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B Abstract The development and widespread use of vaccines against infectious
agents have been a great triumph of medical science. One reason for the success of
currently available vaccines is that they are capable of inducing long-lived antibody
responses, which are the principal agents of immune protection against most viruses
and bacteria. Despite these successes, vaccination against intracellular organismsthat
require cell-mediated immunity, such as the agents of tuberculosis, malaria, leish-
maniasis, and human immunodeficiency virusinfection, are either not available or not
uniformly effective. Owing to the substantial morbidity and mortality associated with
these diseases worldwide, an understanding of the mechanismsinvolved in generating
long-lived cellular immune responses has tremendous practical importance. For these
reasons, a new form of vaccination, using DNA that contains the gene for the antigen
of interest, is under intensive investigation, because it can engender both humoral and
cellular immune responses. This review focuses on the mechanisms by which DNA
vaccines elicit immune responses. In addition, a list of potential applications in a
variety of preclinical models is provided.

INTRODUCTION

The concept of vaccination was demonstrated over 200 years ago when Jenner
showed that prior exposure to cowpox could prevent infection by smallpox. Over
the last century, the development and widespread use of vaccines against avariety
of infectious agents have been a great triumph of medical science. Despite these
successes, vaccines for many pathogens throughout the world, including human
immunodeficiency virus (HIV) and the agents of malaria and tuberculosis, are
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either ineffective or unavailable. One of the impediments to successful vaccina
tion against the aforementioned infectious agents is that they likely require a
cellular immune response for protection. In this regard, although all currently
licensed vaccines are efficient at inducing antibody responses, only vaccines
derived from live attenuated organisms induce cellular immunity efficiently. It
should be noted, however, that widespread use of live attenuated vaccines might
be precluded by practical constraints such as manufacturing and safety concerns.
Thus, the demonstration over the last decade that plasmid DNA vaccines can
induce both humoral and cellular immune responses in a variety of murine and
primate disease models has engendered considerable excitement in the vaccine
community.

The historical basis for DNA vaccines rests on the observation that direct in
vitro and in vivo gene transfer of recombinant DNA by a variety of techniques
resulted in expression of protein. These approachesincluded retroviral genetrans-
fer, using formulations of DNA with liposomes or proteoliposomes (1-3), calcium
phosphate-coprecipitated DNA (4), and polylysine-glycoprotein carrier complex
(5). In the semina study by Wolff et al of **plasmid or naked” DNA vaccination
in vivo, it was shown that direct intramuscular inoculation of plasmid DNA
encoding several different reporter genes could induce protein expression within
the muscle cells (6). Thisstudy provided astrong basisfor the notion that purified/
recombinant nucleic acids (‘' naked DNA™") can be delivered in vivo and can direct
protein expression. These observations were further extended in a study by Tang
et a (7), who demonstrated that mice injected with plasmid DNA encoding hGH
could dlicit antigen-specific antibody responses. Subsequently, demonstrationsby
Ulmer et a (8) and Robinson et al (9) that DNA vaccines could protect mice or
chickens, respectively, from influenza infection provided a remarkable example
of how DNA vaccination could mediate protective immunity. The mouse study
further documented that both antibody and CD8* cytotoxic T-lymphocyte (CTL)
responses were dlicited (8), consistent with DNA vaccines stimulating both
humoral and cellular immunity.

DNA vaccination might provide several important advantages over current
vaccines (Table 1). () DNA vaccines mimic the effects of live attenuated vaccines
in their ability to induce major histocompatibility complex (MHC) class I-
restricted CD8™" T-cell responses, which may be advantageous compared with
conventional protein-based vaccines, while mitigating some of the safety concerns
associated with live vaccines. (b) DNA vaccines can be manufactured in arela-
tively cost-effective manner and stored with relative ease, eliminating the need
for a““cold chain” (the series of refrigerators required to maintain the stability
of a vaccine during its distribution). In light of these potential advantages, this
review focuses on the mechanisms by which DNA vaccines induce immune
responses. In addition, we have provided a table of diseases for which DNA
vaccines are effective in animal models. For additional information on DNA
vaccination with an emphasis on viral infections, we refer to the recent review
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TABLE 1 Comparative analysis of various vaccine formulations
DNA Live Killed/protein
vaccine attenuated subunit
Immune response
Humoral B cells +++ +++ ++ +
Cellular CD4* + 4+ +Th1? +/—Thl +/— Thl
CcD8* ++ +++ -
. . MHC class MHC class MHC
Antigen presentation &1l 1 & 11 class I
Memory Humoral ++ + ++ + +++
Cellular + + ++ + +/—-
Manufacturing
Ease of development ++++ + ++
and production
Cost ++ + + +
Transport/Storage ++ + + ++ +
Safety ++ 4P ++°¢ ++++

#Th2 responses can be induced by gene gun immunization in mice.
bData available only from Phase 1 trials.
‘Live/attenuated vaccines may be precluded for use in immunocompromised patients and certain infections such as HIV.

REQ

Expr

by Robinson & Pertmer (10). Finally, a comprehensive web site on DNA estab-
lished by Whalen (10a) can be found at www.genweb.com/dnavax.html.

UIREMENTS FOR A DNA VACCINE VECTOR

There are severa factors that influence the type of immune response induced by
DNA vaccination. This section outlines the two basic elements of aDNA vaccine
that influence the transcription and modulation of the immune responses. A more
comprehensive discussion of how the plasmid DNA can be optimized for a spe-
cific type of immune response is presented in a later section.

ession Plasmid Backbone

DNA vaccines consist of the foreign gene of interest cloned into a bacterial plas-
mid (Figure 1). The plasmid DNA is engineered for optimal expression in euka-
roytic cells. Requisites include (a) an origin of replication allowing for growthin
bacteria (the E. coli:ColEl origin of replication in PUC plasmids is most com-
monly used for this purpose, because it provides large copy numbers in bacteria
with high yields on purification); (b) a bacteria antibiotic resistance gene (this
alows for plasmid selection during bacteria culture; the ampicillin resistance
gene, the most common resistance gene used for studiesin mice, is precluded for
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Figure1l Schematic for the basic requirements of a plasmid DNA vector. The essential
features for a plasmid DNA vector include a transcriptional unit, which consists of aviral
promoter (i.e. cytomegalovirus), an insert containing the antigen, and transcription/ter-
mination sequences (Poly A). The other essential components include a bacterial origin of
replication and antibiotic resistance gene, alowing for growth and selection in bacteria.
The adjuvant properties of a plasmid vector are highly influenced by the number of CpG
motifs within the plasmid backbone.

use in humans, and kanamycin is often used); (c) a strong promoter for optimal
expression in mammalian cells (for this, virally derived promoters such as from
cytomegalovirus (CMV) or simian virus 40 provide the greatest gene expression);
and (d) stabilization of mRNA transcripts, achieved by incorporation of polyad-
enylation sequences such as bovine growth hormone (BGH) or simian virus 40.

Contribution of Immunostimulatory Cytidine-Phosphate-
Guanosine Motifs

In addition to the requirements outlined above, DNA vaccines also contain spe-
cific nucleotide sequences that play an important role in the immunogenicity of
these vaccines. Yamamoto et a were the first to report that synthetic oligode-
oxynucleotides (ODNSs) with sequences patterned after those found in bacterial
DNA could activate natura killer cells to secrete interferon (IFN)-y (11). They
hypothesized that palindromic sequences present in the synthetic ODNs were



Annu. Rev. Immunol. 2000.18:927-974. Downloaded from www.annualreviews.org
by Duke University on 12/19/12. For personal use only.

DNA VACCINES 931

responsible for this stimulation. More recently, it was shown that a specific
sequence motif present in bacterial DNA dlicited innate immune responses char-
acterized by the production of interleukin (IL)-6, IL-12, tumor necrosis factor
(TNF)-a, IFN-y, and IFN-a (12-14). This motif consists of an unmethylated
cytidine-phosphate-guanosine (CpG) dinucleotide with appropriate flanking
regions. In mice, the optimal flanking region is composed of two 5’ purines and
two 3’ pyrimidines (14, 15). Such motifs are 20-fold more common in microbial
than mammalian DNA, owing to differences in frequency of use and the meth-
ylation pattern of CpG dinucleotides in prokaryotes vs eukaryotes (16, 17). CpG
motifs directly activate B cellsto proliferate or secrete antibody (15). In addition,
they directly induce professional antigen-presenting cells [APCs; i.e. macro-
phages and dendritic cells (DCs)] to secrete cytokines (12, 18, 19). Natural killer
(NK) cells are indirectly activated by CpG motifs through cytokines induced by
APCs (20). Finally, T cells are adso stimulated directly or indirectly by CpG
motifs, depending on their baseline activation state (21). Because CpG motifs
have such a prominent role in enhancing the immune response after DNA vac-
cination, amore detailed summary of their roleishighlighted below in the section
discussing approaches to vaccine optimization.

IMMUNOLOGY OF DNA VACCINATION

An important first step in the rational design of a vaccine is to understand the
immune correlates of protection. For most viral and bacteria infections, primary
protection is mediated by a humoral immune response (production of antibodies).
For intracellular infections such as Mycobacterium tuberculosis, Leishmania
major, and other parasites, protection is mediated by cellular immunity. Moreover,
for some diseases [e.g. human immunodeficiency virus (HIV) infection, herpes,
and maaria), both humoral and cellular responses are likely to be required. The
cellular immune response comprises primarily CD4* and CD8* T cells. These
cells recognize foreign antigens that have been processed and presented by APCs
in the context of MHC class Il or class | molecules, respectively. Exogenous
antigens provided by killed/inactivated pathogens, recombinant protein, or protein
derived from live vaccines are taken up by APCs by phagocytosis or endocytosis
and presented by MHC class Il molecules to stimulate CD4" T cells, which can
help generate effective antibody responses. In contrast, MHC class | molecules
associate with antigens synthesized within the cytoplasm of the cell (with rare
exceptions) and are generally elicited by live or DNA vaccines. From an immu-
nologic standpoint, based on the broad range of effector cells generated and the
memory responses they induce, live attenuated vaccines represent the vaccines
of choice for those diseases requiring both humoral and cellular responses (Table
1). From a practical and safety standpoint, however, live or live attenuated vac-
cines raise several issues that can preclude their widespread use. In this regard,
DNA vaccines—which resemble live attenuated vaccinesin their ability to induce
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both humoral and cellular responses—may prove to be useful aternatives. In the
next section, the mechanism by which DNA vaccines induce specific types of
immunity is discussed.

Mechanism of Antigen Presentation

One intriguing aspect of DNA vaccination involves the mechanism by which the
antigen encoded by the foreign gene introduced into the bacterial plasmid is
processed and presented to the immune system. Studies demonstrate that the
guantity of antigen produced in vivo after DNA inoculation isin the picogram to
nanogram range. Given the relatively small amounts of protein synthesized by
DNA vaccination, the most likely explanation for the efficient induction of a
broad-based and sustained immune response is the immune-enhancing properties
of the DNA itself (i.e. CpG motifs) and/or the type of APC transfected. There
are at least three mechanisms by which the antigen encoded by plasmid DNA is
processed and presented to elicit an immune response: (a) direct priming by
somatic cells (myocytes, keratinocytes, or any MHC class |1-negative cells); (b)
direct transfection of professional APCs (i.e. DCs); and (c) cross-priminginwhich
plasmid DNA transfects a somatic cell and/or professional APC and the secreted
protein is taken up by other professional APCs and presented to T cells. These
three mechanisms are highlighted in Figure 2.

Direct Transfection of Professional Antigen-Presenting Cells—Bone Marrow-
Derived Cells Directly Mediate Cellular Immune Responses after DNA
Vaccination Several elegant studieswith bone marrow-chimeric mice have con-
clusively demonstrated that bone marrow-derived APCs play a key role in the
induction of the immune response after DNA vaccination. In these studies, parent
into F1 bone marrow-reconstituted mice created a mismatch between the haplo-
types of somatic cells and bone marrow-derived cells. The immune response
generated on subsequent DNA immunization was found to be restricted to the
hapl otype of reconstituted bone marrow, providing conclusive evidence that bone
marrow-derived cells were responsible for priming immune responses after DNA
vaccination (22-24).

Dendritic Cells Are the Principal Cells Initiating the Immune Response after
DNA Vaccination The above findings were further extended to evaluate the
cellular mechanisms responsible for the activation of T cells after DNA immu-
nization. In particular, studies were aimed at defining the specific type of APCs
regulating the immune response after DNA vaccination. Thefirst study to address
this question showed that isolated DCs but not B cellsor keratinocytesfrom DNA-
vaccinated mice were able to efficiently present antigen to T cells in vitro (25).
Moreover, in the same study it was estimated that only a small proportion of the
DCs (0.4%) was transfected with plasmid DNA (25). Similar results were
obtained in two additional studies in which the injection of DNA led to direct
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Figure2 Mechanisms of antigen presentation after DNA immunization. A. Bone marrow-
derived antigen-presenting cells (APCs)s mediate immune responses after DNA vaccina
tion. Injection of plasmid DNA leads to direct transfection of a small number of DCs that
present antigen to T cells. B. Direct priming of immune responses by somatic cells (myo-
cytes, keratinocytes, or any major histocompatibility complex class-1l-negativecells). This
result could occur after injection of plasmid DNA into muscle or skin, leading to protein
production and presentation to T cells by the somatic cells themselves. Alternatively, C.
Protein production by transfected somatic cells may be taken up by professional APCs,
leading to T-cell activation (cross-priming).

transfection of small numbers of DCs (26, 27). It is notable that in both of these
studies there was general activation and migration of large numbers of DCs that
were not transfected. Finaly, direct in vivo visualization of antigen-expressing
DCs from draining lymph nodes after gene gun vaccination was demonstrated in
a separate study in which gold particles and protein expression from a reporter
gene could be co-localized within a cell that had morphologic indices consi stent
with a DC (28). Taken together, the preponderance of data clearly demonstrates
that DCs play a key role in induction of the immune response after DNA vacci-
nation. Furthermore, these data suggest that the predominant contribution to prim-
ing immune responses after DNA vaccination involves a small number of directly
transfected DCs. Additionally, as noted above, the question arises whether the
enhancement in the number of migrating DCs not directly transfected with DNA,
seen in many studies, could also present antigen via additional mechanisms such
as cross-priming (see below).
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Direct Priming of Somatic Cells—Skin vsMuscle Theinitial seminal study by
Wolff et al (6) demonstrating the success of ** plasmid or naked” DNA vaccination
in vivo involved the direct intramuscular inoculation of plasmid DNA, leading to
expression of protein within the transfected cell. The other important study by
Ulmer et a (8), showing that direct intramuscular inoculation of plasmid DNA
induced a strong CD8* CTL to influenza nucleoprotein, provided the first evi-
dence that cellular responses could be induced in vivo and have a potentially
important protective role. These and several additional studies suggested that
muscle cells were critically involved in the initiation of immune responses after
DNA vaccination. One conceptual difficulty with this premise is that, although
muscle cells express MHC class| molecules, they do not express other cell surface
molecules (i.e. CD80 and CD86) that are critical in optimizing T-cell priming.
Therefore, they are not likely to be as efficient at presenting antigen as are DCs.
This difficulty raised a question about the exact role that muscle cells play in the
induction of cellular immune responses after intramuscular DNA vaccination. To
address whether expression of antigen by myocytes was sufficient to induce pro-
tective immunity in vivo, it was shown that transfer of stably transfected myo-
blasts expressing an influenza nucleoprotein protected mice from infectious
challenge (29). Although these data suggested that expression of viral protein by
muscle cells in vivo is sufficient for CTL-mediated protection, the question of
whether CTLs were induced directly by myocytes expressing protein directly or
by transfer of protein from myocytes to professional APCs (cross-priming)
remained open.

Experiments were undertaken to directly test whether muscle cells alone are
sufficient to prime immune responses. In one study, using bone marrow chimeras
to examine the contribution of bone marrow- and non-bone marrow—derived cells
to CTL priming, it was shown that antigen-specific CTL responses could be
induced by non-bone marrow—derived (muscle) cells only when mice were vac-
cinated with DNA encoding the antigen and CD86 (30). By contrast, in a separate
study with a plasmid DNA encoding a different antigen, it was shown that plas-
mids encoding CD86, I1L-12, or granul ocyte/macrophage colony-stimulating fac-
tor DNA failed to induce muscle cells to prime for CTL responses (31). Taken
together, although these studies both show that muscle cells alone are not efficient
at priming immune responses, one study does suggest that muscle cellsexpressing
CD86 are sufficient to induce a response. Finaly, the finding that removing the
muscle immediately (within 10 min) after immunization does not alter the sub-
sequent immune response (32) provides additional evidence that injected plasmid
DNA islikely to gain accessto the lymphatic or circulatory system, thusobviating
the need for transfection of muscle cells at the site of injection.

For other somatic cells, it has been shown that keratinocytes and Langerhans
cells constitute the major cell types transfected by plasmid DNA after injection
into the skin (33, 34). In contrast to the data mentioned above regarding removing
muscle, immediate removal of skin after DNA vaccination prevented develop-
ment of immune responses (32). Moreover, in a separate study, it was shown that
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transplantation of vaccinated skin <12 h postvaccination could elicit an immune
response in naive animals (35). By contragt, little or no immune response could
be initiated when the period of transplantation exceeded 24 h. These data suggest
that cells that migrated from the epidermis within 24 h of immunization induced
the primary immune response after DNA vaccination. Finaly, it was shown that
the magnitude of the primary immune response increased when the vaccination
sitewas left intact (35). Taken together, these data suggest that antigen-expressing
nonmigratory cells such as keratinocytes may continue to produce antigen to
augment the immune response (27, 35).

Cross-Priming As discussed above, secreted or exogenous proteins undergo
endocytosis or phagocytosis to enter the MHC class |1 pathway of antigen pro-
cessing to stimulate CD4+ T cells. Endogenously produced proteing/peptides(e.g.
vira antigens) are presented to the immune system through an MHC class |-
dependent pathway to stimulate naive CD8* T cells. Although peptides derived
from exogenous sources are generally excluded from presentation on MHC class
I molecules, there are now several examples showing that this can occur in vivo
(36-40). Moreover, the concept of cross-priming, in which triggering of CD8+
T-cell responses can occur without de novo antigen synthesis within the APCs,
provides an additional mechanism by which DNA immunization can enhance
immune responses. During cross-priming, antigen or peptides (both MHC class
| and I1) generated by somatic cells (myocytes or keratinocytes) can be taken up
by professional APCs to prime T-cell responses. The demonstration that transfer
of myoblasts expressing an influenza nucleoprotein into F1 hybrid mice induced
CTL responses restricted by the MHC haplotype of the recipient mice provided
the first evidence that transfer of antigen from myocytes to professional APCs
can occur in vivo in the absence of direct transfection of bone marrow—derived
cells (29, 41). In addition, cross-priming can occur when professional APCs pro-
cess secreted peptides or proteins from somatic cells and/or other APCs by phag-
ocytosis of either apoptotic or necrotic bodies (42, 43). This is supported by a
study showing that cross-priming of DCs occurred when keratinocytesexpressing
antigen were exposed to irradiation in vitro, leading to cell death (27).

In summary, the overwhelming evidence suggests that bone marrow-derived
APCs, but not somatic cells, directly induce immune responses after DNA vac-
cination; however, because somatic cells such as myocytes or keratinocytes con-
stitute the predominant cells transfected after DNA inoculation viamuscle or skin
injection, respectively, these cells may serve as a reservoir for antigen. Thus,
somatic cells can be important in the induction of immune responses via cross-
priming and may play arole in augmenting and/or maintaining the response.

Cellular Immunity

CD4+ T Helper Cell Responses CD4* T cells play a central role in immune
homeostasis. There are at |east three major functionsthat CD4+ T cells can medi-
ate. First, activated CD4+ T cells have acritical role in promoting B-cell survival



Annu. Rev. Immunol. 2000.18:927-974. Downloaded from www.annualreviews.org
by Duke University on 12/19/12. For personal use only.

DNA VACCINES 937

and antibody production through CD40L-CDA40 interactions (44). Second, CD4+
T cells, through production of IL-2 and/or through CD40L-CD40 costimulation,
provide helper function to CD8+ T cells (45-47). Finally, CD4+ T cells secrete
a myriad of cytokines that have profound immunoregulatory effects in many
disease states. In this regard, it has been demonstrated that activated CD4+ T
cells can be segregated into two distinct subsets based on their production of
certain cytokines (48). For example, T-helper-1 (Thl) cells exclusively produce
IFN-y, whereas CD4+ T cellsthat exclusively produce IL-4, IL-5, and IL-13 are
designated as T-helper-2 (Th2) cells. Although several factors have been shown
to influence the differentiation of Thl- and Th2-type cells, the cytokine milieu
present at the time of initial T-cell priming appears to be the most important (48,
49). Thus, the presence of IL-12 facilitates differentiation toward a Thl pheno-
type, whereas the presence of IL-4 allows for Th2 differentiation.

Because CpG motifs present in bacterial DNA can trigger the immune system
to induce avariety of proinflammatory cytokinesincluding IL-12, it would follow
that the generation of Thl responses may be ageneral property of DNA vaccines.
Indeed, DNA vaccination has been successfully applied to several anima models
of infection in which induction of a Th1 response correlates with protection (e.g.
tuberculosis and leishmaniasis). DNA vaccination has aso proven to be success-
ful in amouse model of respiratory syncytia virusinfection, in which it islikely
that antibodies correlate with protection. It is important that, in this infection,
killed/inactivated vaccines induced a Th2-type response, which was associated
with unfavorable pathology and outcome (50). Thisisastriking exampleinwhich
DNA vaccination (by preferentially inducing a Thl response) has a definite
advantage over a formalin-inactivated respiratory syncytial virus vaccine by
changing the qualitative immune response (51). Additiona evidence that DNA
vaccination favors a Thl response stems from the observation that the predomi-
nant immunoglobulin (1g) isotype detected after DNA vaccination is |gG2a (52).
Of note, however, is that, under certain circumstances, DNA vaccines can also
induce Th2 responses. Perhaps the best example of this involves using the gene
gun method of immunization. Pertmer et al (53) first demonstrated increased IL-
4 production in mice repetitively immunized by gene gun, while production of
IFN-y concomitantly decreased. As a further correlate, it was shown that the
predominant |g isotype generated after repetitive gene gun immunization was
1gG1, whereas the predominant |g isotype generated after intramuscular immu-
nization was 1gG2a (53). These observations were extended by the work of
Feltquate et al (54), who substantiated the finding that different predominant T
hel per-type cytokines were generated by gene gun versus intramuscular DNA
immunization. Preferential Th2 responses occurred whether DNA plasmids on
gold beads ““ shot™ into the skin or into surgically exposed muscle. Taken together,
these data suggest that the use of the gene gun has a powerful influence on the
induction of Th2 response regardless of the route of immunization. A potential
explanation for why Th2-type responses are induced by gene gun is that the gun
delivers plasmid DNA directly into cells, thus bypassing surface interaction of
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CpG moatifs, present in the plasmid backbone, with the APCs to mediate the
release of proinflammatory Thl-type cytokines. Moreover, because DNA vac-
cinestarget DCs, it is possible that different methods of immunization could target
different subsets of DCs that have been shown to preferentially biashelper T cell
responses (55-59). Finally, there is some evidence that the nature of the antigen
used (secreted vsintracellular) can preferentially bias T-hel per responses (60, 61).
It should be noted, however, that these studies used antibody subtypes rather than
direct measurement of cytokine production as a surrogate for T-helper responses.

The potential of DNA vaccines to strongly influence CD4* T-helper cell
responses has several practical implications. For infectious diseases, the ability
of DNA vaccines to preferentialy generate Thl responses may be particularly
useful for preventing intracellular infections requiring Thl immunity or for mod-
ulating ongoing immune responses to optimize intracellular killing. First, interms
of influencing an ongoing response, it was shown that CpG ODN treatment could
strikingly enhance |FN-y and diminish IL-4 productionin BALB/c micethat were
already infected with Leishmania major, suggesting that Thl-type responsescould
be induced in the course of inducing ongoing Th2 response (62). Additionally, a
Th1 response generated by DNA immunization may prevent or limit an ongoing
Th2 response, for example, in alergic or asthmatic diseases. This was demon-
strated in a study by Raz et a (63), who showed that a Th2 response (reflected
by antigen-specific production of 1L-4 and IgE antibody) generated by vaccination
with B-galactosidase (B-gal) protein plus alum immunization could be atered
(decreased IL-5 and IgE production) when these mice were boosted with plasmid
DNA encoding B-gal. These data raise the broader question of whether immu-
notherapy with DNA vaccines affects already differentiated Th2 cellsat asingle-
cell level or influences naive and/or activated but uncommitted CD4+ T cells
toward Th1l cytokine production at the population level. In addition to its ability
to influence an established Th2 response, in arat model of alergic hyperrespon-
siveness, it was demonstrated that injection of plasmid DNA encoding a house
dust mite allergen prevented the induction of IgE and reduced airway hyperreac-
tivity (64). In that study, the suppression of alergic responses could be transferred
by CD4-depleted T cells. These findings raise the possibility that CD8+ T cells
can suppress IgE production and confirm the ability of DNA vaccines to induce
both MHC class |- and class |1-restricted responses (64). Finally, in experimental
models of autoimmune disease, it appears that type | cytokine production (IL-12
or IFN-y) correlates with disease progression. Therefore, it might be expected
that DNA vaccination would not be useful for preventing or limiting ongoing
autoimmune diseases associated with Th1 responses (65), yet it was demonstrated
that vaccination of mice with DNA encoding agene for apathogenic T-cell recep-
tor (VP8.2) for experimental autoimmune encephalitis (EAE) actualy protected
mice. Protection was associated with areduction in the Thl response and increase
in the Th2 response (66). The mechanism for this novel observation remains to
be elucidated.
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Cytotoxic T-Lymphocyte Responses  As noted above, one of the mgjor advan-
tages of DNA vaccines is the ability to generate antigens endogenously, making
them accessible to CD8* T cellsviaan MHC class | pathway (8). Although CD8
responses are also generated by live vaccines, they are difficult to induce with
conventional protein-based vaccines. Moreover, owing to the potential safety con-
cerns about certain live vira vaccinations, the induction of CD8*+ CTL responses
after DNA vaccination may represent aprincipal advantage of thistype of vaccine
approach. In addition, because plasmid DNA encoding an antigen can be easily
modified, this method of vaccination allows for optimization of both the quali-
tative and quantitative aspects of CTL responses (see section on vaccine opti-
mization below).

While it is clear that DNA vaccination is an effective method of inducing
CD8* T-cell responses, there are at least two critical issues concerning the ability
of this vaccine approach to mimic the responses of those achieved with live viral
vaccines. The first point relates to the magnitude of the CTL response, whereas
the second relates to the generation of CTL responses against dominant and sub-
dominant epitopes. In three separate studies of DNA vaccination against lym-
phocytic choriomeningitis virus (LCMV) infection, mice inoculated with DNA
encoding an LCMV protein generated no detectable CTL responses before infec-
tious challenge (67-69). DNA-vaccinated mice, however, were protected from
challenge with LCMV. Furthermore, in one of these studies, it was shown that
mice inoculated with live LCMV had CTL activity that was immediately detect-
able ex vivo (69). Taken together, these data show that, in the LCMV mouse
model, although live viral infection but not DNA vaccination induced adetectable
frequency of effector CTLs immediately ex vivo, DNA vaccination did induce
low numbers of precursor CTLs that expanded in vivo after infectious challenge
sufficient for protection. In contrast to the LCMV model, the frequency of CTL
precursors from cells of mice that were vaccinated with plasmid DNA encoding
a Sendai virus nucleoprotein were comparable to those elicited by live Sendai
virus infection in a previous report (70). Similarly, in a separate study, it was
shown that CTLs generated from mice vaccinated with plasmid DNA encoding
influenza nucleoprotein were comparable to those derived from mice that were
infected with influenzavirus (71). Thus, depending on the antigen and viral model
system used, DNA vaccination can elicit CTL responses that are similar to live
viral infection after short-term in vitro culture. Perhaps the critical issue of
whether DNA vaccination is similar to live viral infection will be resolved by
comparing the effector CTL responses immediately ex vivo without any further
in vitro culturing. Current techniques, using MHC class I-specific tetramers and
intracellular cytokine staining, should clarify this question. These issues are rele-
vant to the optimization of vaccines for infections such as HIV infection or
malaria, in which a high precursor frequency of effector CTLs at the time of
infection may be required to limit dissemination of infection.

Although the magnitude of CTLs induced by DNA vaccination may be suf-
ficient for protection after infectious challenge, an additional consideration is



Annu. Rev. Immunol. 2000.18:927-974. Downloaded from www.annualreviews.org
by Duke University on 12/19/12. For personal use only.

940

GURUNATHAN = KLINMAN ® SEDER

whether DNA vaccines can €licit the same breadth of response as that induced
by natural infection. In this regard, athough the number of epitopes availablein
aprimary CTL response is relatively large after viral infection, the effector CTL
responses selected by the host are often limited to a few dominant epitopes.
Additionally, responses to subdominant epitopes may be important in mediating
an effector role in the absence of CTL responses to a dominant epitope. For
instance, two separate studies showed that DNA vaccines encoding an influenza
or Sendai virus nucleoprotein were able to elicit CTL responses against both
dominant and subdominant epitopes (70, 71). These data suggest that DNA vac-
cines can elicit broad memory responses to multiple epitopes. In this aspect, DNA
vaccines resemble live viral vaccines by inducing a broad precursor CTL fre-
guency and memory.

Humoral Responses

Immunization with plasmid DNA can induce a strong antibody response to a
variety of proteinsin animal species, including mice, non-human primates, and,
most recently, human subjects. Moreover, the humora response generated by
DNA vaccination has been shown to be protective in several animal models in
vivo. Because conventional protein vaccines also induce protective antibody
responses, it is useful to not only review the mechanism by which DNA vaccines
induce antibody responses but also highlight potential differences and determine
whether DNA vaccination offers any advantages compared with other types of
vaccination.

Dose Response and Kinetics of Antibody Response Induced by DNA
Vaccination With regard to the quantitative aspect of antibody production after
DNA vaccination, it was shown in two separate studieswith DNA-encodinginflu-
enza hemagglutinin antigen that the antibody responses peaked and reached a
plateau between 4 and 12 weeks after a single DNA immunization in mice (72,
73). Furthermore, antibody production is increased in a dose-responsive manner
with either a single injection or multiple injections of DNA by various routes of
immunization (72, 73). Although dosage and frequency of immunizations may
affect the kinetics and magnitude of the response, it is interesting that single or
multiple injections with an optimal dose of DNA did not significantly affect the
amount of antibody produced once a plateau had been reached (72, 73). Finally,
although the duration of the antibody response can be long lived [significant
serum levels were present up to 1.5 years postvaccination (34, 72)], thisduration
is highly variable and depends on the model system and vaccine used.

Comparison of Antibody Responses between DNA Vaccination and Protein or
Live Infection: Effects on Avidity, Magnitude, |sotype, and Induction of Neu-
tralizing Antibody As noted above, peak antibody responses after DNA vac-
cination occur 4-12 weeks postvaccination. Most studies comparing antibody
production after DNA, protein, and live virus immunization use this time range.
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In comparing humoral responses in mice vaccinated with DNA H1 hemagglutinin
and mice immunized with a sublethal viral challenge with HIN1 influenza, the
amount of antibody produced was substantially greater and peaked more rapidly
in the sublethally infected mice than in the DNA-vaccinated mice (74). Similarly,
in aseparate study comparing the antibody responseto DNA encoding the hemag-
glutinin (HA) antigen and live influenza infection, the antibody titers in mice
vaccinated with live influenza were higher than in DNA-vaccinated mice,
although this result was seen with only certain antibody isotypes (72). In com-
paring the antibody response elicited by vaccination with DNA and protein, it
was shown that antibody titers and avidity were significantly lower in mice vac-
cinated with DNA encoding a malarial surface protein than in those vaccinated
with the protein alone (75). By contrast, in one study directly comparing the
kinetics of antibody response after vaccination with DNA-encoding ovalbumin
(OVA) and OVA protein, there did not appear to be a difference in total OVA-
specific antibody production when DNA was administered intradermally at 2 or
4 weeks postvaccination (76). In this study, antibody induced by DNA had a
higher avidity than that induced by protein.

The antibody subtypes induced by DNA vaccination include 1gG, IgM, and
IgA. Moreover, as noted in the previous section, DNA vaccination generaly
enhances Thl cytokine production. Because cytokines such as IL-4 and IFN-y
can direct IgG1, and 1gG2a production, respectively, it follows that the subclass
of antibodies generated by pDNA vaccination will be biased toward 1gG2a pro-
duction. While this appearsto be a general property of DNA vaccination in mice,
it has been shown that DNA encoding secreted antigen generated higher levels
of 1gG1 than did membrane-bound antigen (60). Moreover, as noted above, the
route of DNA vaccination (gene gun) can also preferentially bias toward 1gG1
production (54).

Finaly, the ability of DNA vaccines to generate neutralizing antibodies sug-
gests that antigen expressed in vivo after DNA vaccination can assume a native
configuration. In this regard, the ability of plasmid DNA encoding influenza HA
to generate neutralizing antibody suggests that HA was present in its native form,
because the epitopes of HA that are recognized by these antibodies are formed
by noncontiguous regions within HA. Thus, DNA vaccines may generate anti-
body responses that more closely resemble those seen after natural infection and
provide a potential advantage over conventional protein vaccines. Since some
recombinant proteins may lack linear determinants or conformational epitopes
required for efficient generation of neutralizing antibodies. Data to support this
were shown for mice immunized with a DNA vaccine encoding HIV gpl20, in
which sera contained antibodies reactive to linear epitopes within the V3 region
of gp120 whereas sera from mice immunized with recombinant gp120 contained
much lower levels of V3-specific antibodies (77). Similar results were observed
with a rabbit model of papilloma virus (CRPV) infection. In this model, immu-
nization with plasmid DNA encoding a major capsid protein L1 induced neu-
tralizing antibody. In that study, adsorption experiments with native L1 or
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denatured LI protein suggested that vaccination with plasmid DNA encoding LI
elicited conformationally specific neutralizing antibody (78).

Memory Immunity

The hallmark of any successful vaccineisthe ability to induce long-term memory.
Current vaccines—whether live attenuated or protein subunit—are successful at
generating durable humoral responses. For diseases requiring cellular immunity
such as parasitic, mycobacterial, and certain viral infections, however, it is not
yet clear how memory responses are generated and maintained after vaccination.
Regarding humoral immunity, it has been shown that mice vaccinated with DNA
encoding an HA antigen had levels of anti-HA antibodies comparable with or
greater than those from convalescent sera of previously infected mice that per-
sisted over 1 year (34, 72). In other studies, however, plasmid DNA encoding a
nucleoprotein of the LCMV virus administered by gene gun (69) or intramus-
cularly (67) either failed to give appreciable antibody responses before challenge
or the responses had waned by 4 months postimmunization. Taken together, these
results indicate that, while DNA vaccination can be effective at inducing long-
term antibody responses, this effect may depend on the type of antigen used in
the vaccine.

In terms of cellular immunity, it was recently shown that the frequency of
antigen-specific CD4" T cells as measured by proliferation remained elevated
for =40 weeks postvaccination. Of interest, antigen was detectable only for 2
weeks postvaccination in DCs in the draining lymph nodes but for =12 weeks
in keratinocytes (27). Moreover, a functional assay performed in vivo appeared
to demonstrate no source of antigen present in the spleen or lymph nodes 20 days
postvaccination. Taken together, these data showed that antigen-specific CD4™*
T cellsare activated in the draining lymph nodes and migrate to the spleen, where
they can persist for up to 40 weeks in the absence of detectable antigen (27).
More definitive evidence showing that DNA can induce long-lived Thl effector
responses in vivo involved a mouse model of L. major infection. This study
demonstrated that vaccination with plasmid DNA encoding a specific |eishmanial
antigen is more effective than vaccination with leishmania protein plus IL-12
protein in maintaining antigen-specific Thl cells capable of controlling L. major
infection (79). These data provided evidence that DNA vaccination can induce
long-term Th1 responses and suggested that DNA vaccination may be more effec-
tive than vaccination with protein plus adjuvant (i.e. IL-12). Reasons for the
enhanced efficacy of DNA vaccination over protein and adjuvant may include
low levels of persistent antigen and/or IL-12 induced by the CpG in the plasmid
DNA.

Induction of Long-Term Cytotoxic—T-Lymphocyte Responses after DNA
Vaccination Although few studies have assessed the induction of CD8+ T-cell
responses for prolonged periods after DNA vaccination, there isareport showing
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that CTL responses could be observed =68 weeks after intradermal injection of
DNA encoding a nucleoprotein from influenza virus (34). In a separate study,
DNA-primed CTL responses to hepatitis B virus envelope proteins could be
detected for =4 months post-DNA injection (80). It should be noted that these
responses were detected only after cells were re-cultured in vitro for several days
and then tested. Thus, the relative effectiveness of DNA vaccination for gener-
ating fresh, memory effector CTL responses remains to be determined. One other
potentially important finding relating to DNA vaccination and induction of mem-
ory CD8* T-cell responses is that CpG motifs are potent stimulators of type-1
interferons. It was originally reported by Tough et a that IFN-o enhances the
proliferation of CD8* T cells expressing a surface marker, consistent with a
memory phenotype (81). More recent work showed that CpG DNA appeared to
stimulate T cells by inducing type-1 interferons from APCs (82). Although these
studies are important in establishing a role for IFN-« in regulating activation of
CD8* T cells, afunctional in vivo role for these cells remains to be elucidated.

Mechanisms by Which DNA Vaccinations I nduce Sustained Humoral and Cel-
lular ImmuneResponses Thereisevidencethat long-lived antigen-specificpro-
liferative responses that are induced by DNA vaccination are maintained in the
absence of detectable antigen (27). In contrast, one of the origina studies on
DNA vaccination by Wolff et al showed that intramuscul ar inocul ation of plasmid
DNA encoding severa different reporter genes resulted in protein expression for
>1 year (83). These data raise several possibilities as to how DNA vaccines
induce long-term responses. (a)antigen is continuously present at low levels suf-
ficient for antigen presentation but below the limit of detection as assessed by
polymerase chain reaction or currently available functional assays. Alternatively,
plasmid DNA may not be detectable, but synthesized antigen could persistin vivo
(i.e. follicular DCs), providing a reservoir to maintain the immune response; (b)
plasmid DNA as well as antigen are completely gone, and responses are antigen
independent (27); and/or (c) memory cells generated by DNA vaccines differ
qualitatively from those achieved by other forms of vaccination such as protein
plus adjuvant.

APPROACHES TO VACCINE OPTIMIZATION

Because different diseases have specific requirements for protective immunity, a
rational approach to vaccine optimization would reflect these distinct require-
ments. Thus, one of the principal advantages of DNA vaccination isthe ease with
which plasmid DNA can be manipulated to alter the quantitative and qualitative
aspects of the immune response. In this section, we discuss the factors that affect
the efficiency of DNA vaccines and highlight how DNA vaccines can be influ-
enced or tailored to generate the desired immune response.
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Vector Optimization

Role of Gene Regulatory Elementsand Multicistronic Vectors  One of the most
important considerations in optimizing a DNA vaccine is the appropriate choice
of avector. The basic requirements for a plasmid vector are described above. It
isgenerally believed that the level of gene expression in vivo obtained after DNA
vaccination correlates with the immune response generated. Therefore, several
laboratories sought to improve gene expression and immune responses after plas-
mid DNA vaccination. These approaches included optimizing gene regulatory
elements within the plasmid backbone (e.g. promoter-enhancer complex or tran-
scription termination signals) or modifying the plasmid backboneitself to enhance
gene expression. As noted above, a requisite for a DNA vaccine vector is a
promoter that stimulates a high level of gene expression within mammalian cells.
Virally derived promoters have generally provided the greatest gene expression
in vivo, whereas eukaryotic promoters are weaker (84, 85). The CMV immediate
early enhancer-promoter produced the highest transgene expression in various
tissues when compared with other promoters (84, 85). Furthermore, because opti-
mal expression of certain mammalian genes depends on splicing of the mMRNA
transcript, inclusion of the first intron (intron A)of theimmediate early gene from
CMYV in the promoter-enhancer complex further enhanced expression (86). To
study the effects of manipulating transcriptional termination elements on gene
expression, several different kinds of termination sequences have been studied.
In one study, replacing the BGH transcriptional termination element with a tran-
scriptonal terminator derived from the rabbit B-globin gene improved gene
expression (87). Several other modifications that enhance gene expression have
been examined. To express two or multiple genes in the same cell, dicistronic or
multicistronic vectors with internal ribosome entry sites were studied. These vec-
tors could be particularly useful in constructing multivalent vaccines from two or
more different antigens from the same or different pathogens (88).

Effects of Manipulating Heterologous Genes on the Immune Response
Optimizing codon usage for eukaryatic cells can also enhance expression of anti-
gens. Codon bias has been observed in severa species, and the use of selective
codons in a particular gene correlates with efficiency of gene expression (89).
This correlation was shown by using a plasmid expressing listeriolysin O, in
which codons frequently used in murine genes were substituted for the native
codons for the encoded antigen. This substitution led to enhanced CTL and pro-
tective immunity (90). Similar results were noted in mice, by using the HIV-1
gp120 sequence (91) or gpl60 sequence (92).

A plasmid may aso be engineered so that the encoded protein iseither secreted
or localized to the interior of the cell. Several studies show that the type and
magnitude of the immune response depend on whether an antigen is secreted,
bound on the surface of the cell, or retained within the cell. For example, secreted
proteins induced higher 1gG titers than the same antigen localized either on the
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cell membrane or within the cell (60, 93-95). It is unclear from these studies how
DNA immunization induces antibody production against intracellular, noncyto-
pathic proteins, because B cells require free or membrane-bound linear determi-
nants or conformational epitopes to initiate the process of clona expansion for
efficient antibody production. These concepts suggest that a nonsecreted intra-
cellular antigen would not €licit antibody production (27). The evidence that the
nature of the antigen used (secreted vs intracellular) can preferentialy bias T-
helper responses is less clear. In two separate studies, it was demonstrated that
secreted antigens induced a higher 1gG1:1gG2aratio (suggesting a Th2 bias) than
did antigens that remained cell associated (membrane anchored or cytosolic);
however, these studies analyzed antibody subtypes rather than directly measuring
cytokines and thus provide only a surrogate for T-helper responses (60, 93, 95).
In a separate study, plasmid DNA expressing either secreted or intracellular anti-
gen induced comparable levels of antigen-specific IFN-y on in vitro stimulation
(94). Taken together, these data suggest that cellular localization of the antigen
after DNA immunization may play a role in modulating immune responses,
although this role may depend on the nature of the antigen and model system
used (95).

Optimizing Cytotoxic—T-Lymphocyte Responses

Enhancing Délivery into the Major Histocompatibility Complex Class |
Pathway CTL responses can be enhanced by engineering the antigen to target
specific cellular compartments. An example for this engineering is the use of N-
terminal ubiquitination signals, which target the protein to proteosomes, leading
to rapid cytoplasmic degradation and presentation via the MHC class-| pathway.
In this regard, it was demonstrated that a DNA vaccine encoding -gal that was
fused with ubiquitin was more effective at inducing CTL responses than was a
plasmid encoding 3-gal alone. The latter construct was also less efficient at induc-
ing antibody responses, suggesting that the transfected gene product was rapidly
degraded intracellularly and that processing precluded the release of native poly-
peptides or proteins for efficient antibody production (96). These results are in
agreement with studiesin other model systemstargeting HIVV Nef (97) and LCMV
nucleoprotein (98, 99).

Another approach is to design vectors that use the E3 leader sequence from
adenovirus, which facilitates transport of antigens directly into the endoplasmic
reticulum for binding to MHC class-| molecules, bypassing the need for the TAP
transporter. The addition of the E3 leader sequence appeared to improve CTL
responses for certain antigens (100, 101) but did not improve CTL in other model
systems (100). These data suggest that endoplasmic reticulum-targeting of T-cell
epitope DNA vaccines may not enhance the immune response for all antigens.

Epitope-Specific Responses. Minigenes and Multiple Epitopes Another inter-
esting approach for improving the ability of DNA vaccines to generate cell-
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mediated responses is to engineer vaccines that dlicit epitope-specific CTL
responses. Several groups have successfully used minimal-epitope vaccines to
induce CTL responses (100-107). Furthermore, it was demonstrated that these
minimal-epitope vaccines could function in isolation and when linked to other
epitopes in a “‘ string-of-beads” vaccine. This approach may be advantageous,
because a combination of antigenic epitopes can generate a broader immune
response than a DNA vaccine encoding for a single antigen. Moreover, this
approach may be effective in developing a single vaccine against multiple path-
ogens. In this regard, epitopes from several different pathogens could be com-
bined in a single plasmid DNA vaccine, providing an advantage over a
conventional DNA vaccine strategy with a plasmid-encoding antigen(s) against
a single pathogen. In a study by Thomson et al, mice vaccinated with a DNA
plasmid, encoding multiple contiguous minimal-CTL epitopes derived from five
separate viruses and a parasite epitope derived from malarial protein, generated
MHC class |-restricted CTL responses to each of these epitopes. Furthermore,
these CTLs were protective after infectious viral challenge (104). In a separate
study, a novel vector containing a polyepitope construct from HIV and Plasmo-
dium falciparum was also effective in generating CTL responses in mice (103).

Inclusion of a helper epitope can aso enhance CTL activity after DNA vac-
cination (108). In a study designed to ascertain whether CTL responses generated
by DNA vaccines are dependent on MHC class-11/CD4 help, CTL responses
generated against a minimal epitope class-1restricted OVA peptide were com-
pared with those of a similar construct with the adjacent MHC class-I1-restricted
epitope. Very low or negligible CTL responses were observed in mice vaccinated
with a minimal-epitope MHC class-I—restricted DNA construct. In contrast, mice
vaccinated with either afull-length ovalbumin construct or a DNA construct with
both MHC class-| and class-I1 epitopes induced a robust CTL response (108).
These observations are in contrast to several studies in which minimal-epitope
DNA vaccines generated robust CTL responses. Potential explanations for these
differences include the following: (a)the polyepitope vaccines could lead to the
assembly of neoepitopes that served to generate MHC class-1I help; (b) CpG
seguences can potently activate DCs in a nonspecific manner (27) and prime
CD8* T cellsin the absence of CD4 help; and (c) CpG motifs induce IFN-a, a
cytokine shown to be important in expansion of CD8+ T cells (82).

Role of Cytosine-Phosphate-Guanosine Motifs

Over the past decade, portrayals of DNA as immunologically inert have been
challenged. New data indicate that bacterial DNA can trigger and instruct the
immune system to respond to danger and plays an important role in host defense.
This role includes B-cell activation resulting in antibody production, stimulation
of cytokine-producing cells, and activation of the innate immune system. The
subsequent identification of CpG motifs present in bacterial DNA as potent immu-
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nostimulatory molecules has spurred tremendous interest in the development of
immune-based therapies and of a new generation of experimental vaccines.

Immunostimulatory Properties of Cytosine-Phosphate-Guanosine DNA As
noted above, it was recently shown that a specific sequence motif present in
bacterial DNA €licits an innate immune response characterized by the production
of IL-6, IL-12, TNF-«, and IFN-y. Several lines of evidence suggest that CpG
motifs in plasmid vectors contribute to the immunogenicity of DNA vaccines.
First, vectors lacking protein-encoding insertsinduce cytokine production in vitro
in a manner indistinguishable from bacterial DNA (109). Second, when the cyto-
sine of the CpG dinucleotides present in plasmid vectorsis sel ectively methylated
with Sss-1 CpG methylase, the vaccing's ability to stimulate cytokine production
in vitro and antibody or CTL production in vivo is concomitantly reduced (14,
109). Third, coadministering ODN that contains CpG motifs with an antigenic
protein boosts the antibody and cellular response similar to that achieved by DNA
vaccination with a plasmid encoding the same antigen (110-112). Indeed, coad-
ministering vector alone (without the antigen-encoding insert) also improvesthe
immune response dlicited by DNA vaccines. Presumably, CpG motifs present in
the vector act as adjuvants in a fashion similar to CpG ODNSs. This observation
raises the interesting possibility that higher doses of a DNA vaccine or the coad-
ministration of multiple antigen-encoding plasmids might synergistically boost
the immune response to each element of a multicomponent vaccine.

Perhaps the strongest evidence the CpG motifs contribute to the immunoge-
nicity of DNA vaccines was provided by Sato et al, who substituted a CpG-
containing ampR gene for a kanR-selectable marker in a f-gal—encoding plasmid.
They found that the reengineered plasmid elicited a higher 1gG antibody response,
more CTLs, and greater IFN-y production than did the original vector (14). The
same effect was observed when additional CpG motifs were introduced into the
plasmid backbone of the kanR-containing vector, aresult subsequently confirmed
in several other vectors by other laboratories (52, 109, 113, 114). As noted above,
this effect is most apparent when low doses of DNA vaccine are administered,
presumably because, at high dose, endogenous CpG motifs in plasmid vectors
perform the same function. Thus, additional CpG motifs may decreasethe amount
of vaccine required to induce an immune response rather than increase the abso-
lute magnitude of that response. Indeed, CpG motifs appear to be limited in their
ability to augment antibody and cytokine production in vivo such that too many
CpG motifs may actually reduce immunogenicity (114). For example, introducing
16 additional CpG motifs into the plasmid backbone improved the humoral
immune response by the DNA vaccines, whereas introducing 50 such motifswas
detrimental. The above studies were performed in mice, the animalsin which the
effects of CpG ODNs were first described. Of interest, the 6-base-pair motif that
induces optimal stimulation in mice is less effective when tested on cells of pri-
mate origin (human, monkey, or chimpanzee). Thus, efforts to improve the effi-
cacy of DNA vaccines intended for human use would require identification of
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those sequence moatifs that are optimally immunostimulatory in humans. Toward
thisend, Liang et a (115) identified several ODNs that induced proliferation and
Ig secretion of human B cells. They did not, however, systematically examinethe
size or sequence of the CpG motif that provided optimal immune activation.
Ballas et a (116) reported that an AACGTT motif embedded in an ODN at |east
15 base pairs in length stimulated the proliferation of human NK cells ; however,
it is unclear whether this motif is optimally immunostimulatory. In this context,
recent evidence suggests that at least two different human cell types respond to
ODN stimulation and that different CpG motifs are required to stimulate these
distinct cell populations. These findings suggest that it may be possible to tailor
the type of immune response elicited by a DNA vaccine by selectively engineer-
ing one, the other, or both types of stimulatory motifsinto a vector.

Immonosuppressive DNA Motifs Whereas CpG-containing bacterial DNA
causes immune stimulation in vivo and in vitro, coadministration of mammalian
DNA can block such activation. This suppression may account for the inability
of mammalian DNA, which contains CpG motifs (albeit at much lower frequency
than bacterial DNA), to stimulate the immune system. Several laboratories have
shown that a subset of nonstimulatory ODNs can suppress the immune activation
induced by ODNSs that contain CpG motifs. Hacker et a (117) showed that an
excess of non-CpG ODNSs could inhibit the uptake of fluorescein-isothiocyanate—
labeled CpG ODNSs. Thisinhibition abrogated the ability of CpG ODNsto induce
immune stimulation, interfering with cytokine production and stress kinase acti-
vation (117). Recent work by Krieg et a (114) confirmed that the immunosti-
mulatory activity of CpG ODNSs could be blocked by certain non-CpG motifs.
They showed that eliminating suppressive motifs (tandem repeats of GpC) from
the plasmid backbone of a DNA vaccine improved immunogenicity up to three-
fold. These observations demonstrate the complexity of the interaction between
DNA sequence motifs and the immune system.

An important feature of CpG motifsis their ability to stimulate multiple types
of immune cells. They improve antigen-presenting function by monocytes, mac-
rophages, and DCs, induce proliferation of B cells, and boost antibody production
by antigen-activated lymphocytes. Efforts are under way to identify the sequence
motifs that are optimally active in humans, to determine whether different motifs
can be used to regulate discrete elements of the immune system, and to establish
where in the plasmid these immunostimulatory sequences can be introduced to
greatest benefit. Presumably, this will include the elimination of suppressive
motifs present in the plasmid backbone. These efforts are likely to yield vectors
with significantly improved immunostimulatory capacities for clinical use.

Role of Cytokines and Costimulatory DNA Adjuvants

Because cytokines or costimulatory cell surface molecules play a crucia rolein
generation of the effector T-cell subsets and in determining the magnitude of the
response, several groups have used plasmid DNA encoding various cytokine or
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costimulatory molecules to enhance or bias the immune response generated by
DNA vaccination. The studies with cytokine-encoding DNA and their effectson
humoral and cellular immunity are summarized in Table 2 (211-244).

TABLE 2 Cytokine and costimulatory DNA adjuvants

Cytokine Antibody Céllular response CTL References
IL-1 119G Tproliferation TCTL 211-213
119G2a TIFN-y
IL-2 119G Tproliferation TCTL 212-219
11gG2a TIFN-y
T1g9G1?
IL-4 119G Tproliferation 156, 212, 213,
11gG1 IDTH 216, 218, 219
TIL-4
IL-5 119G + proliferation 213
IL-6 220
IL-7 t1gG2a TFEN-y 217
11gG1
IL-8 TNeutrophils 221
IL-10 1G IDTH 213, 219,
11gG2a lproliferation 222-224
IL-12 T1g2a TDTH TCTL 31, 79, 156, 212,
T orl IgG1? Tproliferation 213, 217-219,
Torl IgG? TIFN-y 225-229
IL-15 1gG? + Tproliferation TCTL 213
IL-18 119G Tproliferation TCTL 213
TNF 119G Tproliferation TCTL 93, 213
GM-CSF 119G Tproliferation TCTL 31, 93, 156, 211,
11gG2a and TIFN-y 212, 216, 218,
1gG1* TIL-4 219, 230-233
TGF-B 11gG1 IDTH 157, 234
lproliferation
lcytokines
IFN-y T1gG2a 1 or lproliferation 1CTL 93, 157, 212,
1 or l1gG? TIFN-y, {IL-5 218, 233, 235
IFN-a 236, 237
B7-1 (CD80) TCTL? 31, 238-241
B7-2 (CD86) TDTH TCTL? 31, 238-241
TProliferation

(continued)
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TABLE 2 (continued) Cytokine and costimulatory DNA adjuvants

Cytokine Antibody Cedlular response CTL References
CD40L T1gG2a TIFN-y TCTL 226, 242
119G,
T1gG1?
ICAM-1 (CD54) Tproliferation TCTL 243
TIFEN-y
1TB-chemokines
LFA-3 Tproliferation TCTL 243
TFN-y
1 B-chemokines
L-selectin 119G Tproliferation 244
T1gG2a>1gG1
CTLA4 119G Tproliferation 244
TgG1l>1gG2a

®Changes in antibody or cellular responses are not in agreement between studies.

Alternative Boost

Although DNA vaccination alone can elicit potent humoral and cellular responses
to many antigens, it appears that for certain antigens (e.g. HIV envelope proteins
and malaria proteins), the immune response generated by DNA vaccination may
be suboptimal for protection. In such instances, aternative booster regimens have
been shown to be helpful. The most common of these booster regimens have used
either recombinant protein or poxviruses. Thus, for HIV, because multiple DNA
vaccinations elicit only modest and transient titers of neutralizing antibody (118—
124), there have been many studies evaluating the effects of peptide (125) or
protein boosting after DNA vaccination (119, 126-128). In two separate studies
that used rhesus macagues, it was shown that antibody production could be sub-
stantialy increased in monkeys vaccinated with DNA encoding an HIV-1 enve-
lope protein followed by a protein boost (127, 128). In one of these reports,
monkeys were protected after an infectious challenge (127). In a separate study,
rabbits primed with various HIV-1 env-expressing plasmids had a rapid increase
in the titer of antibody after a protein boost; however, the avidity and neutralizing
activity rose more slowly. In contrast to HIV, high titers of antibody with good
avidity and persistence were induced after DNA vaccination encoding an influ-
enzavirus HA glycoprotein without any protein boost (119). Taken together, these
data underscore a potential difference between HIV and other viral proteins in
requiring a protein boost after DNA vaccination to optimize both the qualitative
and quantitative aspects of the humoral response.
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As noted above, although protein boosting enhanced the antibody response
after DNA vaccination, there is little evidence that it affects the cellular immune
response. Because cellular immunity might be required for protection against
diseases such as HIV infection and malaria, there have been several studies
attempting to increase cellular responses after DNA vaccination by using recom-
binant poxviruses. In severa such studies, boosting with recombinant poxvirus
substantially enhanced CTL and/or IFN-y responses in mice primed with DNA
encoding either a malarial (129-131) or HIV envelope protein (132, 133). It
should be noted that, whereas antibody production was also increased after DNA
and poxvirus boosting in mice, by using vectors encoding malarial proteins(130),
antibody production was not enhanced and eventually declined in rhesus
macagues vaccinated with DNA and boosted with fowl pox-encoding HIV pro-
teins (132). To conclude, in both malaria- and HIV-infected rodent and nonhuman
primate models, DNA vaccination followed by poxvirus boosting gave consistent
and striking increases in cellular immunity. One caveat that may be important
with regard to vaccination against diseases requiring both humoral and cellular
immunity (i.e. HIV infection) iswhether thistype of boosting also limits antibody
responses.

Modes of Administration

Route and Dosage A variety of routes of DNA injection, including intramus-
cular, intradermal, intravenous, intraperitoneal (134), epidermal delivery by scar-
ification (34), oral (135-138), intranasal (134, 139-144), vaginal (145, 146), and,
more recently, noninvasive vaccination to the skin (147) have been studied. The
most common immunization routes studied have been intramuscular and, to a
lesser extent, subcutaneous or intradermal. DNA is administered in a variety of
diluents including distilled water, saline, and sucrose. For intramuscular injec-
tions, athough some investigators have used agents such as cardiotoxin, bupi-
vacaine, or hypertonic solutions (148, 149) to pretreat the muscle tissue to
improve responses, additional studies suggest little benefit. Whereas the optimal
dose depends on the particular antigen and model system used, typicaly, 10 to
100 pg of plasmid DNA is required to €licit responses when administered intra-
muscularly or subcutaneously. By contrast, immunization of DNA by gene gun
often requires 0.1-1 ug of plasmid DNA to induce antibody or CTL responses.
Thus, in terms of the amount of DNA used, immunization of plasmid DNA with
agene gun is the most efficient mode of delivery (134); however, as noted above,
DNA immunization via gene gun can qualitatively alter the type of immune
response that is generated. Although doses of 25 to 100 ug per injection (intra-
muscularly) are usually sufficient in mice, higher doses appear to be required in
primates or humans. In astudy of human volunteers given a DNA vaccine encod-
ing amalarial antigen, doses of plasmid DNA in the 500- to 2500-ug range gave
enhanced CTL responses (150). Whereas a single vaccination with DNA can
induce both an antibody and CTL responsein several model systems, both cellular
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and humoral immune responses are increased by successive boosting (one or two
additional immunizations). This requirement for multiple immunizations is well
documented for the induction of humoral responses to HIV envelope proteins
(118-124). It should be noted, however, that, in one study, antibody responses to
HIV-1 gp120 were actually enhanced in rhesus macaques when the number of
DNA vaccinations (as delivered by gene gun) was reduced but the interval
between immunizations increased, suggesting the importance of a rest period
between immunizations (128). Similar results were noted after DNA vaccination
(given either by gene gun or intramuscularly) that expressed the circumsporozoite
protein from Plasmodium berghei in mice (151).

Mucosal Immunization Induction of mucosal immunity by DNA immunization
after immunization by several different mucosal routes has been studied. These
include application of plasmid DNA intranasally (134, 139-144), intratracheally
(134, 152, 153), by aerosol (154, 155), by genital-tract immunization (145, 146),
and by oral administration (135-138). In addition, in several studies, plasmid
DNA was combined with various immunity-enhancing regimens such as cholera
toxin (140, 141), plasmid-encoding cytokines (156), liposomes (139, 152, 154,
155), or other adjuvants (142, 143).

There has been great interest in generating specific types of immune responses
after mucosal immunization. In autoimmune models of disease, oral administra-
tion of protein can lead to immune tolerance. By contrast, for vira infections
such as HIV and herpes smplex virus, the generation of potent antibody and/or
cellular responses may be critical in mediating protection. Owing to the impor-
tance of the mucosal immune response for these diseases, studieswere undertaken
to compare the immune responses elicited by mucosal immunization with those
achieved after systemic immunization. First, for antibody production, although
many studies showed that serum 1gG responses after mucosal immunization were
comparable with those elicited after systemic immunization with the same plas-
mid constructs (142, 143, 146), other groups have demonstrated that mucosal
immunization did not lead to an efficient induction of serum IgG responses (134,
140, 141). Of noteis that mucosal immunization was superior to systemic immu-
nization at inducing and sustaining mucosal I1gA responsesin all studiesinwhich
data examining this effect were available (142, 143, 146). Whereas mucosal DNA
vaccination was advantageous in generating mucosal 1gA responses, it was dem-
onstrated in a murine model of herpes simplex virus infection that, despite the
presence of virus-specific IgA at the time of challenge, virus could persist and
replicate at the mucosal site of challenge (157). These results suggest either a
failure of these immunization regimens to induce an adequate IgA response or
the requirement for additional immune mechanisms to control viral replication at
the mucosal site.

For cellular immunity, the ability of DNA vaccines given mucosally or sys-
temically to induce local mucosal T-cell responses has not been directly demon-
strated; however, cellular responses have been studied from spleen cells of mice
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after vaccination via systemic or mucosal routes. In two of these studies, delayed-
type hypersensitivity (DTH) responses and specific cytolytic activity from spleen
cells was comparable between the two routes (142, 143). To conclude, determi-
nation of whether mucosal or systemic vaccination with DNA affects the cellular
response at specific mucosal sites will likely be important for designing vaccines
against such pathogens as HSV and HIV.

A potentially exciting means of mucosal DNA déelivery is the use of micro-
particles. Plasmid DNA trapped in these biodegradabl e microparticles, composed
of polymers such as polylactice-coglycolides or chitosan, can be administered
orally and has been shown to induce both mucosal and systemic immune
responses (135, 138). The ability of polylactice-coglycolide—entrapped DNA vac-
cines to induce protective immune responses to rotavirus challenge after oral
administration was demonstrated in two separate studies (136, 137). In addition
to uses for infectious pathogens, oral administration of DNA vaccines has also
been shown to be useful in treating allergic diseases. Recently, an ora DNA
vaccine containing the gene for the main peanut allergen (Arah2) protected mice
against peanut-induced anaphylaxis. This protection was correlated with a reduc-
tion of IgE (a surrogate for a Th2 response), providing further evidence that DNA
vaccination by its preferences to stimulate Thl responses may have broad clinical
applications (138). Finally, delivery of plasmid DNA oraly with attenuated
enteric bacteria such as Salmonella or Shigella spp. is an active area of investi-
gation (see below).

Carrier-Mediated Approaches to Optimizing DNA Vaccines It appears that a
majority of the DNA injected intramuscularly is degraded by extracellular deox-
yribonucleases (158, 159). It follows that protecting plasmid DNA from extra
cellular degradation by introducing it directly into target cells should optimize
DNA uptake. Several methods of carrier-mediated DNA transfection have been
successful.

Genegun Gene gun technology uses a gas-driven biolistic bombardment device
that propels gold particles coated with plasmid DNA directly into the skin (7, 33,
134, 160). These gold particles are propelled directly into the cytosol of target
cells, resulting in transgene expression levels higher than those obtained by com-
parable doses of “‘naked DNA.” This mode of immunization induces protective
immunity in several animal models of disease.

Liposomes Liposomes are bilayered membranes consisting of amphipathic mol-
ecules (polar and nonpolar portions) such as phospholipids, forming unilayered
or multilayered (lamellar) vesicles. Unilamellar vesicles have a single bilayer
membrane surrounding an aqueous core and are characterized by either being
small or large unilamellar vesicles, whereas multilayered vesicles have severa
lipid bilayers separated by a thin aqueous phase. Because liposomes can be pre-
pared with significant structural versatility based on vesicle surface charge, size,
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lipid content, and coentrapment of adjuvants, they offer considerable flexibility
toward vaccine optimization. The full scope of the use of liposomes to increase
the effect of DNA vaccines is currently an active area of investigation. Intramus-
cular injection of plasmid DNA (hepatitis B surface antigen) entrapped in lipo-
somes €licited 100-fold increased antibody titers and increased levels of both
IFN-y and IL-4 when compared with those in animalsinjected with *“ naked DNA”
(161). A similar result on antibody augmentation was seen when DNA/liposome
complexes were administered intranasally (139).

Cochleates Cochleates are rigid calcium-induced spiral bilayers of anionic pho-
solipids. They have a unique structure that is different from that of liposomes.
They are relatively stable after lyophilization or in harsh environments. It is
believed that, on contact with target cell membrane, afusion event occurs between
the membrane and the outer layer of the cochleste leading to delivery of the
contents of the cochleate into the cytosol. It has been reported that DNA/cochleate
formulations were able to induce strong CTL and antibody responses after par-
enteral or oral administration (162-164).

Microparticle encapsulation Another potentialy exciting means of DNA deliv-
ery is the use of biodegradable polymeric microparticles. Plasmid DNA trapped
in these polymers (e.g. polylactice-coglycolides or chitosan) can be given system-
ically or to mucosal surfaces (orally or via the respiratory tract). The ability of
polylactice-coglycolide-entrapped DNA vaccines to induce asystemic and muco-
sal immune responses after oral or intraperitoneal administration has been dem-
onstrated (see above).

Attenuated organisms Delivery of DNA can also be accomplished by attenuated
intracellular bacteria. Intracellular bacteria, carrying the DNA, undergo phago-
cytosis by APCs, delivering plasmid DNA into the host cell phagosome or cyto-
sol. The released DNA is then transcribed, resulting in expression of encoded
antigens. Attentuated strains of invasive bacteria Shigella flexneri (165, 166),
Salmonella typhimurium (167, 168), and Listeria monocytogenes (169) have been
used for the ddlivery of plasmid DNA. For S. typhimurium, the bacteriaare lysed
within the phagosome, releasing plasmid DNA from this compartment into the
cytoplasm via an unknown mechanism. Vaccination of mice with attenuated S.
typhimurium transformed with plasmid DNA encoding lysteriolysin induced spe-
cific antibody as well as T-cell responses (167). Moreover, in a separate study,
fluorescent DCs were demonstrated after oral administration of S, typhimurium
harboring plasmid DNA encoding green fluorescent protein. These data provided
evidence that this delivery system could target relevant immune cells, leading to
efficient induction of an immune response (168). For Shigella infection, after
phagocytosis and lysis within host cells, antigenic material is released directly
into the cytoplasm. Immunization by using attenuated S. flexneri transformed with
a bacterial plasmids encoding -gal led to induction of a strong antigen-specific
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humoral and cellular response (166). In a separate study, it was shown that mice
vaccinated with attenuated Shigella vaccine harboring measles virus genes
induced avigorous antigen-specific response (170). Finally, delivery of eukaryotic
expression vectorsin murine macrophage cell lines by attenuated suicide L. mono-
cytogenes has also been reported (169). Whereas immunization with naked DNA
has not been reported to lead to genomic integration with a significant frequency
(see below), delivery of DNA by L. monocytogenes has resulted in chromosomal
integration in vitro (169, 171), raising safety concerns with this technology.

Alphaviruses are arthropod-borne togaviruses with a positive-polarity and
single-stranded RNA genome that can replicate in alarge number of animal hosts.
Development of a variety of expression strategies has made it possible to deliver
foreign genes in vivo by using alphaviruses (reviewed in 172). During infection,
viral RNA replication is initiated by translation of viral nonstructural replicase
proteins directly from the vira genome. During replication, both full-length
genomic RNA and RNA initiated from an internal viral subgenomic promoter are
synthesized. These subgenomic RNA transcripts are produced in excess relative
to the genomic RNA and serve as mRNA for viral structural proteins. Thus, the
natural viral life cycle permits striking amplification of mRNA. It has been shown
that substitution of a heterologous gene for aviral structural gene resultsin high-
level expression of the heterologous gene. Recently, the development of alayered
plasmid DNA-based expression system by using alphaviruses has been described
(173-176). The mode of heterologous gene expression from alphavirus-derived
expression vectors differs from that of conventional DNA vaccine plasmids in
that transcription of heterologous genes is achieved in multiple steps. The first
step involves the generation of viral genomic RNA that functions as a template
for MRNA synthesis. Second, taking advantage of the virus life cycle, amplifi-
cation of MRNA isachieved to drive the synthesis of antigen-encoding sequences.
As the virus encodes machinery required for RNA replication and amplification
in the host cell cytoplasm, high levels of protein production can be obtained, thus
circumventing many problems associated with nuclear gene expression (such as
limitation of transcription factors, RNA transport, etc). Thismethod of gene deliv-
ery provides an exciting advance in the field of DNA vaccines, because these
vectors can express heterologous proteins at higher levels than can conventional
DNA vaccines (177).

Somatic transgene immunization The concept of expressing T-cell epitopes in
Ig has been demonstrated in foreign genes inserted into one or more of the com-
plementary determining regionsin the Ig heavy-chain molecule (antigenized anti-
bodies), leading to induction of an immune response against the heterologous
epitopes. A DNA-based approach as an alternative to the above has recently been
described. In two separate studies, it was demonstrated that antigenized antibody-
DNA constructs containing either a B-cell epitope or a B- and T-cell epitope
engineered to different complement-determining regions led to the production of
an antibody response directed against both epitopes (178, 179). Unlike conven-
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tional DNA vaccines, immunization with these constructsled to an efficient detec-
tion of both transgene expression in vivo and transgene product in the serum.

APPLICATION

For details on models for specific applications of DNA vaccines, see Tables 3A—
3D, which are produced in their entirety at the Annual Reviews world-wide-web
site (www.Annual Reviews.org). These tables provide data on modelsfor allergic
diseases (Table 3A), autoimmune diseases (Table 3B), infectious diseases (Table
3C), and tumors (Table 3D).

SAFETY

A number of safety concerns have been raised about the use of DNA vaccines.
These include the possibility that such vaccines may (a)integrate into the host
genome, thereby increasing the risk of malignancy (by activating oncogenes or
inactivating tumor suppressor genes); (b) induce responses against transfected
cells, thereby triggering the development of autoimmune disease; (c) induce tol-
erance rather than immunity; and/or (d) stimulate the production of cytokinesthat
alter the host’s ahility to respond to other vaccines and resist infection (180).

Plasmids can persist at the site of injection for many months. They can aso
be found far from the original site of injection (including the gonads), perhaps
carried by transfected lymphocytes or macrophages. Long-term persistence may
be especially common for plasmids that encode self-antigens, because these do
not induce an immune response against the cell they transfect. To date, thereis
no clear evidence that plasmids integrate, yet neither has this possibility been
eliminated. Efforts to prove that high-molecular-weight (genomic) DNA does not
contain plasmids (proof that integration has not taken place) have failed, in part
because of contamination of the high-molecul ar-weight fraction by plasmid con-
catamers combined with the enormous sensitivity of the polymerase chain reac-
tion. To overcome this problem, investigators digested genomic DNA with a
restriction enzyme that is specific for a single site within the plasmid. By repeat-
edly digesting and isolating high-molecular-weight DNA, most but not all of the
plasmid can be eliminated (181). Whether the few remaining copies of plasmids
represent integration events remains to be determined.

Concern that DNA vaccines might promote the development of autoimmune
diseases arises from the immunostimul atory activity of CpG motifsinthe plasmid
backbone. It has been known for many years that bacterial DNA can induce the
production of anti—double-stranded-DNA autoantibodies in normal mice and
accelerate the development of autoimmune disease in lupus-prone animals (182—
184). The CpG motifs present in bacterial DNA and DNA vaccines stimulate the
production of 1L-6 and block the apoptotic death of activated lymphocytes, both
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functions that predispose to the development of systemic lupus erythematosus by
facilitating persistent B-cell activation (185-190).

These findingsled several groups to investigate whether systemic autoimmune
disease was induced or accelerated by the CpG motifs (191). With sensitive spot
enzyme-linked immuno spot (ELIspot) assays, the absolute number of B cells
secreting autoantibodies was studied in normal mice repeatedly immunized with
aDNA vaccine. Shortly after vaccination, the number of 1gG anti-DNA—secreting
cells rose by two- to threefold (192). This was accompanied by a 35%—60%
increase in serum 1gG anti-DNA antibody titer. This modest rise in autoantibody
level did not, however, result in the development of disease in normal mice or
accelerate disease in lupus-prone animals (191-194). Thus, athough the theo-
retical possibility remains that a subset of DNA vaccines (particularly those
encoding determinants cross-reactive with self) may induce or accelerate auto-
immune disease, findings to date suggest that the level of autoantibody production
elicited by DNA vaccines is insufficient to induce such an outcome.

The situation is somewhat more complex for organ-specific autoimmune dis-
ease, whose induction is promoted by strong type | immune responses. In an IL-
12—dependent model of experimental allergic encephalomyelitis, animalstreated
with CpG motifs and then challenged with myelin basic protein developed auto-
reactive Thl effector cells that caused experimental allergic encephalomyelitis
(65). In a molecular mimicry model, CpG motifs acted as potent immunoacti-
vators, inducing autoimmune myocarditis when coinjected with Chlamydia-
derived antigen (195). These findings indicate that CpG motifs may trigger
deleterious autoimmune reactions under certain circumstances. Balancing these
safety concerns is the observation that toxicity has not been reported among
normal animals treated with therapeutic doses of DNA vaccines or CpG ODNs.
In addition, hundreds of human volunteers have been exposed to plasmid DNA
vaccines without serious adverse consequences.

Most vaccinesintended for human use are administered to infantsand children.
Owing to the immaturity of their immune systems, newborns exposed to foreign
antigens are at risk for developing tolerance rather than immunity (196). A num-
ber of factors influence the development of neonatal tolerance, including the
nature, concentration, and mode of antigen presentation to the immune system as
well as the age of the host (197-199). Because the protein encoded by a DNA
vaccine is produced endogenously and expressed in the context of self-MHC, the
potential existsfor the neonatal immune systemto recognizeit as** self,” resulting
in tolerance rather than immunity. Consistent with such a possibility, a DNA
vaccine encoding the circumsporozoite protein of malaria was found to induce
tolerance rather than immunity in newborn mice (200). Neonatal animals treated
with this vaccine were unable to generate T- or B-cell responses when challenged
with pCSP as adults, thereby remaining at increased risk from infection despite
immunization (200, 201). In this system, the induction of tolerance was critically
dependent on the age at which the vaccine was administered. Tolerance was
observed only when vaccine was administered to mice <8 days of age; however,
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decreased protection was al so observed in geriatric mice (>2 years of age), raising
concern that DNA vaccines might be less immunogenic in the elderly as well as
in the very young (202). Efforts are under way to improve the overall immuno-
genicity of DNA vaccines by coadministering plasmids encoding cytokines or
costimulatory molecules. Recent results suggest that these approaches can
improve immunization of neonates and the elderly (199, 203-209).

Safety concerns also arise from the use of CpG motifs or cytokine-encoding
plasmids as adjuvants to improve the in vivo response elicited by DNA vaccines.
An important component of immune homeostasis is through a balance in the
production of Thl cytokines (which promote cell-mediated immunity) and Th2
cytokines (which facilitate humoral immune responses or counterregulate Thl
responses). These two classes of cytokine-producing cells form a dynamic and
mutually inhibitory network, because Thl cytokines can block the maturation of
Th2-type cells and vice versa. The overproduction of one type of cytokine can
disrupt immune homeostasis, thereby altering the host’s response to other vac-
cines, susceptibility to infection, and predisposition to develop autoimmune dis-
ease. Although the use of cytokine-encoding plasmids is growing in popularity,
relatively little information is available on their long-term safety. Although no
serious side effects have been reported after the administration of cytokine-encod-
ing plasmids in animals, it is unclear whether systematic efforts to detect such
events were undertaken. Studies indicate that cytokine-encoding plasmids given
in conjunction with antigen do alter the cytokine milieu (ratio of Thl-:Th2-secret-
ing cells) and ultimately bias the immune response. In contrast, cytokine DNA
given alone did not appear to alter immune reactivity against unrelated antigens
and did not lead to the development of autoimmunity (203, 210). Indeed, no
changein the frequency of Thl or Th2 cytokine-secreting precursorswas detected
in mice treated multiple times with IFN-y-, IL-4-, or granulocyte/macrophage
colony-stimulating factor—encoding plasmids. It thus appears that the cytokine
released by transfected cells primarily affectslocal rather than systemicimmunity,
leaving serum cytokine levels generally unchanged.

CONCLUSIONS

DNA vaccines moved very rapidly from laboratory phenomenainto clinical trials.
This transition was sustained by our ability to harness the tools of molecular
biology to design antigen-encoding plasmids capable of inducing immune
responses against pathogens for which no conventional vaccine was available,
yet enthusiasm for this new technology must be tempered by an appreciation of
its potential risks. The long-term sequelae of DNA vaccination have received
little attention despite the capacity of these plasmidsto persist in vivo for months
or years. As multicomponent DNA vaccines and DNA vaccines encoding both
cytokines and antigens become more common, the possibility for detrimental side
effects will increase. DNA vaccines have the potential to be administered to mil-



Annu. Rev. Immunol. 2000.18:927-974. Downloaded from www.annualreviews.org
by Duke University on 12/19/12. For personal use only.

DNA VACCINES 959

lions of children and/or adults. Thus, adverse events occurring even at low fre-
guency (<1/1000) could affect many thousands of otherwise healthy individuals.
Adequate preclinical studies coupled with large-scale human trials will still be
needed to establish the risk of this new vaccine approach. To aid in this effort,
the Food and Drug Administration has published *“ Points to Consider” a docu-
ment that provides valuable suggestions for the evaluation of the safety, potency,
and immunogenicity of candidate DNA vaccines (210a).
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