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Designing effective strategies to generate clinical dendritic cell-based vaccine protocols 
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Dendritic cells (DCs) are professional anti-
gen presenting cells, which possess an exquisite 
capacity to generate primary immune responses 
(Banchereau et al. 2000; Mellman and Steinman 
2001).  DCs are strategically situated at the inter-
face of potential pathogen entry sites to capture 
antigens (Fig. 1).  After the antigen uptake, they 
process these antigens into small peptides and 
move into secondary lymphoid organs to present 
the antigenic peptides and activate lymphocytes.  
For the activation, DCs undergo maturation and 
become fully activated DCs, which express high 
levels of cell-surface major histocompatibility 

complex (MHC) antigen complexes and costimu-
latory molecules.  The responding lymphocytes 
include naive T cells, helper CD4+ T cells, cyto-
lytic CD8+ T cells, naïve B cells, memory B cells, 
natural killer (NK) cells and natural killer T (NKT) 
cells, all of which are critical elements of immu-
nization. Therefore, because of the immunostimu-
latory function of DCs, they are fundamental 
targets for vaccination in cancer and infectious 
diseases, and ex vivo-generated, antigen-loaded 
DCs have been used as vaccines to augment the 
host’s immune defense (Nestle et al. 2001; 
Cerundolo et al. 2004; Figdor et al. 2004; 
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Fig. 1.  The immunobiology of DCs.  After antigen capture in peripheral tissues, immature DCs migrate 
to lymphoid organs where, after maturation, they display MHC-peptide complexes, which allow 
activation, expansion and differentiation of antigen-specific lymphocytes.  The activated lympho-
cytes eventually function as effector cells in adaptive immunity against the initial antigens.  The 
main properties of immature and mature DC are shown.

Fig. 2.  The gene modification strategies of DCs.  To exploit the full potential of DCs, several strategies 
of the DC gene modification have been developed by using viral and non-viral gene transfer into 
DCs, and a variety of transferred genes, such as those encoding antigens, co-stimulatory molecules, 
cytokines, and chemokines.
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Banchereau and Palucka 2005).  The safety and 
immunogenicity of DC immunotherapy in the 
treatment of patients with cancer or chronic HIV 
infection have been demonstrated, thereby provid-
ing an impetus for further investigation of this 
approach (Davis et al. 2003; Lu et al. 2004).  To 
date, more than 98 DC vaccine studies involving 
over 1,000 cancer patients have been conducted, 
and more than 60 clinical studies of DC vaccines 
for cancer patients are underway.  However, the 
introduction of DC immunotherapy in meaningful 
phase 3 clinical studies is hampered by inadequate 
evidence of objective clinical efficacy, e.g., tumor 

regression evaluated by a set of standard oncolog-
ical criteria.  Thus, this low clinical effectiveness 
raises the important question of how the DC vac-
cine strategy can be optimized so as to exploit the 
full potential of these immunostimulatory cells 
(Steinman and Pope 2002).  To address this issue, 
we discuss recent progress in our knowledge of 
immunotherapy using gene-modified DCs (Fig. 2).

Gene delivery systems for DC
In an attempt to design more effective DC 

vaccines, investigators have modified enriched 
populations of DCs in vitro with viral and non-

TABLE 1.  Advantages and disadvantages of the viral vector systems (Breckpot et al. 2004)

Vector system Advantages Disadvantages

Adenovirus vectors High titers Transient expression of the transgene
Large insertional capacity Vector immunogenicity
High transgene expression 
High transduction efficiencies 

Adeno-associated virus vectors Stable/high transgene expression Limited insertional capacity
Infects dividing and non-dividing cells Production difficulties

Possible insertional mutagenesis
Varying transduction efficiencies

Herpes virus vectors Multi-copy vector Transient expression
Large insertional capacity Induces DC maturation
High transduction efficiencies

Vaccinia virus vectors Infects dividing and non-dividing cells Transient expression of the transgene
Large insertional capacity Induces DC maturation
Moderate transduction efficiency 

Retrovirus-based vectors Stable transgene expression Low titers
Limited insertional capacity 
Infects only dividing cells
Possible insertional mutagenesis 

Lentivirus-based vectors High titers Limited insertional capacity
Stable transgene expression Possible insertional mutagenesis
High transduction efficiencies 
Infects dividing and non-dividing cells 
Improved safety 
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viral gene delivery systems (Breckpot et al. 2004).  
The viral systems utilize various vectors derived 
from adenovirus, adeno-associated virus, herpes 
virus, vaccinia virus, retrovirus, lentivirus.  The 
viral gene transfer methods generally reach high 
efficiencies of gene transfer, although there are 
some safety concerns associated with their clini-
cal use.  The advantages and disadvantages of 
each of these viral vector systems are summarized 
in Table 1.  In our laboratory, the replication-
deficient adenoviral vector system has been 
adopted for gene transduction into DCs, because 
the high transgene expression following the 
extremely high transduction efficiency (i.e., 
almost 100%) would be suitable for the induction 
of a robust immune response, and transient trans-
gene expression lasting about 1 week would not 
likely make a major hurdle for an initiation of 
immunity (Arthur et al. 1997; Dietz and Vuk-
Pavlovic 1998; Frey et al. 1998; Mulders et al. 
1998).  Although the immunogenicity of the 
adenoviral particles and the residual adenoviral 
gene products in the vector backbone are assumed 
to be a major drawback of the adenovirus-based 
system, concerns about the generation of anti-
adenoviral immunity were not supported by data 
obtained from in vivo mouse studies (Brossart et 
al. 1997; Kaplan et al. 1999).  Moreover, that no 
major side effects have been reported in cancer 
patients administered with DCs transduced with 
adenovirus encoding p53, PSA, MART-1 or 
gp100 suggests the clinical potential of adenoviral 
modified DCs as tools for immunotherapy 
(Rosenberg et al. 1998; Mincheff et al. 2000; 
Buller et al. 2002; Habib et al. 2002).

Non-viral gene delivery systems for DCs 
employ chemical and physical transfection meth-
ods, which are relatively simple and easy 
(Lundqvist and Pisa 2002).  In contrast with the 
viral gene delivery system, the greatest advantage 
of the non-viral system is that the risk associated 
with the insertion of foreign nucleic acids such as 
viral DNA is eliminated.  Data provided by early 
basic studies indicate that the physical transfec-
tion methods (e.g., electroporation and gene gun) 
are generally more efficient for the nucleic acid 
transfection of DCs than the chemical transfection 

methods (e.g., calcium phosphate precipitation, 
DEAE-dextran and lipofection), despite the fact 
that the physical methods are potentially toxic for 
DCs (Rouse et al. 1994; Arthur et al. 1997; Van 
Tendeloo et al. 1998).

Antigen loading
Numerous studies have investigated the 

loading of MHC class I and class II molecules at 
the cell surface of exogenous DCs with peptides 
derived from defined antigens in an effort to 
induce endogenous T cell responses (Gilboa 1999; 
Wang et al. 1999).  Some clinical trials of cancer 
vaccines based on tumor antigen-pulsed DCs have 
supported their safety and efficacy (Cerundolo et 
al. 2004).  However, this approach has several 
limitations: (1) the limited number of well-
characterized antigens, (2) the requirement for 
matching defined peptides with MHC haplotypes, 
(3) the stimulation of a restricted repertoire of T 
cell clones, and finally (4) the relatively brief pre-
sentation of exogenous peptide-MHC complexes, 
leading to insufficient antigen presentation of the 
injected DCs (Banchereau and Palucka 2005).  In 
contrast with pulsing DCs with peptide epitopes, 
modification of DCs with genes encoding anti-
gens has been shown in various mouse models to 
provide prolonged presentation of multiple epit-
opes by various class I and class II MHC haplo-
types with the induction of long-term T-cell 
immunity against the corresponding antigens 
(Murphy et al. 2005).  Nevertheless, from the data 
of these preclinical studies, the clinical applica-
tion of this approach was anticipated to be limited 
(Ribas et al. 2002).

As an alternative to DNA-encoded antigens, 
several studies utilized mRNA synthesized in 
vitro from cDNA or isolated from tissues or cells 
for the DC-based vaccination and demonstrated 
that antigen-specific T cell responses could be 
generated (Gilboa and Vieweg 2004).  In particu-
lar, transfection of DCs with mRNA encoding 
defined and well characterized antigens appears 
promising, since mRNA whose sequence is 
known can be easily generated in vitro as a non-
cell-derived product that is ready for the clinical 
use.  Although there were concerns that RNA was 
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extremely labile and could not endure the conven-
tional transfection protocols, the immunostimula-
tory capacity of mRNA-transfected DCs has now 
been experimentally validated in many laborato-
ries and extended to several clinical trials as can-
cer vaccines.  Some of these trials yielded encour-
aging results with evidence of tumor-specific T 
cell expansion and no toxicity in immunized 
patients, demonstrating the clinical feasibility of 
this therapeutic approach (Heiser et al. 2002; Su 
et al. 2003).

Co-stimulatory molecules
In an attempt to enhance the immunostimu-

latory efficacy of the genetic vaccines, we have 
sought to modify DCs to express costimulatory 
molecules such as CD40 ligand (CD40L), the 
ligand for CD40 on antigen presenting cells 
(Kikuchi and Crystal 1999; Kikuchi et al. 2000a, 
2000b, 2001).  Based on the knowledge that the 
triggering of CD40 on DCs substitutes for the 
requirement of CD4+ T cells in activating DCs, 
we have genetically modified DCs with a recom-
binant adenovirus to express CD40L, and hypoth-
esized that the modified DCs would be able to 
activate themselves and thus initiate an antigen-
specific immune response without CD4+ T cell 
help (O’Sullivan and Thomas 2003).  Two major 
different pieces of evidence in our preclinical 
animal studies substantiated that this hypothesis is 
valid.  In a tumor-bearing mouse model, intratu-
moral injection of CD40L-modified DCs elicited 
tumor-specific cytotoxic T-lymphocyte (CTL) 
immune responses that suppressed the growth of 
established tumors in wild-type and CD4-/- mice 
and enhanced the survival; in a mouse model of 
chronic pulmonary infection with Pseudomonas 
aeruginosa, CD40L-modified DCs pulsed with 
heat-killed P. aeruginosa initiated Pseudomonas-
specific humoral immune responses in vivo in 
wild-type and CD4-/- mice, and protected immu-
nized wild-type and CD4-/-, but not B-cell-/- 
mice, from lethal intrapulmonary challenge with 
P. aeruginosa.

The coexpression of RANK (receptor activa-
tor of NF-κB) and its T cell-expressed ligand 
RANKL on DCs has been found to induce signifi-

cantly elevated numbers of antigen-specific, 
IFN-γ -secreting effector and memory T cells in 
immunized mice (Wiethe et al. 2003).  The aug-
mentation of effector T cell responses was rele-
vant to the up-regulation of CD80 and CD86 
expression on DCs transduced with RANK/
RANKL, suggesting a mechanism for enhanced T 
cell activation/survival.

Cytokines
There is growing evidence that the cytokine 

production by DCs is an important factor that 
determines the progressive differentiation of 
CD4+ T cells that receive T cell receptor (TCR) 
triggering by peptide-MHC complexes on DCs, 
which is particularly relevant in the case of inter-
leukin (IL)-12, the prototypic Th1-polarizing 
cytokine (Trinchieri 1993).  Since Th1 and CTL 
immune responses are necessary for effective 
anti-tumor immunity, genetic modification of DCs 
with IL-12 has been investigated in a mouse 
tumor model (Nishioka et al. 1999).  Using DCs 
retroviral-transduced with genes encoding mouse 
IL-12 to stably express bioactive IL-12 protein at 
high levels, the authors observed the regression of 
weakly immunogenic tumors after intratumoral 
injection.  Investigators also confirmed that intra-
tumoral injection with IL-12-transduced DCs 
induced specific Th1- polarizing responses to the 
tumor in regional lymph nodes and spleen at 
levels greater than those of IL-12-transduced 
fibroblasts or non-transduced DCs.  Based on the 
above results utilizing IL-12-engineered DCs in 
vitro and in mouse studies, cancer treatment with 
IL12-gene-modified DCs has proceeded to the 
clinical trial stage (Murphy et al. 2005).

IL-18 is another Th1-polarizing cytokine 
with important immunoregulatory functions, 
including the ability to induce high levels of IFN-
γ  secretion from NK and T cells, and DCs infected 
with a recombinant adenovirus encoding IL-
18(AdIL18) to secrete IL-18 have been demon-
strated to have potent T-cell stimulatory capacity, 
as measured by the increased surface expression 
of MHC and costimulatory molecules and an 
induced, mixed leukocyte reaction in vitro 
(Okamura et al. 1995; Tatsumi et al. 2002).  The 
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immunostimulatory property of DCs expressing 
IL-18 has further been tested in a mouse sarcoma 
model, with the result that immunization of 
BALB/c mice bearing sarcoma tumors established 
7 days before with tumor peptide-pulsed AdIL18-
infected DCs significantly inhibited the growth of 
the tumors and lead to complete regression of 
some of the established tumors.  Moreover, the 
synergistic effect of IL-12 and IL-18 to drive Th1-
type immune responses was reported in DCs 
engineered to secrete both of the Th1-polarizing 
cytokines (Tatsumi et al. 2003).

Other cytokine genes such as TNF-α  and 
IL-7 have also been used with the aim of facilitat-
ing the capacity of DCs to stimulate T cells (Chen 
et al. 2002; Sharma et al. 2003).  Chen et al. (2002) 
showed that DCs genetically modified to express 
TNF-α  in combination with HER-2/neu antigen 
showed the up-regulation of immunologically 
important CD40, CD86, and ICAM-1, and stimu-
lated significant anti-HER-2/neu immunity in 
vivo, which protected 8/8 mice from challenge 
with MCA26/HER-2 tumor cells.  In another 
mouse study, it was observed that injection of 
DCs transduced with an adenovirus vector 
expressing IL-7 in the axillary lymph node region 
led to a marked reduction in tumor burden accom-
panied by extensive lymphocytic infiltration of 
the tumors as well as an increase in IFN-γ , IL-12, 
and anti-angiogenic chemokines, such as IP-10/
CXCL10 and MIG/CXCL9.

Chemokines
Since a crucial requirement in the generation 

of an effective immune response is the DC attrac-
tion of T cells for antigen presentation, DCs mod-
ified to secrete T cell-attracting chemokines may 
also find a use in immunotherapy against cancer 
and infectious diseases (Homey et al. 2002).

As anti-cancer cellular vaccines, early stud-
ies in mice showed that lymphotactin/XCL1 gene-
modified DCs were capable of attracting both 
CD4+ and CD8+ T cells in an in vitro chemotaxis 
assay, and immunization with Mut1 peptide-
pulsed lymphotactin/XCL1 gene-modified DCs 
succeeded in protecting mice from Mut1+ 3LL 
tumor cell challenge with the induction of specific 

CTL against Mut1+ 3LL tumor cells (Cao et al. 
1998).  SLC/CCL21 gene-modified DCs have 
also been demonstrated to induce the recruitment 
of T cells in vivo, and, as a treatment for estab-
lished mouse tumors, provided better inhibition of 
tumor growth than control DCs (Kirk et al. 2001).  
This finding was supported by later mouse studies 
showing that intratumoral injection of DCs 
expressing SLC/CCL21 enhanced the T cell 
recruitment and the anti-tumor response when 
compared to the treatment with fibroblasts 
expressing SLC/CCL21 (Yang et al. 2004).  
Recently, among DCs expressing three chemo-
kines including lymphotactin/XCL1, SLC/CCL21 
and Mig/CXCL9, SLC/CCL21 gene-modified 
DCs were proved to act as the most potent adju-
vant for antigen delivery to induce protective anti-
tumor immunity through the preferential attrac-
tion of T cells (Matsuyoshi et al. 2004).

Against the infectious agents Pseudomonas 
aeruginosa and Legionella pneumophila we have 
explored immunization strategies by using DCs 
genetically modified with chemokine genes, 
including MDC/CCL22 and fractalkine/CX3CL1, 
respectively (Kikuchi and Crystal 2001; Kikuchi 
et al. 2005).  In this regard, we hypothesized that 
genetic modification of DCs ex vivo with a 
recombinant adenovirus vector to overexpress 
MDC would enhance the ability of DCs to induce 
a Th2-dominant humoral immune response for the 
attraction of Th2 phenotype T lymphocytes, and 
evaluated and confirmed the concept by challeng-
ing mice with lethal P. aeruginosa infection after 
immunization with MDC/CCL22-modified DCs 
pulsed with heat-killed P. aeruginosa.  As a result, 
using the genetically MDC/CCL22-engineered 
DCs was demonstrated to be a potentially effec-
tive approach for vaccination against extracellular 
microbes like P. aeruginosa.  We also found that 
ex vivo gene modification with the gene encoding 
fractalkine/CX3CL1 could be employed to 
support the development of Th1 cell-mediated 
immunity to intracellular bacteria such as L. 
pneumophila.

Concluding Remarks
To address the question of whether the origi-
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nal promise of DC-based immunization could be 
translated into more effective therapies, we refer 
to a recently published evaluation of clinical out-
comes in several vaccination trials that tested 
peptides, antigens expressed by recombinant 
viruses, and antigen-presented DCs (Cerundolo et 
al. 2004).  In the assessment, the DC-based strate-
gies elicited responses on the same order of mag-
nitude as those induced by other immunization 
protocols, and a higher percentage of responding 
patients was observed using some DC vaccina-
tions.  Although there may be advantages to DC-
based immunotherapy in a clinical setting, the 
protocols must be further optimized to enhance 
the adjuvant properties of DCs.  We believe that 
the potential of the gene modification strategies 
described above can be further improved to yield 
even more potent immunostimulatory cells.
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