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Abstract

Cancer vaccines are the promising tools in the hands of the clinical oncologist. Many tumor-associated antigens
are excellent targets for immune therapy and vaccine design. Optimally designed cancer vaccines should combine
the best tumor antigens with the most effective immunotherapy agents and/or delivery strategies to achieve
positive clinical results. Various vaccine delivery systems such as different routes of immunization and physical/
chemical delivery methods have been used in cancer therapy with the goal to induce immunity against tumor-
associated antigens. Two basic delivery approaches including physical delivery to achieve higher levels of antigen
production and formulation with microparticles to target antigen-presenting cells (APCs) have demonstrated to be
effective in animal models. New developments in vaccine delivery systems will improve the efficiency of clinical
trials in the near future. Among them, nanoparticles (NPs) such as dendrimers, polymeric NPs, metallic NPs,
magnetic NPs and quantum dots have emerged as effective vaccine adjuvants for infectious diseases and cancer
therapy. Furthermore, cell-penetrating peptides (CPP) have been known as attractive carrier having applications in
drug delivery, gene transfer and DNA vaccination. This review will focus on the utilization of different vaccine
delivery systems for prevention or treatment of cancer. We will discuss their clinical applications and the future
prospects for cancer vaccine development.

Introduction
Cancer is a major cause of death in worldwide. Novel
diagnostic technologies and screening methods as well
as the effective therapeutic agents have diminished mor-
tality for several cancers [1]. The field of vaccinology
provides excellent promises to control different infec-
tious and non-infectious diseases. The term of cancer
vaccine refers to a vaccine that prevents either infections
with cancer-causing viruses or the development of can-
cer in certain high risk individuals (known as prophylac-
tic cancer vaccine) and treats existing cancer (known as
therapeutic cancer vaccine). Generally, several vaccina-
tion types are available against different disorders (e.g.
cancer). They include recombinant live vector vaccines
(viral and/or bacterial vector vaccines), nucleic acid vac-
cines (DNA and/or RNA replicon vaccines), protein and
peptide vaccines, viral-like particles (VLP) vaccines,
whole cell vaccines (dendritic cell-based and tumor
cell-based vaccines), edible vaccines and combined

approaches (e.g. prime-boost vaccination) [2,3]. Figure 1
shows the general vaccine modalities.
The presence of antigens on the surface of tumor cells

recognized by cytotoxic and T-helper lymphocytes is
essential for effective immune responses and for the
development of specific cancer vaccines. In order to
augment the immune response, several strategies have
been involved such as a) identification of tumor antigens
that should be targeted, b) determination of the desired
immune response for optimal vaccine design and c) uti-
lization of efficient vaccine delivery [1,3].
Different studies have identified a large number of

cancer-associated antigens, which some are now being
used as cancer treatment vaccines both in basic research
and clinical trials [4]. Nowadays, an important advance
is the development of techniques for identifying antigens
that are recognized by tumor-specific T lymphocytes.
Tumor antigens have been classified into two broad
categories: tumor-specific shared antigens and tumor-
specific unique antigens. Shared antigens or tumor-asso-
ciated antigens (TAAs) are expressed by more than one
type of tumor cells. A number of TAA are also
expressed on normal tissues, albeit in different amounts
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[4]. As reported in the official National Cancer Institute
website (NCI), representative examples of such shared
antigens are the cancer-testis antigens, human epidermal
growth factor receptor 2 (HER2/neu protein) and carci-
noembryonic antigen (CEA). Unique tumor antigens
result from mutations induced through physical or che-
mical carcinogens; they are therefore expressed only by
individual tumors [4]. Tumor-specific unique antigens
encompass melanocyte/melanoma differentiation anti-
gens, such as tyrosinase, MART1 and gp100, prostate-
specific antigen (PSA) and Idiotype (Id) antibodies. Both
tumor-specific shared and unique antigens are applied
as a basis for the new cancer vaccines. Optimally
designed cancer vaccines should combine the best
tumor antigens with the most effective immunotherapy
agents and/or delivery strategies to achieve positive clin-
ical results [4]. Therefore, selection of an adequate vac-
cine-delivery system is fundamental in the design of
immune strategies for cancer therapy.

In this review, we discuss the current delivery meth-
ods that are assisting in future vaccine success especially
DNA-based vaccines. DNA vaccination is a promising
approach for inducing both humoral and cellular
immune responses. DNA vaccines have emerged as an
attractive approach for antigen-specific T cell-mediated
immunotherapy to combat cancers. T cell-mediated
immunity is critical for cancer immunotherapy and vac-
cine development. Tumor antigens that are recognized
by T cells are likely to be the major inducer of tumor
immunity and most promising candidates for tumor
vaccines [5]. Clearly, the current approach to immu-
notherapy mainly relies on the role of CD8+ cytotoxic T
lymphocytes (CTL).
Generally, various strategies have been developed to

enhance the potency of DNA vaccines such as
a) increasing the number of antigen-expressing dendritic
cells (DCs) or antigen-loaded DCs, b) improving antigen
expression, processing and presentation in DCs and

Figure 1 General vaccine modalities. Three main vaccination types are totally available against cancer such as cellular-based vaccines, protein-
based vaccines and vector-based vaccines. Each these types divide into the subgroups in detail. Among them, DNA vaccines and protein/
peptide vaccines have been further involved in vaccine design.
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c) enhancing DC and T cell interaction [6,7]. Therefore,
at first we will further analyze various DNA delivery sys-
tems as a powerful research tool for elucidating effective
anti-tumor immune responses. Finally, in this review, we
will have a brief overview on delivery of proteins and
peptides.

Enhancement of DNA vaccine potency by different
approaches
During the last decade, DNA-based immunization has
been promoted as a new approach to prime specific
humoral and cellular immune responses to protein anti-
gens [8]. In mouse models, DNA vaccines have been
successfully directed against a wide variety of tumors,
almost exclusively by driving strong cellular immune
responses in an antigen-specific fashion [9]. However,
there is still a need to improve the delivery of DNA vac-
cines and to increase the immunogenicity of antigens
expressed from the plasmids [8,9]. For example, tumor
burden has been decreased by novel DNA vaccine stra-
tegies that deliver cytokines as plasmids directly into
tumors in both mouse and human models. Altogether,
the selected trials for DNA vaccines have shown that
immune responses can be generated in humans, but
they also highlight the need for increased potency if this
vaccine technology is to be effective [9]. The reasons for
the failure of DNA vaccines to induce potent immune
responses in humans have not been elucidated. How-
ever, it is reasonable to assume that low levels of antigen
production, inefficient cellular delivery of DNA plasmids
and insufficient stimulation of the innate immune sys-
tem have roles in low potency of DNA vaccine [10].
Therefore, with further optimization DNA vaccine stra-
tegies can be improved, with significant effects on the
outcome of immunization. In designing vaccine, clearly
regimens, plasmid dose, timing of doses, adjuvants,
delivery systems and/or routes of vaccination must be
considered [11]. Indeed, efforts to improve these aspects
of DNA vaccines have resulted in their enhanced effi-
cacy in animals. However, the uptake of DNA plasmids
by cells upon injection is very inefficient. Nowadays, two
basic strategies have been applied for increasing DNA
vaccine potency including a) physical delivery to achieve
higher levels of antigen production and b) formulation
with microparticles to target antigen-presenting cells
(APCs) [10]. Both approaches are effective in animal
models, but have yet to be evaluated fully in human
clinical trials.
Generally, the methods of delivering a DNA plasmid

are divided into:
I. Physical approaches including:
1. Tattooing
2. Gene gun
3. Ultrasound

4. Electroporation
5. Laser
II. Viral and non-viral delivery systems (Non-physical

delivery methods) including:
1. Biological gene delivery systems (viral vectors)
2. Non-biological gene delivery systems (non-viral vec-

tors) such as:
2.1. Cationic lipids/liposomes
2.2. Polysaccharides and cationic polymers
2.3. Micro-/Nano-particles
2.4. Cationic peptides/Cell-penetrating peptides (CPP)

I. Physical approaches for DNA plasmid delivery
The method of delivering a DNA vaccine can influence
the type of immune response induced by the vaccine.
Generally, DNA may be administered by different
methods such as intradermal (i.d.), intramuscular (i.m.),
intranasal (i.n.) and subcutaneous (s.c.) [11]. In many
cases, cutaneous administration has been associated
with immunological benefits, such as the induction of
greater immune responses compared with those elicited
by other routes of delivery. However, the results of vac-
cination via the skin, have sometimes been conflicting,
due to the lack of delivery devices that accurately and
reproducibly administer vaccines to the skin [12]. In
addition, the nasal route as a site of vaccine delivery for
both local and systemic effect is currently of consider-
able interest. The success of intranasally delivered
mucosal vaccines has been also limited by lack of effec-
tive vaccine formulations or delivery systems suitable for
use in humans. Nowadays, the properties of polyacrylate
polymer-based particulate systems are studied to facili-
tate mucosal immune responses [13]. However, conven-
tional vaccinations involve subcutaneous or intradermal
inoculations. It has been demonstrated in several precli-
nical animal models and some clinical studies that intra-
tumoral and/or intra-nodal vaccination may be more
effective than other routes. In a study reviewed in
“Advances in Cancer Research”, the sequential use of
primary vaccination subcutaneously followed by booster
vaccination intra-tumorally produced more effective
anti-tumor effects than the use of either route alone [3].
Several factors may influence the route of injection.

Recently, the enhanced efficiency is observed by using
biolistic techniques, such as the Gene gun or Biojector
2000. It has been reported in mice that approximately
100-fold less DNA is required for a comparable anti-
body response than what could be achieved with needle
injection [11]. Biolistic and needle injections may pro-
duce different types of immune responses. In many
cases, application of a DNA vaccine by gene gun typi-
cally induces T helper type 2 (Th2) reactions whereas
needle inoculation triggers a Th1 response. The differ-
ence may be due to the use of increased doses for
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needle injection. It is crucial that this finding is not uni-
versal [11]. Some previous studies showed that gold par-
ticles used in gene gun bombardment affected the
induced-immune response, because gene gun adminis-
tration using non-coating naked DNA vaccine elicited
Th1-bias immune response [14]. Moreover, certain anti-
gens are able to bias the responses irrespective of the
route [11].
Several strategies have focused on increasing the num-

ber of antigen-expressing dendritic cells (DCs) including
intradermal administration through gene gun; intrader-
mal injection followed by laser treatment; intramuscular
injection followed by electroporation and intramuscular
injection of microencapsulated vaccine.
Some physical delivery technologies for improving

gene-based immunization have been listed in number 1
to 5 as following:
1. Tattooing
Tattooing has been recently described as a physical
delivery technology for DNA injection to skin cells. This
approach, which is similar to the effective smallpox-vac-
cination technique, seems to decrease the time that is
required for the induction of potent immune responses
and protective immunity. This effect might be related to
the rapid and highly transient nature of antigen produc-
tion after vaccination. Gene expression after DNA tat-
tooing has been shown to be higher than that after
intradermal injection and gene gun delivery [15]. As
compared to intramuscular injection, DNA delivery by
tattooing seems to produce different gene expression
patterns. One study showed that tattooing of 20 μg
DNA results at least ten times lower peak values of
gene expression than intramuscular injection of 100 μg
DNA in mouse model [15]. Gene expression after tat-
tooing showed a peak after six hours that it disappeared
over the next four days. On the contrary, the intramus-
cular injection of DNA resulted in high levels of gene
expression with a peak after one week that it was
detectable up to one month. Despite the lower dose of
DNA and decreased gene expression, DNA delivered by
tattoo induced higher antigen-specific cellular as well as
humoral immune responses than that by intramuscular
DNA injection [15].
Furthermore, the effect of two adjuvants, cardiotoxin

and plasmid DNA carrying the mouse granulocyte-
macrophage colony-stimulating factor (GM-CSF) has
been evaluated on the efficacy of a DNA vaccine deliv-
ered either by tattoo or intramuscular needle injection
[15]. In this study, a codon modified gene encoding the
L1 major capsid protein of the human papillomavirus
type 16 (HPV16) was used as a model antigen [15]. The
results indicated that molecular adjuvants substantially
enhance the efficiency of the HPV16 L1 DNA vaccine
when administered intramuscularly. Also, the delivery of

the HPV16 L1 DNA in the absence of adjuvants using a
tattoo device elicited much stronger and more rapid
humoral and cellular immune responses than intramus-
cular needle delivery together with molecular adjuvants.
However, the tattoo delivery of DNA is a cost-effective
method that may be used in laboratory conditions when
more rapid and more robust immune responses are
required [15].
Indeed, the tattoo procedure causes many minor

mechanical injuries followed by hemorrhage, necrosis,
inflammation, and regeneration of the skin and thus
non-specifically stimulates the immune system. There-
fore, tattooing may “only” partially substitute for the
function of adjuvants [16].
2. Gene gun
The particle-mediated or gene gun technology has been
developed as a non-viral method for gene transfer into
various mammalian tissues. A broad range of somatic
cell types, including primary cultures and established
cell lines, has been successfully transfected ex vivo or in
vitro by gene gun technology, either as suspension or
adherent cultures [17]. The gene gun is a biolistic device
that enables delivered DNA to directly transfect kerati-
nocytes and epidermal Langerhans cells. These events
stimulate DC maturation and migration to the local
lymphoid tissue, where DCs prime T cells for antigen-
specific immune responses [18]. Recently, gene gun-
mediated transgene delivery system has been used for
skin vaccination against melanoma using tumor-asso-
ciated antigen (TAA) human gpl00 and reporter gene
assays as experimental systems [17].
High expression of epidermal growth factor receptor

(EGFR) protein was observed in several types of cancer
including breast, bladder, colon and lung carcinomas
[14]. In a study in mouse, the immunological and anti-
tumor responses was evaluated by administration of the
plasmid DNA encoding extracellular domain of human
EGFR through three different methods: needle intramus-
cular administration, gene gun administration using
gold-coated DNA and gene gun administration using
non-coating DNA [14]. Among these methods, gene
gun administration using non-coating plasmid DNA
induced the strongest cytotoxic T lymphocyte activity
and best anti-tumor effects in lung cancer animal
model, which may provide the basis for the design of
DNA vaccine in human clinical trial in the future. Alto-
gether, route of DNA immunization and its formulation
could represent an important element in the design of
EGFR DNA vaccine against EGFR-positive tumor [14].
Furthermore, the effect of the CpG motif was observed
to switch the Th2-type cytokine microenvironment pro-
duced by gene-gun bombardment in draining lymph
nodes. The results showed that the addition of the CpG
motif can increase IL-12 mRNA expression in draining
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lymph nodes whether induced by intradermal injection,
intramuscular injection or gene-gun bombardment [19].
These data suggest that delivery of the CpG motif
induces a Th1-biased microenvironment in draining
lymph nodes. Taken together, the CpG motif can act as
a ‘danger signal’ and an enhancer of Th1 immune
response in DNA vaccination [19].
The delivery of HPV DNA vaccines using intradermal

administration through gene gun was shown to be the
most efficient method of vaccine administration in com-
parison with routine intramuscular injection. Recently,
gene gun has been indicated to be able to deliver non-
carrier naked DNA under a low-pressure system [18].
Non-carrier naked therapeutic HPV DNA vaccine signif-
icantly resulted in less local skin damage than gold par-
ticle-coated DNA vaccination. This approach was also
able to enhance HPV antigen-specific T cell immunity
and anti-tumor effects as compared to the gold particle-
coated therapeutic HPV DNA vaccine [18].
Recently, a HPV16 DNA vaccine encoding a signal

sequence linked to an attenuated form of HPV16 E7 (E7
detox) and fused to heat shock protein 70 [(Sig/
E7detox/HSP70)] has been used in clinical trials. In a
previous study, the immunologic and anti-tumor
responses have been evaluated by the pNGVL4a-Sig/E7
(detox)/HSP70 vaccine administered using three differ-
ent delivery methods including needle intramuscular,
biojector and gene gun. According to obtained results,
DNA vaccine administered via gene gun generated the
highest number of E7-specific CD8+ T cells as com-
pared to needle intramuscular and biojector administra-
tions in mice model [20].
3. Ultrasound
Ultrasound (US) can be used to transiently disrupt cell
membranes to enable the incorporation of DNA into
cells [21,22]. In addition, the combination of therapeutic
US and microbubble echo contrast agents could
enhance gene transfection efficiency [23]. In this
method, DNA is effectively and directly transferred into
the cytosol. This system has been applied to deliver pro-
teins into cells [24], but not yet to deliver antigens into
DCs for cancer immunotherapy. In vitro and in vivo stu-
dies have revealed that the technique of ultrasound can
aid in the transduction of naked plasmid DNA into
colon carcinoma cells. Furthermore, the intra-tumoral
injection of naked plasmid DNA followed by ultrasound
in a mouse squamous cell carcinoma model resulted in
enhanced DNA delivery and gene expression.
Currently, ultrasound has been applied in a clinical

trial. A phase II study of repeated intranodal injection of
Memgen’s cancer vaccine was done using Adenovirus-
CD 154 (Ad-ISF35) delivered by ultrasound, in subjects
with chronic lymphocytic leukemia/small lymphocytic

lymphoma (CLL/SLL) [University of California, San
Diego; ID: NCT00849524].
4. Electroporation
Over the past decades, electroporation (EP) technology
has remained a reliable laboratory tool for the delivery
of nucleic acid molecules into target cells. This
approach uses brief electrical pulses that create transient
“pores” in the cell membrane, thus allowing large mole-
cules such as DNA or RNA to enter the cell’s cyto-
plasm. Immediately following cessation of the electrical
field, these pores would close and the molecules would
be trapped in the cytoplasm without causing cell death
[25]. Typically, milli- and microsecond pulses have been
used for electroporation. Recently, the use of nanose-
cond electric pulses (10-300 ns) at very high magnitudes
(10-300 kV/cm) has been studied for direct DNA trans-
fer to the nucleus in vitro [26].
In addition to the increased permeability of target

cells, EP may also enhance immune responses through
increased protein expression, secretion of inflammatory
chemokines and cytokines, and recruitment of antigen-
presenting cells (i.e., macrophages, dendritic cells) at the
EP site [25]. As a result, both antigen-specific humoral
and cellular immune responses are increased by EP-
mediated delivery of plasmid DNA in comparison with
levels achieved by intramuscular injection of DNA
alone. Indeed, the addition of in vivo EP has been asso-
ciated with a consistent enhancement of cell-mediated
and humoral immune responses in small and large
animals, supporting its use in humans [25,27]. Subse-
quently, a comparison of ultrasound versus electropora-
tion (EP) demonstrated that EP can significantly
enhance the transfection efficiency of naked plasmid
DNA into skeletal muscle against ultrasound [1].
Recently, EP-mediated delivery of plasmid DNA has

been shown to be effective as a boosting vaccine in mice
primed with DNA alone, possibly owing to the high
level of antigen production obtained by the EP-booster
vaccine. Interestingly, this regimen was more effective
than the one consisting of two doses of DNA with EP
[10]. Actually, this approach might be very attractive
because it would eliminate the need for two different
types of vaccine. For example, the use of a DNA vaccine
expressing the CTL epitope AH1 from colon carcinoma
CT26 indicated that effective priming and tumor protec-
tion in mice are highly dependent on vaccine dose and
volume [28]. Indeed, electroporation during priming
with the optimal vaccination protocol did not improve
AH1-specific CD8+ T cell responses. In contrast, elec-
troporation during boosting strikingly improved vaccine
efficiency. Consequently, prime/boost with naked DNA
followed by electroporation dramatically increased T-cell
mediated immunity as well as antibody response [28].
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Further work will be required to determine the mode of
action of this prime-boost approach.
An electroporation driven DNA vaccination strategy

has been investigated in animal models for treatment of
prostate cancer. Plasmid expressing human PSA gene
(phPSA) was delivered in vivo by intra-muscular electro-
poration, to induce effective anti-tumor immune
responses against prostate antigen expressing tumors
[29]. The results showed that the phPSA vaccine therapy
significantly delayed the appearance of tumors and
resulted in prolonged survival of the animals. Four-dose
vaccination regimen resulted in a significant production
of IFN-g and provided optimal immunological effects in
immunized animals. Moreover, co-administration of the
synthetic CpG with phPSA increased anti-tumor
responses, preventing tumor occurrence in 54% of trea-
ted animals [29]. Therefore, in vivo electroporation
mediated vaccination is a safe and effective modality for
the treatment of prostate cancer and has a potential to
be used as an adjuvant therapy.
The researchers have used HPV E6 and E7 tumor

antigens to generate an optimal HPV DNA vaccine by
codon optimization (Co), fusion of E6 and E7 (E67),
addition of a tissue plasminogen activator (tpa) signal
sequence, addition of CD40 ligand (CD40L) or Fms-like
tyrosine kinase-3 ligand (Flt3L). When E6 (Co) and E7
(Co) were fused (E67 (Co)), E6/E7 antigen-specific CD8
(+) T cell responses decreased, but the preventive anti-
tumor effect was rather improved. Interestingly, Flt3L-
fused HPV DNA vaccine exhibited stronger E6- and E7-
specific CD8+ T cell responses as well as therapeutic
anti-tumor effects than that of CD40L linked HPV DNA
vaccine [30]. Finally, the optimal construct, tFE67(Co),
was generated by using tpa signal sequence, Flt3L,
fusion of E6 and E7 and codon optimization, which
induced 23 and 25 times stronger E6- and E7-specific
CD8+ T cell responses than those of initial E67 fusion
construct. It is noteworthy that inclusion of electropora-
tion in intramuscular immunization of tFE67 (Co)
further increased HPV-specific CD8+ T cell responses,
leading to complete tumor regression in a therapeutic
vaccination [30]. This vaccine regimen induced 34- and
49-fold higher E6- and E7-specific CD8+ T cell
response, respectively, as compared to responses
observed following vaccination with E67. Thus, these
evidences suggest that tFE67 (Co) delivered with electro-
poration is a promising therapeutic HPV DNA vaccine
against cervical cancer [30].
It is critical that intracellular targeting of tumor anti-

gens through its linkage to immunostimulatory mole-
cules such as calreticulin (CRT) can improve antigen
processing and presentation through the MHC class I
pathway and increase cytotoxic CD8+ T cell production.
However, even with these enhancements, the efficacy of

such immunotherapeutic strategies is dependent on the
identification of an effective method of DNA adminis-
tration [31]. A comparison was performed between
three vaccination methods including conventional intra-
muscular injection, electroporation-mediated intramus-
cular delivery and epidermal gene gun-mediated particle
delivery using the pNGVL4a-CRT/E7 (detox) DNA vac-
cine. This study showed that vaccination via electro-
poration generated the highest number of E7-specific
cytotoxic CD8+ T cells, which correlated to improved
outcomes in anti-tumor effects [31].
Recently, electroporation has been successfully used to

administer several HPV DNA vaccines to mice model as
well as rhesus macaques. It has been prompted its use
in an ongoing Phase I clinical trial of VGX-3100, a vac-
cine including plasmids targeting E6 and E7 proteins of
both HPV subtypes 16 and 18. The vaccine is proposed
to be given to patients with a history of CIN 2 and 3
that have been treated by surgery [18].
Targeting skin cells in particular by Cyto Pulse is

more effective than other available intramuscular elec-
troporation systems. Two clinical vaccine delivery sys-
tems have been designed by Cyto Pulse including
DermaVax™ and Easy Vax™. Easy Vax™ primarily targets
the epidermis layer of skin as used in mass-scale pro-
phylactic virus vaccination. In contrast, Derma Vax™ pri-
marily targets the dermis layer of skin. This system is
suitable for when high doses and robust immune
responses are desired such as cancer vaccines and gene
therapy. Clinical trials in progress and planned using
Derma Vax include 1) Prostate cancer (Phase I/II), start:
December 2008, Uppsala University Hospital and
Department of Oncology and Pathology, Karolinska
Institute; 2) Colorectal cancer (Phase I/II), start: October
2009, Department of Oncology and Pathology, Karo-
linska Hospital and The Swedish Institute for Infectious
Disease Control, Karolinska Institute. In this study,
DNA vaccine was delivered by intradermal electropora-
tion to treat colorectal cancer (El-porCEA; ID:
NCT01064375). The purpose of this study was to evalu-
ate the safety and immunogenicity of a CEA DNA
immunization approach in patients with colorectal
cancer.
Hepatitis C virus DNA vaccine showed acceptable

safety when delivered by Inovio Biomedical’s electro-
poration delivery system in phase I/II clinical study at
Karolinska University Hospital. ChronVac-C is a thera-
peutic DNA vaccine being given to individuals already
infected with hepatitis C virus with the aim to clear the
infection by boosting a cell-mediated immune response
against the virus. This clinical study is being conducted
at the Infectious Disease Clinic and Center for Gastro-
enterology at the Karolinska University Hospital in Swe-
den. This vaccination was among the first infectious
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disease DNA vaccine to be delivered in humans using
electroporation-based DNA delivery.
A phase I dose escalation trial of plasmid interleukin

(IL)-12 electroporation was carried out in patients with
metastatic melanoma. This report described the first
human trial, of gene transfer utilizing in vivo DNA elec-
troporation. The results indicated that the modality was
safe, effective, reproducible and titratable [32].
Altogether, the electroporation with DNA vaccines has

been investigated in several clinical trials for cancer
therapy. They include: a) Intratumoral IL-12 DNA plas-
mid (pDNA) [ID: NCT00323206, phase I clinical trials
in patients with malignant melanoma]; 2) Intratumoral
VCL-IM01 (encoding IL-2) [ID: NCT00223899; phase I
clinical trials in patients with metastatic melanoma]; 3)
Xenogeneic tyrosinase DNA vaccine [ID: NCT00471133,
phase I clinical trials in patients with melanoma]; 4)
VGX-3100 [ID: NCT00685412, phase I clinical trials for
HPV infections], and 5) IM injection prostate-specific
membrane antigen (PSMA)/pDOM fusion gene [ID:
UK-112, phase I/II clinical trials for prostate cancer]
[1,33].
5. Laser
In vitro studies have shown that laser beam can deliver a
certain amount of energy (e.g., up to 20 mega electron
volts for the first time) onto a target cell, modifying per-
meability of the cell membrane by a local thermal effect.
For therapeutic applications, a further increase in the
amount of energy (e.g., up to 250 mega electron volts) is
necessary [34]. Recently, this novel technology has been
described to be an effective method of enhancing the
transfection efficiency of injected plasmids intradermally
and inducing antigen-specific CD4+ and CD8+ T cell
immune response as well as humoral immunity. This
novel technology was only used to show a high potential
for therapeutic HPV DNA vaccine development in a
limited number of studies [18].

II. Viral and non-viral delivery systems
Over the past 40 years, DNA delivery has become a
powerful research tool for elucidating gene structure,
regulation and function. Transfection efficacy is depen-
dent on both the efficiency of DNA delivery into the
nucleus and DNA expression, as well [35]. Although a
higher expression can usually be achieved with strong
promoters and enhancers (e.g., human cytomegalovirus:
hCMV) [4,36], improvements in the efficiency of DNA
delivery per second have been difficult to achieve.
Therefore, most DNA delivery systems operate at three
general levels: DNA condensation, endocytosis and
nuclear targeting [35].
1. Biological gene delivery systems (viral vectors)
The design of efficient vectors for vaccine development
and cancer gene therapy is an area of intensive research.

Live vectors (attenuated or non-pathogenic live virus or
bacteria) such as vaccinia virus and other poxviruses,
adenovirus and BCG have been evolved specifically to
deliver DNA into cells and are the most common gene
delivery tools used in gene therapy [37,38]. The major
advantage of live vectors is that they produce the anti-
gen in its native conformation, which is important for
generating neutralizing antibodies and can facilitate anti-
gen entry into the MHC class I processing pathway for
the induction of CD8+ CTL [38].
The most effective immunization protocol may involve

priming with one type of immunogen and boosting with
another. This method may be useful because: 1) one
methodology may be more effective in priming naïve
cells, while another modality may be more effective in
enhancing memory cell function; 2) two different arms
of the immune system may be enhanced by using two
different modalities (i.e., CD4+ and then CD8+ T cells);
and 3) some of the most effective methods of immuni-
zation, like the use of recombinant vaccinia virus or
adenoviruses, can be applied for only a limited number
of times because of host anti-vector responses. These
vectors may be most effective when used as priming
agents, followed by boosting with other agents [28].
The very deep knowledge acquired on the genetics

and molecular biology of herpes simplex virus (HSV) as
major human pathogen will surely expand different
ideas on the development of potential vectors for several
applications to be utilized in human healthcare. These
applications include a) delivery of human genes to cells
of the nervous system, b) selective destruction of cancer
cells, c) prophylaxis against infection with HSV or other
infectious diseases and d) targeted infection of specific
tissues or organs [39].
Viruses represent ideal nanoparticles due to their reg-

ular geometries, well characterized surface properties
and nanoscale dimensions. Molecules can be incorpo-
rated onto the viral surface with control over their spa-
cing and orientation, and this can be used to add
reactivity to specific sites of the capsid [40]. Recombi-
nant adenoviruses (Ads) have enormous potential for
gene therapy because they are extremely efficient at deli-
vering DNA to target cells, can infect both dividing and
quiescent cells, have a large capacity for incorporation
of cDNA expression cassettes, and have a low potential
for oncogenesis because they do not insert their genome
into the host DNA. At present, the engineering of
“smart” nanoparticles are based upon recombinant ade-
novirus vectors. Due to the modular nature of the Ad
capsid, multiple therapeutic or diagnostic modalities,
such as the addition of magnetic resonance imaging
contrast agents, radiation sensitizers and antigenic pep-
tides for vaccines, can be incorporated by modifying dif-
ferent sites on the viral capsid [40].
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For an ideal vaccine, it is crucial to avoid vector-
related immune responses, have relative specificity for
transducing DC, and induce high levels of transgene
expression. Adenoviral (AdV) vectors can deliver high
antigen concentrations, promote effective processing
and MHC expression, and stimulate potent cell-
mediated immunity. While AdV vectors have performed
well in pre-clinical vaccine models, their application to
patient care has limitations. Indeed, the in vivo adminis-
tration of AdV vectors is associated with both innate
and adaptive host responses that result in tissue inflam-
mation and injury, viral neutralization, and premature
clearance of AdV-transduced cells [41]. However, Ads
have received extensive clinical evaluation and are used
for one-quarter of all gene therapy trials.
In current study, a retroviral vector was encapsulated

with genetic segment bearing both IL-12 and herpes
simplex virus thymidine kinase (HSV-tk) genes [42].
The combined gene delivery resulted in three- to four-
fold reduction in tumor size in nude mice bearing xeno-
grafted thyroid cancers as compared to single IL-12
gene treatment. However, it is important to consider
that multiple gene delivery via retroviral vectors is rarely
applied due to their limited encapsulation capacity [43].
Moreover, the anti-tumor effects and survival rates in
tumor bearing mice were significantly enhanced when
IL-2 and IL-12 were delivered simultaneously using a
single vaccine viral vector (Poxvirus/vaccinia viral vec-
tor) along with the tumor antigen [44].
Recently, bacteria-based vectors are being investigated

as optimal vehicles for antigen and therapeutic gene
delivery to tumor cells. Attenuated Salmonella strains
have shown great potential as live vectors with broad
applications in human and veterinary medicine. Only
few clinical trials have been conducted so far, and
although they have demonstrated the safety of this sys-
tem, the results on immunogenicity are less than opti-
mal [45]. A convenient DNA vaccine delivery system is
oral vaccination using live-attenuated Salmonella typhi-
murium. The use of attenuated Salmonella strains as
vehicles to deliver plasmid DNA in vivo indicated an
effective method to induce strong cell-mediated and
humoral immune responses at mucosal sites [27].
In clinical studies, a recombinant vaccinia virus vector

has been developed to express single or multiple T cell
co-stimulatory molecules as a vector for local gene ther-
apy in patients with malignant melanoma. This
approach generated local and systemic tumor immunity
and induced effective clinical responses in patients with
metastatic disease [46]. Furthermore, PSA-TRICOM
vaccine (prostate-specific antigen plus a TRIad of co-sti-
mulatory molecules; PROSTVAC) includes a priming
vaccination with recombinant vaccinia (rV)-PSA-TRI-
COM and booster vaccinations with recombinant

fowlpox (rF)-PSA-TRICOM. Each vaccine consists of
the transgenes for PSA, including an agonist epitope,
and three immune co-stimulatory molecules (B7.1,
ICAM-1, and LFA3; designated TRICOM) [44]. The effi-
cacy of PSA-TRICOM has been evaluated in phase II
clinical trials in patients with metastatic hormone-
refractory prostate cancer (mHRPC). PANVAC-VF,
another poxviral-based vaccine, consists of a priming
vaccination with rV encoding CEA (6D), MUC1 (L93),
and TRICOM plus booster vaccinations with rF expres-
sing the identical transgenes. CEA (6D) and MUC1
(L93) represent carcinoembryonic antigen and mucin 1
glycoprotein, respectively, with a single amino acid sub-
stitution designed to enhance their immunogenicity.
This vaccine is currently under evaluation in several dif-
ferent types of CEA or MUC1-expressing carcinomas
and in patients with a life expectancy more than three
months [47].
However, there are limitations associated with the use

of live viruses or bacteria including their limited DNA
carrying capacity, toxicity, immunogenicity, the possibi-
lity of random integration of the vector DNA into the
host genome and their high cost [48,49]. Non-viral or
synthetic vectors have many advantages over their viral
counterparts as they are simple, safe and easy to manu-
facture on a large scale and have flexibility in the size of
the transgene to be delivered. Also, these nano-carriers
avoid DNA degradation and facilitate targeted delivery
to antigen presenting cells [38,50]. Figure 2 generally
shows live and non-live delivery systems.
2. Non-biological gene delivery systems (non-viral vectors)
Non-viral vectors must be able to tightly compact and
protect DNA, target specific cell-surface receptors, dis-
rupt the endosomal membrane and deliver the DNA
cargo to the nucleus [51]. Generally, non-viral vectors
include naked DNA, DNA-liposome complexes and
DNA-polymer complexes [1,52]. In other way, non-viral
particulate vectors used for gene delivery are divided
into microspheres, nanospheres and liposomes [53]. The
encapsulation of plasmid DNA into micro- or nano-
spheres can provide protection from the environment
prior to delivery and aid in targeting to a specific cell
type for efficient delivery [1]. Liposomes and polymers
have also been utilized for the delivery of plasmid DNA,
although they exhibit some toxicity in vivo. The associa-
tion of DNA with lipids or polymers results in positively
charged particles small enough for cell entry through
receptor-mediated endocytosis. One example of the uti-
lization of liposomes is the intravenous delivery of the
survivin promoter as a DNA-liposome complex which
has been shown to be highly specific and has the ability
to suppress cancer growth in vitro and in vivo [1]. The
injection of DNA complexed to oxidized or reduced
mannan-poly-L-lysin in vivo resulted in the production
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of antibodies with anti-tumor potential as compared to
DNA alone in mice model. Formulation of plasmid
DNA with a non-ionic block copolymer, poloxamer
CRL1005, and the cationic surfactant benzalkonium
chloride resulted in a stable complex that elicited the
efficient antigen-specific cellular and humoral immune
responses and is currently being evaluated in a Phase II
clinical trial for melanoma [1].
2.1. Cationic lipids/liposomes Lipid-based systems (e.
g., liposomes) are commonly used in human clinical
trials especially in anti-cancer gene therapy [10,35].
Cationic lipids are amphiphilic molecules composed of
one or two fatty acid side chains (acyl) or alkyl, a linker
and a hydrophilic amino group. The hydrophobic part
can be cholesterol-derived moieties. In aqueous media,
cationic lipids are assembled into a bilayer vesicular-like
structure (liposomes). Liposomes/DNA complex is

usually termed a lipoplex. Negatively charged DNA will
neutralize cationic liposomes resulting in aggregation
and continuous fusion with time while DNA being
entrapped during this process. Because of poor stability
(i.e., continuous aggregation), lipoplexes are usually
administered directly after their formation. The favor-
able, stable and small lipoplex particles were produced
with the development of the novel liposomal formula-
tion, liposomes/protamine/DNA (LPD). Protamine is
arginine-rich peptide, which can condense negatively
charged DNA before being complexed with cationic
lipids [43,54]. Figure 3A shows the lipoplex-mediated
transfection. However, one of the most important draw-
backs of these systems is the lack of targeting and non-
specific interaction with cells [10,35]. Currently, liposo-
mal nanoparticles (LNs) encapsulating therapeutic
agents, or liposomal nanomedicines, represent an

Figure 2 Live/non-live delivery systems. Live or biological gene delivery systems include viral and/or bacterial vectors. Non-live or non-
biological delivery systems mainly include cationic lipids/liposomes, polysaccharides and cationic polymers, micro-/nano-particles, cationic
peptides and cell-penetrating peptides (CPP).
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advanced class of drug delivery systems, with several
formulations in clinical trials. Over the past 20 years, a
variety of techniques have been developed for encapsu-
lating both conventional drugs (such as anticancer drugs
and antibiotics) and the new genetic drugs (plasmid
DNA containing therapeutic genes, antisense oligonu-
cleotides and small interfering RNA) within LNs. If the
LNs possess certain properties, they tend to accumulate
at sites of disease, such as tumors, where the endothelial
layer is ‘leaky’ and allows extravasation of particles with
small diameters. These properties include a diameter
centered on 100 nm, a high drug-to-lipid ratio, excellent
retention of the encapsulated drug, and a long circula-
tion lifetime (> 6 h). These properties permit the LNs to
protect their contents during circulation, prevent con-
tact with healthy tissues, and accumulate at sites of

disease. Liposomal nanomedicines have the potential to
offer new treatments in such areas as cancer therapy,
vaccine development and cholesterol management [55].
General overview of different lipid-based particulate

delivery systems, their composition, preparation meth-
ods, typical size, route of administration and model anti-
gens has been listed by Myschik J. et al., 2009 [56].
Stimuvax (BLP25 liposome vaccine, L-BLP25, Oncothyr-
eon partnered with Merck KGaA) is a cancer vaccine
designed to induce an immune response against the
extracellular core peptide of MUC1, a type I membrane
glycoprotein widely expressed on many tumors (i.e.,
lung cancer, breast cancer, prostate cancer and colorec-
tal cancer) [57]. Stimuvax consists of MUC1 lipopeptide
BLP25 [STAPPAHGVTSAPDTRPAPGSTAPPK (Pal) G],
an immunoadjuvant monophosphoryl lipid A, and three

Figure 3 A) Lipoplex-mediated transfection:1) Cationic lipids forming micellar structures called liposomes are complexed with DNA to create
lipoplexes2) The complexes are internalized by endocytosis, resulting in the formation of a double-layer inverted micellar vesicle. 3) During the
maturation of the endosome into a lysosome, the endosomal wall might rupture, releasing the contained DNA into the cytoplasm and
potentially towards the nucleus. 4) DNA imported into the nucleus might result in gene expression. Alternatively, DNA might be degraded
within the lysosome. B) peptide-based nucleic acid delivery systems: Both covalent attachment and/or non-covalent complexes of peptide-
DNA are acting similar to lipid-based systems. The designed cationic peptides must be able to 1) tightly condense DNA into small, compact
particles; 2) target the condensate to specific cell surface receptors; 3) induce endosomal escape; and 4) target the DNA cargo to the nucleus for
reporter gene expression.
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lipids (cholesterol, dimyristoyl phosphatidylglycerol, and
dipalmitoyl phosphatidylcholine), capable of enhancing
the delivery of the vaccine to APCs. A randomized
phase II B clinical trial evaluated the effect of Stimuvax
on survival and toxicity in 171 patients with stage III B
and IV non-small cell lung cancer (NSCLC), after stable
disease or response to first-line chemotherapy. Based on
these data, Merck is currently conducting three large
phase III clinical trials of Stimuvax. This study will
involve more than 1300 patients [57].
A cationic lipid DNA complex (CLDC) consisting of

DOTIM/cholesterol liposomes and plasmid DNA, con-
taining immunostimulatory CpG and non-CpG motifs
has been designed, with potential immunostimulating
and anti-neoplastic activities. Upon systemic administra-
tion, TLR-directed cationic lipid-DNA complex JVRS-
100 enters dendritic cells (DCs) and macrophages;
immunostimulatory DNA binds to and activates Toll-
like receptors (TLRs), which may result in the genera-
tion of anti-tumor natural killer (NK) cell and T-cell
responses by the innate immune system. In addition, as
a vaccine adjuvant, this agent may induce a strong cyto-
toxic T-lymphocyte (CTL) response to co-administered
antigen. The efficacy of JVRS-100 has been evaluated in
phase I clinical trials for the treatment of patients with
Relapsed or Refractory Leukemia [ID: NCT00860522].
2.2. Polysaccharides and cationic polymers Polysac-
charides and other cationic polymers have been recently
used in pharmaceutical research and industry for their
properties to control the release of antibiotics, DNA,
proteins, peptides, drugs or vaccines [58]. They have
been also extensively studied as non-viral DNA carriers
for gene therapy. Different systems were developed in
the last years including poly-lysine and its conjugates,
diethylaminoethyl-dextran (DEAE-dextran), dextran-
spermine polycations, polyethyleneimine (PEI), polyami-
doamine dendrimers, lipopolyamines and chitosan [58].
Many other cationic polymers such as chitosans (a bio-
degradable linear aminopolysaccharides) and dendrimers
(highly branched polyamidoamine) were tested for gene
transfer [43]. Chitosan is a biodegradable polysaccharide
obtained from deacetylated chitin and the commercial
product has an average molecular weight ranging
between 4 and 20 kDa. It contains several amino groups
that in acidic pH may undergo protonation leading to
its solubilization in water. Chitosan may also establish
electrostatic interactions with the negatively charged
DNA to form complexes (polyplexes). Recently, the pre-
paration of chitosan and chitosan/DNA nanospheres has
been reported using a novel and simple osmosis-based
method [58].
Cationic polymers can be combined with DNA to

form a particulate complex, polyplex, capable of gene
transfer into the targeted cells. Since they are synthetic

compounds, many modifications such as molecular
weight and ligand attachment can be easily achieved.
The most widely studied polymers for gene therapy
include poly (L-lysine) (PLL) and polyethylenimine
(PEI). The nature of PEI polymers enables the targeting
ligands and/or polyethylene glycol (PEG) (producing
sterically stabilized gene carriers) to their surfaces [43].
For example, pegylated PEI polyplexes were linked to
tumor specific ligand transferring an asialoglycoprotein
and then applied intravenously, resulting in five-fold
increase in the transfection efficiency with lower toxicity
in comparison with pegylated (transferrin-free) PEI poly-
plexes [59]. Furthermore, the synthesis of amphiphilic
PLL, by linking both PEG and palmitoyl groups to the
polymer, reduced toxicity without compromising the
gene delivery efficiency [60].
Polymeric vectors prevent immune reactions, mini-

mize spread to non-target tissues and inhibit degrada-
tion of DNA by acting as reservoirs [48]. The effect of
cationic polyelectrolytes on tumor cells was studied in
culture and in mice with transplanted Ehrlich carcinoma
or murine leukemia L5178Y in ascites form. Treated
mice were given s.c. or i.p. injections of different polyca-
tions at non-toxic doses [61]. Survival of solid Ehrlich
carcinoma-bearing mice was significantly increased by
high-molecular-weight polyethyleneimine, polyvinyla-
mine, and polypropyleneimine at neutral pH adminis-
tered as late as 5 days after tumor transplant,
accompanied by a 10 to 40% reduction in growth of the
solid tumor [61]. Survival of mice bearing leukemia cells
in ascites form was improved only by polypropylenei-
mine. Increase in survival also resulted if the polycation
was administered up to 9 days before Ehrlich tumor
transplant, with no evidence of weight loss in the host
at time of tumor transplant. Thus, cationic polymers
may be effective by non-specific stimulation of host
immune response to transplanted cells as well as by
direct electrostatic cytotoxic interaction with tumor cells
[61].
2.3. Micro-/Nano-particles Another approach to DNA-
vaccine delivery involves microparticle-based technolo-
gies to target APCs [10]. Microencapsulation of DNA,
or association of DNA with microcapsules, has led to
enhancement of CTL responses to encoded proteins
[11].
Biodegradable, non-antigenic poly-lactide polyglycolide

(PLGA or PLG) microspheres offer many advantages as
a vaccine delivery system. Both cellular and humoral
immune responses can be elicited to antigens encapsu-
lated in, or conjugated onto PLG microspheres. Particles
used typically range in size from 1 to 10 μm in dia-
meter, a size that is readily phagocytosed by dendritic
cells and other antigen-presenting cells (APCs). Micro-
spheres elicit both CD8+ and CD4+ T cell responses by
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releasing antigen intracellularly [11]. Biodegradable
PLGA nanoparticles (NPs) have been investigated for
sustained and targeted/localized delivery of different
agents, including drugs, proteins and peptides and
recently, plasmid DNA owing to their ability to protect
DNA from degradation in endolysosomes. PLGA-based
nanotechnology has been widely used in diagnosis and
treatment of cancer. These NPs have been shown to sti-
mulate the immune response as measured by an
increase in IL-2 and IFN-g in spleen homogenates [62].
The PLGA polymers can offer long-term release of

their contents in a pulsatile manner. In the past, their
utilization primarily focused on replacement with the
multiple immune boosting administrations typically
required to induce protective immunity. As a controlled
delivery system, PLGA polymers can potentially deliver
antigens or adjuvants to a desired location at predeter-
mined rates and durations, effectively regulating the
immune response over a period of time. As a vehicle for
targeted antigen delivery, PLGA polymers have been
reported to effectively aid in directing antigens to APCs
by efficiently trafficking through local lymphoid tissue
for uptake by DCs. The majority of the existing litera-
ture involving PLGA polymers has tended to be focused
on PLGA microspheres. In the last 10 years, micro-
spheres have been used extensively for the injectable
delivery of vaccine antigens, both for viral and bacterial
antigens [62].
Similar to microspheres, PLGA NPs have been shown

to effectively enhance immune responses. The major
obstacle is providing delivery vehicles with the adequate
surface molecules for recognition by the immune system
and for more-effective targeting. It is likely, therefore,
that future studies of PLGA NPs as vaccine candidates
will focus on improving these features, as recently tested
by grafting RGD peptides (arginine-glycine-aspartic
acid-containing synthetic peptides) covalently onto PEG
moieties on the surface of PLGA NPs [62]. These poly-
mers have been designated as feasible candidates for
drug delivery systems, anti-cancer agents and vaccine
immunotherapy. For example, DNA vaccine delivery to
APCs has been facilitated by microencapsulation of plas-
mid DNA, which encodes HPV E6/E7 antigenic pro-
teins. The capsule is formed from polymeric PGLA
microparticles. These resulting microparticles have a
greater propensity toward APC uptake compared to
naked DNA. This technique allows HPV DNA plasmid
to be condensed inside the microparticle. The physical
and chemical properties of the PGLA scaffold render
DNA inaccessible to nuclease and preventing degrada-
tion, allowing for a sustained release of DNA and
enhancing transfection efficiency in vitro [18]. In mice,
microspheres containing HPV plasmid encoding HPV
E6/E7 antigens have been shown to elicit a strong

antigen-specific cytotoxic T cell response. Using this
technology, microencapsulated DNA vaccine termed
ZYC-101 encoding multiple HLA-A2 restricted HPV E7
epitopes has undergone Phase I trials in patients with
CIN2/3 lesions and high-grade anal intraepithelial neo-
plasia. In both trials, intramuscularly administered vac-
cine was well tolerated, and in some patients had
resulted in histological regression of the lesions as well
as generation of E7-specific IFN-g expressing T cells. A
newer version of the DNA vaccine, ZYC-101a, which
encodes HPV16 and HPV18 E6- and E7-derived epi-
topes has been used in phase II clinical trial in patients
with CIN 2/3 lesions [18].
The administration of DNA in a dry-powder formula-

tion of microscopic particles into the skin by a needle-
free mechanism is an alternative method for vaccine
delivery. Previous in vivo studies in mice suggest that
particle-mediated epidermal delivery can suppress tumor
growth. The studies of phase I clinical trial are currently
underway, evaluating the safety and efficacy of particle-
mediated epidermal delivery of cancer vaccines in
patients with melanoma and in tumors known to
express NY-ESO-1 or LAGE-1 with a NY-ESO-1 plas-
mid DNA cancer vaccine [1].
The multi-functional nano-devices based on the den-

dritic polymer or dendrimers can also being applied to a
variety of cancer therapies to improve their safety and
efficacy. Technical advances have been focused on the
development of a linking strategy that allows the dendri-
mer molecules to be linked via complementary oligonu-
cleotides [63]. At present, further applications of
dendrimers in photodynamic therapy, boron neutron
capture therapy, and gene therapy for cancer are being
examined [63].
Recently, the modified fluorescent nanoparticles have

been synthesized as a targeting and delivery system, by
conjugating both tumor targeting agent and chemokines
to the nanoparticles, in order to attract immune cells
toward tumor cells. Biodegradable chitosan nanoparti-
cles encapsulating quantum dots were prepared, with
suitable surface modification to immobilize both tumor
targeting agent and chemokine on their surfaces [64].
Fluorescent chitosan coated quantum dots (QDs) were
used to act as bi-functional bridging units between can-
cer and immune cells. This nanoparticulate form of
delivery promises the advantages of enhanced tumor
selectivity and longer half-lives, thereby enhancing effec-
tiveness of the immune response and reduction in sys-
temic toxicity [64].
Several recent US and World patents of developing

and modifying nanoparticles for the detection, analysis
and treatment of cancer have been mentioned. Many
applications in vaccine therapy or gene therapy are
listed as following:
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1. Gene therapy: a) Nanoparticles formed from self-
assembled aggregates of amphipathic molecules cova-
lently linked to LM609 antibody and complexed with
the plasmid; b) Nanoparticle containing compacted vec-
tor formed by successive additions of oppositely charged
polyelectrolytes including an incorporation of ligands
into the DNA-polyelectrolyte shells which were mixed
with Pluronic F127 gel and polyethylenimine [65].
2. Vaccine therapy: a) Nanoparticles/liposomes con-

taining epidermal growth factor receptor vaccine such
as the mannan-modified nanoparticle, including man-
nan-modified recombinant adenoviral EGFR vaccine and
protein vaccine, mannan-modified liposome recombi-
nant EGFR gene and protein vaccine; b) Nano vaccines
prepared by envelopment through a magnetic ultrasonic
process of an MG7-Ag analog epitope polypeptide and
CpG ODN from a biological nano-emulsion, a gastric
cancer antigen MG7 and a CpG sequence motif con-
taining oligonucleotides serving as an immune adjuvant;
c) Nano vaccines/liposomes utilizing MAGE-1 and
HSP70 combined to form a fusion gene. The fusion pro-
tein and super-antigen Staphylococcal enterotoxin A
were combined to form a complex antigenic compound
and encapsulated by a nanoliposome [65].
2.4. Cationic peptides/Cell-penetrating peptides
(CPP) Various natural and/or synthetic cell-penetrating
peptides (CPP) have known as efficient tools in vaccine
design as they are capable of delivering therapeutic tar-
gets into cellular compartments. In fact, the cell mem-
brane is impermeable to hydrophilic substances and
delivery into cells could be facilitated by linking to CPP.
Different cargos such as drugs, peptide/protein, oligonu-
cleotide/DNA/RNA, nanoparticles, liposomes, bacterio-
phages, fluorescent dyes and quantum dots have been
linked to CPPs for intracellular delivery with possible
use in future vaccine design [66]. Two applications of
CPP already validated in vaccine studies are delivery of
tumor-associated antigens into antigen-presenting cells
(APCs) and use as a non-viral gene delivery vehicle in
DNA vaccines [66]. There are two methods for design-
ing CPP incorporating immunogenic antigens: 1) chemi-
cal linking via covalent bonds 2) coupling via
recombinant fusion constructs produced by bacterial
expression vectors. The orientation of the peptide and
cargo and the type of linkage are likely important [66].
In addition, the utilized CPP, attached cargo, concentra-
tion and cell type, all significantly affect the mechanism
of internalization. The mechanism of cellular uptake
and subsequent processing still remains controversial. It
is now apparent that CPP mediate intracellular delivery
via both endocytic and non-endocytic pathways [66-68].
An attractive feature of using polypeptides as gene deliv-
ery vectors is incorporating multiple functional domains
into one polypeptide chain, such as a DNA-binding

domain linked with a receptor-targeting domain. This
kind of polypeptides will recognize and bind to cell sur-
face receptors that are unique to target cells and deliver
the bound DNA into the cells through receptor-
mediated endocytosis. Therefore, this process may
ensure the therapeutic effect in desired cells and limit
the potential side effects caused by transgene expression
in non-target cells [69]. Figure 3B demonstrates the pep-
tide-based nucleic acid delivery systems.
Oligo-deoxynucleotides (ODN) with immune-stimulat-

ing sequences (ISS) containing CpG motifs facilitate the
priming of MHC class I- restricted CD8+ T cell
responses to proteins or peptides. Therefore, ODN/
cationic peptide complexes are potent tools for priming
CD8+ T cell immunity [70]. The complex formation
required electrostatic linkage of the positively charged
peptide to the negatively charged ODN. Conjugation of
immunostimulatory DNA or ODN to protein antigens
facilitates the rapid, long-lasting, and potent induction
of cell-mediated immunity [70]. It was shown that ODN
(with or without CpG-containing sequences) are potent
Th1-promoting adjuvants when bound to cationic pep-
tides covalently linked to antigenic epitopes, a mode of
antigen delivery existing in many viral nucleocapsids
[70].
The HIV Tat derived peptide is a small basic peptide

that has been successfully shown to deliver a large vari-
ety of cargoes, from small particles to proteins, peptides
and nucleic acids. The “transduction domain” or region
conveying the cell penetrating properties is clearly con-
fined to a small stretch of basic amino acids, with the
sequence RKKRRQRRR (residues 49-57) [71,72]. This
polycationic nanopeptide is known to be a transfection
enhancer of plasmid DNA. The conditions of DNA-pep-
tide complex formation and DNA/Tat ratio have signifi-
cant impact on the level of transgene expression and
degree of DNA protection from nuclease attack [49].
The conjugation of this peptide to ovalbumin (OVA)
resulted in efficient stimulation of MHC class I-
restricted T cell responses in vitro and, more impor-
tantly, the generation of CTLs in vivo [73]. Also, soluble
Tat-antigen conjugates can deliver the antigen directly
to the MHC class I processing pathway and thereby
increase the generation of antigen-specific CD8+ T cells
in vitro [73,74]. A fusion protein containing the car-
boxy-terminal end of Tat (amino acids: 49-86) linked to
the HPV16 E7 oncoprotein enhanced tumor specific
immune responses in vivo [75]. In C57BL/6 mice, E7-
Tat mixed with Quil A generated efficient prophylactic
and therapeutic suppression of HPV16-positive C3
tumor outgrowth. This study offers a new strategy for
improving subunit cancer vaccines [75]. Particularly, a
Tat-derived peptide in combination with a PEG-PEI
copolymer could be a promising candidate as gene
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delivery vehicle intended for pulmonary administration.
Tat-PEG-PEI represents a new approach to non-viral
gene carrier for lung therapy, comprising protection for
plasmid DNA, low toxicity and significantly enhanced
transfection efficiency under in vivo conditions [76].
It has been shown that covalent attachment of low

molecular weight polyethyleneimine (PEI) improves Tat
peptide mediated gene delivery in vitro [77-79]. In our
recent study, two delivery systems including polymer
PEI 25 kDa and polymer peptide hybrid as PEI600-Tat
conjugate were used to compare their efficiency for
HPV16 E7 DNA transfection in vitro. Our data indi-
cated that both delivery systems including PEI 25 kDa
and PEI600-Tat conjugate are efficient tools for E7 gene
transfection. In fact, PEI potency for E7 gene transfec-
tion is higher than PEI600-Tat in vitro, but its toxicity is
obstacle in vivo [80]. Using HPV16 E7 as a model anti-
gen, the effect of PEI600-Tat conjugate has been evalu-
ated on the potency of antigen-specific immunity in
mice model. Assessment of lymphoproliferative and
cytokine responses against recombinant E7 protein (rE7)
showed that PEI600-Tat/E7DNA complex at certain
ratio induces Th1 response. This study has demon-
strated that PEI600-Tat conjugate is efficient to improve
immune responses in vivo [81]. Synthetic peptides con-
taining a nuclear localization signal (NLS) can be bound
to the DNA and the resulting DNA-NLS complexes can
be recognized as a nuclear import substrate by specific
intracellular receptor proteins [8]. For example, conjuga-
tion of an NLS to a Minimalistic Immunogenically
Defined Gene Expression (MIDGE) vector encoding a
truncated and secreted form of BHV-1 glycoprotein D
(tgD) improved the tgD expression in vitro and induced
both humoral and cellular immune responses in mice
[8]. This strategy could be applied as an efficient path-
way in enhancement of DNA vaccine potency against
cancer.
One of the CPPs that have currently received exten-

sive attention in the field of DNA vaccination is the
herpes simplex virus (HSV-1) protein VP22 [66]. VP22
can form compacted complexes with short oligonucleo-
tides and form particles of spherical nature with a size
range of 0.3 to 1 μm in diameter. These particles
entered cells efficiently within 2 to 4 hours. Further-
more, VP22 enables spreading of the antigenic peptide
to the cells surrounding the transfected cells [66].
Efforts have been made to increase the potency of DNA
vaccines by exploiting the cell-to-cell spreading capabil-
ities of the HSV-1 VP22 protein or the analogous pro-
tein from bovin herpesvirus 1 [10]. The significance of
VP22 in intercellular spreading has been demonstrated
through in vitro studies linking VP22 to p53, thymidine
kinase, cytosine deaminase and Green Fluorescent Pro-
tein (GFP). These proteins were observed to be

distributed to nuclei of surrounding cells [18].
Furthermore, vaccination with DNA encoding HPV16E7
linked to the HSV type 1 VP22 elicited the enhanced
E7-specific memory CD8+ T lymphocytes and anti-
tumor effects against E7-expressing tumor cells [82].
Also, VP22 has been used for HPV DNA vaccines tar-
geting the E6 protein [18]. Various groups have demon-
strated that DNA constructs which encode fusion
proteins of VP22 linked to an antigen increase the
immune responses in mice and cattle. Bovine herpes-
virus VP22 (BVP22) and Marek’s disease virus VP22
(MVP-1) are both closely related by their structural
homology to HSV-1 VP22, and can also have a signifi-
cant role in intercellular spreading. Hung et al. has
demonstrated that mice vaccinated with DNA encoding
MVP22/E7 significantly increased numbers of IFN-g-
secreting, E7-specific CD8+ T cell precursors compared
to mice vaccinated with wild-type E7 DNA alone, which
directly lead to a stronger tumor prevention response.
Similarly, immunization of mice and cattle with DNA
vaccine coding for BVP22 linked to truncated glycopro-
tein D (BVP-tgD) was shown to generate a stronger
tgD-specific immune response compared to animals vac-
cinated with tgD alone. Taken together, DNA vaccine
encoding VP22 linked to antigens represents a promis-
ing approach to enhance DNA vaccine potency [18].
However, the data concerning the mechanism respon-

sible for increasing of immune responses are controver-
sial [10]. To evaluate the VP22 role in gene therapy of
hepatocellular carcinomas (HCCs), the expression vec-
tors were constructed for N- and C-terminal fragments
of VP22-p53 fusion proteins and investigated the VP22-
mediated shuttle effect in hepatoma cells by co-transfec-
tion experiments. VP22-mediated trafficking was not
detectable in hepatoma cells in vitro by fluorescence
microscopy [83]. For in vivo experiments, the recombi-
nant adenoviruses Ad5CMVp53 and Ad5CMVp53-VP22
were constructed. In contrast to the in vitro experi-
ments, intercellular trafficking of VP22-p53 could be
observed in subcutaneous tumors of hepatoma cells by
fluorescence microscopy, indicating a stronger shuttle
effect in solid tumors compared to cell culture experi-
ments [83].

VLPs as an efficient delivery system
Virus-like particles (VLPs) have gained increasing inter-
est for their use as vaccines due to their repetitive anti-
genic structure that is capable of efficiently activating
the immune system. In addition to the use of VLPs as
direct immunogens, the efficiency that they stimulate
cellular and humoral responses has made them prime
candidates as carrier molecules for the delivery of epi-
topes, DNA and small molecules targeting other diseases
[84]. The reason that many VLPs make excellent carrier
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molecules for the delivery of epitopes in vaccines is
most likely because the particulate VLP structure is
readily taken up into antigen presenting cells and thus
is able to prime long lasting CTL responses as well as
antibody responses [84]. Notable work has been done in
this area with the hepatitis B core particles, human
papillomavirus VLPs and parvovirus VLPs displaying T-
cell specific epitopes from another protein on their cap-
sid. These studies demonstrate that like bacterial epitope
display systems, VLPs are efficient stimulators of MHC
class I and class II responses [84]. Consequently, VLPs
have great potential as epitope display systems for other
diseases.
Human papillomavirus-like particles (HPV VLP) are a

candidate vaccine for prevention of HPV infection and also
an immunogenic delivery system for incorporated antigen.
For example, an L1-E7 fusion protein has been shown to
self-assemble into chimeric VLPs (cVLPs) that can be used
to enhance E7-specific cellular immune responses in mice
[85]. Also, L2-E7 or L2-E7-E2 fusion proteins have been
generated and incorporated into chimeric VLPs that have
been shown to provide similar enhancement of E7-and/or
E2-specific responses [86,87]. In addition to using VLPs for
delivery of viral early proteins, VLPs consisting of L1 alone
have been indicated to be capable of delivering plasmid
DNA into cells grown in vitro [88]. The researchers have
shown previously that polyomavirus VP1 VLPs [89,90] or
HPVL1 VLPs [91,92], are able to mediate delivery and
expression of plasmid DNA in vitro. Interestingly, the
recent evidence has suggested that VLPs consisting of both
the L1 major and L2 minor capsid proteins are more effi-
cient for DNA delivery than VLPs consisting of L1 alone
[93]. Kamper et al. [94] showed that DNA co-delivered
with L1 VLPs is retained within endosomes, and that effi-
cient egress from this compartment is dependent on a 23
amino acid sequence located within the L2 carboxyl-term-
inal region. Thus, a potentially important role for L2 has
been identified in facilitating DNA delivery and expression
in vitro. These findings support the development of VLP-
based strategies for both prophylaxis and therapy of HPV-
associated diseases, and for using VLPs in an effort to
avoid barriers commonly encountered with DNA-based
immunization strategies [88,93]. Additional evidence to
support this concept was generated in experiments in
which co-administration of VLPs with a plasmid designed
to express HPV16 E6 oncoprotein was associated with sig-
nificant enhancement of plasmid-encoded E6-specific cel-
lular immune responses [93]. Consistent with these
findings, co-administration of L1/L2 VLPs with pcDNA-
CRT/E6 expression plasmid has been associated with sig-
nificant enhancement of E6-specific cellular immune
responses [93].
L2 has also been shown to mediate co-localization of

L1 and DNA within the nucleus in promyelocytic

leukemia oncogenic domains (POD), known as ND10
[95]. Although, ND10 function is not yet fully character-
ized, a role in RNA processing has been suggested [96].
ND10 sites are also known to contain RNA polymerase
II, and CBP, a transcriptional co-activator, which sup-
ports a transcriptional role for these structures [96].
Thus, L2 may facilitate expression of co-delivered DNA
not only by mediating endosomal escape, but also by
mediating localization of DNA to sites that support
transcription.
An optical imaging approach has been designed to

directly visualize the trafficking of simian-human immu-
nodeficiency (SHIV) VLPs after immunization by common
routes of injection. It was shown that VLPs can easily
enter the draining lymph nodes with quantitative differ-
ences in the number of lymph node involvement depend-
ing on the immunization route. Intradermal immunization
led to the largest level of lymph node involvement for the
longest period of time, which correlated with the strongest
humoral and cellular immune responses. Therefore, intra-
dermal immunization showed improved responses and
might be a preferable delivery route for viral and cancer
immunotherapeutic studies involving VLPs [97].

Delivery systems in dendritic cell-based vaccines
Dendritic cells (DCs) are potent antigen-presenting cells
capable of initiating a primary immune response and
possess the ability to activate T cells and stimulate the
growth and differentiation of B cells. DCs provide a
direct connection between innate and adaptive immune
response, and arise from bone marrow precursors that
are present in immature forms in peripheral tissues,
where they are prepared to capture antigens. DCs
migrate from the peripheral tissues to the closest lymph
nodes through afferent lymphatic vessels to present the
foreign antigens, stimulating T-cell activation and initi-
ating a cellular immune response [15]. In dendritic cell-
based cancer immunotherapy, it is important that DCs
present peptides derived from tumor-associated antigens
on MHC class I, and activate tumor-specific cytotoxic T
lymphocytes. However, MHC class I generally present
endogenous antigens expressed in the cytosol. Several
researchers have developed antigen delivery tools based
on the cross presentation theory of exogenous antigens
for DCs. In these studies, various types of antigen deliv-
ery carriers such as liposomes [98,99], poly-(g-glutamic
acid) nanoparticles [100] and cholesterol pullulan nano-
particles [101], which can deliver antigen into DCs via
the endocytosis pathway, have been used. Furthermore,
IgG modified liposomes with entrapped antigen have
been reported to induce cross presentation of exogenous
antigen for DCs on MHC class I molecules [102]. These
carriers deliver antigens into DCs via an endocytosis
mechanism, likely due to exogenous antigen leaking from
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the endosome into the cytosol. In other study, DCs
pulsed with exogenous antigens by electroporation pre-
sented their antigens on MHC class I molecules and
resulted in inducing MHC class I-mediated anti-tumor
immunity. Although electroporation is commonly uti-
lized to deliver gene such as DNA and RNA into cytosol,
Kim et al. and Weiss et al. applied this system to antigen
delivery into DCs [103,104]. Moreover, Suzuki et al.
investigated the effect of antigen delivery using perfluoro-
propane gas-entrapping liposomes (Bubble liposomes,
BLs) and ultrasound (US) exposure on MHC class I pre-
sentation levels in DCs, as well as the feasibility of using
this antigen delivery system in DC-based cancer immu-
notherapy. DCs were treated with ovalbumin (OVA) as a
model antigen. Ovalbumin was directly delivered into the
cytosol but not via the endocytosis pathway, and OVA-
derived peptides were presented on MHC class I [105].
Immunization with DCs treated with OVA, BLs and US
exposure efficiently induced OVA-specific CTLs and
resulted in the complete rejection of E.G7-OVA tumors
[96]. These data indicate that the combination of BLs
and US exposure is a promising antigen delivery system
in DC-based cancer immunotherapy.
It is known that DCs have an important role in various

diseases particularly in cancer and autoimmune disorders.
Therefore, targeting nanoparticles (NPs) to DCs provides
a promising strategy for developing an efficient protective
immune response. A variety of NPs have been designed
with different properties to target DCs for diverse applica-
tions. Specific antigens encapsulated by NPs have been
used as delivery systems to DCs [106]. For example, DCs
have been loaded with HIV-1 p24 proteins adsorbed on
the surface of surfactant-free anionic polylactic acid nano-
particles (PLA NPs) and humoral and cellular immune
responses were analyzed. The specific levels of serum IgG
and intestinal IgA were observed as well as specific CD4+
T cell proliferation in the spleen and mesenteric lymph
nodes in CBA/J mice vaccinated with p24-NPs DCs [106].
This novel delivery tool can also be effective in cancer
immunotherapy. For example, in vitro generation of DCs
loaded with tumor-associated antigens has been investi-
gated against human glioblastoma multiforme, an aggres-
sive primary brain tumor [106].
In a study, NPs were not used only to load DCs with

the antigen but instead to regulate the antigen release
into the DCs and to develop a controlled response. It
has been reported that the injection of exosomes derived
from DCs loaded with tumor peptides induces a potent
anti-tumor immune response with a final eradication of
established tumors. Herein, DCs were pulsed with syn-
thetic peptides that represent cytotoxic T-lymphocyte
epitopes of HPV16 E7. Other clinical studies in phase I-
II were being carried out for a DC vaccine pulsed with
multiple peptides for recurrent malignant gliomas. The

objective was to determine the safety and induction of
the immune response using these vaccinations. There-
fore, NPs can contribute to a better design of medical
applications by a controlled release of a specific agent
with more efficient and specific targeting, affording the
opportunity to track them for obtaining information
about their bio-distribution at the same time [106].

Delivery systems in protein/peptide vaccination
Soluble protein-conjugated polysaccharides are poorly
immunogenic and require adjuvants, delivery systems or
live vectors to boost immune responses following
immunization [38]. For optimal performance, antigen
delivery vehicles should closely mimic the composition
and immunological processing of actual pathogens; they
should actively or passively target APCs such as DCs;
protect the antigenic protein from degradation; direct
the nature of the resulting immune response (i.e., cellu-
lar versus humoral responses) and last, induce APC
maturation by interacting with elements of the innate
immune system such as Toll-like receptors (TLRs). Sev-
eral strategies have been reported including directly
conjugating TLR ligands to protein antigens or co-
encapsulating immunostimulatory agents and proteins
in liposomes or hydrophobic polymeric particles [107].
Furthermore, an antigen delivery system has been gen-
erated which is based on acid-degradable, acetal-cross-
linked, hydrogel particles designed for uptake by APCs.
Compared to non-degradable systems, these microparti-
cles greatly enhance the efficacy of MHCI antigen pre-
sentation and the subsequent activation of CD8+
cytotoxic T lymphocytes (CTLs), which are crucial in
cancer immunotherapy [107]. To affect APC matura-
tion, a method has recently reported for the incorpora-
tion of an immunostimulatory CpG oligonucleotide into
the polymer backbone of the particles. Following phago-
cytosis by APCs, these particles were designed to
degrade in the acidic environment of endosomal vesicles
and release their protein as well as a CpG-polymer con-
jugate capable of binding TLR9, an endosomal receptor
for un-methylated viral and bacterial DNA. TLR9 liga-
tion resulted in APC activation and maturation and led
to the subsequent migration of APCs to draining lymph
nodes [104]. Although, these microparticles were effec-
tive in generating antigen specific immunity, they
required a relatively high CpG content, which was due
to a loss in activity of the CpG caused by its covalent
linkage to the polymer scaffold [107].
However, protein delivery is a safe vaccine approach,

particularly suitable for inducing immunity against
oncoproteins. The HIV-1 Tat protein is capable of deli-
vering biologically-active proteins to the cytoplasmic
compartment via the plasma membrane and is indepen-
dent of cell type [108-111].

Bolhassani et al. Molecular Cancer 2011, 10:3
http://www.molecular-cancer.com/content/10/1/3

Page 16 of 20



Synthetic peptides with the minimal sequences are
necessary for immuno-modulation and have attracted con-
siderable attention as a basis for subunit vaccine design.
Peptide vaccine efficacy is determined by how the peptides
are recognized and processed by the immune system. Spe-
cifically, peptide concentration, multi-valency, secondary
structure, length and the presence of helper T-cell epi-
topes can significantly affect the immune response [112].
Conserved microbial motifs can trigger innate responses,
through binding to Toll-like receptors (TLRs) on the sur-
face of APCs. Linking peptide antigens with TLR agonists
in a single construct has proven to be an effective
approach for enhancing peptide immunogenicity. Many
designs for delivering antigenic peptides and adjuvants
have been explored, including direct peptide-adjuvant con-
jugates, and particulate systems such as liposomes, virus-
like particles, degradable polymers and non-degradable
solid-core beads. These delivery vehicles can not only cou-
ple peptide antigens with TLR agonists, but also can have
immune-stimulating properties, such as DC targeting,
multivalent peptide display and additional adjuvant activity
and can provide protection against degradation.
The route of administration and the specific vaccine

formulation will have a profound effect on factors such
as peptide orientation and structure, stability of peptides
against degradation and clearance, tissue localization,
toxicity and antigen uptake and processing [112].

Mucosal delivery systems
Prophylactic and therapeutic responses against infectious
diseases and cancer can be induced systemically and at
mucosal surfaces by activating the mucosal immune sys-
tem. Different challenges are associated with different
types of mucosal vaccines. Thus, administration routes,
carrier systems and adjuvants were considered that can be
used to overcome these challenges to enhance mucosal
vaccination. The use of particle-mediated delivery systems
is an effective strategy to enhance mucosal vaccination by
protecting immunogenic material during delivery, provid-
ing targeted delivery systems, and allowing incorporation
of adjuvant material [113]. The mucosal immune system
has been established as an ideal target site for vaccines.
Many pathogens infect the host at a specific entry site in
the mucosal surface, specifically the M-cells. Hence, it can
be an effective strategy for vaccination to target the immu-
nization to these cells. Traditionally, vaccines are adminis-
tered by injection (e.g., intramuscular vaccination) and will
most probably elicit systemic immune responses but only
insufficient mucosal responses. On the other side, oral or
respiratory immunization usually favors the development
of mucosal antibodies and cell-mediated immune
responses [113]. The efficacy of M-cell delivery of DNA or
any other orally administered vaccine is dependent on
1) whether the administered agents can survive into the

gastric and intestinal environments, including pH-induced
degradation, enzymes, and diffusion across mucus layer;
and 2) whether residence time in the intestine is long
enough for sufficient interaction with target cells so that
these can endocytose the vaccines. Because of this, oral
administration of a vaccine often requires delivery systems
that can provide protection against enzymatic degradation
and elimination in the gastrointestinal tract in order to
maintain a high bioavailability [113]. One way to ensure
efficacy of immunization is by shielding the payload from
the gastrointestinal tract by encapsulation or inclusion
into microspheres or a multi-phase systems such as water-
oil-water multiple emulsions. Also, biologically active poly-
mers can be used to further broaden the application.
Another way to improve vaccine delivery is by extending
the intestinal residence time using specific muco- or bio-
adhesins binding to intestinal mucus or to the apical sur-
faces of epithelial cells in the intestine. However, strategic
selection of materials used in the development of mucosal
vaccine delivery can also benefit from intrinsic immunoad-
juvants effect (e.g., Pluronic copolymers and squalane oil)
to enhance the immunogenic response and improve the
vaccine efficacy [107]. Successful mucosal vaccination for
acute and chronic diseases will require greater understand-
ing of disease pathology, advances in the biology of muco-
sal immunity in the nasal and gastrointestinal tract,
development of multivalent antigens that can elicit potent
and long-lasting immune responses and advances in mate-
rials science and technology that can be used to develop
more effective and targeted delivery systems [113].

Non-invasive techniques for monitoring in vivo antigen
capture and delivery
A major parameter limiting immune responses to vaccina-
tion is the number of activated APCs that capture antigen
and migrate to draining lymph nodes. The use of cellular
magnetic resonance imaging (MRI) is a promising
approach for this purpose [114]. In a study, an in vivo
labeling method was described, which relies upon cell-to-
cell transfer of super-paramagnetic iron oxide (SPIO) from
tumor cells to endogenous APCs, in situ, for quantification
of APC delivery to lymph nodes in a tumor vaccine model.
Mice were immunized with a tumor cell-based vaccine
that was labeled with SPIO. APCs that had captured SPIO
were imaged over time as they accumulated in lymph
nodes. It was indicated that MRI is capable of monitoring,
in vivo, the trafficking of magnetically labeled APCs indu-
cing a tumor-specific immune response, and that these
cells can be magnetically recovered ex vivo. Excellent cor-
relation was observed between in vivo and ex vivo quantifi-
cation of APCs, with resolution sufficient to detect
increased APC trafficking elicited by an adjuvant [114].
Furthermore, the rapid development of Quantum Dots

(QDs) technology has already fulfilled some of the hopes of
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developing new, more effective cancer-imaging probes.
First, stable encapsulation of QDs with amphiphilic poly-
mers has prevented the quenching of QD fluorescence in
the aqueous in vivo environment. Second, QDs are relatively
inert and stable. Finally, successful conjugation of QDs with
biomolecules has probably made active targeting them to
tumors. Despite their success so far in cancer imaging,
there are challenges in enhancing sensitivity, maximizing
specificity and minimizing toxicity of QDs, which must be
undertaken before clinical applications can proceed [115].

Conclusion
The major aim in gene therapy is to develop efficient, non-
toxic gene carriers that can encapsulate and deliver foreign
genetic materials into specific cell types including cancer-
ous cells. Both viral and non-viral vectors were developed
and evaluated for delivering therapeutic genes into cancer
cells. Many viruses such as retrovirus, adenovirus, herpes
simplex virus, adeno-associated virus and pox virus have
been modified to eliminate their toxicity and maintain their
high gene transfer capability. Due to the limitations corre-
lated to viral vectors, non-viral vectors have been further
focused as an alternative in delivery systems. Non-viral vec-
tors include cationic polymers such as polyethylenimine
(PEI), polylysine (PLL), cationic peptides and cationic lipo-
somes. Currently, many modifications to the current deliv-
ery systems and novel carrier systems have been developed
to optimize the transfection efficiency. Furthermore, the
route of immunization can influence the outcome of the
immune response through altering the interaction between
the vaccine and different APCs at the site of injection.
Hence, the routes of administration and formulation of
DNA clearly affect the therapeutic response by altering
immune pathway. Among the commonly used methods of
DNA vaccination, the highest efficacy was achieved after in
vivo electroporation and gene gun delivery. However, it is
critical to further analyze the results of ongoing clinical
trials, specifically, in the aspect of their success or failure of
certain delivery methodologies for DNA vaccines.
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