovery and are so named due to their pro-
duction of IL-17. These Th17 cells appear to 
be generated by TGFb and IL-6 via STAT-3-
dependent signaling [164], and are also driven by 
IL-23 [165] as well as IL-1b. Interestingly, IFN-g 
and IL-4, which promote Th1 formation, have 
been implicated in the inhibition of IL-23-
dependent IL-17 production [137]. Among the 
literature addressing factors that shape develop-
ment of Th17 cells, the role of IL-23 in induc-
ing IL-17 production by T cells is by now fairly 
well-established [165–167]. We have demonstrated 
the ability to develop DCs that produce IL-23 by 
treating iDCs generated from monocytes with a 
single TLR agonist. Using LTA, LPS or R848, 
which are agonists against TLR2, TLR4 and 
TLR7/8, respectively, we successfully produced 
DCs that secreted IL-23. This IL-23 secretion 
by monocyte-derived DCs was enhanced by 
rapid culture of monocytes in the absence of 
IL-4, given that IL-4 inhibits IL-23-dependent 
IL-17 production [168]. These DC17s produced 
IL-23 and induced secretion of IL-17A when 
co-cultured with CD4+ T cells that were able 
to subsequently demonstrate an antigen-specific 
Th17 response and could also induce antigen-
specific CD8+ T-cell secretion of IL-17A [167]. 
These findings show the successful produc-
tion of functional DC17s in the laboratory that 
can be used to further study this branch of the 
immune response. These laboratory-produced 
DC17s could also feasibly be incorporated into 
a vaccine should further evidence support their 
role in antitumor immunity.

The role of Th17 cells in tumor immunology 
has been controversial and is still under inves-
tigation. While some literature has implied a 
role of Th17-related cytokines in tumor pro-
motion due to the presence of IL-23 mRNA in 
various cancers [169] and Th17 cells in the tumor 
microenvironment and draining lymph nodes of 
several tumors [170,171], these findings are non-
specific and do not truly indicate whether or 
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not Th17 immune responses promote or com-
bat cancer, especially given that some studies 
have found other tumors to be associated with 
decreased Th17 cell levels [172–174]. Such associa-
tions are difficult to interpret without a better 
understanding of the immunobiology of the 
Th17 response.

One finding supportive of a protumor effect is 
that Th17 cells play a role in angiogenesis [175]. In 
particular, IL-17 is implicated in neovasculariza-
tion via STAT3 signaling [176]; by mechanisms 
such as enhancing the mitogenic effects of bFGF, 
HGF and VEGF on vascular endothelial cells 
[177]; and by inducing increased tumor secre-
tion of IL-8 [178]. They have also been shown 
to elaborate matrix metalloproteases in murine 
models [169], although one may argue that this 
increases mobility for infiltrating inflamma-
tory cells and not only for tumor cells. There 
is a suggestion that the inflammation induced 
by Th17 cells may in fact be procarcinogenic 
[169,179], with one study showing that IL-23 
deficiency conferred a protective effect in mice 
[169]. Another recent study of PTEN-deficient 
mice in which a prostate tumor cell line was 
implanted compared tumor behavior in mice 
that expressed IL-17 and in those genetically 
engineered to lack IL-17 expression. Mice that 
did not express IL-17 developed smaller tumors, 
exhibited less cellular proliferation as measured 
by Ki67 staining and had slower progression to 
invasive disease, possibly due in part to decreased 
elaboration of MMP7 when compared with the 
IL-17-expressing mice. These findings suggest a 
role of IL-17 in promoting tumor growth and 
invasion [180]. Part of the controversy arises from 
mixed findings even within the same study, 
suggesting that the role of IL-17 may not be so 
clear cut. For example, Benchetrit F et al. found 
that when IL-17 was transfected into human 
tumor cell lines, these tumors had increased 
progression in nude mice due to neovasculari-
zation. However, the opposite effect was found 
in immunocompetent mice, suggesting that in 
the context of a functioning immune system, 
this pro-angiogenic effect does not tell the entire 
story, and that Il-17 may in fact contribute to 
an antitumor response [181].

Indeed, there also exists growing evidence that 
the Th17 arm of the immune system enhances 
immunity against cancer. In contrast with 
findings that IL-23 deficiency was protective in 
animal models [182], other murine studies indi-
cated that systemic IL-23 enhanced the anti-
tumor activity of T cells [183,184]. Furthermore, 
IL-23 has been shown to induce a CTL memory 

response [185] and DCs producing IL-23 have 
demonstrated the promotion of antitumor 
immunity [186]. Findings that Th17 cells, like 
their Th1 counterparts, are involved in auto
immunity [187] also suggest the potential ability 
to overcome the immune tolerance induced by 
tumors. One striking demonstration of Th17-
polarized antitumor immunity was exhibited by 
Muranski et al., who compared the therapeutic 
effects of adoptive transfer of antigen-specific 
Th1, Th17, and non-polarized Th0 cells on the 
treatment of a B16 melanoma in a mouse model. 
The Th17-polarized T cells were the most effec-
tive at inducing tumor regression, even demon-
strating the ability to completely eradicate tumor 
and promote long-term survival [188]. However, 
the underlying mechanisms reflect the complex-
ity of the Th17 response. The antitumor effects 
of the Th17-polarized T cells were found to 
be dependent on IFN-g, and neutralization of 
IFN-g abrogated tumor rejection by the Th17 
cell population. IFN-g, while secreted by some 
Th17 cells, is more intimately associated with 
Th1 polarization and is secreted at higher con-
centrations by Th1 cells. One explanation for 
the ability of Th17 cells to mediate improved 
antitumor immunity in this particular model 
was attributed to potential improved survivabil-
ity of the Th17 population. Another explana-
tion is that there is a degree of plasticity in the 
Th response [158,189]. We have shown that DCs 
that produce IL-12 have a tendency to polar-
ize the Th response to a primarily Th1 response 
even in the presence of IL-23 secretion, whereas 
DCs that produce IL-23 in the absence of IL-12 
elicit a Th17-polarized response [167]. The pres-
ence of IL-12 may cause an alteration in the 
Th17 response from initial IL-17 secretion to 
more IFN-g secretions; [188] a shift that has been 
observed in other studies [190].

The immunobiology of Th17 polarization and 
its role in antitumor immunity remains contro-
versial. As this role becomes better-elucidated, 
the applications of DC17s in DC-based vaccines 
will become clearer. The possibility of interplay 
between the Th1 and Th17 arms seems possi-
ble given the plasticity of the Th response and 
evidence that IFN-g remains important in anti-
tumor immunity whether mediated by Th1 or 
Th17 cells. Further studies, in particular clinical 
trials in humans, are necessary to better clarify 
the antitumor effects of these responses, given 
there is a lack of human trials examining the use 
of DC17s and comparing outcomes among DC 
phenotypes (Table 1). Improving our understand-
ing of the Th17 immune response, its role in 
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antitumor immunity and its interplay with the 
Th1 immune response provides an opportunity 
to choose the most effective immune phenotype 
or combination of phenotypes for a vaccine to 
induce antitumor activity.

Importance of incorporating CD4+ 
Th cells for effective antitumor immunity
There has been a historical bias towards opti-
mizing MHC class I-restricted CD8+  CTL 
responses in antitumor immunotherapy, com-
pared with focusing on the class II-restricted 
CD4+ Th‑cell responses [191]. This is because 
early murine studies pointed to a comparatively 
greater dependence on CTLs for tumor rejec-
tion, and the ease of CTL isolation from human 
tumors gave credence to the idea that CTLs 
were the primary effectors for antitumor immu-
nity. However, growing evidence suggests that 
CD4+ Th cells have a more fundamental role 
in antitumor immunity beyond priming CTL 
responses. Early clinical trials of DC-based vac-
cines have focused on activating CD8+ T cells, 
and this failure to incorporate CD4+ T-cell acti-
vation could be a contributing factor to the poor 
results of these clinical trials [192–194]. Dranoff 
et al. found that CD4+ Th depletion immedi-
ately prior to tumor challenge in the presence 
of vaccine-primed CTLs resulted in loss of abil-
ity to reject tumor, indicating a more immedi-
ate role for these cells in antitumor immunity 
[195]. Meanwhile, Hung et  al. demonstrated 
that CD8-/- mice could be immunized to reject 
tumors in a CD4+-dependent manner [196]. It 
is now clear that CD4+ Th cells mediate anti
tumor effects through a variety of mechanisms, 
including direct cytotoxic antitumor activity, 
production and modulation of the antitumor 
cytokine response, potentiation of long-term 
CTL survival and memory, and activation of 
other immune effector cells.

CD4+ Th cells can have direct tumoricidal 
effects via induction of various apoptotic mecha-
nisms in tumor cells including Fas/Fas ligand 
interactions, which has been demonstrated in 
Burkitt’s lymphoma; [197] and, via TNF-related 
apoptosis-inducing ligand (TRAIL) [198], dem-
onstrated in melanoma and T-cell lymphoma. 
They can also lyse tumors by utilization of the 
granzyme–perforin-dependent cytolytic path-
way [199]. For tumors that attempt to escape 
immune surveillance via downregulation of 
MHC class I molecules, these direct tumor-
cidal effects of CD4+ T cells are important for 
mediating tumor lysis. Recently, using a model 
of murine hepatocellular carcinoma, it was 

established that CD4+-mediated immunity was 
essential for the elimination of premalignant 
senescent tumor cells, the suppression of which 
was important in preventing development of 
hepatocellular carcinoma  [200].

As we discussed, CD4+ Th cells elaborate 
cytokines that polarize the immune response, 
some of which have direct antitumor activity. 
Th1 cells produce IFN-g, which activates tumor 
macrophages to produce nitric oxide and super-
oxide, both of which play an important role in 
tumor killing [191]. Furthermore, IFN-g inhibits 
tumorigenesis via STAT1-dependent suppres-
sion of cell cycle progression [1]. In a recent 
study, changes in the cytokine milieu elicited 
by CD4+ Th cells abrogated angiogenesis and 
triggered cellular senescence in a murine model 
of Myc inactivation, suggesting that such CD4+ 
Th-dependent mechanisms could be involved 
in eliminating residual tumor burden and 
prolonging tumor-free survival [201].

The function of CD4+ Th cells in priming 
and activating CD8+ CTLs has been extensively 
studied and thus will only be addressed briefly 
[202]. Although DCs are able to directly activate 
CD8+ T cells [42,43], CD4+ T cells help augment 
this activation [203] as well as maintain the CD8+ 
T-cell pool and enhance their cytolytic activity  
[192,203]. Furthermore, CD4+ T cells play a key 
role in eliciting antigen-specific CTL memory, 
which is perhaps one of the more crucial ways 
in which they impact CD8+ CTLs [204]. CD4+ 
Th cells probably impart an irreversible blue-
print onto CTLs that allows sustained secondary 
expansion of CD8+ memory CTLs [205]. In one 
study, when CD8+ T cells were primed in the 
absence of CD4+ T cells, decreased expansion of 
secondary effector CTLs was observed as a result 
of TRAIL-induced apoptosis [202], reinforcing 
the notion that CD4+ T-cell help is critical in the 
generation of memory CTLs [206,207].

CD4+ Th cells also activate other immune 
cells. They enhance DC activation via a 
CD40–CD40L interaction that promotes sur-
vival of the DC and further augments the capa-
bility of the DCs to prime CTLs [208]. CD4+ 
cells primed by DCs are also able to sensitize B 
cells to produce antibodies [209], and thus their 
incorporation into a vaccine opens up the possi-
bility for taking advantage of antibody-mediated 
immunity should an extracellular target antigen 
be used.

The beneficial role of CD4+ T cells in anti-
tumor immunity supports their use as part of a 
vaccine construct. CD4+ T cells can be incor-
porated into a DC-based vaccine by choosing 
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antigens that sensitize CD4+ T cells via presenta-
tion by DCs on MHC class II molecules. A vac-
cine will be most effective when using antigens 
to sensitize both CD4+ and CD8+ T cells. This 
synergistic effect has been supported by in vivo 
studies using mice [210,211]. Recently, methods to 
use a single full-length, tumor-associated anti-
gen (TAA) loaded onto DCs have been shown 
to successfully sensitize both CD4+ and CD8+ 
T cells. Van Nuffel et al. used mRNA encoding 
a full-length TAA fused to sorting signals that 
direct the antigen for processing and subsequent 
presentation on both MHC class I and class II 
molecules [212]. Additional methods are being 
explored to assure sensitization of CD4+ cells 
as part of vaccine constructs, particularly since 
many tumors do not express HLA class II mol-
ecules. We will address some of these strategies 
when discussing antigen choice and additional 
methods for engineering DC-based vaccines.

Clinically, we have seen preliminary suc-
cess in sensitizing only CD4+ T cells in ductal 
carcinoma in situ (DCIS) patients. Due to the 
restrictive nature of MHC class I alleles and 
our use of class I peptides that bind HLA-A2, 
HLA-A2- patients only receive DCs pulsed with 
promiscuous MHC class II peptides, in contrast 
with HLA-A2+ patients who receive both class I 
and class II peptides. Clinically, these patients, 
like their HLA-A2+ counterparts, demonstrate 
increased tumor infiltration by lymphocytes, 
durable immunity [213] and therapeutic benefit 
from this treatment [157], although close com-
parison of these two groups will more clearly 
elaborate whether and to what extent there is a 
therapeutic difference among those vaccinated 
with DCs pulsed with MHC class II molecules 
alone, as opposed to those vaccinated using both 
MHC class I and class II molecules.

Choosing a target antigen
General principles
Identifying effective immunogenic antigens is 
one of the biggest challenges in DC-based vac-
cine development. Many types of TAAs may be 
used, but they should fulfil four basic criteria. 
Ideally, they should be specific to cancer, prefer-
ably mutated in the cancer of interest to increase 
immunogenicity and minimally expressed on 
normal tissues to avoid autoimmunity; common 
in the cancer of interest; play a role in tumor 
progression or survival; and be capable of elicit-
ing an antigen-specific immune response. Most 
tumor antigens are not specific to the cancer 
of interest but rather are overexpressed or dys-
regulated differentiation antigens and are thus 

less immunogenic. Choosing an epitope of the 
tumor antigen that will elicit sufficient antigen-
specific T-cell sensitization remains one of the 
most difficult criteria to fulfill, and we will focus 
on overcoming this barrier. Immunogenicity 
of an antigen is dependent on several factors, 
including binding affinity for HLA or the TCR, 
as well as the ability of T cells to recognize the 
antigen as nonself. There are methods for alter-
ing antigens to improve immunogenicity by 
increasing binding affinities or coupling them 
with other immunogenic factors.

Technical considerations
In DC-based vaccines, peptides are a major 
antigen source. Given the large number of pos-
sible target peptides that can be derived from 
each protein, it is time- and cost-prohibitive to 
systematically test all possible peptides for the 
ability to induce antigen-specific sensitization 
[214]. When analyzing a protein sequence to 
choose peptide antigens, major considerations 
include the MHC class type and the HLA allele, 
which refers to genetic variation among MHC 
receptors.

MHC class I receptors display intracellular 
proteins to CD8+ T cells. Class I molecules have 
a ‘closed’ binding groove, meaning that both 
the N and C termini of a peptide are bound 
within the groove, limiting peptide size to eight 
to ten amino acids [215]. This rigid binding 
conformation allows for easier identification of 
amino acid sequences where the side chains are 
likely to fit into the known pockets of the bind-
ing groove. Consequently, there are more than 
30 online-accessible algorithms for predicting 
peptide–MHC class I binding [216]. For MHC 
class I, positions 2 and 9 in a 9-mer peptide are 
called anchor residues, as the amino acids in 
those positions play key roles in peptide–MHC 
binding. Substitution of amino acids at anchor 
residues has been shown to improve peptide–
MHC binding and, more importantly, enhance 
CD8+ T-cell sensitization [217], providing an 
option for overcoming lack of immunogenicity 
of a peptide due to limited binding.

MHC class II receptors, in contrast with the 
MHC class I receptors expressed by all cells, are 
only found on APCs and, unlike class I recep-
tors, have an ‘open’ binding groove. Although 
the core of the binding groove still fits only nine 
amino acids, the N- and C-termini of a peptide 
are not bound in the groove itself, allowing the 
class II receptor to accommodate peptides up to 
30 amino acids in length [218]. The open binding 
groove permits promiscuous binding, meaning 
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that the peptide can slide through multiple reg-
isters of nonamer epitopes. This flexibility in 
binding has made the prediction of CD4+ T-cell 
epitopes more difficult [219]. Recent analyses of 
MHC class II algorithms showed both poor 
sensitivity and specificity in predicting T-cell 
epitopes, especially when compared with class I 
algorithms [220]. At least 25% of peptides known 
to elicit a strong CD4+ response were not pre-
dicted to be strong binders by the algorithms 
studied [215]. Further research is needed to better 
understand MHC class II receptors and binding 
patterns and refine predictive algorithms.

Limitations of peptide antigens
Besides limitations due to MHC binding, the 
efficacy of peptide antigens can be limited by 
self-anergy, HLA allele restriction and TCR 
binding. Developing methods to overcome these 
limitations will lead to the improved efficacy 
and broader applicability of peptide-based DC 
vaccines.

Often, the target protein for a DC vaccine is 
an overexpressed self-protein, such as HER2 in 
breast cancer. Being a self-protein, these epitopes 
are subject to thymic-negative self-selection. 
Given that high-affinity binding leads to thymic-
negative selection, peptides that are predicted to 
bind with greatest affinity and stability by MHC 
prediction algorithms may be at greater risk for 
self-anergy. To address this limitation, peptides 
with both high- and medium-binding affinity 
should be considered as candidates when screen-
ing peptides for potential use in a vaccine based 
on binding affinity.

As mentioned, the difference in HLA alleles 
must be considered when choosing antigens. 
Peptide binding is specific to particular HLA 
alleles and will only benefit the population that 
expresses that allele. To overcome this barrier, 
some researchers suggest using longer peptides 
containing multiple epitopes that can bind dif-
ferent alleles. The promiscuous binding of MHC 
class II molecules makes this feasible, as the 
large binding groove can accommodate a longer 
sequence of amino acids and yet there is varia-
tion in the nine core amino acids. Identifying 
a peptide that harbors binding sites for multi-
ple alleles will widen its applicability to more 
patients. In vitro assays looking at a multi-epitope 
approach that included tumor-associated peptide 
antigens found in multiple cancers and that also 
had reactivity in activating multiple subtypes of 
the HLA-A2 allele, indicated the possibility of 
identifying or synthesizing epitopes capable of 
treating a broader population base [221]. Both 

in vitro and in vivo testing of a synthetic pep-
tide containing overlapping epitopes to allow the 
promiscuous binding of multiple MHC class II 
alleles demonstrated antigen-specific responses, 
suggesting this as an alternate approach for wid-
ening the target population treated with a single 
antigen [222].

Despite advances in understanding the 
MHC–peptide complex, it has been much more 
difficult to fully characterize the MHC–pep-
tide–TCR complex that is ultimately responsible 
for T-cell activation. Recent studies have shown 
that specific amino acid residues within MHC-
bound peptides provided key contact points with 
TCRs and influenced immunogenicity [223]. 
Mutations of these contact points abrogate T-cell 
activation more than 50% of the time. The spec-
trum of TCRs in an individual is a function of 
the predominant MHC class II receptors and 
self-peptides present in the thymus during devel-
opment. Therefore, contact points have to be 
elicited on an individual basis. This is a grow-
ing area of inquiry, and deeper understanding 
of these interactions will improve prediction of 
immunogenic antigens.

Viral vectors, fusion peptides 
& DC–tumor fusion
To address concerns regarding immunogenicity, 
some early vaccine techniques, rather than using 
DCs, injected patients with recombinant virus 
expressing tumor antigens, taking advantage 
of the immune response to the viral pathogen 
to confer antitumor immunity. Mouse models 
demonstrated therapeutic benefit from vaccina-
tion with recombinant adenoviruses, and a sub-
sequent human trial in which adenovirus vectors 
expressing melanoma differentiation antigens 
MART-1 and gp100 demonstrated a good 
safety profile, although with  mixed therapeutic 
efficacy. These mixed therapeutic results could 
depend, in part, on the tumor antigens used, as 
they lack a role in disease progression, as well 
as the development of neutralizing antibodies 
against the viral vector [224].

In a similar attempt to augment tumor anti-
gen immunogenicity, Shahabi et al. made a chi-
meric human HER2/neu gene expressed as a 
fusion protein to a non-hemolytic fragment of 
listeriolysin O (LLO) and tested the immuno-
logic and therapeutic effects in mice. Taking 
advantage of the pathogenic response to the 
Listeria fragment seemed to enhance immu-
nogenicity to the HER2/neu protein in their 
transgenic mouse model [225]. While it is ideal 
to choose a TAA that is mutated in the cancer 
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of interest and is involved in tumor progres-
sion, such as mutated BRAF, or EGF receptor 
variant III (EGFRvIII), which is expressed in 
several tumor types but has not been detected 
in normal tissues [226], this mutated status does 
not always confer the desired immunogenic-
ity. These otherwise ideal antigens can thus be 
selected for incorporation into a fusion pep-
tide. Using recombinant DNA technology, 
Duan et al. created a fusion protein compris-
ing an immunogenic portion of EGFRvIII that 
was inserted into an immunodominant loop 
of hepatitis B core antigen and used to vacci-
nate mice using Freund’s incomplete adjuvant. 
Vaccination with this fusion peptide yielded an 
antigen-specific T-cell response as measured by 
IFN-g secretion, induced a cytotoxic response to 
tumor cells and mediated a protective effect on 
mice challenged with tumors [226]. These fusion 
proteins can also be used in DC-based vaccines. 
Sipuleucel-T, brand name Provenge® (Dendreon 
Corporation, WA, USA), is the first US FDA-
approved DC-based vaccine therapy and uses 
a fusion protein consisting of a prostate differ-
entiation antigen, prostate acid phosphatase, 
linked to GM-CSF. It has been shown to con-
fer a survival benefit in patients with metastatic 
castration-resistant prostate cancer [227,228].

This idea to link tumor antigens with pep-
tides that enhance their immunogenicity is the 
basis of another platform for modifying anti-
gens that can be incorporated into DC-based 
vaccines known as the ligand epitope anti-
gen presentation system. Antigenic peptide 
epitopes, such as infectious antigens or tumor 
antigens, are linked to immune cell-binding 
ligands, which are peptides that can interact 
with receptors on leukocytes and thus promote 
immunogenicity and direct the subsequent 
nature of the immune response [229]. Much like 
the TLR agonists used to activate DCs, these 
peptides mimic pathogenic invasion. Studies 
utilizing the J peptide from b2-microglobulin 
linked with a herpes simplex viral epitope dem-
onstrated the induction of DC1s that secreted 
high amounts of IL-12 and induced an IFN‑g-
secreting Th1 phenotype in both mouse and 
human DCs. These DCs treated with J-linked 
peptides did not require further treatment 
with TLR agonists and demonstrated antigen-
specific T-cell responses [229,230]. Furthermore, 
adoptive transfers of DCs treated with J peptide 
linked to herpes simplex viral antigen in mice 
conferred therapeutic protection against sub-
sequent infectious challenge [231]. Additional 
work testing tumor antigens, which present 

more of an immunogenic challenge, is neces-
sary to determine the utility of this platform 
in DC-based cancer vaccines. Consistent with 
limitations of peptide vaccines, the peptide anti-
gen being targeted must have inherent immu-
nogenicity and is limited by restriction of the 
HLA allele [229,232].

In order to circumvent limitations of the 
peptide antigens based on HLA specificity, one 
method is to use irradiated tumor cell lysates 
fused with DCs. The use of irradiated tumor 
cells eliminates the tumorigenic capacity, 
while the application of electrofusion to create 
DC–tumor fusion hybrids offers the advantage 
of utilizing multiple tumor antigens that can be 
processed and presented on both MHC class I 
and class II molecules and on different HLA 
alleles. Using DC fusion hybrids allows us to 
take advantage of as yet undefined TAAs, while 
use of tumor lysates that contain known muta-
tions will permit targeting of specific known 
antigens. The ability to take advantage of both 
defined and undefined TAAs will help in cases 
where there are limited TAAs identified and may 
help to identify new antigen targets. Meanwhile, 
many studies assessing the therapeutic effects of 
DC–tumor fusion hybrids as well as factors for 
enhancing their efficacy have been conducted 
in mouse models [233–237], and in vitro models 
have demonstrated the ability of using these DC 
fusion hybrids to induce antigen-specific T cells 
using human DCs [238,239]. Human trials utiliz-
ing DC fusion are limited. One small trial in 
patients with renal cell carcinoma demonstrated 
safety and immune sensitization, although clini-
cal results were equivocal. Further clinical trials 
will be required to determine the effectiveness of 
the DC-tumor fusion technique as an effective 
methodology in DC-based vaccines [240].

Genetic engineering of DCs
Genetically engineering DCs has been another 
approach to overcome HLA restriction by genet-
ically altering DCs to express the desired TAA. 
DCs expressing any HLA allele can present these 
TAAs, as they are processed within the DC and 
packaged endogenously onto the HLA types 
inherent to those DCs [241]. Additional genetic 
manipulations of the pathways for packaging 
these TAAs onto MHC molecules can further 
enhance their immunogenicity for stimulation 
of CD8+ CTLs [242] and CD4+ T-cell responses 
[192,243], thereby overcoming concerns regarding 
the HLA restriction inherent in choosing pep-
tide antigens. These techniques can also be used 
to assure dual stimulation of both CD8+ and 
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CD4+ T cells. Electroporating DCs with TAA 
epitopes linked to signals that target the proteins 
to lysosomes within the cells simultaneously 
with HLA class I and class II molecules leads to 
the expression of TAAs on both HLA class I and 
class II molecules [244]. Genetically altering DCs 
to express tumor antigens has been carried out 
using both viral vectors and the nonviral elec-
troporation method. Both result in good expres-
sion of tumor antigens by genetically modified 
DCs, although electroporated cells may have less 
immune potency, which has been attributed to 
decreased IL-12 production [245]. Still, clinical 
trials utilizing DCs electroporated with mRNA 
encoding the tumor antigen have shown good 
immunologic response, although mixed clinical 
results, suggesting the need for larger clinical 
trials with earlier stage patients [246,247].

Other genetic alterations made experimentally 
to DCs in order to enhance immunogenicity of 
the antigen use conferred during DC–T cell 
interactions include increasing their expression 
of important costimulatory molecules such as 
CD40L, CD70, TNF family ligands and OX40L, 
and causing the constitutive activation of TLR4 
[241]. This expression has been carried out by 
transduction using various viruses [248–250] and 
by using mRNA electroporation [251]. Increased 
in vitro T-cell sensitization to TAAs was found 
when DCs were engineered to upregulate expres-
sion of CD40L [252,253], RANK/RANKL [254] 
and OX40L [255], among others. Upregulation 
of these molecules augments an activation state 
that is favorable both for conferring immunity 
and for overcoming tolerogenic influences in the 
tumor microenvironment.

In a similar fashion, researchers have worked 
on genetically manipulating DCs to increase 
secretion of activating cytokines, such as IL-12 
[256,257] or, conversely, to downregulate molecules 
that function in immunosuppression. Murine 
and in vitro human studies have demonstrated 
that silencing A20, ubiquitin-editing enzyme 
that can adversely affect TLR and TNF recep-
tor signaling [241,258], increases expression of 
costimulatory molecules, augments secretion 
of inflammatory cytokines, enhances the Th1 
immune response and improves CD8+ T-cell 
antigen recognition [259,260]. Other molecules 
whose activities have been genetically silenced 
in DCs in mouse models include SOCS1 [261] 
and DIgR2 [262]. Silencing these and other reg-
ulatory molecules on DCs is another method 
being explored to overcome immune inhibition 
in combating tumors. With new advances in 
genetic engineering, opportunities to alter DCs 

provide a potential for overcoming the limita-
tions of peptide binding and HLA allele restric-
tions as well as for combating tumor-related 
immune suppression.

Rationale for vaccination in early stages 
of carcinogenesis

A majority of the initial cancer immunotherapy 
trials have been performed in end-stage can-
cer patients, and the results of such trials have 
been disappointing (Table 1) [263]. Advanced 
tumors are heterogeneous and have diverse, 
often redundant pathways of immune escape. 
Consequently, efforts at targeted elimination 
of individual escape mechanisms result in lim-
ited success. This is evident in the resistance 
that develops to a wide range of pharmacologic 
therapies that target specific cellular prolifera-
tion pathways, such as to imatinib in chronic 
myelogenous leukemia or small molecule BRAF 
inhibitors in melanoma [264,265]. While utiliz-
ing antigens that will target multiple comple-
mentary intracellular signaling pathways or 
by combining vaccines with pharmacologic 
therapy targeting these alternate pathways may 
be one way to address multiple mutations, the 
more advanced the cancer, the more alternate 
pathways will be in effect.

The systemic immunosuppressive milieu 
of the tumor microenvironment in advanced 
cancer contributes to immune failure, posing 
another way by which advanced stage disease 
is more difficult to treat with immunotherapy. 
Standard treatments utilized in advanced-stage 
cancer, including systemic chemotherapy regi-
mens and radiation, are known to be immuno-
suppressive, and may preclude optimal responses 
to cancer immunotherapy [263,266]. In one study, 
dose-intensive chemotherapy resulted in rapid 
CD4+ T-cell depletion in adult populations, 
followed by protracted and suboptimal CD4+ 
recovery. When stimulated by mitogens, these 
post-chemotherapy CD4+ cells were more prone 
to apoptosis compared with cells from normal 
donors, suggesting that conventional antitumor 
treatment modalities compromise antitumor 
immune function [266]. There are, of course, 
exceptions regarding the immunologic effects 
of chemotherapy with various conventional 
and targeted chemotherapeutics that induce 
immunogenic cell death [267], as well as therapies 
that take advantage of the immune response, for 
example, antibodies designed to block immuno-
suppressive pathways such as anti-CTLA-4 and 
anti-PD1 [268]. While some of these therapies 
can be taken advantage of and combined with 
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immunotherapy, the immunosuppressive effects 
of many anticancer treatments and the declin-
ing health in patients with advancing cancer 
compromises their ability to mount an effective 
antitumor immune response [263].

In recent years, there has been a paradigm 
shift away from administering cancer vaccines 
in advanced-stage patients and a move towards 
using cancer vaccines to treat earlier stages of 
carcinogenesis, before tumor- and treatment-
mediated immunosuppressive environments 
can be established, and before the accumulation 
of mutations that activate redundant pathways 
for tumor proliferation. Preliminary application 
of this strategy has yielded promising results. In 

a transgenic murine model of prostate adeno-
carcinoma, therapeutic vaccination directed 
against two different prostate cancer-associated 
antigens at the earliest stage of carcinogenesis 
elicited long-term protection against spon-
taneous prostate cancer development [269]. 
Vaccination of premalignant cervical intraepi-
thelial neoplasia lesions can cause their com-
plete eradication or partial regression to a lower-
grade lesion [270]. Our group has applied this 
concept in administering a HER2/neu pulsed 
DC vaccine to HER2/neu-overexpressing 
DCIS patients. Recently published results sug-
gested that anti-HER2/neu vaccination induces 
decline or eradication of HER2/neu expression, 

Executive summary

Dendritic cell immunobiology: why dendritic cells for tumor vaccines?
�� Dendritic cell (DC) biology makes them an ideal vehicle for an antitumor vaccine.
�� Despite their promise, results of many clinical trials of DC-based vaccines have been disappointing.

DC lineages & the choice of cell lineage for vaccine construct
�� DC lineages have tendencies to develop particular mature phenotypes, but plasticity in their development is such that environmental 

signals may have a stronger impact on their ultimate behavior.
�� Though monocyte-derived DCs have been favored for vaccine production, further study of DC lineages, in particular identifying those 

capable of cross-priming, could identify new subsets that could be incorporated into vaccine strategies.

DC maturation & immune tolerance: DCs as immune suppressors
�� Incomplete or inappropriate maturation of DCs can lead to immune tolerance, and DC vaccine strategies must take into account the 

need to combat the suppressive influence of myeloid-derived suppressor cells.

Maturation signals
�� Toll-like receptor agonists or alternate methods that take advantage of Toll-like receptor signaling pathways are under investigation as 

promising methods for maturing and activating DCs.

DC Phenotype in vaccine design
�� DCs can elicit Th1, Th2, Th17 or Treg phenotypes. The role of Th17s is still under investigation, and comparative clinical trials may be 

required to better understand its role in tumor immunology and its potential for incorporation into DC-based vaccine strategies.

Importance of incorporating CD4+ Th cells for effective antitumor immunity
�� Increasing evidence supports the importance of CD4+ T cells in antitumor immunity, advocating for their incorporation into DC-based 

vaccines via the identification and use of MHC class II antigens.
�� In addition to choosing a maturation strategy to overcome immune tolerance, DCs can be engineered to overcome tolerance.

Choosing a target antigen: general principles
�� Antigen targets are identified based on being mutated or upregulated in the cancer of interest, their role in tumor progression and 

survival and their ability to elicit an antigen-specific immune response.

Technical considerations & limitations of peptide antigens
�� Identifying peptides that bind MHC class I and class II molecules is one barrier to choosing peptide antigens, with other limitations 

including self-anergy, restriction of peptide antigens to specific HLA alleles and limited immunogenicity for other reasons, such as T-cell 
receptor binding.

Viral vectors, fusion peptides & DC–tumor fusion
�� Research is investigating ways to overcome the barriers of HLA restriction, such as via DC–tumor fusion or genetic engineering of DCs, 

as well as ways to improve immunogenicity such as by linking tumor antigens to other immunogenic molecules.

Genetic engineering of DCs
�� Genetic engineering provides opportunities for improving the efficacy and broadening the applicability of DC-based vaccines by 

providing methods for circumventing limitations posed by antigen choice and by addressing immune tolerance.

The rationale for vaccination in early stages of carcinogenesis
�� DC-based vaccines are more effective in early-stage disease as a result of inherent tumor biology, which is supported by clinical trials 

yielding better success with treatment of early-stage disease.
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particularly in estrogen-independent DCIS 
[157]. Owing to these promising results, this 
DC vaccine for treating HER2-positive DCIS 
is entering a large Phase III trial. These find-
ings suggest that DC-based vaccines will have 
improved success when used as a treatment in 
early disease and as an adjuvant treatment to 
currently available modalities.

Conclusion
DC vaccines must be engineered to overcome 
immune tolerance and necessitate maturation of 
DCs to an activation state best poised to over-
come this barrier. Antigens are currently limited 
by restricted peptide binding that decreases the 
population that can benefit from a particular 
vaccine construct, as well as by their ability to 
elicit sufficient immune response. Many strat-
egies are under investigation to address these 
limitations, including methods to genetically 
engineer DCs used in DC-based vaccines. 
Furthermore, the paradigm shift to administer 
vaccines in earlier-stage cancer takes into con-
sideration tumor biology, and is proving to be 
a more advantageous strategy. The barriers to 
effective DC-based vaccines provide oppor-
tunities for further research that continues to 
improve their efficacy and applicability.

Future perspective
As knowledge grows about DC and tumor biol-
ogy, we have been better able to understand 

the limitations of DC-based vaccines and also 
determine where further investigation needs to 
be focused in order to improve this modality. 
We may expect to see a wider range of DC line-
ages incorporated into vaccine strategies as well 
as more complex manipulations of DC pheno-
type in order to take advantage of Th1- and/or 
Th17- polarized immune responses. Technology 
that allows us to alter DCs and antigens will 
help overcome the barrier of HLA restriction 
such that these vaccines will be used to treat a 
broader population of cancer patients. Despite 
the barriers that we have identified, success of 
clinical trials treating early disease suggest that 
DC-based vaccines are on their way to becom-
ing an early adjuvant treatment modality for 
several cancers.
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