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A
�

bstract. A
�

 new generation of vaccines are being developed to induce immune responses that fight off inf
�
ectious

a� gents, or erradicate cancerous cells. These new vaccines are based on a plasmid vector, which in transfected
m	 ammalian cells cause constitutive high-level expression of the target antigen. Expression o
 f the target antigen,
in turn, can induce a full-range of immunologic responses, including cell-mediated killing, cell-mediated cytokine
release and the production of antigen-specific antibodies. Through molecular techniques, these nucleic acid
v� accines can be enhanced to increase target antigen expression and facilitate antigen presentation. Additionally,
g� enetic adjuvants expressed simultaneously with the target antigens can induce the immune r
 esponses to disease-
-associated antigens. The ease with which these genetic vaccines can be generated and the potency of their ability
t

�
o generate immune-mediated responses make them highly effective, which creates hope for dev� eloping effective

t
�
reatment and prevention of various diseases, most notably cancer.
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Introduction

V
�

accines can be considered as the foremost
a� chievement of biomedical research in the 20th century.
V

�
accines to some viruses, such as smallpox and polio-

v� irus, have been so efficacious that world-wide vacci-
n� ation programs have accomplished complete or near
c� omplete eradication of human infections. In compari-
son, tumor vaccines have yielded far less impressive
results. This relates to the complexity of the molecular
c� hanges that transform a “normal”  cell into a malignant
o
 ne. Tumor vaccine development is further complicated
b

�
y the indoctrination of the immune system to avoid

h
�
orror autotoxicus by destruction of self.

W
�

ith advances in the human genome project, tumor-
-associated antigens are now being identified at a rapid
p� ace (Table 1). Many of these antigens are either mu-

t
�
ated or overexpressed self proteins that, in their wild-

-type form, play a role in cell cycle control. Single point
mutations, such as those found in tumor-associated p53,
t

�
hat distinguish a normal protein from an oncoprotein,

c� an serve as targets for T cell-mediated immune re-
sponses, provided the mutations are flanked by anchor-
i

�
ng sequences for binding to major histocompatibility

c� omplex (MHC) determinants which are required to
p� resent the epitopic protein fragment to T cells9

�
7. Many

mutations lack those sequences and are thus immuno-
l

�
ogically silent. Another commonly found molecular

d
�
igression in tumor cells is over-expression or develop-

m	 entally aberrant expression of otherwise unmodified
self-proteins. The immune system is tolerized against
self-proteins expressed at physiological levels. Induc-
t

�
ion of T cell tolerance requires a certain threshold of

e� pitopes, which is formulated by a number of variables,
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including the level of protein production and turnover
rate and the affinity of potential epitopes to MHC deter-
m	 inants. High-affinity epitopes are generally presented
in sufficient quantities to the immune system to induce
t

�
olerance even if the self-protein is produced at discreet

l
�
evels, while low-affinity epitopes, also called subdomi-

nant epitopes, only induce tolerance if the protein is
synthesized at a higher rate. Subdominant epitopes
p� resent on proteins that, under physiological condition,

a� re expressed in low amounts become so-called cryptic
e� pitopes, a functional term that describes sequences
t

�
hat fail to reach the threshold to induce tolerance 49, 82.

Such cryptic epitopes can turn into subdominant epi-
t

�
opes on cancer cells upon over-expression of the corre-

sponding protein, thus potentially providing targets for
T

�
 cell-mediated immune responses. Devising vaccines

t
�
hat induce potent immune responses against such sub-

d
�
ominant epitopes remains a challenge. Easier by far,

a� t least with regard to the choice of antigens, is the
d

�
esign of vaccines to virally induced cancers. A num-

b
�
er of viruses, such as herpes viruses26 and papilloma-

v� iruses5
�
, 108, c� ontribute to cell transformation, and ex-

p� ression of viral antigens is causatively linked to
u� ncontrolled cell growth. Such viral antigens, which are
f

�
oreign to the host’s immune system, provide ideal

c� hoices for vaccines to the corresponding malignancies.
N

�
evertheless, patients that develop cancer upon infec-

t
�
ion with these viruses are genetically most likely low

responders to the viral antigens, thus again necessitat-
i

�
ng the design of vaccines that induce responses to sub-

d
�
ominant epitopes.

Another challenge encountered by tumor vaccino-
logists is the uncanny ability of tumor cells to evade
i

�
mmune surveillance. Pathogens such as viruses have

e� volved mechanisms to subvert immune responses 5
�
3.

V
�

accines to infectious agents are generally given pro-
p� hylactically, thus circumventing many of these prob-
lems. Tumor vaccines are designed for therapeutic
t

�
reatment of cancers. During the time interval between

t
�
he first uncontrolled cell division and the onset of clini-

c� al symptoms, which can span several years, tumor
c� ells evolve pathways not only to dodge immune sur-
v� eillance81, but also to actively subvert the immune sys-
t

�
em, thus antagonizing active immunotherapy5

�
4.

Another question that remains to be addressed be-
f

�
ore we can intelligently design tumor vaccines is what

t
�
ype of immune responses are most suited to eradicate

t
�
umor cells. This will depend largely on the type of

c� ancer as well as on the tumor-associated antigen
c� hosen as immunogen. Tumor-associated antigens ex-
p� ressed on the cell surface, such as B and T cell idio-
t

�
ypes on certain forms of lymphomas, might provide

t
�
argets for antibody-mediated cell destruction89; intra-

c� ellular tumor-associated antigens remain elusive to
a� ntibodies, but might provide targets for T cells. Cyto-
lytic CD8+ T cells have been assumed to play a major
role in tumor cell eradication; however, many types of
t

�
umor cells down-regulate proteins that are involved in

t
�
he MHC class I-processing pathway, thus evading rec-

o
 gnition by CD8+ T cells28. CD4+ T cells recognize
a� ntigen in association with MHC class II determinants.

T
 

able 1. Genes expressing tumor-associated antigens

Antigen Reference

MelanA/MART-1
pmel-l7/gp100
tyrosinase
gp75/TRP-1
TRP-2
MAGE-1
MAGE-3
GAGE-1, -2
BAGE
RAGE
NY-ESO-1a!

CDK-4
β
"

-cateninb
#
 

MUM-1
caspase-8b

#

KIAA0205c$

SART-1
PRAMEd

%

p15d
%

SSX1/SSX2e&

Ep-CAM/EGP40f
'

MUC1g(

GCAP
hsp70, hsp90, gp96/grp94h

)

41
19
45
9
*
9

9
*
8

9
*
5

29
9
*
4

 4
7
+
9

11
104 
7
+
3

18
40
3
,
2

8
�
3

5
-
1

7
+
0

20
6
.
6

5
-
7

8
�
5

3
,
5

MART-1 – melanoma antigen recognized by T cells 1, gp100
– melanoma differentiation antigen, tyrosinase – melanin synthesis
e/ nzyme, TRP-1, TRP-2 – tyrosinase-related protein, MAGE-1,
MAGE-3, GAGE-1, GAGE-2, BAGE and RAGE – melanoma anti-
g0 ens (the suffix “AGE” in the name of the antigen coding genes
indicates they are silent in normal adult tissues except testis), CDK-4
– cyclin-dependent kinase 4, MUM-1 – melanoma ubiquitous mu-
t
1
ated, SART-1 – squamous cell antigen recognized by T cells 1,
E
2

p-CAM – 17-1A recognized antigen, MUC1 – mucin, GCAP –
g0 erm-cell alkaline phosphatase, hsp70, hsp90, gp96/grp94 – tumor-
-derived stress proteins.

a3  A testicular cancer antigen
b

4
 Expressed as a mutated gene product.

c5  A human bladder cancer antigen.
d

6
 Melanoma – specific antigens.

e7  A translocation/fusion with the SYT gene (human chromo-
s8 ome 18).

f Up-regulated on several types of carcinoma.
g9  Up-regulated and/or under-glycosylated expression on certain

a: denocarcinomas.
h Tumor-derived stress proteins complexed with tumor-derived

a: ntigens.
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M
;

HC class II molecules, unlike MHC class I determi-
nants, are only expressed on a few specialized cells but
not on most tumor cells. CD4+ lymphocytes are now
b

�
eing appreciated for their ability to limit the growth of

t
�
umor cells 6

<
3, presumably by indirect recruitment of

inflammatory cells, such as eosinophils, or by secretion
o
 f tumoricidal cytokines.

A number of different types of tumor vaccines have
b

�
een designed and tested, first in experimental animals

a� nd, where pre-clinical results were of sufficient
p� romise, in clinical trials. The initial tumor vaccines
w= ere based on irradiated tumor cells, an approach that
h

�
as been refined by additional modifications of such

t
�
umor cells, for example by in vitro introduction of

g� enes encoding cytokines or co-stimulatory factors6
<

2 or
b

�
y introducing tumor antigens into professional

a� ntigen-presenting cells (APCs)6
<
8. This approach has

t
�
he advantage of offering all of the potential tumor-as-

sociated antigens to the immune system, but the disad-
v� antage that the number of tumor cells that need to be
g� enerated for this vaccine strategy are often not avail-
a� ble. Furthermore, this vaccine regiment requires indi-
v� idualized vaccines for each patient. As an alternative,
subunit vaccines based on single tumor-associated anti-
g� ens, or even epitopes, can be developed and used for
a�  broader spectrum of patients. Different carriers that
selectively favor induction of distinct immune respon-
ses can be used to deliver such subunit vaccines. Puri-
fied proteins in adjuvant induce antibody and CD4+>

T cells, but are poor stimulators of CD8+ T cells. Pep-
t

�
ides in lipid formulations can induce both T cell sub-
sets, but the response is not only monospecific and,
t

�
hus, easily circumvented by rapidly mutating tumor

c� ells, but it is also under Ir-gene control, a problem for
t

�
he use of peptide vaccines in an out-bred population.

V
�

iral recombinant vaccines induce both T and B cell-
-mediated immune responses and are currently at the
forefront of most tumor vaccine efforts.

A
�

 relatively new and promising strategy that is
b

�
eing exploited for both prophylactic and therapeutic

t
�
reatment of infectious diseases, autoimmunity and

c� ancer is based on plasmid DNA. Such DNA vaccines,
a� lso called polynucleotide vaccines or genetic vaccines,
a� re circular pieces of double stranded DNA that contain
sequences for selective propagation in bacteria, as well
a� s a mammalian expression cassette composed of a con-
stituitively active promoter, followed by a gene express-
ing a pathogen-derived protein or a tumor-associated
a� ntigen. Such vaccines, first described in 199288, have
shown efficacy in animal models to a variety of infectious
a� gents, including viruses, bacteria and parasites47. Vacci-
nation utilizing naked plasmid DNA expressing tumor-

-specific antigens has also been shown, at least in ex-
p� erimental animals, to elicit long-lasting protective im-
mune responses to malignancies 7

?
, 16, 17, 25, 43, 77, 102.

I
@
n this review of current advances in genetic im-

munization, we will discuss the potential use of DNA
v� accines for the treatment of cancer and, furthermore,
d

�
escribe avenues to enhance their immunogenicity.

Cancer Vaccines Against Model Tumors

A
�

 number of studies have tested the efficacy of anti-
-cancer DNA vaccines based on either model antigens
o
 r tumor-associated antigens (Table 2).

A
�

 report by IW
A

ASAKI and BA
B

RBER3
C

9 describes a 9-
-amino-acid epitope from the nucleoprotein (NP) of in-
fluenza virus utilized as a surrogate tumor-specific
a� ntigen. A stable cell line was established by transfect-
ing a DNA construct encoding the minimal NP epitope
i

�
nto the mouse mastocytoma cell line P815. Mice that

w= ere primed and boosted with a full-length NP con-
struct successfully mounted a CD8+>  T cell-mediated
a� ntitumor response. Interestingly, protected mice chal-
l

�
enged with the parent none-NP-expressing cell line re-

mained resistant to tumor formation, indicating that the
t

�
umor challenge had broadened the immune response

t
�
o additional antigens.

A second example utilized a construct expressing
ß

D
-galactosidase as a simulated tumor-specific antigen.

G
E

ene-gun-mediated DNA vaccination successfully pro-
t

�
ected mice from challenge by tumors expressing this

g� ene product7
?

2. The vaccine was so efficacious that tu-
mors were rejected even if DNA inoculation was given
p� ost-challenge, when tumors were already established.

To examine a potential therapy for colorectal carci-
n� oma, an immunization strategy was developed utiliz-
ing the carcinoembryonic (CEA) gene expressed under the
c� ontrol of the cytomegalovirus (CMV) promoter16, 86.
Both pig-tailed macaques and out-bred dogs were used
t

�
o test the CEA vaccine. In the dogs, intramuscular, as

o
 pposed to intravenous or intradermal, injection in-
d

�
uced the most prominent antibody titers. In macaques,

intramuscular vaccination was more successful than
p� article bombardment. Both dogs and macaques
showed significant CEA-specific lympho-proliferative
responses in the absence of toxicity or histopathological
a� bnormalities.

L
F

astly, a strong antibody- and CD8+>  T cell-medi-
a� ted cytolytic response could be generated in mice
p� rimed with a plasmid vector expressing the prostate-
-specific antigen (PSA)4

G
4. In addition, this DNA-based
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v� accine also generated a significant proliferative T cell
response.

Immune tolerance may prevent immunity directed
a� gainst self-antigens. For example, the tyrosine family
p� roteins are differentiation antigens that are recognized
i

�
n patients with melanoma3

C
6. WE

H
BER et al.101 have in-

v� estigated whether tolerance can be broken by priming
w= ith an xenogenic antigen. They immunized mice with
a�  DNA construct expressing the human brown locus
p� rotein (gp75/tyrosine-related protein-1). They found
t

�
hat the human gp75, but not mouse gp75, elicited an

i
�
mmune response that provided significant protection

a� gainst a tumor expressing the mouse homologue. Pro-
t

�
ection was mediated by CD4+>  and NK1.1+>  cells.

Similar to p53, ErbB-2 is over-expressed in several
h

�
uman cancers9

�
3. Both humoral and cellular immunity

t
�
o ErbB-2 have been observed in cancer patients2

I
3. To

e� xamine the potential of ErbB-2 as a target for immu-
notherapy of cancer WEI et al.102 generated ErbB-2 con-
structs encoding full-length or mutant ErbB-2. One
c� onstruct expressed a full-length mutated ErbB-2
(ErbB-2A). This mutant eliminated the tyrosine kinase
a� ctivity of ErbB-2, which is involved in cell transfor-
mation. The second construct utilized the full-length
ErbB-2 with the endoplasmic reticulum (ER) signal se-
qJ uence deleted (cyt ErbB-2), thereby delivering the
ErbB-2 antigen to the cytoplasm for entry into the
MHC class I pathway. The final DNA construct con-
t

�
ained both of the above-described mutations (cyt

ErbB-2A). Only the vaccines expressing the non-mu-
t

�
ated wild-type ErbB-2 and the transformation-defec-

t
�
ive ErbB-2 (ErbB-2A) induced an immune response

t
�
hat inhibited growth of ErbB-2-positive tumors in

mice. The lack of efficacy of the cyt ErbB-2- and cyt
E

K
rbB-2A-expressing vaccines would suggest that

t
�
umor-specific immunity in this model requires activa-

t
�
ion of CD4+ T cells.

I
@
diotypes on certain types of lymphomas provide

w= ell-defined target antigens for immune intervention.
Protein vaccines, especially when fused to cytokines,
h

�
ave been shown previously to induce protective im-

munity to such types of malignancies89. Unmodified
i

�
diotypes expressed by DNA vaccines failed to induce

immune responses. These could be rescued by express-
ing the idiotypes as fusion proteins linked either to
a�  carrier, such as KLH or tetanus toxoid, or to cyto-
k

L
ines or chemokines3

C
.

The replication-defective Moloney-murine sarcoma
v� irus (M-MSV) requires the helper function of the Mo-
loney-murine leukemia virus (M-MuLV) for replica-
t

�
ion. The combination of the two viruses in the murine

host allows the formation of sarcomas at the site of
i

�
nfection. MI

M
LAN et al.5

�
6 generated DNA-based vaccines

t
�
hat express either the gag or env structural proteins of

M
;

-MuLV. Both plasmids were capable of eliciting
strong c� ytotoxic T lymphocyte (CTL) responses and pro-
v� ided protection against subsequent tumor challenge.

Recent experiments in the area of cervical cancer
h

�
ave been performed using a cottontail rabbit papillo-

mavirus (CRPV) model. Rabbits were vaccinated with
i

�
ndividual early genes of CRPV or combinations of

e� arly genes by gene gun-based intracutaneous vaccina-
t

�
ion. A combination of the E1, E2, E6 and E7 genes
p� rotected over 75% of challenged rabbits3

C
3.

A
�

n attractive target for an anti-tumor vaccine is the
t

�
umor-suppressor gene product p53. Intradermal and
i

�
.m. immunization of mice with a human wild-type p53
DNA construct provided complete protection from

T
 

able 2. Genes encoding target antigens utilized in DNA tumor
vN accines

Antigen R
O

eference

gp75/TRP-1
TRP-2
pmel-17/gp100
MAGE-3
MART-1/MelanA
M-MuLV env/gag
scFv
T-ag
erbB-2/her-2/neu
CEA
HBsAga!

p53
CRPV E1, E2, E6, E7
HPV-16 E6, E7
CD4
β
"

-galatosidase 
ovalbumin
VH and VL region
CγP 1 and Cκ region
Influenza NP
HSV glycoprotein B
LCMV NP
PSA
HuD
hCGβ

"

25, 92, 96, 101
9
*
1

5
-
9, 92
9
*
2

9
*
2

5
-
6

3
,
4

7
+
, 63, 77

1, 10, 102
16, 86

16
14, 37, 92

3
,
3

84, 92, 91
9
*
9

7
+
2

7
+
2

8
�
7, 89
8
�
7

3
,
9, 58
25
7
+
1

44
6
.
0

3
,
0, 50

M-MuLV – Moloney-murine leukemia virus, scFv – Bcl-1 lym-
pQ homa surface Ig, T-ag – SV40 large T antigen, erbB-2 – receptor
t
1
yrosine kinase of the ErbB growth factor receptor family, CEA –

cR arcinoembryonic antigen, HBsAg – hepatitis B surface antigen,
C
S

RPV – cottontail rabbit papillomavirus, HPV-16 – human papil-
lomavirus type 16, VH and VL – human variable Ig genes, CγP 1 and

C
S

κ – h
T
uman constant Ig genes, HSV – herpes simplex virus, LCMV

N
U

P – lymphocytic choriomengitis virus nucleoprotein, PSA – pros-
t
1
ate-specific antigen, HuD – paraneoplastic encephalomyelitis
a: ntigen, and hCGβ

"
-beta-chain of human chorionic gonadotropin.

a3  CEA and HBsAg on single plasmid.
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c� hallenge with human mutant p53-transfected synge-
neic mouse tumor cells3

C
7.

These experimental examples indicate that DNA
v� accines can induce protective immunity to tumor chal-
lenge or even cause regression of already established
t

�
umors. Similar studies have been published for an

a� rray of other vaccines, including peptides, purified
p� roteins, anti-idiotypes or viral recombinant vaccines
t

�
hus posing the question if DNA vaccines might really

b
�
e superior to other vaccines, which in clinical trials

o
 ften gave disappointing results.

The Advantages of DNA Vaccines to Cancer

D
V

NA vaccines, as they cause d
W

e novo synthesis of
a� ntigen in transfected cells, induce a full spectrum of
immune responses, including antibodies, CD4+ and
C

X
D8+>  T cells, all of which might limit the spread of

a�  given tumor. This is also achieved by other vaccines,
m	 ost notably viral recombinants. DNA vaccines pro-
v� ide their own adjuvants in the form of bacterial un-
methylated CpG sequences present in the vector back-
b

�
one which initiate secretion of chemokines and

c� ytokines, such as IL-124
G
6, which generally drive the

immune response towards the Th1 pathway and might,
p� otentially, override the tumors’  subversion of the im-
m	 une system towards the Th2 pathway. Although viral
recombinants do not require adjuvants to initiate im-
mune responses, their propensity towards Th1 respon-
ses is less clear-cut. DNA vaccines are safe, unlike viral
recombinants they pose no risk to immuno-com-
p� romised patients. Cancer is predominantly a disease of
t

�
he elderly, a population that responds poorly to tradi-
t

�
ional vaccines. The efficacy of DNA vaccines to in-

d
�
uce immune responses in the aged remains to be

t
�
ested. DNA vaccines are easy to construct. Once the

c� DNA encoding the wanted immunogen is available,
a�  DNA vaccine can be custom made in less than
a�  week. In comparison, generation of individualized
recombinant vaccines or tumor cell vaccines takes far
longer.

P
Y

otentially the biggest advantage of DNA vaccines
o
 ver more traditional vaccines is their apparent ability
t

�
o induce responses to subdominant or even cryptic epi-

t
�
opes. This has been demonstrated thus far in viral and

p� arasite models, where DNA vaccines were shown to
induce immune responses in mouse strains that were
n� on-responsive to traditional antigens2

I
4, 48, 76. As de-

t
�
ailed above tumor-associated antigens are often self

p� roteins that have tolerized the immune system to the
a� vailable immuno-dominant epitopes. A vaccine that

i
�
nduces an immune response to subdominant epitopes

o
 f tumor-associated antigens without causing autoim-
mune disease would thus be highly desirable. It is
u� nclear how DNA vaccines induce immune responses
t

�
o low-affinity epitopes. The amount of antigen ex-

p� ressed by DNA vaccines in vivo especially on APCs,
i

�
s low6

<
7. This is compensated by the longevity of

a� ntigen expression that, depending on the antigen and
t

�
he delivery of the vector, can exceed a month21. The

c� ombination of the strong adjuvanticity of DNA vac-
c� ines combined with the long-lasting antigen express-
ion might favor activation of lymphocytes to rare epi-
t

�
opes.

A potential disadvantage of DNA vaccines for de-
l

�
ivery of tumor-associated antigens is that many of

t
�
hese antigens have biological functions that contribute

t
�
o cell transformation. As DNA vaccines persist in vivo

for a prolonged time, expression of oncoproteins might
p� ose a risk for the development of an additional malig-
nancy. The probability of such an event is minute;
a�  number of events are needed to cause transformation
a� nd, although a single oncoprotein might destabilize
t

�
he equilibrium of a cell and thus trigger other transfor-

ming events, DNA vaccines mainly target differentiated
c� ells, such as muscle cells or keratinocytes, that are not
readily destabilized. Furthermore, DNA-transfected
c� ells are eliminated within 1–2 months by the immune
system. As a safe-guard DNA vaccine-encoded tumor-
-associated antigens can be mutated to lose their biol-
o
 gical functions. For example, p53, a protein that is
m	 utated o
 r over-expressed in more than 50% of human
c� ancers, can be mutated within the tetramerization do-
m	 ain, thus creating monomeric proteins that fail to bind
t

�
o DNA100.

Another, less easily circumvented, disadvantage of
DNA vaccines is that the immune response to DNA
v� accines is comparatively weak. A number of strategies
a� re currently being tested to improve the immune re-
sponses to DNA vaccines.

Avenues to Enhance the Potency
oZ f DNA Vaccines

T
�

he immune response to DNA vaccines can be en-
hanced by modifying the vector or the delivery method,
t

�
hus increasing uptake of DNA, transcription and trans-

lation of the transgene, and processing of the transgene
p� roduct. The immune response can further be modified
b

�
y including adjuvants or prime boost regimens into the

v� accine formula.
The magnitude of the immune response to any

A. P. Wlazlo and H. C. J. Ertl: DNA Tumor Vaccines 5
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a� ntigen, both during the acute effector phase and during
long-term memory, is directly correlated to the amount
o
 f antigen presented in a suitable form to the immune
system, i.e. soluble antigen for activation of B cells and
fragmented antigen presented on MHC determinant by
p� rofessional APCs for stimulation of CD4+ and CD8+

T
�

 cells. The level of appropriately expressed antigen upon
DNA vaccination depends on a number of parameters,
including: the amount of DNA used for priming, the de-
sign of the vector (expression cassette) and compartmen-
t

�
al targeting of the expressed antigen within the trans-
fected cell for optimal immune stimulation.

T
�

he amount of DNA that transfects cells upon ino-
c� ulation can be optimized. The immune response is
i

�
nitiated by antigen expressed by professional APCs

m	 ost notably dendritic cells that, upon inoculation of
t

�
he vaccine, become activated and migrate to draining

lymph nodes, where stimulation of T and B cells is in-
i

�
tiated. Antigen expressed by other non-professional

APCs, such as muscle cells, might contribute upon
a� ntigen-reprocessing by APCs to the induction of the
i

�
mmune response, although available evidence gained

b
�
y so-called Van Gough experiments, in which the in-

o
 culation site was ablated shortly after DNA vaccina-
t

�
ion, indicate that this pathway plays a secondary role9

�
0.

The rate of overall transfection can be optimized by
u� sing ballistic devises, such as gene guns88, that shoot
DNA coated to gold beads directly into the skin. This
a� llows a dramatic reduction of the amount of DNA
needed to initiate a response, but, as the amount of
D

V
NA that can be delivered this way is limited, gene gun

d
�
elivery has thus far not translated into an overly im-

p� ressive increase of the resulting immune response. Ca-
t

�
ionic lipids can increase uptake of DNA3

C
1, 38, 74. For

o
 ral delivery, DNA incorporated into polyethylene gly-
c� ol (PEG) particles is not only protected from destruc-
t

�
ion during passage through the alimentary tract, but is

a� lso taken up more readily by M cells9
�
. Selective tar-

g� eting of dendritic cells might potentially be achieved
b

�
y coating vector DNA with peptides that specifically

b
�
ind to receptors expressed on APCs2

I
2.

O
\

nce the DNA vaccine reaches the nucleus of trans-
f

�
ected cells, the design of the vector can influence the

level of antigen expression both at the transcriptional
a� nd translational level and thus, in turn, affect the mag-
nitude of the resulting immune response. Most DNA
v� accines utilize the human cytomegalovirus (HCMV)
immediate early promoter with the objective to induce
h

�
igh levels of gene expression in all of the transfected

c� ells. Modifying promoter spacing, addition of Kozak
sequences or basic transcription factor binding sites can
a� ugment the level of transcription. For viral sequences

such as those derived from human papillomavirus, op-
t

�
imizing codon usage for the human cell machinery can

further augment transcription by avoiding the rate limi-
t

�
ation of tRNAs for rare codons9

�
6.

The amount of protein that reaches the compartment
needed for optimal activation of B or T cell responses
c� an be enhanced. For induction of an antibody re-
sponse, the antigen has to be targeted towards the se-
c� retory pathway to reach the extracellular domain. For
stimulation of cytolytic T cell responses, antigen frag-
ments need to be targeted towards the ER for associ-
a� tion with MHC class I determinants, while activation
o
 f CD4+>  T helper cells requires presence of antigen in
t

�
he lysosomal compartment for binding to MHC class

I
@
I determinants. Examples of genes that are being

t
�
argeted as tumor specific antigens in cervical cancer

a� re the E6 and E7 genes of human papillomavirus
(HPV). These two oncoproteins are sequestered within
t

�
he nucleus of HPV-infected cells. It is within the nu-

c� leus that the two viral proteins (E6 and E7) have their
t

�
umorigenic effect by associating with the two cell

c� ycle regulators p53 and the retinoblastoma gene pro-
d

�
uct, respectively. In order to generate a potent immune

response to these proteins, it is necessary to relocate
t

�
hem from their natural cellular location to a cell com-
p� artment that allows fragmentation and presentation of
t

�
he antigens with MHC determinants for presentation

t
�
o T cells. This can be achieved by generating tumor
a� ntigen chimeras. Essentially, the inoculated cell ex-
p� resses the tumor antigen as a fusion protein. Leader
sequences14, ubiquitin2

I
7, 71 a� nd the lysosome-associated

membrane antigen (LAMP-1)5
�

2 are potential alterations
t

�
hat override the nuclear localization domains of pro-

t
�
eins. Leader sequences derived from viral or cellular

a� ntigens guide the protein into the secretory pathway.
Proteins that fail to fold appropriately for secretion
t

�
hrough the ER are then translocated back into the cy-

t
�
oplasm, where they become ubiquinated. They are then

d
�
egraded by cellular proteosomes into small peptides,

w= hich are moved by specialized transporter systems,
c� alled TAP-1 and TAP-2, back into the ER. There,
some of them associate with MHC class I determinants.
U

]
biquination of a protein leads directly to cytoplasmic

d
�
egradation and translocation of peptides into the ER,

t
�
hus favoring association of epitopic peptides with

MHC class I determinants and, hence, activation of cy-
t

�
olytic T cells. Addition of LAMP sequences guides
a�  protein towards the lysosomal pathway for associ-
a� tion of degradation products with MHC class II deter-
minants needed for activation of CD4+ T helper cells.
Several of these avenues have been tested to optimize
immune responses to tumor-associated antigens. For

6
^
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e� xample, CI
M
ERNIK et al.14 used a minigene coding for

a�  single epitope derived from mutant p53 and demon-
strated that particle gene gun-mediated DNA transfer
i

�
nto the skin of mice induced cytolytic T cell responses.
The tumor-specific response could be enhanced if the
DNA vaccine was fused with the adenovirus E3 leader
sequence, targeting the vaccine to the ER. A vaccinia
v� irus recombinant expressing the E7 of HPV-16 in its
native form was shown in mice to lack efficacy against
a�  tumor cell line expressing the same oncoprotein; in
c� ontrast, a vaccinia virus recombinant expressing the
E7 linked to LAMP not only provided protection to
subsequent tumor challenge, but also initiated the res-
o
 lution of small pre-existing tumors5

�
2. The increased

e� fficacy of the vaccine correlated both with an
a� ugmented CD4+ T cell response, as predicted, as well
a� s an unexpectedly increased CD8+>  T cell response.

Another avenue to enhance the immune response by
t

�
he re-targeting of an antigen has not yet been tested in

a�  tumor model; this approach is based on a fusion
m	 olecule composed of the antigen linked to L-selectin.
T

�
his strategy, which is only suitable for secreted pro-

t
�
eins, guides the fusion product towards receptors ex-

p� ressed on dendritic cells where, upon protein uptake,
t

�
he antigen is presented very efficiently to naive lym-

p� hocytes6
<
.

Avenues to Enhance the Immunogenicity 
oZ f DNA Cancer Vaccines

The efficacy of many vaccines can be boosted by
t

�
he co-administration of adjuvants. While many ad-

j
_
uvants are available experimentally, few have received

a� pproval for clinical use. Recently, molecular adjuvants
w= ith more clearly defined mechanisms of action have
b

�
een described. These include cytokines (GM-CSF and

IL-12) and accessory molecules (CD80 and CD86).
Studies of tumor-specific immunity indicate a criti-

c� al role for GM-CSF in inducing protective responses.
An idiotype/GM-CSF fusion protein has been investi-
g� ated as a vaccine for B cell lymphoma87, 89. By fusing
a�  tumor-derived idiotype to GM-CSF, it was converted
into strong immunogen capable of inducing idiotype-
-specific antibodies without other carrier proteins or
a� djuvants. The fusion protein immunization was ca-
p� able of protecting recipient animals from challenge
w= ith an otherwise lethal dose of tumor cells. This indi-
c� ates the potency of GM-CSF as an immune stimulator
a� llowing development of tumor-specific immunity. In
a� ddition, co-inoculation of the GM-CSF gene with
a�  rabies virus nucleic acid vaccine has been demon-

strated to boost immune responses specifically against
rabies virus, including helper T cell and antibody re-
sponses105, studies that were subsequently confirmed in
n� umerous other systems47. Thus, there is ample ex-
p� erimental evidence for the use of GM-CSF as a mole-
c� ular adjuvant for vaccines and in inducing protective
in vivo responses.

A number of additional cytokines, chemokines and
ligands have been tested as adjuvants for DNA vac-
c� ines, as has been reviewed previously47. The consen-
sus from the studies is that many factors have an effect
w= hich somewhat depends on the vaccine construct, the
a� ntigen, as well as the genetic make-up of the host.
Factors that affect APCs, such as GM-CSF and CD40
l

�
igand, consistently enhanced the efficacy of DNA vac-

c� ines42, 55, 103, while other cytokines, such as IL-2, IL-4,
IL-12 and IFN-γ` , gave highly variable results2

I
, 12, 13, 4

G
3.

An important feature of nucleic acid vaccines is that
u� nmethylated CpG dinucleotides found in the DNA of
b

�
acterial vectors have inherent adjuvanticity for the

m	 ammalian immune system by activating B cells, mac-
r
 ophages and other bone marrow-derived APCs46, 75, 106.
Through mechanisms yet to be elucidated, unmethy-
lated CpG sequences directly stimulate macrophages to
p� roduce pro-inflammatory cytokines such as IL-128. The
p� roinflammatory effects of unmethylated CpG sequen-
c� es in nucleic acid vaccines are likely to be critical for
t

�
heir capacity to induce immunity. Attempts to further

improve cDNA vaccine by incorporating additional
C

X
pG sequences into the vector backbone have been

f
�
airly unsuccessful6

<
4, which might reflect a delicate bal-

a� nce between the positive effects of CpG-induced cy-
t

�
okines on activation of a primary immune response on

o
 ne hand and a negative effect of such cytokine on
t

�
ranscription driven by viral promoters on the other

hand.
D

V
NA vaccines, although by themselves often not

o
 verly efficacious, seem to be particularly suited to
p� rime the immune response to further vaccination with
more traditional vaccines such as proteins or viral rec-
o
 mbinants. This approach, which has given promising
results in several microbial systems6

<
1, 69, 78, 80, remains

t
�
o be tested systematically for cancer vaccines.

Conclusions

This review illustrates how DNA-based vaccines
m	 ight be highly suitable for the treatment of cancer.
The ease with which the DNA vaccines can be gener-
a� ted and produced, as opposed to live, attenuated or
recombinant vaccines, is complemented by their ability
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t
�
o generate prolonged intracellular gene expression.

This continuing priming of the immune system pro-
d

�
uces long-lasting immunity7

?
 and the endogenous ex-

p� ression of antigen and presentation by MHC class
I molecules provides stimulation of anti-tumor cyto-
lytic T cell responses.

Several studies described in this review have dem-
o
 nstrated the ability of DNA vaccines to induce both
humoral and cell-mediated immunity specific for cer-
t

�
ain tumor-associated antigens. Furthermore, DNA vac-

c� ines encoding cytokine genes or MHC class I genes
c� an stimulate local immune responses through the re-
c� ruitment of immune cells to the tumor site. Complete
e� fficiency of tumor regression has not been displayed
i

�
n the few clinical trials that have been carried out,

n� ecessitating further optimization of these vaccines.
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