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Introduction

Vaccines based on DNA encoding the antigens, rather
than antigenic proteins or peptides, is a recently devel-
oped approach that has the potential to elicit strong and
long-lasting immunity while also having several practical
advantages over other vaccines [1]. DNA vaccines can be
conveniently and cheaply produced and purified. They
do not require special handling or storage conditions.
Also, unlike viral vectors that can elicit immune re-
sponses to the vector proteins as well as to the immu-
nizing DNA, naked DNA vaccines elicit immune
responses only to the encoded antigen of interest. This
allows their repeated use to boost immune responses
without loosing immunogenicity by provoking an im-
mune attack against the vector-encoded proteins [2].

DNA vaccines usually consist of the gene encoding
the antigen of interest inserted into bacterial plasmid
DNA containing promoter/enhancer elements of choice
to drive antigen expression. Following delivery, the host
cell that has taken up the DNA synthesizes the encoded
protein and it drains or is transported to the nearest
lymph node where it can induce specific immunity. The
development of new technologies for antigen discovery,
such as DNA gene microarray and proteomics, together
with further refinement of recombinant DNA technol-
ogy, continue to expand the repertoire of antigens and
vectors, candidates for inclusion in DNA vaccines. Re-
search in DNA vaccines is thus still actively ongoing and
their real potential, while clearly promising, has not yet
been fully validated. This review is intended to serve as
an update on an ever-expanding volume of information

coming from studies in animal models as well as from
clinical trials of DNA cancer vaccines.

From tumor lysates to defined tumor antigens to whole
tumor cells as vaccines: are DNA vaccines a further
improvement?

After more than 100 years of study, the optimal meth-
odology for vaccinating patients against their estab-
lished tumors has not yet been found. Early tumor
vaccines were comprised of whole tumor cells, fragments
of tumor cells and protein lysates from tumor cells. It
was first shown that tumor lysate vaccine had the
advantage of enhanced antigen presentation [3, 4]. Later
whole irradiated or inactivated tumor cells were used as
tumor vaccines to stimulate immune responses. The
immunization strategy was successful in animal models.
However, some intrinsic weaknesses of whole tumor cell
vaccines could not be overcome, such as weak immu-
nogenicity, lack of co-stimulatory molecules, and po-
tential to provoke autoimmunity [3, 5]. In the past two
decades, considerable efforts have been made to discover
new tumor antigens. Tumor antigen-based vaccines are
expected to elicit tumor-specific immune responses and
long-term memory without danger of autoimmunity.
Vaccines based on shared tumor antigens can be devel-
oped for use in a large number of patients. Recently,
however, development of cancer vaccines has focused
again on the use of whole tumor cells or tumor cell ly-
sates. The reasons given are that these complex mixtures
may contain, in addition to several known shared tumor
antigens, unknown unique tumor antigens that are ex-
pressed only by individual tumors. A vaccine based on
defined shared tumor antigens, however, could elicit not
only specific anti-tumor responses predicted by the
antigens included in the vaccine, but also responses to
other antigens on the tumor through a process known as
‘‘epitope spreading’’ [6–8] or ‘‘provoked immunity’’ [9].
This is important considering that tumors are very het-
erogeneous in molecules that they express. Even in the

M. Yu Æ O. J. Finn (&)
Department of Immunology,
University of Pittsburgh School of Medicine,
Pittsburgh, PA, 15261 USA
E-mail: ojfinn@pitt.edu
Tel.: +1-412-6489816
Fax: +1-412-6487042

Cancer Immunol Immunother (2006) 55: 119–130
DOI 10.1007/s00262-005-0008-7



same patient, different sub-populations of tumor cells
express different combinations of tumor antigens and in
different amounts, especially in metastatic sites. Fur-
thermore, tumor cells can develop immune escape
mechanisms by generation of antigen loss variants. It
would thus be ideal to immunize not only with one or
two but with a number of different antigens simulta-
neously in order to reduce the chance of tumor escape.
DNA vaccines can easily incorporate more than one
gene of interest into a suitable expression vector or be
administered as mixtures of multiple vectors. By stimu-
lating immune responses to different antigens expressed
by tumor cells, more of the heterogeneous tumor may be
destroyed.

Role of dendritic cells (DC) in DNA vaccination

Dendritic cells are professional antigen-presenting cells
that play a crucial role in priming immune responses for
effective elimination of tumors and long-term tumor-
specific memory. In DNA vaccination, DC are involved
in two major pathways of antigen presentation, the di-
rect pathway [10, 11] and the cross-presentation path-
way [12]. Direct targeting of DC with the plasmid DNA
encoding the gene(s) of interest leads to endogenous
synthesis of the protein and processing and presentation
of antigen through the endogenous pathway. Endoge-
nously synthesized proteins are processed into peptides
and primarily presented on MHC class I molecules. This
is the most efficient way to generate CD8+ T cells
effective in direct tumor elimination. During the most
common administration of DNA vaccines, by intra-
muscular injection, DNA ends up predominantly in
keratinocytes and myocytes. The protein made and re-
leased by these cells is taken up as exogenous antigen by
DC and other antigen-presenting cells (APC) and pro-
cessed through the exogenous antigen-presenting path-
way. Exogenous antigen is degraded in lysosomes into
peptides and presented primarily on MHC class II
molecules. CD4+ T cells that are important helper cells
recognize the MHC class II-peptide complex. They may
secrete cytokines that directly lead to tumor destruction,
promote expansion of CTL (Th1 type helper T cells) or
help B-cell antibody responses (Th2 type helper T cells)
[13]. Thus, in DNA vaccination settings, both MHC
class I and class II pathways of APC are utilized to
trigger T-cell immunity [14, 15], leading to a very com-
prehensive immune response.

Since only a small number of DC are targeted by
DNA vaccination, the full potential of every single DC
to deliver the antigenic signal needs to be further ex-
plored. There are many ongoing studies to further
optimize the function of APC, especially DC in DNA
vaccination. One approach is to prolong the life of the
transfected DC for long-term presentation of the anti-
gen. To prolong survival, DC have been co-transfected
with DNA encoding antigen of interest and
DNA encoding inhibitors of apoptosis. Effects of anti-

apoptotic proteins or pro-apoptotic proteins in
enhancing anti-tumor immunity of DNA vaccines are
not yet understood and the interpretations of the data
have been diverse. Wu et al. [16] demonstrated that co-
administration of antigen DNA with DNA encoding
anti-apoptotic proteins such as Bcl-xL, enhances anti-
gen-specific CD8+ T cell-mediated immune responses
and increases the survival of DC in the draining lymph
nodes. In contrast, other studies demonstrated that
DNA vaccines encoding antigen co-expressed with pro-
apoptotic agents such as Fas [17] or mutant caspases
with altered active sites [18], or suicide DNA encoding
antigen, are able to enhance antigen-specific T-cell im-
mune responses [19]. Many factors may contribute to the
apparent discrepancy of the results. Among those, the
route of administration likely plays an important role.
When administering apoptosis-inducing DNA vaccine
via intramuscular immunization, targeted cells are
myocytes that are not ideal professional APCs. Trans-
fection of these cells with DNA encoding pro-apoptotic
factors leads to their apoptosis or necrosis, resulting in
increased uptake of antigen by professional APC
through an exogenous cross-priming pathway. A similar
outcome can be achieved by intradermal instead of
intramuscular injection, which can directly target anti-
gen to Langerhans cells, and anti-apoptotic adminis-
tration can facilitate direct presentation of antigen to T
cells by longer lived DNA-transfected DC [16].

Another approach towards better immunogenicity of
DNA vaccines is through HSP70-mediated antigen cross
presentation. When administered exogenously to DC,
the peptides transported by HSP are known to be very
efficiently presented by MHC class I molecules. Fur-
thermore, recombinant HSP-antigen fusion proteins are
able to elicit CD4-independent CD8+ cytotoxic T-cell
responses. Hauser et al. [20] designed a DNA vaccine in
which synthetic HSP70 was used as a DC binding mol-
ecule to deliver human papilloma virus type-16 E7
antigen. A leader peptide was exploited to re-route the
fusion protein HPV-E7-HSP into the endoplasmic
reticulum for secretion. The synthesized fusion protein
was targeted to and then captured by DC via the inter-
action of HSP70 with its surface receptors, bringing the
antigen into MHC class I pathway. Enhanced antigen
presentation and CTL responses were shown [20, 21]. Ye
et al. [21] also showed that MAGE-1-HSP70 fusion gene
vaccine enhanced the frequency of MAGE-1-specific
cytotoxic T-cell responses, thus turning a less effective
MAGE-1 DNA vaccine into one with significant po-
tency against established MAGE-1–expressing tumors.

Immune responses elicited by DNA vaccines

The major advantage of DNA vaccines is that both
cellular (including CD4+ and CD8+ T cells) and hu-
moral immune responses can be induced because the
encoded antigen is processed through both endogenous
and exogenous pathways, and peptide epitopes are
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presented by both MHC Class I and Class II complexes
[22].

Cellular responses

In the case of intradermal administration, directly
transfected cells (Langerhans cells, DC and other APC)
can synthesize antigen of interest. The endogenously
produced protein is processed into peptides by the pro-
teasome. Membrane-associated transporters of antigenic
peptides (TAP) move these peptides into the endoplas-
matic reticulum where they can be presented on MHC
class I molecules. With the presence of co-stimulatory
molecules, CD8+ T-cell response could be induced. In
the case of intramuscular administration, transfected
myocytes release synthesized protein when lysed. These
proteins are then taken up, processed and presented by
DC through cross-priming to stimulate CD4+ T cells. It
has also been shown that exogenous proteins can be
taken up by specialized DC to be presented in the MHC
class I pathway [23–25].

In a study employing a DNA vaccine to induce HER-
2–specific tumor immunity, the anti-tumor effect relied
on both CD4+ and CD8+ T cells. IFN-c, and to a
lesser extent IL-4, showed to be crucial cytokines during
tumor rejection [26, 27]. Only 10% of vaccinated IFN-/-
mice rejected the tumors, whereas 90% of wild-type mice
remained tumor-free. The importance of IFN-c in tumor
rejection supports the use of DNA vaccines, as they
appear to more reproducibly elicit IFN-c-based Th1
type responses. Report from Amici et al. [27] showed a
Th1 phenotype skewing by DNA vaccination in a
transgenic FVB/neu mouse model. The dependency on
IL-4 in Her-2/neu tumor rejection seen in this study,
may be related to previous reports demonstrating that
CTL+ and Th1-associated tumor immunity required
IL-4 during the priming phase [28].

Tumor-specific CD4+ cells provide help for the
induction of specific CD8+ CTL and can also activate
macrophages and eosinophils to produce nitric oxide
and superoxides, which participate in the destruction of
tumor cells. Since neither macrophages nor eosinophils
have an intrinsic capacity for tumor specificity, the tu-
mor specificity of these effectors is based on their acti-
vation by neighboring tumor-specific CD4+ helper
cells. In addition, CD4+ helper cells may provide help
to activate B-cell antibody production. Because of this,
even though most tumors are MHC class II negative and
may also display antigen-processing defects, ability to
stimulate CD4+ remains an important requirement for
cancer vaccines. DNA vaccination approach has repro-
ducibly led to the induction of antigen-specific CD4+ T
cells.

The precise role of CD4+ help in the generation of
CD8+ CTL is, however, still not fully understood. For
example, anti-HIV vaccines administered to CD4-/- mice
showed that the CTL memory was dramatically reduced
and the vaccine much less effective. At the same time,

mice lacking CD4+ T cell retain largely intact primary
CTL responses [29]. In another study, CTL activity was
associated with an enhanced antibody response after
DNA immunization [30]. C57BL/6 mice generated a
stronger antibody response to OVA DNA immunization
than congenic bm1 mice in which the immunodominant
CTL epitope of OVA was no longer presented. Fur-
thermore, pre-existing OVA-specific CTL increased the
antibody response to a second unrelated antigen (b-
galactosidase) co-administered with OVA. One postu-
lated mechanism was that CTL might release antigen
from DNA-transfected cells by killing or damaging
them, and this freed antigen is then accessible to DC and
B cells [31, 32].

Humoral responses

DNA vaccines are generally not as efficient as protein
vaccines in inducing antibody responses. This might not
only be because of the tendency to drive a Th1 dominant
response, but could also be due to the low levels of
antigen produced. Release and uptake of intact protein
is required for the induction of antibodies. It is likely, in
intramuscular administration, that muscle cells trans-
fected with the gene of interest are recognized by CTL
and lysed to release soluble antigen for B-cell recogni-
tion. Destruction of muscle fibers is detected after DNA
immunization, but the role of muscle cells in inducing
antibody responses is still unclear [33]. To increase
antigen levels by increasing transfection efficiency, sev-
eral physical methods such as electroporation or delivery
of DNA on microparticles, have been used

It was shown that in vivo electroporation is able to
yield powerful humoral and cellular responses in various
species, including nonhuman primates [34]. Otten et al.
[35] used in vivo electroporation to enhance the potency
of an HIV DNA vaccine in rhesus macaques. Results
showed increased onset, magnitude and duration of
antibody and cell-mediated immune responses, demon-
strating the utility of the electroporation technology for
use in large animals.

Microparticle delivery is also used to enhance hu-
moral responses elicited by DNA vaccines, mostly in
mucosal immunization routes. A cationic microparticle-
adsorbed plasmid DNA was shown to be able to induce
higher titers of antibodies when compared to those in-
duced by the naked DNA [36].

DNA vaccines for cancer

Defined tumor antigens

An extensive list of well-defined tumor antigens is
available [37] and more are being discovered through
the use of new technologies [38]. Tumor antigens can
be categorized roughly into four groups (a) antigens
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unique to an individual patient’s tumor; (b) antigens
common to a histologically similar group of tumors; (c)
tissue-differentiation antigens; and (d) ubiquitous anti-
gens expressed by normal and malignant cells [39]. In
general, any gene expressed differentially in tumor cells
compared to normal cells could be considered to en-
code a potential tumor antigen and could thus be a
candidate for DNA vaccines. There are some important
factors to consider, however, when evaluating tumor
antigens as candidates for DNA vaccines. For example,
tumor antigens such as ras [40], p53 [41], and BCR-
ABL [42] are mutated in tumor cells and thus, poten-
tially, the mutated gene or a segment of that gene could
be incorporated into a DNA vaccine. It is difficult to
predict, however, whether the unique amino acid se-
quence encoding the mutation or the fusion breakpoint
will be either processed or presented by most common
HLA molecules. Additional concerns exist for genes
encoding whole proteins that are either overexpressed
in tumors, such as carcinoembryonic antigen (CEA)
and MUC1 [43, 44], aberrantly expressed, such as non-
mutated p53, [45] Her-2/neu [46], and cyclin B1 [47], or
uniquely expressed in normal expendable tissues as well
as tumors, such as melanocytes/melanoma antigens
gp100, MAGE-1, MAGE-3, prostate-specific antigen
(PSA) and prostate-specific membrane antigen (PSMA)
[48]. Cells producing these molecules as a result of
transfection with the vaccine DNA, such as myocytes,
keratinocytes or DC, would be expected to produce
these molecules in the form that is expressed on normal
cells rather than the form produced by tumor cells and
thus promote autoimmunity rather than tumor immu-
nity. This is especially critical for molecules that un-
dergo different posttranslational modifications in
tumors compared to normal cells. Several of these
molecules are being tested in DNA vaccines now and
these concerns will be best resolved in individual tumor
antigen bases.

Chang et al. [46] have already shown that plasmid
encoding the transmembrane and the extracellular do-
mains of Her-2/neu was capable of inducing anti-tumor
immunity in animal models. Furthermore, it was shown
that the anti-tumor effects were improved with bicis-
tronic plasmids co-expressing Her-2/neu antigen and
cytokines, compared to co-administration of individual
plasmids. In particular, co-expression of IL-18 or GM-
CSF increased anti-tumor immunity in both prophy-
lactic and therapeutic settings.

CEA-based DNA vaccines have also been explored
by several groups [49]. Most recently, Zhou et al. [50]
used a CEA-A2Kb double transgenic mouse model for
preclinical screening and critical evaluation of human
CEA vaccine efficacy in vivo. It was demonstrated that
an oral DNA minigene vaccine could induce effective
HLA-A2-restricted, CEA-specific anti-tumor CTL
responses. The anti-tumor effects of plasmid DNA
vaccines encoding human CEA fused to mouse GM-
CSF were also examined. Tumor growth delay was
shown in mice immunized with the CEA-GM-CSF

fusion plasmids [49, 51]. In a phase z safety study of a
human CEA DNA vaccine, low-grade transient toxicity
was observed [52]. While no CEA-specific antibodies
were detected, some patients (4 of 17) showed induction
of lymphoproliferative responses to CEA after vaccina-
tion. There was no relationship between objective tumor
regression and sustained declines in circulating CEA,
nor correlation between a lymphoproliferative response
and a stable disease. In another recent clinical trial,
cDNA encoding human gp100 was used as the vaccine.
The results did not demonstrate clinical or immunolog-
ical responses to the vaccine [53].

Both overexpression and aberrant glycosylation in
many carcinomas make MUC-1 a good candidate as a
cancer vaccine [54]. Kontani et al. [44] immunized
C57BL/6 mice with a DNA vaccine encoding MUC1
polypeptide. These mice were able to reject a challenge
with MUC1-transfected syngeneic tumor cells. There
was no efficacy when the vaccine was used to treat tu-
mor-bearing mice. Co-administration of ex vivo
manipulated DC with the DNA vaccine was used to
further enhance anti-tumor cellular immunity, which
resulted in suppression of tumor growth [44, 55].

Vaccination against PSA using a DNA vaccine has
been investigated as immunotherapy treatment of pros-
tate cancer. In animal studies, Pavlenko et al. [56]
demonstrated that vaccination with plasmid vector car-
rying the PSA gene results in PSA-specific cellular re-
sponses and protection against tumor challenge. A phase
I trial of a PSA DNA vaccine was undertaken in patients
with hormone-refractory prostate cancer. Among eight
patients, a PSA-specific cellular immune response,
measured by IFN-c production against recombinant
PSA protein, and a rise in anti-PSA IgG were detected in
two of three patients after vaccination in the highest
dose cohort. A decrease in the slope of PSA was ob-
served in two patients who exhibited IFN-c production
in response to PSA.

Gp100, a melanoma-associated antigen, is expressed
in melanocytes and in highly tumorigenic B16 melanoma
cells. Since mouse gp100 (mgp100) is poorly immuno-
genic in mice, Nawrath et al. [57] used a xenoimmuni-
zation approach and vaccinated mice with the human
gp100 (hgp100). Mouse and human gp100 are highly
homologous (80%). The vaccine consisted of hgp100
DNA combined with three synthetic peptides corre-
sponding to putative cytotoxic T-cell epitopes of
hgp100. Anti-tumor immunity was induced, which was
effective against a challenge with poorly immunogenic
B16-F0 malignant melanoma cells expressing mgp100.
Similar results were obtained by Hawkins et al. [58] who
showed that immunization of mice with hgp100 breaks
‘‘tolerance’’ to mouse gp100 to generate anti-tumor
immunity.

Tyrosinase-related proteins-1 and 2 (TRP-1 and
TRP-2) are melanosomal membrane glycoproteins and
candidate tumor antigens. Mouse TRP-1 and TRP-2
are highly homologous to their human counterparts
with TRP-1 having higher homology (93%) than
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TRP-2 (84%). Furthermore, there is 52% identity at
the amino acid level in these two tumor antigens,
allowing for the possibility that a common determinant
may be presented in the subset of animals. Immuniza-
tion with TRP-2 DNA vaccine led to a potent induc-
tion of CD8+ T cells and required both CD4+ and
CD8+ effectors for tumor protection [59]. There was
no dependence on antibodies or NK1.1+ cells in this
case. In related studies, O et al. [60] showed that mice
vaccinated with a DNA vaccine expressing TRP-2 were
partially protected against subcutaneous, intravenous,
or intracerebral challenge with glioblastoma cells. This
protection required both CD4+ and CD8+ T cells.
Vaccine efficacy was enhanced upon addition of IL-12
as a genetic adjuvant. Srinivasan et al. [61] observed
immunity against mouse TRP-1 or TRP-2 when mice
were immunized with human TRP-1 or TRP-2 DNA
vaccines. A subset of mice immunized with human
TRP-2 developed antibody responses to TRP-1. Wol-
chok et al. [62] showed that DNA vaccine composed of
human TRP-1 induced antibody-dependent tumor
immunity in mice and autoimmune depigmentation
without evidence of T-cell involvement, while xenoge-
neic TRP-2 DNA immunization induced immunity in
the mice mediated by CD8+ T-cells. The role of IFN-c
in the generation of tumor immunity and autoimmune
depigmentation in these two models was further
investigated. No tumor protection and only minimal
depigmentation was observed after immunization with
human TRP-2 DNA in the mice deficient in IFN-c.
Repletion with recombinant murine IFN-c restored
anti-tumor immunity. Experiments using IL-4-deficient
mice demonstrated that tumor immunity was unaf-
fected but that autoimmune depigmentation was
potentially accelerated, consistent with down-modula-
tion of autoimmunity against TRP-2 by IL-4. In con-
trast, IFN-c was not required for the generation of
immunity to TRP-1. In fact, exogenous IFN-c ablated
autoantibody responses against TRP-1 after xenogeneic
DNA immunization, consistent with a downregulatory
effect of IFN-c. Results showed that immunity to
TRP-2 following DNA immunization uses an IFN-c-
dependent Th1 pathway, but immunity to TRP-1 is
downregulated by IFN-c.

Recently, B-cell differentiation antigens such as
murine CD20 and human CD20, were used as DNA
vaccines for immunotherapy of B-cell lymphoma [63].
Results showed that mice immunized with DNA
encoding the human extracellular domain of CD20
mounted a T-cell mediated immune response against
mouse CD20 and a small but significant survival
advantage in a tumor challenge model, compared with
mice immunized with full length and truncated mouse
CD20. It is postulated that human CD20 mini-gene ex-
presses one or more heteroclitic epitopes that are more
efficiently processed and/or presented than the corre-
sponding mouse peptides.

Another set of heavily studied antigens as candidates
for DNA vaccines are idiotypic immunoglobulins (Id Ig)

of B-cell tumors and the clonotypic T-cell receptors of T-
cell tumors. Idiotype antigens are of specific interest
because they are clonally expressed and therefore tumor-
specific. For B-cell tumors, the encoding VH and VL
immunoglobulin sequences can be readily identified and
isolated in a variety of molecular forms. Timmerman et
al. [64] included the two chains of the Id Ig molecule
within one expression cassette. The constant region se-
quences were derived from xenogeneic Ig to provide
some foreign protein to better stimulate the immune
response. The construct was effective in animal models,
but only yielded modest evidence for induction of
immunity in clinical trials, even when GM-CSF was co-
injected.

Stevenson et al. [65] assembled the Id antigen as a
single chain Fv (scFv). In preclinical models, scFv
alone was poor at inducing immunity. The fragment C
(FrC) of tetanus toxin was then incorporated as a
stronger antigen that can serve as an adjuvant to
better activate immunity. The vaccine based on the
fusion scFv–FrC was tested in animal models of
lymphoma and myeloma. Anti-Id responses were
elicited and were able to protect against tumor chal-
lenge [65, 66]. A clinical trial with 25 patients with
low-grade B-cell NHL showed consistent increases in
anti-FrC responses in terms of peripheral blood
mononuclear cell proliferation and IFN-c production
by ELISPOT in about 60% of patients. A similar
vaccine was also tested in myeloma patients. Anti-FrC
responses were detected, both cellular and humoral, as
well as a strong and durable induction of anti-Id T
cell response. Antibodies were induced and were
strikingly specific for each patient’s immunoglobulin
with little cross-reactivity between patients, even when
similar VH or VL gene were involved [67]. Since most
patients had been previously immunized against
tetanus toxoid, there was a possibility that the anti-
tetanus immune response would prevent induction of
anti-Id response. To avoid such a problem, instead of
the tetanus toxoid, the sequence encoding a viral coat
protein from potato virus X (PVXCP) was selected
[68]. Following fusion to the scFv sequence, the
PVXCP was also highly effective in amplifying anti-Id
response in lymphoma and myeloma models with an
increasing tendency to activate a Th1-dominant
response. Other DNA Id vaccines used fusions with
genes encoding chemokines [69], defensins [69], a
nonapeptide derived from IL-1b [70]. In those cases,
high level of T-cell help was required to activate
immunity and to break tolerance.

DNA vaccines directed against oncogenic viruses

Oncogenic viruses, to name a few, such as human
papillomavirus (HPV), various hepatitis viruses, Ep-
stein Barr Virus, are the cause of transformation in a
number of tumors. DNA vaccines directed against
viral antigens are good candidates for prevention or
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therapy of these cancers. It is well known that most
cervical cancers are associated with the infection of
HPV16 and HPV18, in particular two oncogenic
proteins E6 and E7. De Marco et al. [71] constructed
several E7-encoding DNA vaccines including unmod-
ified E7 or E7 fused to ubiquitin or to the invariant
chain, in order to increase the presentation of E7-de-
rived peptides by MHC class I or II molecules. These
vaccines were administered intramuscularly, and
immunized mice challenged with E7-positive tumor
cell lines expressing different levels of MHC class I
molecules. Results showed that engineering the intra-
cellular pathway for antigen presentation is able to
produce a valid therapeutic response even against tu-
mors with downregulated MHC class I.

Another study assessed the capacity of a plasmid
DNA that expresses the L1 gene of HPV type 16 to
induce a protective immune response. Animals that re-
ceived the DNA vaccine intramuscularly, subcutane-
ously and orally developed systemic anti-L1 IgG
antibodies. Specific IgA antibodies were also found in
vaginal washes from immunized mice. Either oral,
intramuscular, or subcutaneous administration was able
to induce the production of local IgA antibodies. Mice
immunized subcutaneously showed the highest IgA titer.
Both systemic and local antibodies proved effective in a
surrogate neutralization assay. CTL activity mediated
by CD8+ cells was also achieved. Challenged with a
melanoma cell line engineered to express the HPV16-L1
protein, mice showed slower tumor growth rate and a
longer survival time [72].

Other vaccines encoding E6 and E7 epitopes or
whole proteins have been used successfully prophy-
lactically and therapeutically in animal models [73, 74].
Recently, a therapeutic HPV16 DNA vaccine,
ZYC101, was tested in a phase I trial against anal
dysplasia [75]. This DNA vaccine encoded four mul-
tiple HLA-A*0201 epitopes from the E7 protein
encapsulated in biodegradable polymer microparticles.
Ten of twelve subjects demonstrated increased immune
responses to the relevant epitopes. A more compre-
hensive DNA vaccine ZYC101a is currently being
tested in a phase II clinical trial for cervical dysplasia.
This vaccine is composed of 60 epitopes from the
HPV16 and 18 E6 and E7 proteins.

Another vaccine trial reported by de Jong tested the
HPV 16 L2, E6 and E7 genes encoding a single fusion
protein (TA-CIN). In this phase I placebo-controlled
study, both IgG antibodies and proliferative responses
against TA-CIN were elicited in healthy volunteers. T-
cell immunity against the HPV16 E6 and E7 oncopro-
teins was also detected in ELISPOT assays from 8 of 11
subjects. Continued boosting was used but this approach
appears sub-optimal since responses tended to decrease
after subsequent vaccinations. Tumors associated with
EBV infections such as Burkitt’s lymphoma, nasopha-
ryngeal carcinoma and AIDS-associated lymphoma
might also benefit from DNA vaccination and are cur-
rently under investigation.

DNA vaccines for prevention of angiogenesis

Another way to utilize DNA vaccines for cancer treat-
ment is to induce immune responses that can target
molecules on tumor blood vessels. Inhibition of angio-
genesis is a physiological mechanism that is unlikely to
be subject to mutagenesis and immune escape. Fur-
thermore, each tumor capillary supplies nourishment to
hundreds of tumor cells and thus targeting tumor vas-
culature can induce anti-tumor effects by starving the
tumor. Niethammer et al. [76] targeted tumor vascula-
ture by using the upregulated cell membrane receptor
tyrosine kinases FLK-1 (fetal liver kinase, also desig-
nated vascular-endothelial growth factor receptor 2) of
proliferating endothelial cells as an antigen. The FLK-1
vaccine effectively protected mice from lethal challenges
with melanoma, colon carcinoma and lung carcinoma,
and reduced the growth of established metastases in a
therapeutic setting. CTL-mediated killing of endothelial
cells expressing FLK-1 indicated breaking of peripheral
immune tolerance against this self antigen, resulting in
markedly reduced dissemination of spontaneous and
experimental pulmonary metastases.

Considerations for the design and delivery
of DNA vaccines

Design and selection of vectors is of considerable
importance for the outcome of vaccination. DNA from
tumor antigens can be either used in a plasmid as
‘‘naked’’ DNA-vaccine or can be used in constructed
recombinant viral vectors. In contrast to naked DNA,
vaccines based on viral vectors, most often adenovirus
or vaccinia virus, have the advantage of efficient delivery
of genes of interest to target cells and activation of in-
nate immunity. However, they may generate immune
responses against viral antigens, which make booster
immunizations less likely to be effective.

Vaccines delivering the same gene through different
vectors may generate different qualities of immune re-
sponses and anti-tumor effects [77]. A head-to-head
comparison of different vector delivery systems for HPV
vaccine, naked DNA versus vaccinia containing the
same gene Sig/E7/LAMP-1, showed that naked DNA
generated immunity against a high dose of TC-1 tumor
cells as well as against TC-1 P2 tumor cells that were
resistant to the Vaccinia-Sig/E7/LAMP-1 vaccine. IL-4
knockout mice vaccinated with the vaccinia-based
vaccine exhibited a more potent anti-tumor effect than
wild-type mice, suggesting that IL-4 may play a
detrimental role in the anti-tumor effect mediated by
vaccinia-based vaccines. Clearly in this specific case,
naked DNA vaccines are a better choice.

DNA vaccines are usually administered by intra-
muscular or intradermal injection, but other routes and
methods such as transdermal delivery, in vivo electro-
poration and mucosal delivery utilizing different micro-
particles are also being tested. DNA vaccines can be
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applied by a gene gun (also known as ballistic delivery)
using gold particles coated with DNA and delivered into
the target tissue through acceleration by helium gas
under high pressure. Gene gun delivery is highly effec-
tive, atraumatic and offers the advantage of using much
smaller amounts of DNA compared with intramuscular
injection. Gene gun immunization results in 10–100
times higher expression of the delivered gene product
compared with intramuscular application [78]. The rea-
son is that ballistic delivery introduces DNA directly
into dermal APC, which subsequently migrate into local
lymph nodes and prime immune responses [10, 11]. It is
of interest that gold particles without plasmid can also
have a modest effect on tumor regression, hypothesized
to be related to both the local and regional accumulation
of APC observed in skin samples and lymph nodes of
animals treated by gene gun [79].

The application of DNA by in vivo electropermea-
bilization (EP) is a promising new method for increasing
transfection efficacy by DNA vaccines. Drabick et al.
[80] showed in a porcine model that in vivo skin EP may
be used to increase transgene expression up to an aver-
age of 83-fold relative to DNA injection. Transfected
cells were principally located in the dermis and included
adipocytes, fibroblasts, endothelial cells, and numerous
mononuclear cells with dendritic processes. Transfected
cells were also observed in lymph nodes draining
electropermeabilized sites. Analysis of humoral immune
responses, including immunoglobulin subclass profiles,
revealed strong enhancement of EP-mediated vaccina-
tion compared to DNA injection. Mendiratta et al. [81]
explored a novel strategy of nonviral genetic vaccination
coupled with muscle electroporation. Electroporation-
enhanced immunization with plasmids encoding either
human gp100 or mouse TRP-2 antigens induced only
partial rejection of B16 melanoma challenge while
combination of these two antigens caused tumor rejec-
tion in 100% of the immunized mice.

In view of the importance of mucosal and regional
lymph node immunity in the control of infectious disease
and cancer, several groups have developed immuniza-
tion strategies that target plasmid DNA to a variety of
mucosal surfaces [82]. Even though all the protocols so
far have only been used to deliver plasmid to control
infectious disease, they might be important in the
delivery of cancer vaccines as well, especially for pre-
vention of tumors that arise at epithelial surfaces. Gene
expression in mucosal epithelia was seen to be extremely
inefficient after delivery of naked plasmid DNA. The
reason might be the significant physical and chemical
barriers that impede transfection, such as mucins, en-
donucleases, mucolytic enzymes, low PH, turbulence
and rapid removal by ciliated epithelium. To increase
plasmid DNA uptake and transfection efficiency, several
approaches have been taken such as condensing the
naked plasmid with cationic acid [83], liposomes [84], or
biodegradable microsphere, such as poly DL-lactide-co-
glycolide (PLG) [85] or chitosan [86]. Cationic lipids
(cytofectins) have been shown to be highly effective in

increasing the transfection efficiency of plasmid DNA in
vitro. Several groups have reported that complexing
plasmid DNA with cationic lipids (cytofectins) enhanced
the expression of plasmid DNA-encoded protein in the
respiratory tract and increased the induction of specific
secretory IgA and IgG and cytotoxic T-lymphocytes [83,
87, 88]. Compared with naked DNA, these plasmid
DNA-cytofectin complexes have a longer half-life pro-
tecting the DNA from nuclease degradation in vivo.
Cytofectins may also exhibit synergystic activity with the
CpG in the plasmid to activate the innate responses and
augment T-cell priming [89].

Poly DL-lactide-co-glycolide is a biocompatible and
biodegradable polymer. The development of PLG mi-
croparticles has been directed towards oral delivery of
antigens. The uptake and transport of PLG micropar-
ticles are dependent on particle size and their hydro-
phobicity. Microspheres between 5 lm and 10 lm in
diameter are taken up from the lumen of the gut and
transported to underlying APCs [90]. The rate of plas-
mid DNA release from PLG microparticles can vary
from several days to months depending on the percent-
age of lactic and glycolic acids in the polymer.

Chitosan is a cationic polysaccharide that is widely
used as a drug delivery vehicle. There is evidence to
suggest that chitosan increases transcellular and parcel-
lular transportation across epithelia, which may prove
useful in the delivery of encapsulated plasmid DNA to
APC within the submucosa [91].

Adjuvants

Efficient vaccines consist of specific antigenic determi-
nants and a nonspecific moiety–adjuvant components
that increase vaccine immunogenicity [92–94]. It is
important to design and develop adjuvants that can
promote development of not only humoral responses
but also cellular responses.

CpG

A useful feature of a DNA vaccine is that it already
carries its own adjuvant in the form of immunostimu-
latory sequence, unmethylated cytidine phosphate gua-
nosine motifs (CpG), residing in the plasmid portion of
the expression vector. The intracellular receptor for
CpG oligonucleotides is Toll-like receptor (TLR) 9,
which is expressed by B cells, DC and other cells in the
innate immune system. Thus, the CpG motif is capable
of causing maturation and activation of APC. Activa-
tion leads to an inflammatory response, with the pro-
duction of multiple cytokines, including interferon
(IFN)-a/b/c, IL-6, IL-12, IL-18 and tumor necrosis
factor alpha (TNF-a) [95]. These cytokines are sup-
portive of generation of Th1 type immune responses that
have been shown to be responsible for tumor rejection.
Other sequences, known as neutralizing motifs, which
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can counteract stimulating CpG motifs, may be also
found in DNA vaccines. Thus, the efficacy of a DNA
vaccine might be improved through the removal of
neutralizing motifs and addition of species-specific
stimulatory CpG motifs [95].

Extrapolation from murine studies to humans is dif-
ficult since not all receptors are expressed by the same
cell population in each species. For example, the critical
TRL9 molecule is expressed by monocyte-derived DC in
mice, but only by lymphoid-derived plasmacytoid DC in
humans. The consequences that would be faced while
designing vaccines for human subjects are difficult to
predict [96].

Heat-shock proteins (HSP)

Heat-shock proteins are among the most highly con-
served molecules of the biosphere. They are found in
eukaryotes, in prokaryotes and even in plants. Owing to
their chaperon function, they participate in the assembly
of antibody molecules, in the stabilization of MHC
Class I and Class II molecules and can stimulate the
synthesis of cytokines [97]. HSP-peptides complexes may
form inside the cells allowing the transport of peptides
resulting from the proteolytic cleavage of endogenous
proteins. Specialized receptors on DC allow the cross
presentation of the HSP-peptide complexes [98, 99].
Amigorena et al. [100] showed that more IFN-c-pro-
ducing CD8+ T cells can be elicited by a DNA vaccine
that encodes HSP73-binding antigen than by a DNA
vaccine that encoded non-HSP-binding antigen. This
was attributed to the observation that exosomes that
selectively accumulate HSP73 were taken up into the
lumen of endocytic vesicles of DC, entered an endo-
some-to-cytosol transport, and gained access to the
cytosolic Ag-processing machinery and the conventional
MHC class I Ag presentation pathway. Along the same
line, Kammerer et al. [101] showed in vitro and in vivo
evidence that antigenic material from tumor cells taken
up by DC can more efficiently cross-stimulate or cross-
prime CTL when it is expressed in association with HSP.

Biological adjuvants

To modulate the immune responses elicited by DNA
immunization, studies of co-administration of biological
adjuvants such as GM-CSF and IL-12, or the inclusion
of genes encoding co-stimulatory molecules such as
B7.1, B7.2, CD40, have been conducted.

GM-CSF is thought to enhance the initiation of im-
mune responses by recruiting APC to the site where
antigen is expressed. GM-CSF stimulates the prolifera-
tion and the activity of DC, induces differentiation from
immature DC to mature DC and increases the expres-
sion of MHC Class II molecules on DC [102–104]. An-
other cytokine that is important for the generation of
DC and augmenting their function and quantity is

fms-like tyrosine kinase 3 (Flt3) ligand. Studies showed
that fusion of a gene encoding extracellular domain of
Flt3-ligand to an antigen gene can greatly enhance the
potency of DNA vaccines [105].

B7 signals are required to activate both CD4+ and
CD8+ T cells and several models have demonstrated
that their use counteracts immune escape mechanisms of
tumors and thus increases the protection from sub-
sequent tumor challenge and induction of CTL [106,
107]. It has been shown that vaccination of animals with
plasmids encoding antigen and B7.1, but not B7.2, can
induce immune responses against transfected malignant
tumor expressing that antigen [108].

New technologies that support further development
of DNA vaccines

DNA microarray technology is a new and powerful tool
that can simultaneously analyze a large number of dif-
ferentially expressed genes in a rapid and efficient way.
The advantage of microarry technology is that it can
assist researchers to better define and understand the
expression profile of a given genotype associated with
disease, and to better understand or predict immune
responses to specific antigens. DNA microarray tech-
nology has been applied to the comprehensive analysis
of multiple gene mutations and expressed sequences and
information used for new drug design, understanding of
host-pathogen interactions and the design of new vac-
cines. The opportunity to compare the expression of
thousands of genes in varied pathophysiological condi-
tions allows the identification of virulence factor
(malignancy factors in the case of tumors) that can be
useful in vaccine design [109].

In 2000, Villaret et al. [110] combined cDNA sub-
tractive methodology with microarray technology to
identify unique genes specific for squamous cell carci-
noma of the head and neck. A subtractive library was
made from two head and neck squamous cell cancers
and six normal tissues. Of all the genes searched, 107
showed differential expression between tumor and nor-
mal tissues. Among those, 13 independent genes were
found to be overexpressed in tumor tissues. Of these 13
genes, 9 were previously known while 4 had not yet been
identified. The previously identified genes included
Keratins K6 and K16, laminin-5, plakophilin-1, matrix
metalloproteinase-2 (MMP), vascular endothelial
growth factor, connexin 26, 14-3-3 sigma, and tumor
antigen CaN19. These genes, as well as the four newly
identified ones have the potential to be developed as
tumor markers, drug targets or cancer vaccines.

Sturniolo et al. [111] were the first to systematically
identify potential tumor antigens by combining com-
putational algorithms with DNA microarrays. Virtual
matrices of HLA-DR that represent the majority of
human HLA-DR peptide-binding specificity were
established. The matrices were incorporated into
computer software (TEPITOPE) capable of predicting
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promiscuous HLA Class II ligands. DNA microarrays
were used to reveal genes that are specifically expressed
or upregulated in colon cancer. Beginning with nearly
20,000 genes, a database of 130 colon cancer-specific and
promiscuous T-cell epitopes was compiled. Antibodies
for some of the microarray-selected candidate antigens
were detected in patients, lending support to further
exploration of these molecules. Clearly, having DNA
sequence information makes them easier to evaluate as
candidates for DNA vaccines.

Alizadeh and Staudt [112] created a specialized
microarray, ‘‘lymphochip’’, to study selected genes in
normal and malignant lymphocyte settings. The ‘‘lym-
phochip’’ cDNAmicroarry provides two complementary
genomic-scale views of normal and malignant lympho-
cytes, and generates insights and hypotheses that are re-
lated to known cellular pathways. This too provides a
plethora of potential targets to be incorporated intoDNA
vaccines against lymphoid malignancies. Antibody
microarray has also been used to screen and identify po-
tential biomarkers.Miller et al. [113] developed a practical
strategy for serum protein profiling using antibody
microarrays and applied the method to the identification
of potential biomarkers in prostate cancer serum. A sta-
tistical filter based on the correlation of data from "re-
verse-labeled" experiment sets accurately predicted the
agreement between the microarray measurements and
enzyme-linked immunosorbent assaymeasurements. Five
proteins, such as von Willebrand Factor, immunoglobu-
lin M, a1-antichymotrypsin, villin and IgG were identi-
fied, which had significantly different levels between the
prostate cancer samples and the controls.

Continuous efforts have been made to bridge micro-
array discoveries to real tumor antigens. A combination
of cDNA subtraction and microarray analysis identified
genes preferentially over-expressed in lung squamous
cell carcinoma. Several aberrantly expressed genes, such
as L530S, L531S [114], L552S (an alternatively spliced
isoform of SAGE-1) [115], L523S (an RNA-binding
protein within the KOC family [116] were reported. In
2003, Wang et al. [116] further reported expression of
L523S in lung cancer by real-time PCR, Western blot
and immunohistochemistry staining. Also, anti-L523S
antibody was detected in eight of 17 lung pleural effu-
sion from lung cancer patients.

On the basis of cDNA microarray analysis of 23,040
genes, Nakatsura et al. identified glypican-3 (GPC3)
overexpressed specifically in human hepatocellular car-
cinoma. This oncofetal protein is highly immunogenic in
mice and can elicit effective anti-tumor immunity with
no evidence of autoimmunity.

Concluding remarks

The goal of cancer vaccines is to induce antigen-specific
immunity that would be able to provide an effective
means to prevent cancer occurrence or treat cancer be-
fore its progression or recurrence. In order to be effec-

tive, cancer vaccines need to elicit a robust immune
response, both cellular and humoral, and a long-term
immune memory. In addition, effective cancer vaccines
should be affordable and practical to be delivered to
millions of cancer patients. To that end, DNA vaccines
have been shown to be able to elicit both cellular and
humoral immunity, as well as to be simple to produce
and distribute. With the further development of new
technologies, DNA vaccines are becoming a promising
agent in the fight against cancer.
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