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In humans, DNA vaccines have failed
to demonstrate the equivalent levels of

immunogenicity that were shown in
smaller animals. Previous studies have
encoded adjuvants, predominantly cyto-
kines, within these vaccines in an attempt
to increase antigen-specific immune
responses. However, these strategies have
lacked breadth of innate immune activa-
tion and have led to disappointing results
in clinical trials.

Damage associated molecular patterns
(DAMPs) have been identified as pattern
recognition receptor (PRR) agonists.
DAMPs can bind to a wide range of
PRRs on dendritic cells (DCs) and thus
our studies have aimed to utilize this
characteristic to act as an adjuvant in a
DNA vaccine approach. Specifically,
HSP70 has been identified as a DAMP,
but has been limited by its lack of accessi-
bility to PRRs in and on DCs. Here, we
discuss the promising results achieved
with the inclusion of membrane-bound
or secreted HSP70 into a DNA vaccine
encoding HIV gag as the model
immunogen.

Introduction

Vaccines used in HIV clinical trials
have predominantly induced humoral
responses, but failed to protect vaccinated
individuals against infection.1,2 However,
the STEP trial that aimed to induce T cell
responses also failed to induce protection.3

More recently, the RV144 phase III trial is
the only HIV vaccine that demonstrated
some efficacy, albeit modest, and this has
re-energised the field. The results of this

trial failed to detect differences in T cell
responses between individuals vaccinated
with vaccine or placebo4 and the modest
protection was attributed to IgG antibod-
ies that bound to the V1 and V2 regions
of HIV Env.5 Despite these promising
results, further vaccine research is required
to increase the levels of protection against
HIV.

Interestingly, a live attenuated SIV6

and a replication-competent rhesus cyto-
megalovirus (CMV) vector encoding SIV
genes7 were reported to elicit long-lived
and broad T cell responses that protected
macaques against SIV challenge. Although
these strategies may be too risky for use in
humans, they provide proof of principle
that T cell responses can result in
protection.

Although broadly neutralizing antibod-
ies represent an efficient method to elicit
protection, HIV generates an infection
synapse, resulting in cell-to-cell spread
and is thus able to evade neutralizing anti-
bodies.8 Consequently, for the foreseeable
future, it may be pertinent to pursue a vac-
cination strategy which is designed to
elicit broadly neutralizing antibodies and
robust cell-mediated immunity. The latter
component could be elicited by vaccina-
tion with a DNA vaccine.

DNA Vaccines

DNA vaccines have numerous advan-
tages over other vaccine strategies includ-
ing ease of manufacture and stability that
make them attractive vaccine candidates9

and ensures the intracellular expression of
our choice of antigen, HIV gag, that
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mimics a natural HIV infection in this
regard10 leading to MHC class I process-
ing and presentation. Although DNA vac-
cines have performed well in small animal
models, they have lacked immunogenicity
in humans.11 Increasing the immune
responses to immunogens encoded by
DNA vaccines may require an increase in
(1) the localized inflammatory response
and (2) DNA uptake by dendritic cells.

Improving DNA Vaccines with
Adjuvants

Previous studies have examined DNA
vaccines that encode the antigen alongside
a plasmid that encodes a cytokine.12 A
recent study examined the efficacy of a
DNA vaccine encoding IL-12 and HIV
gag that progressed to clinical trials.13

However the results were disappointing as
fewer than half the vaccinated individuals
produced detectable gag-specific
responses. The use of a single cytokine
may restrict the breadth of immunity and
this may be responsible for the limited
responses. This possibility was confirmed
in pre-clinical studies which compared
DNA vaccines encoding 1 or 2 cytokines
and showed that the latter vaccine, which
encoded IL-15 and IL-21, increased the
antigen-specific T cell responses.14 DNA
vaccines are bacterial plasmids and thus
have the advantage of naturally containing
CpG motifs that are TLR9 agonists that
result in the upregulation of pro-inflam-
matory cytokines.15 However, DNA vac-
cines encoding additional CpG motifs as a
component of vaccines against infectious
diseases predominantly targeted antibody
responses,16,17 and similar cancer vaccines
resulted in mixed responses as only a few
vaccinated individuals produced tumor-
specific responses.18,19 This may have
resulted from saturation of the CpG-
TLR9 interaction even by the vaccines
which did not contain the additional CpG
motifs.

Thus, strategies which induce a broad
innate immune response through binding
of multiple TLRs that are more likely to
culminate in a broad and protective adap-
tive immune response should be explored.
Recently, the mechanism of the highly
successful 17D yellow fever vaccine was

described20; this study showed that the
immune response is targeted through
binding of multiple PRRs by pathogen
associated molecular patterns (PAMPs) or
DAMPs. A similar strategy to target mul-
tiple PRRs could represent an optimal
HIV vaccine strategy. This approach, to
broaden the immune by incorporating
DAMPs into the strategy, is the hypothe-
sized mechanism of our DNA vaccine
regimen.

DAMPs and their Adjuvant
Potential

Tissue resident innate immune cells
recognize and bind to evolutionary con-
served motifs on pathogens using PRRs.
PRRs not only recognize PAMPs on
invading pathogens,21 but also recognize
endogenous host-related molecules,
DAMPs, that are produced or released
during tissue damage and cell necrosis.22

Molecules classified as DAMPs include
HMGB1,23 uric acid24 and heat shock
proteins.25 Binding of DAMPs to PRRs
leads to further activation of antigen pre-
senting cells, predominantly dendritic cells
(DC), resulting in the upregulation of co-
stimulatory molecules, an important sig-
nal required for the activation of na€ıve T
cells.26 Host PRRs include Toll-like
receptors (TLRs), nucleotide oligomerisa-
tion domain-like receptors (NLRs), reti-
noic acid-inducible gene-I-like receptors
(RLRs), C-type lectin receptors (CLRs),
and absent in melanoma 2-like receptors
(AIM2).27

DNA Encoded PRR Agonists

We used 2 different strategies to facili-
tate the binding of DAMPs to PRRs after
DNA vaccination. The heat shock protein
70 (HSP70) has been defined as a DAMP
that binds to—and activates—DC.25 Pre-
vious studies with HSP70 focused pre-
dominantly on DNA vaccines which
encoded an immunogenic antigen-bacte-
rial HSP70 fusion protein.28,29 However,
the use of mammalian HSP70, rather
than the bacterial protein, may be benefi-
cial as it is less likely to compete for the
immune response. Furthermore, a direct

comparison between DNA vaccines
encoding bacterial or human HSP70 dem-
onstrated that human HSP70 induced a
stronger CD8C T cell response.30

Our studies31 have focused on the use
of DNA vaccines that encode the HIV gag
protein as the antigen of choice and the
inclusion of HSP70 permitted a compari-
son of the adjuvant properties of a cyto-
plasmic gag-HSP70 fusion protein, with 2
novel forms of HSP70 viz. membrane-
bound or secreted HSP70. Gag and the
latter 2 forms of HSP70 were encoded in
bicistronic vectors containing the CMV
and SV40 promoters, ensuring that
HSP70-enhanced responses targeted gag-
positive cells. We have previously shown
that the CMV promoter is approximately
10-fold stronger than the SV40 pro-
moter32 and thus these 2 promoters were
used to evaluate the effect of differential
gag and HSP70 expression on the
immune responses in vaccinated mice.

Mice vaccinated with DNA encoding
gag plus membrane-bound or secreted
HSP70 resulted in significantly increased
T cell functionality, multifunctionality,
and proliferation compared with mice vac-
cinated with gag-only DNA.31 These
responses, which are crucial for the quality
and quantity of T cell immunity, also
highlight the efficacy of these forms of
HSP70 as novel adjuvants. To investigate
the mechanism of action by the different
forms of HSP70, naive bone marrow-
derived DC were co-cultured in vitro with
somatic cells transfected with one of the
DNA vaccines, and gag-specific CD8 T
cells were added subsequently. The inclu-
sion of secreted or membrane-bound
HSP70 in the DNA vaccine encoding gag
resulted in increased T cell activation and
proved that these forms of HSP70 signifi-
cantly increased the cross-presentation of
gag. Furthermore, in mice vaccinated with
DNA encoding gag plus membrane-
bound HSP70 or secreted HSP70, these
responses resulted in significant reductions
in the viral load after challenge with Eco-
HIV, suggesting that the significant
increases in these T cell responses corre-
sponded with increased protection. Eco-
HIV is a mouse model of HIV produced
by substituting the envelope proteins of
HIV with the gp80 envelope proteins
from the murine leukemia virus.31-33 This
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Figure 1. A schematic of the proposed mechanism of adjuvanticity of membrane bound and secreted HSP70. Tissue surveillance by immature DCs (iDCs)
may result in recognition and binding to (1) secreted HSP70 or (2) membrane-bound HSP70, which represent danger signals (DAMPs), and thus the DCs
are attracted to the antigen-positive cells. HSP70/TLR ligation results in DC maturation and co-stimulatory molecule upregulation and cytokine secretion.
In turn, the mature DC expressing these co-stimulatory molecules process and present antigen in a MHC-restricted manner, migrate to the lymph nodes
and interact with naive T cells to generate antigen-specific T cells.

Figure 2. The proposed mechanism for perforin-induced cell death which results in increased antigen-specific immune responses.
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results in a virus which can infect mouse
but not human leukocytes.33 These results
raise the possibility of using these forms of
human HSP70 as an effective adjuvant in
DNA vaccines in studies in larger animals.
The optimum model for testing vaccine
efficacy is the macaque, using SIV chal-
lenge. However, due to the expense, a
more cost-effective animal model should
be examined initially. The pig is an appro-
priate model as pigs possess similar organ
function to humans, relatively similar
immune responses, as well as similarities
in the skin that are beneficial for intrader-
mal vaccination.34 A major disadvantage
of the pig model is the inability to exam-
ine the protective efficacy but nevertheless,
successful vaccination of pigs may elimi-
nate vaccine strategies which are unable to
induce robust immune responses in large
animals and thus reduce the time and cost
of introducing an effective vaccine into
macaques and eventually humans.

Mechanism

The secreted form of HSP70 was pro-
duced by fusing the secretory leader
sequence from the tissue plasminogen
activator (t-PA) to the N-terminus of
HSP70 that is normally cleaved to pro-
duce the mature t-PA protein (NCBI
GenBank Accession number: D01096.1)
The signal sequence of t-PA is inserted
into the ER membrane and proteins in
the constitutive secretory pathway are dis-
patched from the ER to the golgi where
the signal sequences are cleaved by pro-
protein convertases.35 The secretory pro-
teins are then transported within secretory
vesicles, which translocate to and fuse
with the plasma membrane resulting in
the release of secretory proteins.

Membrane-bound HSP70 can translo-
cate to the surface of tumor cells, but the
exact mechanism is unknown. In our
study,31 a membrane-bound form of
HSP70 was produced using a type II inte-
gral membrane fusion to ensure that the
N-terminus was fused to a transmembrane
domain anchor, while the C-terminus of
HSP70 was free to act as an extracellular
ligand. We generated this structure by
using the transmembrane domain of
human transferrin receptor (hTfR)36 and

this enabled the C-terminal region of
HSP70 to bind and activate DCs via
TLR2/4 as shown previously.37 A sche-
matic of the mechanism of DC activation
by membrane-bound or secreted HSP70
is shown in Figure 1. DCs will be
recruited to the antigen positive cell by
the membrane-bound or secreted HSP70
resulting from expression of HSP70 and
gag from the same plasmid. The secreted
form of HSP70 may also recruit tissue res-
ident DCs through chemotaxis.

Our second approach incorporates a
cytolytic gene within a DNA vaccine
encoding the HIV gag antigen. We
hypothesize that after antigen expression,
the cytolytic gene will induce cell death
resulting in release of DAMPs from cells
targeted by the vaccine. It is proposed that
this will result in recruitment of additional
DCs and culminate in DC activation
through PRR binding. We have demon-
strated that the cytolytic gene technology
is able to increase antigen-specific immune
responses, and that mouse perforin repre-
sents a suitable cytolytic protein.32 The
proposed mechanism of action for mouse
perforin encoded in a DNA vaccine is
shown in Figure 2.

Summary

We have described 2 strategies which
increase the efficacy of DNA vaccines.
Although multi-dose DNA vaccine regi-
mens may generate protective immunity,
DNA vaccines are most commonly used
in a prime/boost setting in which the
DNA prime is followed by a viral vector
boost.38 Human adenovirus replication-
defective vaccine vectors have been used
previously,39 however concerns were
raised about their use in humans due to
pre-existing immunity.40 Nevertheless,
adenoviruses are transmitted via the respi-
ratory tract and consequently, intranasal
delivery of a vaccine is likely to elicit pan-
mucosal immunity41 and thus prevent
mucosal transmission of HIV at the site of
infection. An adenovirus from an alterna-
tive species such as bovine, porcine, or
chimpanzee adenovirus may overcome the
concerns associated with human adenovi-
rus, and these have shown promising
results in small animal studies42,43 and in

clinical trials.44,45 Therefore, a vaccination
strategy consisting of a systemic prime
using a DNA vaccine encoding gag plus
membrane-bound HSP70 that can induce
a strong immune response followed by
intranasal delivery of an adenovirus vector
encoding HIV specific antigens as a boost
has the potential to elicit robust systemic
and mucosal immunity, similar to that
suggested for DNA vaccines in a previous
study.46
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