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Introduction
A DNA vaccine consists of a plasmid that allows
expression of an antigen encoded by an inserted
gene or cDNA in mammalian cells as directed by
a strong promoter element, usually of viral origin
(i.e., human cytomegalovirus, rous sarcoma vi-
rus). The first report that intramuscular (i.m.)
injection of plasmid DNA could be used as a
mode for vaccination sparked worldwide interest
(1). It has also been shown that other routes of
DNA delivery such as intradermal (i.d.) injection
(2) or facilitated transfer such as propulsion of
DNA coated particles with a gene gun (3) would
also result in expression of encoded antigens and
induction of immune responses. DNA vaccines
could be considered similar to viruses except that
they are nonreplicating and lack the pathological
consequences. Indeed, the immune response to a
DNA vaccine mimics that of a viral antigen after
infection (4,5) with both cytotoxic T lymphocyte
(CTL) and antibody (Ab) responses elicited.

The mechanism by which the DNA injected
in saline enters the cells is unknown except that
it is inefficient (compared to viral delivery) and
may vary depending upon delivery method, as
would the target cell population. I.m. injection
results in low-level transfection of myocytes (6)
whereas i.d. injection or gene gun delivery may
directly transfect antigen-presenting cells (APCs)
(2,7). There is one report of a very low level of
macrophages that are transfected after i.m. injec-
tion (8). The mechanism of priming with the
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different routes and exactly what cell types are
involved have not been fully resolved for DNA
immunization. Perhaps this is not surprising, as
the majority of the research to date has concen-
trated on protection studies. This review will fo-
cus on the application of DNA vaccines and
present a brief overview of the current state of
the field and how researchers are overcoming
the hurdles in their efforts to realize the clinical
potential of DNA vaccines. In particular, empha-
sis has been placed upon research into methods
that could be used to increase the potency of
DNA vaccines.

The Potential
Much of the interest in DNA vaccines is largely
due to what this facile, generic, and enabling
technology offers. A list of the potential advan-
tages and problems facing DNA vaccines is given
in Table 1. Some of these advantages are due to
properties inherent to DNA. The physiochemical
stability and homogeneity of DNA should avail
for easily produced inexpensive vaccines. Be-
cause DNA immunization is a form of in vivo
transfection, the production of antigen will be in
mammalian cells and antigens normally pro-
duced in such cells (e.g., viral protein) will thus
be in native conformation. As in a viral infection,
a broad (both cellular and humoral) immune
response is induced. DNA vaccines may also be
combined relatively easily, a feature that can be
difficult for conventional recombinant vaccines
in which protein solubility conditions differ.
Overall, the advantages of DNA vaccines warrant
the large research effort and expenditure, but the
problems facing the technology will be difficult
to overcome. In particular, there is a possibility
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Table 1. The potential of DNA vaccines

Advantages Some Problems

Noninfectious/nonreplicating Potential for insertion into the genome
Proteins produced in native conformation, Potency of immune responses, particularly in larger

particularly viral proteins animals and humans
Physiochemical homogeneity; possibly easier to Autoimmunity

incorporate several components in a single vaccine
Simplified production
Physiochemical stability
Induction of CTLs
Utility of molecular biology

that integration of the DNA vaccine plasmid into
the host cell genome either randomly or by ho-
mologous recombination could lead to inser-
tional mutagenesis. Such an event might result
in activation of oncogenes, inactivation of tumor
suppressor genes, or chromosomal instability.
Thus far, experimental evidence has shown that
the risk of integration is extremely low (9,10),
but this perceived risk may still restrict the ap-
plication of DNA vaccines. Perhaps the greatest
problem facing DNA vaccines will be efficacy in
large animals and the transition to humans; ef-
forts are now being concentrated on improving
the immunogenicity and efficacy of DNA vac-
cines (discussed later).

Role for DNA Vaccines in Research
and Development
The eventual clinical role for DNA vaccines is
currently being evaluated, but the success of
DNA immunization in mouse models in particu-
lar has almost certainly entrenched it within re-
search and development programs. With DNA
vaccines, the foreign protein (selected from the
organism e.g., hepatitis B surface antigen) is syn-
thesized by the host's own cells and both an Ab
and T cell response can be initiated. Thus, re-
searchers have a useful tool in which to study
immune responses to antigens in the absence of
adjuvant and contaminating proteins and, for
example, could study immunity relevant to viral
infection without the influence of viral biology
(i.e., nonlytic, noninfectious). The absence of an
antigen purification regimen could also poten-
tially lead to easy production of monoclonal Ab
for research and development programs (1 1, 12).

Ab reagents produced by DNA immunization
could have the benefit of recognizing native or
conformational determinants. This application
has probably not been put to its full potential
perhaps because of the need for a source of na-
tive antigen for screening. In this regard, it is
worth considering the concept of original anti-
genic sin in immunology whereby the Ab re-
sponse to a secondary immunization of a related
antigen leads to primarily Abs of the primary
specificity. Therefore, DNA immunization fol-
lowed by bacterially derived recombinant anti-
gen may reap the benefit of both-i.e., high Ab
levels with native specificity.

For future vaccine candidate identification
and development, DNA vaccines have the poten-
tial to simplify dramatically the production, pu-
rification, storage, and combination of different
vaccines (Table 1). This could save enormous
amounts of time and investment in evaluating
vaccine candidate antigens in the laboratory and
in producing vaccines (Fig. 1), as efficacy testing
could commence in the order of weeks as op-
posed to months or even years for some recom-
binant proteins. An extreme example is expres-
sion library immunization (13) whereby the
entire cDNA population or genome is used as a
vaccine or as a starting point from which candi-
dates could be identified via a process of elimi-
nation. This is more likely to be successful for
screening pathogens with relatively small ge-
nomes. When compared to more conventional
systems, the timesaving for large-scale evalua-
tion of antigens is at least, in theory, enormous
(Fig. 1). A word of caution may be appropriate
here for the testing of DNA vaccine candidates in
research. The presence of endotoxin can produce
misleading results (14) and it is essential to elim-
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Fig. 1. Process of evaluating DNA vaccine candidate antigens.

inate it during DNA isolation, e.g., using Triton
X- 114 phase extraction, a QIAGEN endofree
plasmid purification kit, or double CsCl gradient
centrifugation.

Potential Clinical Targets for DNA
Vaccines
While traditional vaccine development using
whole inactivated organisms or, more recently,
subunit vaccines have produced a substantial
number of human and animal vaccines with
many more under development, there are still a
number of diseases in which DNA vaccines may
be applied. It is unlikely, even if they are very
successful, that DNA vaccines will replace exist-
ing vaccines such as tetanus, diphtheria, measles,
mumps, rubella, influenza, etc. because of the
market acceptance, low cost, proven effective-
ness, and low incidence of side effects of these
existing vaccines. DNA vaccines are also unlikely
to replace some of the newer vaccines such as
hepatitis B, hepatitis A, and varicella for similar
reasons or the newer pediatric combination vac-
cines that now contain several antigens. Non-
protein vaccines, such as hemophilus influenza B
and multivalent pneumococcal vaccines, that are
based on polysaccharide antigens also cannot be
directly substituted by DNA vaccines.

There are many infectious diseases for which
there is no vaccine available. A short list of major
human pathogens would include HIV, Plasmo-
dium spp., hepatitis C, Mycobacterium tubercu-
losis, human papilloma virus, rotavirus, shigella,
Epstein-Barr virus (EBV), Leishmania spp., etc.
Interestingly, in animal models of many of these
diseases, DNA vaccines have proven remarkably

effective. While much of the initial work on DNA
vaccines has been targeted at infectious disease
models, they are also being trialed in cancer
models in animals (15-17) and in human trials
for lymphoma (Professor F. Stevenson,
Southampton University, Southampton, U.K.)
and melanoma (Dr S. Rosenberg, National Can-
cer Institute, Bethesda, MD) and may also be
used in the future in the treatment of autoim-
munity and allergies.

Current Human Clinical Trials
At this stage, only a few groups have reported
results with DNA vaccines in phase I human
trials. Two of these studies investigated the re-
sponses to HIV- 1-encoded proteins (18,19),
while another investigated the CSP protein of
Plasmodium falciparum (20). The Calarota study
(18) involved three groups of three subjects
(HIV-1 infected but asymptomatic) who were
each given three doses of 100 ,ug of plasmid
encoding the cDNA for either nef, rev, or tat HIV- 1
genes intramuscularly in distilled water. They
reported that DNA vaccination induced detect-
able memory cells in all subjects and specific
CTLs in eight out of nine subjects that were
above preimmunization levels. However, three
of these responses were transient. There were no
apparent side effects reported.

In the MacGregor study (19), three groups of
five subjects (HIV-1 infected but asymptomatic)
were given 30, 100, or 300 jig of plasmid DNA
encoding modified env and rev HIV- 1MN genes
intramuscularly. No local or systemic reactions
or laboratory abnormalities were seen and no
anti-DNA antibodies were detected. Slight in-
creases in antibody titers to recombinant HIV-
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1MN gpl20 and CTL were seen in some patients
at the higher doses of plasmid DNA but no re-
duction in plasma HIV levels or CD4 or CD8
peripheral blood lymphocyte counts were appar-
ent.

In the study by Wang et al. (20), 20 healthy
volunteers were given a DNA-based malarial
vaccine encoding the P. falciparum circumsporo-
zoite protein. Groups of five subjects were given
three doses intramuscularly of either 20, 100,
500, or 2500 gg of DNA at four weekly intervals.
The vaccine was reported to be safe and well
tolerated with the majority of subjects develop-
ing CTL responses in a dose-related manner.
While the immunological responses in the pub-
lished trials to date appear to have been modest,
their initial focus has been on establishing the
safety of DNA vaccine, and many subjects have
been given low amounts of DNA, similar to what
many experimenters have given to mice. In ad-
dition, the subjects in the HIV trials, while being
asymptomatic, were HIV- 1 infected, and this
may have compromised their responses to DNA
vaccination. The release of further human data
from trials including those that have examined
hepatitis B and influenza DNA vaccines is keenly
awaited. It seems probable that strategies may
need to be modified to achieve satisfactory hu-
man efficacy with DNA vaccines. These include
modifications such as enhancing the uptake of
DNA, targeting of the encoded proteins, or use of
a prime-boost (DNA vaccine given in the initial
dose followed by recombinant protein or virus).

Hurdles for DNA Vaccines
As mentioned earlier, gaining evidence to allay
the safety concerns (Table 1) will be para-
mount for the progression of DNA vaccines.
The clinical trials underway and the few that
have been completed thus far should aid in
these efforts. Nonetheless, the transition of
DNA vaccines from the mouse to larger ani-
mals and humans has not been easy. Efficacy
remains an issue. Protection data on naive hu-
mans need to be obtained. Furthermore, work
in murine models examining prime boost strat-
egies demonstrates that the least effective
method is to prime with virus and "boost" with
DNA, whereas the reverse may be optimal
(21). Nonetheless, there does appear to be
scope for improving the immune response and
efficacy achievable with DNA vaccines.

Increasing Potency of DNA
Vaccines
In general, immune responses following DNA
immunization have been poor when compared
to that achievable with administration of antigen
with adjuvant. However, demonstrations of effi-
cacy for vaccination purposes have been prom-
ising. The ability to enhance the immune re-
sponse should lead to increased vaccine efficacy.
Three of the many systems currently under in-
vestigation to increase the potency of the Ab
response to a DNA vaccine are illustrated for, as
an example, i.m. injection of DNA in Figure 2.

The addition of immunostimulatory se-
quences (CpG motifs) resulted in elevated Ab
responses to DNA-encoded antigens following
i.d. DNA injection (22,23). Another strategy was
to use cytokines to influence the immune re-
sponse. It was shown that when antigen-encod-
ing DNA was co-injected with granulocyte-mac-
rophage colony stimulating factor (GM-CSF), an
enhanced Ab response was achieved, whereas
the same strategy using interferon -y (INF-,y) de-
creased the Ab response (24). Others have
shown very modest enhancement of Ab re-
sponses to co-administered antigen due to GM-
CSF (0.1 OD change at a serum dilution of 1:100)
with no effect on the cellular response (25). Fur-
thermore, GM-CSF co-injection led to increases
in seroconversion rates (percentage of mice test-
ing positive for Ab responses) but not the mag-
nitude of the Ab response (26). Dramatic in-
creases in antigen-specific CTL activity have been
shown with co-administration of genes encoding
interleukin (IL)-12 (25) or IL-2 (26). The en-
hancement achieved varies among systems and
may therefore be somewhat dependent on the
antigen. The mechanism by which cytokine gene
transfer could augment antigen-specific immu-
nity is unclear. Perhaps when the mechanisms in
the immunobiology of DNA immunization are
unraveled, approaches based on such rationale
rather than empiricism will prove important.

An alternative to cytokine gene transfer in
which cells of the immune system are the targets
for activation is to modify the transfected cell.
Myocytes lack co-stimulation and do not prime a
CTL response directly after i.m. DNA injection.
Instead, priming is achieved by nontransfected
bone marrow-derived cells via a cross-presenta-
tion mechanism (27-29). Co-injection of genes
encoding the B7 co-stimulator molecules has
been touted as a method to overcome this prob-
lem. One group demonstrated an elevation in
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Fig. 2. Three systems under investigation to increase potency of Ab response to a DNA vaccine. (A)
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kine(s) are injected i.m. (C) Secreted antigen or antigen targeted to lymphoid cells is secreted.
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antigen-specific Ab responses after B7-1 co-de-
livery (30). In contrast, another group showed
B7 co-delivery had no substantial effect on Ab
responses (0.1 OD shift at 8 days post-immuni-
zation but similar at all other times), but sug-
gested that dramatic increases in CTL responses
with B7-2 but not B7- 1 could be achieved (31). It
is unclear as to how provision of co-stimulator
molecules could enhance Ab response when the
myocyte lacks class II expression and therefore
cannot present antigen to these helper T cells. In
the case of CTL responses, it could be that co-
stimulator provision provides the myocyte with
the capability to prime a CTL response directly.
However, in one report (discussed earlier) exam-
ining the effect of co-injection of the GM-CSF
and IL- 12 or B7-2 genes, investigators found that
the myocyte was still unable to prime a CTL
response directly (32). Therefore, perhaps cyto-
kine or co-stimulator gene co-transfer increases
the efficiency of cross-presentation in some un-
known manner to account for the increases in
CTL activity reported.

Our own work has been in a different direc-
tion. We, as did others (33), examined issues of
antigen localization by altering the cellular local-
ization (secreted, membrane bound, or cytoplas-
mic antigen) (34) or anatomical antigen localiza-
tion by altering the injection site [i.m., i.d., or
intrasplenic (i.s.); (2,35,36)]. Cellular localiza-
tion of antigen had profound effects on immu-
nity and it was shown that secreted antigen pro-
duced the highest Ab response. Anatomical
localization of antigen also influenced the Ab
response with i.d. injection proving to be the
most potent route, presumably because of the
large numbers of resident APCs. Interestingly,
we found that injection into the spleen of mice
produced an Ab response similar in magnitude to
that of i.d. injection, even though there was dra-
matically less protein expression as determined
using luciferase reporter (Table 2). Perhaps this is
not surprising, as the secondary lymphoid organs
are the sites of immune induction. This work led
us to conclude that given the very small amounts
of antigen expressed in muscle or dermis (<10
ng), the level of antigen reaching lymphoid or-
gans may be limiting. Therefore, we designed a
soluble fusion molecule between antigen and a
ligand whose receptors are associated with lym-
phoid organs such that the immune response to
the antigen could be dramatically increased (37).
Thus, different methods of varying antigen local-
ization could be used to improve and influence
the form of the immune response.

Table 2. Magnitude of immune response in
spleen is maximal even though protein
expression levels are very low

Protein Expressiona
Site of Injection (ng) Ab Levels

Muscle 10 + +

Dermis 9 +++

Spleen 0.04 +++

aAs determined with a luciferase reporter.

Conclusions
The numerous potential advantages of DNA vac-
cination warrant further work, but the hurdles
before this work remain formidable. In particu-
lar, regulatory concerns due to possible integra-
tion may restrict the widespread prophylactic use
of DNA vaccines even if efficacy issues are over-
come. The current human clinical trials may well
answer some of these questions and we hope will
suggest the continual development of DNA vac-
cines. In any event, DNA immunization has es-
tablished itself as a useful tool for the research
scientist and vaccine development program. The
stunning successes in murine models demon-
strate that DNA could be used to identify candi-
date antigens for more conventional vaccines
and provide useful tools to understanding the
immunology relevant to these models. More-
over, these models may eventually unravel the
mechanisms of DNA uptake and immune induc-
tion. These mechanisms may then be manipu-
lated for higher efficiency and thus efficacy in
humans be augmented.
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