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DNA vaccination is an attractive approach to induce
antigen-specific cytotoxic CD8% T lymphocytes (CTLs),
which can mediate protective antitumor immunity. The
potency of DNA vaccines encoding weakly immunogenic
tumor-associated antigens (TAAs) can be enhanced by
codelivering gene-encoded adjuvants. Pattern recogni-
tion receptors (PRRs) that sense intracellular DNA could
potentially be used to harness intrinsic immune-stimulat-
ing properties of plasmid DNA vaccines. Consequently,
the cytosolic DNA sensor, DNA-dependent activator of
interferon (IFN) regulatory factors (DAI), was used as a
genetic adjuvant. In vivo electroporation (EP) of mice with
a DAl-encoding plasmid (pDAI) promoted transcription
of genes encoding type | IFNs, proinflammatory cytok-
ines, and costimulatory molecules. Coimmunization with
pDAI and antigen-encoding plasmids enhanced in vivo
antigen-specific proliferation, and induction of effector
and memory CTLs. Moreover, codelivery of pDAI effec-
tively promoted CTL and CD4* Th1 responses to the
TAA survivin. The DAl-enhanced CTL induction required
nuclear factor kB (NF-xB) activation and type | IFN signal-
ing, but did not involve the IFN regulatory factor 3 (IRF3).
Codelivery of pDAI also increased CTL responses to the
melanoma-associated antigen tyrosinase-related pro-
tein-2 (TRP2), enhanced tumor rejection and conferred
long-term protection against B16 melanoma challenge.
This study constitutes “proof-of-principle” validating the
use of intracellular PRRs as genetic adjuvants to enhance
DNA vaccine potency.
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INTRODUCTION
Cytotoxic CD8" T lymphocytes (CTLs) are key effector cells
of the immune system and critical components of protective

immunity against infectious diseases and cancer. Activated CTLs
have the potential to eradicate malignant cells with high specific-
ity. Indeed, intratumoral CTL infiltration is often associated with
favorable clinical outcomes such as decreased disease recurrence
and improved survival in diverse malignancies.'* Adoptive trans-
fer trials of tumor-specific CTLs that control disease progression
in metastatic melanoma patients have provided direct evidence of
the efficacy of CTLs.* Accordingly, induction of effective and long-
lasting T cell immunity represents a major goal of cancer vaccines
that have shown promising results in the clinic, especially when
used as adjuvant therapy to standard cancer treatments in patients
with minimal residual disease.®

DNA vaccination is an attractive and safe approach to gener-
ate protective CTL responses against cancer. This approach has
been successful in animal models, but has shown limited effi-
cacy in clinical trials.® One underlying reason is that most of the
tumor-associated antigens (TAAs) recognized by T cells are nor-
mal nonmutated self-antigens and potentially self-reactive TAA-
specific T cells are either eliminated or become regulatory T cells
by mechanisms involving central and peripheral immune toler-
ance. Therefore, efficient delivery systems and potent adjuvants
are needed for cancer DNA vaccines to overcome tumor-associ-
ated T cell tolerance. In vivo electroporation (EP) has emerged as
a simple, efficient, and clinically applicable method for deliver-
ing DNA vaccines that greatly enhances plasmid uptake, antigen
expression, and immune responses.” Moreover, DNA EP activates
innate immunity resulting in infiltration of immune cells and the
production of proinflammatory molecules that contribute to the
induction of the immune responses.*® The versatility of DNA vac-
cines facilitates codelivery of genes encoding immunomodulatory
molecules, typically cytokines and chemokines, as genetic adju-
vants. Moreover, the concerted action of several cytokines and
costimulatory molecules clearly facilitates potent activation of the
immune response.' One means to this end is the use of adjuvants,
which exploit the immune-stimulating effects of pathogens by
activating pattern recognition receptors (PRRs). PRRs are a group
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of evolutionary conserved innate immune receptors that sense
pathogen-associated molecular patterns and activate downstream
master transcription factors initiating the production of an array
of cytokines, chemokines, and type I interferons (IFNs) to pro-
mote activation and maturation of adaptive immune responses.'*'?
A central feature of pattern recognition is the sensing of for-
eign nucleic acids. DNA-sensing PRRs include TLRY, located at
endosomal compartments, and the recently described cytosolic
sensors: DAI (also known as ZBP1 and DLM-1),'* absent in mela-
noma 2 (AIM2),"*"> and DNA-dependent RNA polymerase IIL.'*"
In vitro studies revealed that DAI, the first cytoplasmic DNA sen-
sor described, recognizes double-stranded DNA and triggers the
gene expression of type I IFNs, IFN-inducible chemokine Cxcl10,
and proinflammatory cytokines, such as interleukin 6 (IL-6) and
tumor necrosis factor-o. (TNF-ar) via two distinct signaling path-
ways. One involves DAI-mediated phosphorylation of the TANK-
binding kinase-1 and subsequent activation of the transcription
factor IFN regulatory factor 3 (IRF3)."*! The other pathway
requires phosphorylation of the receptor interacting protein-1
kinase, leading to phosphorylation of IkB-0., and subsequent acti-
vation of the transcription factor NF-xB."”

In the present study, we explored whether coexpressinga DNA-
sensing PRR could further potentiate intrinsic adjuvant proper-
ties of bacterial plasmids used for DNA vaccines. Although DAT is
dispensable for DNA vaccine immunogenicity,” we hypothesized
that in vivo overexpression of DAI would boost DNA-induced
innate immune activation and ultimately enhance adaptive T cell
immunity.

RESULTS

DAI delivery promotes transcriptional

upregulation of genes involved in innate

and adaptive immunity in vivo

It has recently been established that intradermal (i.d.) DNA
delivery followed by EP increases up to 200-fold the transcrip-
tion of genes encoding proteins involved in immune regulation,
such as chemokines, activation markers, and proinflammatory
molecules.?! To evaluate whether in vivo overexpression of DAI
would further stimulate innate immunity, transcript levels of
innate immune mediators were measured after DNA vaccination.
Mice were inoculated i.d. with either control (pVAX) or DAI-
encoding (pDAI) plasmids, followed by EP. Total RNA isolated
from skin biopsies taken 24 hours later was analyzed by reverse
transcription real-time PCR. Gene expression was normalized to
the L32 housekeeping gene. Although inoculation with pVAX or
pDALI generated a similar local inflammatory response as deter-
mined by immunohistochemistry on electroporated skin sec-
tions (Supplementary Figure S1 and Supplementary Materials
and Methods) and a similar upregulation of costimulatory mol-
ecules on dendritic cells isolated from the draining lymph node
(Supplementary Figure S2), a significant increase (P < 0.05) was
observed for genes encoding IFN-a, IL-6, TNF-a, and Cxcl10 in
the pDAI-inoculated group relative to the control vector inocu-
lated group (Figure 1). A trend toward increased IFN-f expres-
sion was also observed (P = 0.055). Interestingly, pDAI inoculation
also led to significant upregulation of the genes encoding the
costimulatory molecules CD40 and CD80 required for T cell
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Figure 1 DAI EP promotes transcription of type I IFNs, proinflamma-
tory cytokines, chemokine, and costimulatory molecules. C57BL/6
mice were electroporated with pVAX or pDAI (n = 6 per group) and skin
biopsies were taken 24 hours later for gene expression analysis. Transcript
levels of target genes were determined by quantitative real-time PCR.
Relative pDAI/pVAX transcript levels represent the ratio between the lev-
els detected in pDAI- and pVAX-injected mice. Bars are the mean + SEM.
*P < 0.05. Data presented are pooled from two independent experi-
ments. EP, electroporation.

activation and differentiation into effector T cells. Moreover, we
found that i.d. EP with pDAI also upregulated transcription of
genes involved in antigen presentation, T cell proliferation and
maturation, growth factors, and antiviral responses as compared
to control DNA using two real-time PCR arrays investigating the
transcriptional regulation of >400 genes involved in the IFN and
inflammatory responses (Supplementary Table S1). For instance,
multiple genes encoding cytokines such as IL-5, -9, -13, -20, -21,
-23, and -31 were upregulated. Interestingly, the most upregulated
gene was Ly75 (also DEC-205 or CD205), a C-type lectin recep-
tor expressed on skin-resident dendritic cells involved in direct-
ing captured antigens to antigen-processing compartments.?
Vaccines targeting antigen to DEC-205-expressing dendritic cells
has been used as a strategy to enhance crosspresentation and T
cell responses.” A list of the 20 most strongly upregulated genes,
in addition to the genes assayed by the real-time PCR analysis, is
provided in Supplementary Table S1.

Codelivery of DAl promotes in vivo proliferation

and induction of CTLs

Given the observed upregulation of proinflammatory and costim-
ulatory transcripts in the skin, we studied whether pDAI coim-
munization enhanced adaptive immunity. To test this, mice were
covaccinated with pDAI and an ovalbumin (OVA)-encoding
plasmid (pOVA), and compared with mice vaccinated with pOVA
alone. To correct for the immunostimulatory effects exerted by
plasmid DNA, the total quantity of DNA was adjusted by addi-
tion of a non-coding pVAX plasmid, so that the amount of DNA
was the same in every animal. CFSE-labeled splenocytes from
OT-I mice, whose CD8% T cells carry a transgenic TCR specific
for the OVA,,,, ., peptide, were adoptively transferred into the
vaccinated mice. After 4 days, lymph nodes from recipient mice
were isolated and the antigen-specific proliferation of OT-1 CD8*
T cells was analyzed by flow cytometry. Both division (Figure 2a)
and proliferation (Figure 2b) indexes were calculated. These anal-
yses show that in the pOVA+pDAI immunized mice, compared to
the pOVA immunized mice, OVA-specific CD8* T cells divided
significantly more (division indexes: 0.42 versus 0.26, P=0.02;0.14
is the basal level) and that dividing cells underwent more cycles of
proliferation (proliferation indexes: 2.0 versus 1.6, P = 0.007; 1.23
is the basal level), indicating that codelivery of pDAI promoted a
more efficient antigen presentation in vivo.
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Figure 2 Codelivery of pDAI enhances antigen-specific prolifera-
tion of CD8* T cells. C57BL/6 mice were electroporated with pDAI,
pOVA, or pOVA+pDAI (n = 6 per group). (a,b) In vivo antigen prolifera-
tion of adoptively transferred OT-I CD8" T cells was evaluated 4 days
later. Representative histograms showing proliferation profiles of OT-I
CFSE*CD8%Va, TCRY populations for each group are displayed includ-
ing the (a) duplication index (DI) and the (b) proliferation index (PI)
calculated for each group (mean + SEM). *P = 0.02, **P = 0.007. Data
shown are from one representative of two independent experiments.

The ability of DAI to induce functional OVA-specific CD8* T
cells in peripheral blood following two immunizations was deter-
mined 13 days postimmunization by intracellular cytokine stain-
ing and flow cytometry analysis. Codelivery of pDAI increased the
frequency of IFN-y producing CD8* T cells from 2.5% observed
in pOVA immunized mice to 4.4% (P = 0.01) (Figure 3a).
Functional OVA-specific IFN-yproducing CD8* T cells could also
produce TNF-o. (Figure 3b). Using a H-2K"OVA . pentamer
(Supplementary Figure S3a), we found that the OVA-specific
CD8* T cells displayed a similar cytotoxic effector phenotype
(CD25"v, CD69"", CD44"¢" CD62L""; Supplementary Figure
$3b) regardless of pDAI administration. To evaluate the cytotoxic
potential of the antigen-specific CD8% T cells, spleen cells from
naive mice were labeled with 0.2 or 2 umol/l of CFSE and pulsed
with control or OVA,,,, ., peptides, respectively, and adoptively
transferred to immunized mice. After 6 hours, lymph nodes from
pDAIL pOVA, and pOVA+pDAI vaccinated mice were removed
and the killing of the OVA ., -pulsed population (CFSE"¢")
relative to the control population (CFSE*) was evaluated by flow
cytometry. Vaccination with pOVA alone resulted in killing of 67%
of the OVA . ., -pulsed target cells. Coadministration of pDAI
significantly (P = 0.017) increased the killing of the target popula-
tion to 80% (Figure 3c), consistent with the observed increase in
CTL frequency. No difference in antibody titers (Supplementary
Figure S4 and Supplementary Materials and Methods) or
immunoglobulin subclasses (data not shown) were observed
between mice vaccinated with pOVA alone and pDAI+pOVA
despite the induction of IFN-o. (Figure 1) and cytokines such
as IL-5 (Supplementary Table S1). In addition, the induction
of different OVA -specific CD8% memory T cell subsets
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Figure 3 Codelivery of pDAI promotes antigen-specific cytotoxic T
cell responses. C57BL/6 mice were electroporated with pDAI, pOVA, or
pOVA+pDAI twice at 2-week interval. (a, b) CD8* T cell responses were
analyzed in blood collected 13 days after the last vaccination (n = 6).
(@) Frequency of IFN-y producing CD8" T cells (over the gated CD8"
T cell population) after in vitro stimulation with trp2(180488) (control) or
OVA(ZSHSA) (OVA) peptides (a). Bars are the mean + SEM. *P = 0.01.
(b) Representative histograms showing IFN-y and TNF-o. expression on
gated CD8* population. The relative proportion of IFN-y*TNF-o.~ and
IFN-Y*TNF-oF CD8* T cells is indicated. (c) In vivo cytotoxic killing of
OVA ., ,e-PUlsed target cells (CFSE"9") relative to control trp2 s, qq-
pulsed cells (CFSE"). A representative histogram per group is shown
(n = 8) with the percentage of specific killing (mean + SEM).*P = 0.017.
Data shown are from one representative of at least two independent
experiments. IFN, interferon; OVA, ovalbumin; TNF-a, tumor necrosis
factor-a.

was determined by CD44 and CD62L staining (Supplementary
Figure S3c) 5 weeks after the last vaccination. Both effector mem-
ory (T,,; CD44"e" CD62L"") and central memory (T, ; CD44""
CD62L"¢") CD8* T cells were significantly increased (P = 0.024
and P = 0.031, respectively) in the spleen of mice coimmunized
with pOVA+pDAI, whereas a similar trend was observed for
CD8* memory stem cells (T, ; CD44"" CD62L"¢") (Figure 4a).
This analysis also showed that T, and T, subsets were signifi-

cantly increased in the blood (Figure 4b; P = 0.025 and P = 0.030,

www.moleculartherapy.org vol. 19 no. 3 mar. 2011
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Figure 4 Codelivery of pDAI promotes memory CTL responses.
C57BL/6 mice were electroporated with pDAI, pOVA, or pOVA+pDAI
twice at 2-weeks interval (n = 6) and lymphocytes from (a) spleen and
(b) blood were analyzed 5 weeks later by immunofluorescence stain-
ing and flow cytometry. Frequency of OVA,,,, ,,-specific CD8* T cells
(over the gated CD8* T cell population) showing one of the following
memory subset phenotypes: effector memory (T, ; CD44""CD62L"");
central memory (T, CD44""CD62L"9"); memory stem cells (T,
CD44"°vCD62L"9"). Bars are the mean + SEM. *P < 0.05. CTL, cytotoxic
CD8™ T lymphocytes.
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Figure 5 Codelivery of pDAI overcomes CTL tolerance to survivin
TAA via a mechanism requiring NF-xB activation and type | IFN
production. Mice were electroporated twice at 2-week intervals with
pDAI, pSURY, or pSURV+pDAI (n = 6). Where indicated, plkBo-SR was
also administrated. (a, b) Peripheral lymphocytes were obtained from
(a) 129Sv WT or (b) Ifnar”’- mice 13 days after the last vaccination. The
frequency of IFN-y producing CD8* T cells (over the gated CD8" T cell
population) after in vitro stimulation with trp2 50155 (control), SUV 026
(surv20), or SNV oo (surv56) peptides is shown. Bars are the mean +
SEM. **P = 0.002. Data shown are from one representative of at least
two independent experiments. CTL, cytotoxic CD8" T lymphocytes;
IFN, interferon; NF-xB, nuclear factor xB; TAA, tumor-associated anti-
gens; WT, wild type.

respectively). Altogether, this data shows that coadministration of
pDAI effectively improves T cell immunity by enhancing in vivo
antigen-specific proliferation of CD8* T cells and the induction
and persistence of effector and memory CTLs.
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DAI efficiently induces CTL immunity to survivin TAA
and promotes tumor protection
We next studied whether DAI coadministration would enhance
the immunogenicity of a weakly immunogenic TAA. Survivin is
an intracellular inhibitor of apoptosis that is strongly upregulated
in many types of cancer cells and associated with enhanced tumor
cell viability.** While we were unable to detect responses to sur-
vivin in 129Sv mice vaccinated with a survivin-encoding plasmid
(pSURV) alone, coadministration of pDAI overcame tolerance to
the self-epitopes surv, . and surv,  and raised the frequency
of IFN-y-producing CD8% T cells in peripheral blood from non-
detectable (<0.2%) to 2.7% (P = 0.007) and 3.3% (P = 0.002) for
surv,, ,, and surv, . respectively (Figure 5a). Given that most
of the transcripts upregulated by DAI overexpression observed
in Figure 1 are potential targets for nuclear factor kB (NF-xB)
(IFN-o,, IL-6, TNF-o, Cxcl10, CD40, CD80),* we asked whether
activation of this pathway was responsible for the adjuvant effect
in vivo. A plasmid encoding a nonphosphorylable, degradation-
resistant mutant of the NF-xB inhibitor, IxkBol super-repressor
(pIxBo-SR),* which blocks NF-kB-dependent transcription, was
codelivered. Interestingly, coadministration of pIkBo-SR com-
pletely ablated the survivin-specific response observed in pDAI-
vaccinated mice (Figure 5a), indicating that NF-xB activity is
essential for the adjuvant effect of pDAIL

A hallmark of DAI signaling is the release of type I IFNs,'>!8
which are essential for optimal clonal expansion and enhanced
effector function of CTLs.?”*® Therefore, we investigated whether
type I IEN production would contribute to the adjuvant effect of
DAL The induction of survivin-specific IFN-y-producing CTLs
observed in Sv129 mice vaccinated with pSURV+pDAI was dras-
tically reduced in IFN-0/f receptor-deficient mice (Figure 5b).
Codelivered pDAI could only generate an insignificant increase
in the frequency of IFN-y-producing CD8* T cells. This indicates
that type I IFN production was largely responsible for the adju-
vant effect of DA, although other factors may also contribute.

DAI-induced type I IFN-secretion depends, at least partially,
on IRF3-activation in vitro." Therefore, we studied the effect of
pDAI coadministration on survivin-specific CTL responses in
IRF3-deficient mice. Coimmunization with pDAI+pSURV in
both C57BL/6 wild type and Irf3~~ mice increased the frequency
of antigen-specific IFN-y-secreting CD8* T cells more than five-
fold compared to pSURV alone, from 0.45 to 2.4% (P < 0.0001), or
from 0.5 t0 2.8-3.7% (P < 0.005), respectively (Figure 6a,b). These
results indicate that IRF3 is not required for DAI-enhanced CTL
induction. Interestingly, survivin-specific CTLs could simultane-
ously produce TNF-o and a small proportion also produced IL-2
(Supplementary Figure S5). We further tested whether pDAI
coimmunization would promote CD4" Th1 responses to a major
histocompatibility complex class II-restricted survivin epitope,
surv,, .. Indeed, pDAl increased the frequency of CD4™ T cells
producing simultaneously IFN-yand TNF-a after surv, ., pep-
tide stimulation from 0.049 to 0.19% (Figure 6¢, P < 0.05). In
order to assess its relative potency as a genetic adjuvant, pDAI
was directly compared to the granulocyte-macrophage colony-
stimulating factor (GM-CSF)-encoding plasmid (pGM-CSEF), a
widely used genetic adjuvant.” In contrast to pDAI, coimmu-
nization with pSURV+pGM-CSF did not boost either CD8*
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or CD4% T cell responses to survivin (Supplementary Figure
$6), indicating that DNA EP itself is a potent approach to elicit
immune responses and probably masked the adjuvant effect of
pGM-CSF observed by others including our group. Furthermore
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Figure 6 Codelivery of pDAIl enhances CTL and CD4* Th1 responses
to survivin TAA and promotes tumor protection. Mice were elec-
troporated twice at 2-week intervals with pDAI, pSURV, or pSURV+pDAI.
(a, b) Peripheral lymphocytes were obtained from (a) C57BL/6 WT or
(b) Irf3-~ mice (n = 8) 13 days after the last vaccination. The frequency
of IFN-y producing CD8* T cells (over the gated CD8™ T cell population)
after in vitro stimulation with trp2 50155 (control), SUMY 54 55 (surv20), or
surv,. o, (surv56) peptides is shown. Bars are the mean + SEM. ***P <

.0001, **P = 0.005. Data shown are from one representative of at least
two independent experiments. (c) Peripheral lymphocytes were obtained
13 days after the last vaccination (n = 7). The frequency of peripheral
CD4* T cells producing simultaneously IFN-y and TNF-o. (over the gated
CDA4™ T cell population) after in vitro stimulation with OVa,; 53 (control)
or surv,, .. (surv53) peptides is shown. Bars are the mean + SEM. *P <
0.05. (d) Survival of C57BL/6 WT mice challenged with B16 melanoma
cells 2 weeks after the second vaccination (pDAI, n = 5; pSURV, n = 15;
pSURV+pDAI, n=11). P=0.079 for the comparison between pSURV and
pSURV+pDAI groups. Data presented were pooled from two indepen-
dent experiments. CTL, cytotoxic CD8* T lymphocytes; IFN, interferon;
TAA, tumor-associated antigens; WT, wild type.
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and considering the plethora of induced cytokines including
IL-10, the potential induction of immunosuppressive cells such
as CD25"¢"FoxP3* CD4" regulatory T cells, and Gr1*CD11b™"
myeloid-derived suppressor cells was investigated in the inguinal
lymph nodes and spleens from vaccinated mice 13 days postim-
munization. Neither the vaccination with the TAA survivin nor
the coimmunization with pDAI altered the frequency of regu-
latory T cells (Supplementary Figure S7). A small but signifi-
cant (P < 0.05) decrease in myeloid-derived suppressor cells was
detected in the spleen of mice coimmunized with pDAI+pSURV
as compared to pSURYV alone. The enhanced CTL and CD4* Th1
responses observed suggested that pDAI coadministration might
enhance protection against tumor formation elicited by pSURV
DNA vaccination. Indeed, administration of pDAI+pSURV to
C57BL/6 mice demonstrated a trend (P = 0.079) toward improved
rejection of a subcutaneous tumor challenge of the syngeneic
B16 melanoma when compared to mice immunized with pPSURV
alone (Figure 6d).

DAI enhances TRP2-specific CTL responses and
confers long-term tumor protection

In order to confirm the ability of DAI to enhance antitumor CTL
responses, we combined pDAI with a tyrosinase-related pro-
tein-2 (TRP2) encoding DNA vaccine (pTRP2). TRP2 is a highly
expressed glycoprotein in human melanomas and a clinically rel-
evant model antigen used for CTL-mediated targeting of mouse
B16 melanoma.”® An increased frequency of trp2 . -specific
IFN-y-producing CD8* T cells was observed in mice covacci-
nated with pTRP2 and pDAI (pTRP2+pDAI) as compared to
mice vaccinated with pTRP2 only (0.75 and 0.43% respectively,
P = 0.043) (Figure 7a). We also tested whether pDAI covac-
cination would increase the rejection of B16 melanoma chal-
lenge and found that a higher proportion of the covaccinated
mice rejected a B16 melanoma challenge compared to mice
vaccinated with TRP2 alone (Figure 7b; P = 0.044). Given the
enhancement of antigen-specific memory CD8™ T cell responses
observed in Figure 4, mice that survived the B16 challenge from
both pTRP2 and pTRP2+pDAI vaccinated groups were rechal-
lenged 3 months after the initial challenge with a higher dose
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Figure 7 Codelivery of pDAI enhances TRP2-specific CTL responses and confers long-term protection to B16 melanoma challenge. C57BL/6
mice were electroporated twice at 2-week intervals with pDAI, pTRP2, or pTRP2+pDAI. (a) Peripheral lymphocytes were obtained 13 days after the last
vaccination. The frequency of IFN-y producing CD8™ T cells (over the gated CD8™ T cell population) after in vitro stimulation with SUIV g (CONtrol)
Or trp2, 4, 155 (trp2) peptides is shown (n = 6). Bars are the mean + SEM. *P = 0.043. Data presented are from one representative of two independent
experiments. (b) Survival of C57BL/6 WT mice challenged with B16 melanoma cells two weeks after the second vaccination (n = 14). *P = 0.044 for the
comparison between pTRP2 and pTRP2+pDAI groups. Data presented were pooled from two independent experiments. (c) Long-term protection of
C57BL/6 WT mice that had rejected the initial tumor challenge and were rechallenged with a higher dose of B16 melanoma cells in the opposite flank
3 months after initial challenge (pTRP2, n=15; pTRP2+pDAI, n = 16). Data presented were pooled from two independent experiments. ***P < 0.0001.
CTL, cytotoxic CD8* T lymphocytes; IFN, interferon; TRP2, tyrosinase-related protein-2; TAA, tumor-associated antigens; WT, wild type.
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of B16 melanoma cells, without any additional immunization.
Remarkably, almost 70% of the pTRP2+pDAI covaccinated mice
rejected the melanoma cells whereas all mice vaccinated with
pTRP2 alone succumbed to the second challenge (P < 0.0001)
(Figure 7c). These results argue that DAI not only promotes the
induction of functional effector cells, but also enhances immu-
nological memory.

DISCUSSION

In the present study, we describe for the first time the use of an
intracellular PRR as a genetic adjuvant that enhances the immu-
nogenicity of DNA vaccines. DNA vaccines encode single (or
few) antigens, which makes them highly specific but also inher-
ently less immunogenic than whole-cell or multicomponent
vaccines developed in the past. Furthermore, DNA vaccines
against cancer need to overcome the tumor-associated immune
tolerance, which is generally characterized by low frequencies of
TAA-specific T cell precursors or the presence of TAA-specific
T cells with intermediate-low TCR affinity. Therefore, adjuvants
that enhance the immunogenicity of the encoded antigen and
efficiently induce TAA-specific effector T cells are essential com-
ponents of antitumor DNA vaccines. Genes encoding single
cytokines and chemokines have been extensively used as genetic
adjuvants. Notably genes encoding IL-2, IL-12, IL-15, and
GM-CSF have successfully adjuvanted DNA vaccines in mice and
nonhuman primates®~* as well as in humans.* However, some
of these molecules, e.g., IL-2** and GM-CSE*** are important
in maintaining immune tolerance to self-antigens. Moreover,
recent results from clinical studies have shown that IL-2 or
GM-CSF as adjuvant for cancer vaccines or immunotherapies
can promote the induction and recruitment of immunosuppres-
sive T regulatory cells*** and myeloid-derived suppressor cells.*
The homeostatic roles of certain cytokines and sometimes the
contradictory effects observed in clinical trials have raised some
concerns about the use of single cytokines as adjuvants for can-
cer vaccines. Strategies involving the concerted action of several
cytokines and costimulatory molecules can result in a potent
activation of the immune responses, in particular against weakly
immunogenic antigens.!® The production of several immunos-
timulatory molecules can be achieved by stimulation of innate
immune PRRs, as occurs during natural infection. Consequently,
strategies that boost innate immune PRR signaling by coexpress-
ing intracellular adaptor molecules or downstream transcription
factors as genetic adjuvants, have been shown to enhance the
potency of DNA vaccines.*** However, such strategies have
not been combined with antitumor DNA vaccines. The strategy
developed in this study consists of delivering both the DNA-
encoded intracellular PRR (DAI) and its activating ligand (plas-
mid DNA) to stimulate downstream transcription factors and
initiate the production of several proinflammatory and costimu-
latory molecules, as well as type I IFNs, which ultimately pro-
mote adaptive T cell responses. The coadministration of pDAI
was indeed comparatively more potent than the plasmid encod-
ing GM-CSF in enhancing survivin-specific T cell responses in
the experimental setup described here (Supplementary Figure
$6). Moreover, pDAI did not induce immunosuppressive cell
populations, as it has been reported for other adjuvants,’* and
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rather showed decreased levels of myeloid-derived suppressor
cells (Supplementary Figure S7).

In vitro studies have demonstrated that DAI signaling can
activate both NF-xB and IRF3 to produce type I IFNs and other
proinflammatory cytokines.''® Nevertheless, little is known
about DAI signaling in vivo. Our data show that i.d. EP with
pDAI induces transcriptional upregulation of molecules that are
known downstream targets of NF-kB (Figure 1), indicating that
this key mediator of the innate immunity was activated in mouse
skin. NF-kB represents a master transcription factor for signal-
ing through TLRs* and intracellular DNA-sensing PRRs.!*131619
Consistent with such a crucial role in DNA-induced innate
immune activation, NF-kB was essential for DAI-promoted CTL
induction (Figure 4a) and, quite unexpectedly, this effect was not
dependent on IRF3 (Figure 5b). Based on these observations,
the critical role of type I IFNs for DAI-enhanced CTL induction
(Figure 4b) and that IRFs are the main transcription factors driv-
ing type I IFN expression, we speculate that NF-xB activation is
required for the initial release of type I IFNs and the resulting
signaling events then activate IRFs, other than IRF3, to ensure
robust induction of innate immune responses. Type I IFN pro-
duction has been described to occur in two waves (reviewed in
ref. 44). In the first wave, PRR signaling results in activation of
NE-«B, IRF3, or both, and subsequent release of IFN-f. In the
second wave, IFN-f transmits the danger signal to neighbor-
ing cells through binding to the type I IFN receptor. This turns
on a signaling cascade that promotes gene expression of IFN-
inducible genes with antiviral activity as well as IRF7. Possibly,
IRF7-signaling contributes to ensure type-I IFN responses in the
absence of IRF3-signaling," thus sufficing the production of large
amounts of type I IFNs.

The effects of type I IFNs include the release of cytokines and
chemokines that modulate the function of dendritic cells resulting
in, among other things, increased major histocompatibility com-
plex class I crosspresentation, as well as improved development
of effector and memory CTLs.**¢ Our results support the notion
that, in addition to antigen and coreceptor mediated stimulation, a
third cytokine signal is important for effective CTL induction.?”
Among the cytokines that can provide the third signal, IFN-o but
not IL-12 transcripts were upregulated after pDAI EP (Figure 1).
Also, type I IFN signaling was essential for DAI-mediated CTL
induction (Figure 4b). There is abundant evidence supporting
the importance of type I IFNs in the generation of long-lasting
antitumor immunity. Type I IFNs enhance tumor protection by
increasing induction, proliferation, effector function, resistance to
apoptosis, and long-term effector memory phenotype of CTLs."
On the other hand, defective type I IFN signaling and down-
stream activation of T cells is a common immune dysfunction
in patients with different types of cancer.” Here, we demonstrate
that pDAI coimmunization promotes the induction and persis-
tence of memory CD8" T cell of effector, central, and stem cell
phenotypes (Figure 4). Accordingly, the combination of DAI- and
TRP2-encoding plasmids elicited long-term protection against
B16 melanoma (Figure 6¢).

In summary, our studies show that in vivo overexpression of
DAI boosts DNA-sensing innate immune activation and thereby
generates a proinflammatory microenvironment essential for
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effective CTL induction and long-lasting antitumor immunity.
Thus, this study validates the use of intracellular innate PRRs
as genetic adjuvants that harness intrinsic innate immune-
stimulating properties of plasmid DNA vaccines to enhance the
immunogenicity of weakly immunogenic antigens. Hence, our
findings are expected to improve the design of DNA vaccines for
diseases where efficient cellular immunity is desired to confer
protection.

MATERIALS AND METHODS

Mice and immunizations. C57BL/6, OT-I Rag-1"", Irf37~ and 129Sv and
Ifnar”~ mice were kept according to the guidelines of the Regional Animal
Ethics Committee. Mice anesthetized with isoflurane were injected i.d. with
40 pl of phosphate-buffered saline containing 20 pg of each plasmid at two
different sites (20 pl each). pVAX was used to equalize DNA quantity within
the same experiment. A parallel needle array electrode (two rows of four
2-mm pins, 1.5 x 4mm gaps) was applied to deliver the electric pulses (two
1,125 V/cm, 0.05ms pulses followed by eight 275 V/cm, 10ms pulses)*
using the Derma Vax DNA Vaccine Skin Delivery System (Cyto Pulse
Sciences, now Cellectics, Romainville, France). Mice were immunized two
times with 2 weeks between immunizations. The following plasmids were
used for immunizations: pOVA encoding membrane-bound OVA (kindly
provided by Dr A. Lew, Walter and Eliza Hall Institute of Medical Research,
Melbourne, Australia), pSURV encoding the human survivin gene has been
described,”® pTRP2 encoding the human TRP2 (kindly provided by Dr T.
Wolfel, Johannes Gutenberg University, Gutenberg, Germany), pIxBo-SR
encoding the IkBow super-repressor (kindly provided by Dr R. Toftgérd,
Karolinska Institutet, Stockholm, Sweden) and pDAI. pDAI was produced
by cloning the DAI coding sequence from mouse splenocytes into the
pVAX vector (Invitrogen, Carlsbad, CA) using standard cloning proce-
dures. Primers used for DAI cloning are listed in Supplementary Table S1.
Plasmids were purified using the GigaPrep Endofree Kit (Qiagen, Hilden,
Germany). Tumor challenge and rechallenge was performed by injecting
subcutaneously 1 x 10° and 2 x 10° B16 cells, respectively.

Quantitative real-time reverse transcription-PCR. Total RNA was iso-
lated from skin biopsies taken 24 hours after DNA EP and cDNA was pre-
pared (iScript cDNA synthesis kit; Bio-Rad, Hercules, CA). Transcript
levels were determined by quantitative real-time PCR (iQ SYBR Green
Supermix; Bio-Rad; ABI7500, Applied Biosystems, Foster City, CA)
using a two-step cycling program (1 minute at 95°C, followed by 40
cycles of 15 seconds at 95°C and 1 minute at 62-64 °C) and normalized
to the L32 housekeeping gene. Primers are listed in Supplementary
Table S2. Pooled cDNA from the pVAX and pDAI groups was added
to the RT? SYBR Green qPCR Master Mix (SABiosciences, Frederick,
MD) and each sample was aliquoted on the Mouse IFN-o,, B response,
and the mouse inflammatory response and autoimmunity RT?Profiler
PCR-arrays, respectively. All steps were done according to the manu-
facturer’s protocol for the ABI Prism 7500 and 7900 HT Sequence
Detection System. To analyze the PCR-array data, excel macros were
downloaded from the manufacturer’s website (http://www.sabiosci-
ences.com/pcrarraydataanalysis.php). Data normalization was based
on correcting all C, values for the average C, values of several constantly
expressed housekeeping genes present on the array.

Antibodies and flow cytometry. Monoclonal antibodies anti-mouse
CD8o. (clone 53-6.7), IFN-y (clone XMG1.29), TNF-a. (clone MP6-XT22),
Vo2 TCR (clone B20.1), IL-2 (clone JES6-5H4), CD11b (clone M1/70),
CDl11c (clone N418), CD25 (clone PC61), CD40 (clone 1C10), CD44
(clone IM7), CD62L (clone MEL-14), CD69 (clone H1.2F3), CD80 (clone
16-10A1), FOXP3 (MF23), major histocompatibility complex class II
(clone M5/114.15.2), Grl (RB6-85C) (BD Biosciences, San Jose, CA) and
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H-2Kb/OVA ,, ,,, pentamer (Proimmune, Oxford, UK) were used for
immunoflorescence staining and flow cytometry analysis. Nonspecific
binding was blocked by adding unconjugated rat anti-mouse CD16/CD32
antibody (mouse BD Fc block, clone 2.4G2; BD Biosciences). Samples
were analyzed on a FACSCalibur cytometer (BD Biosciences) and the data
were processed using Flow]Jo version 6.4.7 (Tree Star, Ashland, OR).

Intracellular cytokine staining. Peripheral blood was collected 13 days
after the last immunization and lymphocytes were stimulated with pep-
tides (1pg/ml) for 8 hours. GolgiPlug (BD Biosciences) was added after
2 hours. Intracellular staining was performed using Cytofix/Cytoperm
Fixation/Permeabilization Solution set (BD Biosciences) according to the
manufacturer’s instructions.

In vivo antigen proliferation of OT- CD8+ T cells. Spleen and lymph
node cells from naive OT-I mice were isolated. Splenocytes were RBC
depleted using PharmLyse buffer. Cells (10® cells/ml; phosphate-buffered
saline 0.5% RPMI) were stained with 2umol/l CFSE (Sigma-Aldrich, St
Louis, MO) for 5 minutes. A tenfold larger volume of 20% fetal bovine
serum RPMI was added to stop CFSE staining. Cells were then washed
twice, resuspended in phosphate-buffered saline at a final concentration of
107 cells/ml and 2 x 10° cells were intravenously transferred into vaccinated
recipients. Inguinal lymph nodes were sampled after 4 days and analyzed
by flow cytometry.

In vivo cytotoxicity assay. Target spleen cells were labeled with 0.2 and
2umol/l of CFSE, and pulsed with control or OVA peptide, respectively.
Then, 107 cells from each population were mixed and injected intravenously
into vaccinated mice. Lymph nodes were removed 6 hours later and ana-
lyzed by flow cytometry.*® CESE* donor target splenocytes were differenti-
ated from host cells and the percentage of specific killing was determined as
follows: 100 — [(% of OVA peptide-pulsed targets/% of TRP2 peptide-pulsed
targets in vaccinated recipients)/(% of OVA peptide-pulsed targets/% of
TRP2 peptide-pulsed targets in control vaccinated recipients) x 100].

Statistical analysis. Statistical analysis was performed using the Graphpad
Prism software (Graphpad Software, La Jolla, CA). Unpaired ¢ tests were
performed pair wise between relevant groups. No multiple comparisons
were performed to control for type I errors. Statistical analyses of survival
curves were performed using the one-tailed Mantel-Cox log-rank test.

SUPPLEMENTARY MATERIAL

Figure $1 . Intradermal DNA electroporation
inflammation.

Figure $2. DNA vaccine-induced upregulation of costimulatory mol-
ecules in dendritic cells from skin-draining lymph nodes.

Figure $3. Phenotypic analysis of DNA vaccine-induced OVA-specific
CTLs.

Figure $4. Detection of DNA vaccine-induced OVA-specific antibodies.
Figure $5. DNA vaccine-induced survivin-specific CTLs produced
IFN-y, TNF-o, and IL-2 after peptide stimulation.

Figure $6. Comparison of the adjuvant efficacy of pDAI and pGM-
CSF to enhance survivin-specific CTL and Th1 responses.

Figure $7. Analysis of immunosuppressive cell populations.

Table $1. The 20 most strongly upregulated gene transcripts in mice
electroporated with pDAI as compared to mice electroporated with
pVAX control vector.

Table $2. Primers used for cloning and quantitative real-time PCR
analysis.

Materials and Methods.
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