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DNA vaccination is a novel immunization strategy that has great potential for the development of vaccines and immune
therapeutics. This strategy has been highly effective in mice, while less immunogenic in nonhuman primates and
humans. Enhancing DNA vaccine potency remains a challenge. It is likely that APCs, and especially DCs, play a
paramount role in the presentation of vaccine antigen to the immune system. A new study reports the synergistic
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Developing DNA vaccines that call

to dendritic cells

Michele A. Kutzler and David B. Weiner

Department of Pathology and Laboratory Medicine, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania, USA.

DNA vaccination is a novel immunization strategy that has great poten-
tial for the development of vaccines and immune therapeutics. This
strategy has been highly effective in mice, while less immunogenic in
nonhuman primates and humans. Enhancing DNA vaccine potency
remains a challenge. It is likely that APCs, and especially DCs, play a
paramount role in the presentation of vaccine antigen to the immune
system. A new study reports the synergistic recruitment, expansion, and
activation of DCs in vivo in a mouse model through covaccination with
plasmids encoding macrophage inflammatory protein-1o (MIP-1a),
fms-like tyrosine kinase 3 ligand (FIt3L), and the DNA vaccine (see the
related article beginning on page 1334). Such cooperative strategies
delivering vaccine in a single, simple platform result in improved cellu-
lar immunity in vivo, including enhanced tetramer responses and IFN-y

secretion by antigen-specific cells.

In theory, DNA vaccination combines
the most desirable attributes of standard
vaccine approaches in order to achieve
functional enhancement of antigen-spe-
cific immune cells. Attenuated vaccine
antigens are poorly taken up by and pro-
cessed through the MHC class I path-
way and thus primarily induce humoral
immune responses and only weakly acti-
vate cytotoxic T cells. In contrast, live
attenuated vaccines generate both cellu-
lar and humoral immune responses, and,
potentially, lifelong immunity. However,
safety concerns make development of
new vaccines based on live, replicating
vectors costly. Possible reversion and pos-
sible pathogenesis of the immunogen in
immunocompromised individuals limit
development of some live attenuated vac-
cines. The development of safer and more
efficacious vaccine strategies that elicit
both strong cellular and strong humoral
immunity without viral replication is cur-
rently under intense investigation. One
possible solution is the development of
more effective DNA vaccines.

Nonstandard abbreviations used: CCR, CC
chemokine receptor; env, envelope; Flt3L, fms-like
tyrosine kinase 3 ligand; MIP-1a, macrophage inflam-
matory protein-1ot.
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What are the mechanisms

of immunity following DNA
vaccination?

The efficiency of DNA vaccination
depends on the interaction among genet-
ic material, lymphocytes, and APCs. Fol-
lowing intramuscular injection, myocytes
play the role of antigen factories. They
primarily express MHC class I and under
certain circumstances express MHC
class II; however, they do not express the
costimulatory molecules required for
priming and activation of T cells and
thus lack function as effective APCs (1).
Alternatively, small numbers of bone mar-
row-derived DCs and other professional
APCs that can be activated to express high
levels of MHC, as well as costimulatory
molecules, are present at the site of
injection and become transfected with
the injected DNA. Cross-priming may
occur, in which CD8" T cell responses are
primed by exogenous class I-restricted
peptides that are not expressed in, but
rather are acquired by, local APCs (2, 3).
Regardless of the underlying mechanism,
it has become clear that in the context
of DNA vaccination APCs are key induc-
ers of immunity, as they are the pivotal
mediators of immune responses between
resident somatic cells and T cells in the
lymph nodes. By trafficking antigen from
the site of injection to the secondary lym-
phoid organs, APCs serve to efficiently
present antigen to naive T cells.
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Targeting DC maturation for
improved DNA vaccine potency
Based on the initial reports of immune
enhancement by delivery of plasmids
encoding GM-CSF (4) or IL-12 (5) in com-
bination with specific antigen-encoded
plasmids, other molecules have been
studied for manipulating the potency of
DNA vaccines in mice. Molecules under
investigation target Th1-type T cell expan-
sion; DC/APC activation, expansion, or
maturation; costimulation; and immune
cell trafficking by chemokines (4, 6-13).
Recently, some vaccine strategies have
produced exciting results in nonhuman
primates (14, 15).

The ability of DCs to drive antigen-
specific immunity is dependent on their
degree of maturation. As shown in Table
1, a variety of molecules delivered as DNA
vaccines can improve APC activation,
expansion, or maturation following anti-
gen uptake and processing in vivo. These
include bacterially derived antigens, TNF-
superfamily receptors, growth factors,
inflammatory cytokines/chemokines,
ligation of select cell surface receptors
(CD40), and viral products. During their
conversion from immature to mature cells,
DCs undergo a number of phenotypic and
functional changes, including increased
MHC complex expression on their sur-
face; increased surface expression of
costimulatory molecules; morphological
changes, including an increase in surface
area, which allows DCs to interact with
a greater number of T cells; secretion of
chemokines and cytokines for attraction
and expansion of T cells; protease produc-
tion to convert molecules important in
immune expansion to their active forms;
and surface expression of adhesion mol-
ecules and chemokine receptors, allow-
ing for increased interaction with other
immune cells (Table 1). Through the use
of combination immunomodulatory adju-
vants that code for maturation, activation,
or recruitment factors, it should be pos-
sible to further manipulate APCs in vivo
to enhance DNA vaccine potency.
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Table 1

Molecular interactions that contribute to the recruitment, activation, or maturation of DCs

in DNA vaccine studies

DC receptor  Expressed on immature/ Major ligand DC effect DNA vaccine
mature DCs available
Chemokine receptor
CCR1 Immature MIP-1c, RANTES Recruitment Yes
CCR2 Immature MCP-1, -2, -3, -4 Recruitment Yes
CCR5 Immature MIP-1a., -18, RANTES  Recruitment Yes
CCR6 Immature MIP-3a Recruitment Yes
CXCR1 Immature GCP-2, NAP-2, IL-8 Recruitment Yes
CCR7 Mature MIP-3p, 6ckine (SLC)  Recruitment Yes
CXCR4 Mature SDF-1a, -1B Recruitment Yes
Toll-like receptor
TLR2 Immature Antigens from virus, Maturation Yes
bacteria, or tumor
TLR3 Immature
TLR9 Immature CpGs, HSP70 Maturation Yes
TNF-family receptor
Fas Immature FasL Activation and maturation  Yes
CD40 Immature Ccb4oL Activation and maturation ~ Yes
0x40L Mature 0X40 Activation Yes
Growth factors
FIt3L Expansion and activation
GM-CSF  Activation and maturation
TNF-o Maturation

CpGs, oligos containing unmethylated cytosine and guanidine motifs; CXCR, CXC chemokine
receptor; GCP-2, granulocyte chemotactic protein-2; HSP70, heat shock protein-70; NAP-2, neutro-
phil-activating peptide 2; 0X40, TNF superfamily 4; OX40L, OX40 ligand, TNF receptor superfamily
4; SDF, stromal-derived factor; SLC, secondary lymphoid-tissue chemokine; TLR, toll-like receptor.

In this issue of the JCI, Sumida et al.
(16) explore a combination of DC-spe-
cific chemotactic and growth factors,
macrophage inflammatory protein-la
(MIP-1a) and fms-like tyrosine kinase 3
ligand (Flt3L), as part of a DNA vaccine
cocktail. Previous DNA vaccine studies
have shown that MIP-1a, which binds
to CC chemokine receptor 5 (CCRS) on
immature DCs, is able to recruit DCs to
the site of inoculation in mice, resulting
in enhanced cellular immune responses
and increased antibody titers (17). In
other studies, the use of maturation fac-
tors or DC growth factors such as Flt3L
immunoadjuvants has been shown to
expand DC numbers in both mice and
humans (7, 18). However, the combina-
tion of MIP-1a and Flt3L tested by Sum-
ida et al. (16) extends those early studies
by demonstrating DC recruitment to the
site of injection and migration of loaded
APCs to the regional lymph nodes (16).
Immunohistochemistry of injected mus-
cle tissue shows that inoculation with
plasmids encoding MIP-1a and Flt3L
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with HIV-1 envelope (env) DNA vac-
cine resulted in recruitment of DCs that
express CD11b and the activation markers
CD83 and S100, as well as the maturation
markers MHC class IT and CD80. In this
model, DCs that traffic to the inoculation
site in response to MIP-la expression
and contact FIt3L expressed on the mus-
cle cells expand and mature in response
to the growth factor Fle3L (Figure 1).
Upregulation of CCR7 and loss of CCRS
on the mature DCs will cause them to
traffic to the draining lymph node, where
immune priming can occur in the germi-
nal centers (Figure 1).

In the current study (16), vaccine-elic-
ited immune responses were not detect-
ably augmented by plasmid-encoded
Flt3L or plasmid-encoded MIP-1a alone.
In contrast, tetramer responses and IFN-y
responses were enhanced in mice that
received the DNA vaccine along with both
adjuvant plasmids. This finding is in con-
trast to earlier studies in which vaccina-
tion with MIP-1o expanded both humoral
and cellular immune responses (17) and
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vaccination with Flt3L also exhibited
enhancement of immunogenicity (18).
These differences may reflect the prop-
erties of different plasmid-based vec-
tors, properties unique to the antigens
involved, different forms of the adjuvants,
or other, unknown biases.

Furthermore, improved protection
against challenge with recombinant HIV
env and vaccinia virus in mice was achieved
following vaccination with plasmid-
encoded MIP-1a, Flt3L, and HIV-1
env DNA vaccine (16). Prior studies have
also shown enhanced immunogenicity
and protection against lethal challenge
with herpes simplex virus-2 in mouse
model systems using chemokines that
bind CCRS as adjuvants. For example,
RANTES coimmunization significantly
enhanced CD8* and CD4" T cell respons-
es and resulted in enhanced survival in
a lethal mucosal herpes simplex virus-2
challenge model (19). However, in the
same system, immunization with MIP-1a
alone was not effective, which suggests
that not all CCRS ligands are similar and
that FIt3L, as reported here (16), comple-
ments MIP-1a activity.

Overall, these studies support a model
where the number of DCs present at the
site of inoculation during antigen expres-
sion is a possible rate-limiting factor for
DNA vaccine effectiveness. In this context,
coimmunization with a plasmid chemokine
for attracting DCs to the site of injection
appears important. For example, in other
DNA vaccine studies, the use of apoptotic
molecules as plasmid adjuvants results in
the death of antigen-bearing cells, leading
to an increase in antigen acquisition by
APCs, including DCs (20, 21).

Important issues that should be inves-
tigated include elucidation of how the
antigenic plasmid is trafficked to APCs
following immunization, the efficacy
of different adjuvant combinations, the
most relevant timing of adjuvant deliv-
ery, and validation using other antigenic
plasmids in additional model systems.
The question remains of exactly how and
in what context DCs that migrate to the
site of injection acquire plasma-delivered
antigen. For future development of this
strategy, validation needs to be carried out
in primate models. Many vaccine studies
have shown that mice and primates may
not respond similarly to the same adju-
vants. For example, GM-CSF was shown
to be a superior adjuvant for DNA vac-
cines in mice but was a poor DNA adju-
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Figure 1

Proposed schematic of chemokine-induced traffic and activation of DCs following DNA vaccination with plasmid-encoded FIt3L and MIP-1a.
(A) Following intramuscular injection in mice of plasmid-encoded MIP-1a. (pMIP-1a) and plasmid-encoded FIt3L (pFIt3L), in combination with
HIV-1 env, muscle and resident APCs are transfected with plasmid, leading to protein production. MIP-1a. protein is secreted, while FIt3L is
expressed on muscle cells or on the surface of resident APCs. HIV-1 env is processed, and peptides are presented by MHC class | molecules;
this peptide/MHC complex stimulates CD8+ T lymphocytes. Soluble protein released by transfected cells is taken up by APCs, and via the
MHC Class Il pathway, the peptide/MHC complex stimulates CD4+ T lymphocytes. Cross-priming occurs in which CD8* T cell responses are
primed by exogenous class |-restricted antigens that are not expressed in, but rather are acquired by, local APCs. (B) DCs that express CCR5
are recruited to the site of immunization in response to MIP-1a. secretion. DCs bind FIt3L on the surface of local APCs or muscle cells, result-
ing in their expansion and maturation as they migrate to the draining lymph node. How antigen is acquired by the newly recruited DCs is an
important question that remains poorly understood. These DCs acquire antigen, express CCRY7, and are attracted by chemokines expressed in
the draining lymph nodes. (C) The same DCs as in B traffic to the draining lymph nodes, where they prime naive T cells. Mature DCs express
high levels of MHC class I, costimulatory molecules, activation markers, adhesion molecules, and chemokine receptors, secrete cytokines
and chemokines, and form dendrites.

vant in nonhuman primates (15). Such
validation studies are an important step
since the immune response induced in
nonhuman primates appears to be more
representative of the responses ultimately
observed in humans. Sumida et al. (16)
provide additional evidence that simple
DNA vaccine formulations can manipu-
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late complex host immunity. A more
detailed study of these and other combi-
nation strategies aimed at improved APC
function will likely represent an impor-
tant area of DNA vaccine research. Such
combination strategies may ultimately
allow this novel approach to achieve
improved potency in clinical evaluation.
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Do DNA sequence variants in ABCAT
contribute to HDL cholesterol levels
In the general population?

Paivi Pajukanta

Department of Human Genetics, David Geffen School of Medicine at UCLA, University of California, Los Angeles, Los Angeles, California, USA.

HDL has a key role in reverse cholesterol transport, mobilizing cholesterol
from the peripheral tissues to liver. In this process, the ABC transporter A1l
(ABCAL1) protein controls the efflux of intracellular cholesterol to apoAl,
the major apolipoprotein of HDL. Since ABCA1 mutations were discovered
to cause Tangier disease, a rare recessive HDL deficiency, it has been specu-
lated that sequence variants in ABCA1 might also contribute to variations
in plasma HDL cholesterol levels in the general population. A new study
provides genetic evidence supporting this hypothesis (see the related article

beginning on page 1343).

A decreased level of plasma HDL cholesterol
(HDL-C) is a major risk factor for coronary
atherosclerosis. The cardioprotective effect
of HDL has been attributed to, among other
factors, its key role in reverse cholesterol
transport (RCT), mobilizing cholesterol

Nonstandard abbreviations used: ABCA1, ABC
transporter Al; APOAI, apolipoprotein AI; HDL-C, HDL
cholesterol; LCAT, lecithin cholesterol acyltransferase;
RCT, reverse cholesterol transport; SNP, single-nucleo-
tide polymorphism.
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from the peripheral tissues to liver. Approxi-
mately 50% of plasma HDL-C variability is
determined by genetic factors (1, 2). Variants
in several genes, including ABC transporter
A1l (ABCALI), apolipoprotein AI (APOAI), and
lecithin cholesterol acyltransferase (LCAT), are
implicated in rare mendelian forms of HDL
deficiency (refs. 3-5; reviewed in refs. 6, 7).
Several chromosomal regions have been
identified in genome-wide scans for HDL-C,
and these regions are likely to harbor genes
for common forms of HDL-C deficiency
(8-13). In addition, candidate genes, the
variants of which have been shown to affect
plasma HDL-C levels, include, for example,
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hepatic lipase and the apolipoprotein Al/CIII/
AIV/AV gene cluster (14). However, DNA
sequence variants contributing to variation
in plasma levels of HDL-C in the general
population are largely unknown, especially
regarding the prevalence of variants with
major effects on HDL-C level.

Generally, complex traits are suggested
to be caused by common sequence variants
that each may have a small to moderate
phenotypic effect (15-17). On the other
hand, accumulating data show that most
mendelian disorders are caused by a set of
different mutations that often reside in
coding regions (reviewed in ref. 18). These
rare variants tend to have strong phenotyp-
ic effects. The extent to which rare versus
common variants confer the susceptibility
to complex traits is currently not known.
Studies such as that featured in this issue
of the JCI by Frikke-Schmidt and colleagues
(19), investigating whether rare and/or
common variants contribute to a quanti-
tative trait, are of major importance not
only in elucidating the sequence variants
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