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IL-12 DNA as molecular vaccine adjuvant
increases the cytotoxic T cell responses and
breadth of humoral immune responses in SIV
DNA vaccinated macaques
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Intramuscular injection of macaques with an IL-12 expression plasmid (0.1 or 0.4 mg DNA/animal) optimized for high level
of expression and delivered usingin vivo electroporation, resulted in the detection of systemic IL-12 cytokine in the plasma.
Peak levels obtained by day 4-5 post injection were paralleled by a rapid increase of IFN-v, indicating bioactivity of the
IL-12 cytokine. Both plasma IL-12 and IFN-+y levels were reduced to basal levels by day 14, indicating a short presence of
elevated levels of the bioactive IL-12. The effect of IL.-12 as adjuvant together with an SIVmac239 DNA vaccine was further
examined comparing two groups of rhesus macaques vaccinated in the presence or absence of IL.-12 DNA. The IL-12 DNA-
adjuvanted group developed significantly higher SIV-specific cellular immune responses, including IFN-y* Granzyme B*
T cells, demonstrating increased levels of vaccine-induced T cells with cytotoxic potential, and this difference persisted
for 6 mo after the last vaccination. Coinjection of IL.-12 DNA led to increases in Gag-specific CD4* and CD4*CD8* double-
positive memory T cell subsets, whereas the Env-specific increases were mainly mediated by the CD8* and CD4+CD8*
double-positive memory T cell subsets. The IL.-12 DNA-adjuvanted vaccine group developed higher binding antibody
titers to Gag and mac251 Eny, and showed higher and more durable neutralizing antibodies to heterologous SIVsmE660.
Therefore, co-delivery of IL-12 DNA with the SIV DNA vaccine enhanced the magnitude and breadth of immune responses
in immunized rhesus macaques, and supports the inclusion of IL-12 DNA as vaccine adjuvant.

Introduction

The generation of potent, broad, and long-lasting immune
responses able to prevent infection from a wide range of HIV
variants is a key requirement for an effective HIV vaccine. DNA
vaccination is one of the platforms being explored. The advan-
tages of DNA as vaccine are safety, stability, cost, versatility, and
repeated administration without immunity against the vector
(reviewed in ref. 1). The immunogenicity using HIV/SIV DNA
vaccines has been greatly improved over the last several years.
To increase Gag and Env protein production, all steps regulat-
ing gene expression were optimized, including optimal transcrip-
tion of the encoded gene, transport and stability of the mRNA,

and translation by generating RNA/codon-optimized vectors.*”
Additionally, the immunogenicity of some antigens was further
improved by altering their intracellular trafficking.®'"> Another
important improvement is the DNA vaccine delivery by in vivo
electroporation (EP), which has been extensively used by several
labs (reviewed in refs. 1 and 14). In vivo EP as DNA delivery
method significantly increased the expression of the DNA vec-
tors and also the magnitude of cellular and humoral responses
and was shown to induce potent SIV-specific immune responses
in macaques.>>?' DNA-only vaccination by in vivo EP was fur-
ther able to induce immune responses able to control homologous
SIVmac251 challenge'® and heterologous SIVsmEG60 challenge
(our unpublished observation). Recently, human trials of HIV
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Figure 1. Rhesus macaque IL-12 expression vector. Map of the dual
promoter plasmid (AG157) encoding the rmIL-12p70 cytokine. The rmlL-
12p40 and rmlL-12 p35 genes are under the control of the human CMV
and the simian CMV promoter, respectively. The polyadenylation signal
from bovine growth hormone (BGH) and the simian virus 40 (SV40) are
used for the p40 and the p35 subunit, respectively. The plasmid con-
tains kanamycin resistance gene for selection in bacteria. The plasmid
backbone is optimized for efficient growth in bacteria.

DNA vaccination by in vivo electroporation resulted in more
efficient vaccine delivery and induced higher and longer-last-
ing immune responses than needle/syringe delivery.?>? Yet, it
should be mentioned that intramuscular (IM) SIV DNA deliv-
ery without electroporation in macaques also induced immune
responses able to significantly dampen the high dose SIVmac251
challenge.!#16:2426

The use of IL-12 plasmid DNA as adjuvant for SIV DNA
vaccination was reported to induce higher and more consistent
immune responses in mice and macaques using intramuscular
(IM) injection with needle/syringe,***** and in macaques with
in vivo EP*®% or together with an EP DNA prime/recombinant
viral vector boost.'®* The first in-man study using IM delivery
of HIV gag DNA vaccine adjuvanted with IL-12 DNA followed
by in vivo EP indicated no side effects and an increased number
of responders.*

In this report, we show that systemic levels of rhesus macaque
(rm) IL-12 can be detected upon IM delivery followed by in
vivo EP of 0.1 and 0.4 mg of optimized IL-12 plasmid DNA
in macaques. The persistence of the produced IL-12 cytokine
appeared short-lived in macaques, yet resulted in long-term mod-
ifications in immune responses. Testing the effect of the 0.1 mg
of IL-12 DNA dose as vaccine adjuvant together with STV DNA
showed higher immune responses in the IL-12 DNA-adjuvanted
macaques, with increased levels of SIV-specific cytotoxic T cells
and higher and broader neutralizing antibodies.

Results
Detection of IL-12 and IFN-y in the plasma of macaques upon

intramuscular injection of IL-12 DNA. We generated an opti-
mized rhesus macaque IL-12 DNA expression vector (plasmid
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AGI157), which was injected intramuscularly into macaques fol-
lowed by in vivo electroporation as DNA delivery method, to test
whether systemic levels of the IL-12 cytokine can be detected in
the plasma. The IL-12 plasmid produces the macaque IL-12p70
cytokine from a dual promoter plasmid (Fig. 1), optimized
for high levels of expression by placing the IL-12p40 subunit
under the control of the stronger human CMV promoter and
the IL-12p35 subunit under the control of the weaker simian
CMYV promoter using RNA/codon optimized cDNAs, which is
detailed elsewhere (Jalah et al., in preparation). This plasmid has
recently been used in a vaccine study as adjuvant for the DNA
prime/rAd>5 boost regimen.'®

We measured systemic levels of the macaque IL-12 cytokine
in the plasma of two cohorts of macaques (n = 4), injected IM
with either 0.1 (Fig. 2A; n = 4) or 0.4 mg (Fig. 2B; n = 4) of the
optimized rmIL-12 DNA followed by in vivo EP (upper pan-
els). The plasma levels of the IL-12p40 subunit were measured at
the indicated time points using a commercial macaque IL-12p40
ELISA. Of note, this ELISA does not distinguish between the
solo IL-12p40 chain, the p40 homodimer or the IL-12p40 sub-
unit associated with the IL-12p35 subunit forming the IL-12p70
or with the p19 subunit forming the IL-23, and this ELISA was
selected because of its higher sensitivity than the commercially
available macaque IL-12p70 ELISA.

All animals showed detectable levels of endogenous IL-12p40
with a median of ~195 pg/ml (range of -70-600 pg/ml) at the
start of the study (Fig. 2A and B). These IL-12p40 levels likely
do not correspond to the IL-12p70 cytokine, because we failed to
detect IFN-y, an indicator of the presence of bioactive IL-12% in
these plasma samples (see below). Upon intramuscular injection
of 0.1 (Fig. 2A) or 0.4 mg (Fig. 2B) rmIL-12 DNA, the animals
showed increased plasma IL-12p40 levels (solid line). Typically,
the IL12p40 levels peaked by day 4 to 5 post injection and
declined to basal levels by day 14. We noted that the duration
of the increased IL-12p40 levels varied among animals. Upon
injection of sham DNA, no changes of IL-12p40 were measured
(Fig. 2A and B, bottom panels). The animals were subjected to
2 additional cycles using the 0.1 mg IL-12 DNA dose (8 and 16
weeks later, respectively; Fig. 2A) or one additional cycle with the
0.4 mg IL-12 DNA dose (9 weeks later; Fig. 2B). The IL-12p40
levels increased with similar kinetics and to similar levels with each
injection cycle, and no dampening was found upon subsequent
IL-12p70 DNA injections (Fig. 2C; 0.1 mg dose and D; 0.4 mg
dose, upper panels). We measured a median increase of IL-12p40
to peak of ~120 pg/ml plasma in the 0.1 mg IL-12 DNA group
and a higher increase of ~360 pg/ml plasma in the 0.4 mg IL-12
DNA group. These data indicated that no neutralizing antibodies
against the rmIL-12 cytokine were induced, which likely would
have dampened the detection of IL-12 upon repeated DNA
injections. As controls, 4 macaques were injected in parallel with
sham DNA (Fig. 2A and B, lower panels). Changes between day 0
and days 4 to 5, when the IL-12 DNA groups reached peak levels,
showed changes of less than 40 pg/ml, reflecting fluctuation of
the measurements. Thus, these data confirmed that the IL-12p40
measured in the IL-12 DNA injected groups indeed reflected the
de novo produced rmIL-12p70.
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Figure 2. In vivo bioactivity of optimized rmIL-12 DNA injected in
rhesus macaques via intramuscular injection. (A and B) Plots from
individual rhesus macaques depicting overlays of plasma macaque
IL-12p40 (black solid line; left Y-axis) and IFN-vy (dotted line; right Y-axis).
Macaques (n = 4) were injected intramuscularly followed by in vivo
electroporation with either 0.1 mg (A, left upper panels) or 0.4 mg (B,
right upper panels) of optimized rmIL-12 DNA or sham DNA (lower right
and left panels; mean and SEM are shown). The animals in panel (A)
were injected 3 times with intervals of 2 mo, respectively. The animals
in panel (B) were injected twice with an interval of 9 weeks. Arrows
mark the day of the injection. (C and D) The plots show the differ-

ence between basal levels (day 0; prior to injection) and at day 5 of
plasma IL-12p40 (upper panels) and the peak levels of plasma rmIFN-y
(lower panels) after injection of 0.1 mg (C, left panels) or 0.4 mg (D,
right panels) rmIL-12 DNA. Note for the 0.1 mg IL-12 DNA group at EP1
(left upper panel), the day 4 measurements were used since the day 5
samples were not collected. For rmIFN-v, the peak values are shown.
The basal levels of rmIFN-y were below the threshold of detection in all
macaques. The mean values are shown.

To further verify that the detected rmIL-12p40 indeed rep-
resented production of IL-12p70, we measured the plasma levels
of IFN-v, an indicator for the presence of bioactive IL-12p70.*
Of note, macaque IFN-vy basal levels were below the threshold
of detection (< 31 pg/ml; IFN-y Duoset® ELISA Development
System) in all rhesus macaques tested. Figures 2A and B (dot
ted lines) show rapid increases to ~0.2 to 25 ng rmIFN-y/ml of
plasma, followed by a sharp decrease to basal levels, concomi-
tant with the increase and decrease of IL-12p40. Interestingly,
despite the relative low increase in IL-12p40 in some animals
(macaques M408, M478, P030) marked increases in IFN-y lev-
els were found. Repeated rmIL-12 DNA injections (Fig. 2C and
D, bottom panels) resulted in similar levels of IFN-y. Animals
receiving the higher dose of rmIL-12 DNA also produced higher
levels of TEN-y. These data further suggested the absence of
negative feedback mechanisms (i.e., induction of IL-10) at these
IL-12 levels, which would downregulate IL-12 and subsequently
IFN-y production.®® Repeated IM injection of IL-12 DNA
showed increases of IL-12p40 and IFN-y after each injection.
No increase in the IFN-7y levels was found in the sham DNA
injected animals (Fig. 2A and B, bottom panels), excluding the
possibility that the IFN-vy increase was an effect of the DNA in
vivo EP. These data further demonstrate that IFN-vy serves as a
sensitive indicator for the detection of bioactive IL-12p70 het-
erodimer in the macaque plasma. Thus, effective IM injection
of IL-12p70 plasmid DNA followed by in vivo EP resulted in
detectable transient increase in IL-12p40 levels and in a more
pronounced transient increase in IFN-vy levels. The levels of both
cytokines returned to baseline levels by day 14 post injection.
Thus, the effect of the DNA injected IL-12 cytokine was short-
lived, which is desirable to avoid negative effects from prolonged
IL-12 systemic levels.”” Both doses, 0.4 mg and 0.1 mg of IL-12
DNA, were used in subsequent DNA vaccine studies (see also
below).!

IL-12 DNA as molecular adjuvant elicits higher levels of STV-
specific cytotoxic T cells in STV DNA vaccinated macaques.
Next, we examined the effect of the 0.1 mg IL-12 DNA dose
as adjuvant of an SIV DNA vaccine in rhesus macaques. Two
groups of animals (n = 8) were vaccinated with 2 mg of a mixture
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of DNAs expressing several SIVmac239 genes in the absence or
presence of 0.1 mg of the optimized rmIL-12 plasmid DNA. The
DNAs were delivered via intramuscular injection followed by in
vivo EP. The animals received 4 vaccinations (EP1 to EP4) at 0,
8, 16 and 36 weeks (Fig. 3A) and were monitored for another
24 weeks after the last vaccination for the development of long-
lasting humoral and cellular immune responses to Gag and Env.
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Figure 3. The IL-12 DNA-adjuvanted vaccine group developed higher
cytotoxic T cell responses. (A) The outline of the SIV vaccine study is
shown. Two groups of macaques (n = 8 each) were subjected to intra-
muscular injection followed by in vivo EP using a mixture of SIV DNAs in
the absence or presence of 0.1 mg of the optimized macaque IL-12 DNA
plasmid (AG157) at 0, 8, 16, and 36 weeks. (B) Cellular immune respons-
es to SIV Gag and SIV Env were measured from individual animals at 2
weeks post EP2 and 2 and 24 weeks post EP4 using polychromatic flow
cytometry. Total (Env + Gag) SIV-specific IFN-y* T cells (upper panel) and
the corresponding Granzyme B* (GzmB*) cytotoxic T cell subpopulation
(middle panel) and GzmB- T cell subpopulation (lower panel) are shown
for the two groups of macaques. The bars represent the mean values
and standard error of mean (SEM). Mann-Whitney non-parametric t-test
was employed to compare the 2 groups using Prism software (Graph-
Pad Software, Inc.). The significant p values are shown.

To address the development of SIV-specific cellular immune
responses, PBMC collected at 2 weeks after EP2, and at 2 and 24
weeks after EP4 were examined by immunostaining and poly-
chromatic flow cytometric analysis (Figs. 3, 4 and 5). DNA vac-
cination induced a median of 0.3% SIV-specific IFN-y* T cells
at EP2wk2, and similar levels were detected at EP4wk2 (median
0.5%), indicating that 2 vaccinations were sufficient to reach
maximal T cell responses (Fig. 3B, upper panel). Consistent
with other SIV DNA vaccination studies using in vivo EP in
macaques,'’®*?* we found higher cellular immune responses (-3-
fold higher) in the IL-12 DNA-adjuvanted cohort. The difference
between the 2 groups reached significance after EP4, indicat-
ing that the IL-12-adjuvanted group benefited from additional
vaccinations. We noted a significant decline (p = 0.003) in the
SIV-specific T cell responses between week 2 and week 24 after
EP4 in the absence of IL-12 (Fig. 3B). In contrast, the T cell
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responses were sustained up to 24 weeks post EP4 in the IL-12
DNA-adjuvanted group, demonstrating preservation of the SIV-
specific responses. Therefore, the inclusion of IL-12 DNA is
important for the longevity of cellular vaccine-induced immune
responses. These data demonstrate that IL-12 DNA as vaccine
adjuvant provided a great benefit to the SIV-based DNA vaccine
immunogenicity, even when using in vivo electroporation as the
more efficient DNA delivery method.

To further dissect the induced cellular responses, IFN-y* T
cells were examined for their cytotoxic capability (Fig. 3B, middle
panel). The DNA-only group showed SIV-specific Granzyme
B* (GzmB*) T cell responses with a median of 0.1% after EP2
which increased to 0.2% after EP4, indicating that ~25-35% of
the total SIV-specific IFN-y* cells have cytotoxic potential. In
comparison, the IL-12 DNA-adjuvanted vaccine group showed
significantly higher levels of SIV-specific GzmB* T cells at all
time points tested (-30—60% of the SI'V-specific IFN-y* T cells).
Co-injection of IL-12 DNA led to a significant difference in the
Granzyme B negative SIV-specific T cell population at EP4wk24
(p = 0.0207) (Fig. 3B, lower panel), a cell population with a yet
unclear role. Together, the DNA vaccine including IL-12 DNA
as adjuvant induced higher levels of SIV-specific cytotoxic T
cells, an important T cell population armed to eliminate STV
infected cells.

Higher levels of SIV-specific memory T cells with cytotoxic
potential induced in the IL-12 DNA-adjuvanted vaccine cohort.
We further dissected the SIV-specific T cells for the presence of
CD4*, CD8* and CD4*CD8" double-positive (DP) markers.
Significantly more SIV Gag-specific IFN-vy producing CD4* and
CD4*CD8* DP T cells were found in the IL-12 DNA-adjuvanted
group (Fig. 4A, left and right panels), and these responses were
boosted after repeated vaccinations. IL-12 did not affect the
levels of the Gag-specific IFN-y* CD8* T cells (Fig. 4A, middle
panels). We noted a trend to higher levels of Env-specific CD8*
and CD4*CD8* DP T cells populations in the presence of IL-12,
which did not reach significance (Fig. 4B).

The CD4*, CD8* and CD4*CD8* DP T cell subsets were
further analyzed for their memory phenotypes and their ability to
produce GzmB. Memory subsets were defined by polychromatic
flow cytometry as previously described.®# Central memory T
cells (CM) were defined as CD28*CD45RA CD95*CCR7*;
transitional Memory (TM) as CD28*CD45RA CD95*CCR7
and effector memory (EM) as CD28CD95*CCR7. DNA
vaccination induced SIV-specific IFN-y* CCR7 TM and EM
T cells, and we did not detect de novo induction of IFN-y*
CCR7* CM T cells. Similarly, it was reported that no CM T cell
populations were induced upon therapeutic DNA vaccination.®
The IL-12 DNA-adjuvanted vaccine group showed significant
increases in the Gag-specific IFN-y producing GzmB* CD4*
and CD4*CD8* DP memory T cells (both TM and EM) at
several time points measured (Fig. 5A). This increase of Gag-
specific memory T cells was observed for both IFN-y producing
GzmB* (Fig. 5A) and GzmB- (data not shown) populations. In
contrast, several of the macaques in the non-adjuvanted cohort
had undetectable Gag-specific CD4* EM and DP (both TM and
EM) T cells at EP2wk2 and these levels were not boosted upon

Human Vaccines & Immunotherapeutics 1623

. Do not distribute

lI0Science

©2012 Landes B



subsequent immunizations. The Env-specific responses were
significantly increased in the IFN-y producing GzmB*CD8*
TM T cells (Fig. 5B), both at 2 weeks post EP2 and EP4, and
in the DP memory T cells (TM and EM, Fig. 5B) at 24 weeks
post EP4.

Together, these data showed that using IL-12 DNA as
adjuvant induced distinct SIV Gag and Env-specific cellular
responses. Significant increases were found in the Gag-specific
GzmB* T-cell population, mostly in the CD4* and CD4*CD8*
DP TM and EM subsets. On the other hand, increased Env-
specific GzmB* cytolytic T cells were found mainly in the CD8*
and DP memory subsets, but not at all the time points analyzed.

Broader humoral immune responses in the IL-12 DNA
adjuvanted vaccine group. We also measured the plasma levels
of SIV-specific binding antibodies in the two vaccine groups
(Fig. 6). Analysis of pooled plasma samples collected over time
showed that the humoral responses to STVmac251 Gag and Env
developed with similar kinetics in the two vaccine groups, with
the IL-12 DNA-adjuvanted group having slightly higher levels
(Fig. 6A, left panels). Analysis of individual animals at 2 weeks
post EP4 confirmed the higher levels of Gag and SIVmac251
Env antibody titers in the IL-12 DNA adjuvanted group, but
the significance in the difference was not maintained (Fig. 6A,
right panels). We found that the SIVmac239-based DNA vac-
cine induced high titers of Env binding antibody titers not only
to the homologous STVmac239 (Fig. 6B, left panel), but also to
the heterologous STVsmEG660 (Fig. 6B, right panel), albeit with
~1 log lower titers. No significant differences were found in the
bAD titers to STVmac239 and SIVsmEG660 Env comparing the 2
groups, thus, the difference was only noted for SIVmac251 Env.
Our findings are consistent with other DNA vaccination studies
in macaques, which reported increased humoral responses in the
presence of IL-12 DNA at some time points®® or not at all.'®

The bAb were further tested for their avidity. The avidity of
the SIVmac239 bAb responses could be determined in 6 of the
8 animals from the unadjuvanted vaccine group, with a median
avidity index of ~33%. The IL-12 DNA-adjuvanted group showed
more consistent and higher avidity (median index of ~39%), but
the difference between the groups did not reach significance. The
avidity of sham DNA injected animals or pre-samples were below
detection limit (assigned to 0.1%). The avidity of the SIVsmEG660
bADb responses could not be determined due to the overall low
bAD titers. Like the humoral responses, the avidity of STVmac239
bAD responses did not change over time and persisted to week 24
post EP4.

We further examined the ability of the induced antibodies
to neutralize a panel of SIV variants including the homologous
TCLA-SIVmac251 and SIVmac239 and the heterologous
SIVsmEG660_CG7G and SIVsmE660_CG7V (Fig. 6D). Plasma
samples from different time points (week 2, 8, 16 and 24) after
EP4 were compared. We found neutralizing antibodies (NADb)
to TCLA-SIVmac251 with a median titer of 2.4 log at EP4wk2
in the DNA-only group (Fig. 6D, upper panel). The NAb titers
did not significantly change over time (compare week 2 to week
24), as noted for the binding antibody responses. No difference
in the levels of TCLA-SIVmac251 NAb was found in the I11.-12
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Figure 4. Comparison of the Gag- and Env-specific CD4*, CD8* and
CD4*CD8* double-positive (DP) T cell subsets. (A and B) Gag (A)- and
Env (B)-specific IFN-y * producing CD4*, CD8* and CD4*CD8* DP T cell
populations were analyzed from individual animals by flow cytometry
at EP2wk?2, EP4wk2 and EP4wk24. The data are shown as % of total
parent CD4*, CD8* or CD4*CD8* T cells. The bars represent mean values
and SEM.

DNA-adjuvanted vaccine group (median 2.5 log at EP4wk2) and
a similar persistence over the 6 mo of follow-up is found. We
also tested the plasma for the presence of NAD to the difficult-to-
neutralize SIVmac239 and no responses were detected in either
of the groups (data not shown). Thus, despite the optimization of
DNA vaccine and vaccine delivery, no NAb to STVmac239 were
detected with this immunization method.

Theantibodies were also examined for breadth of neutralization

against the heterologous SIVsmE660 variants CG7G and CG7V.
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Figure 5. Comparison of the Gag- and Env-specific memory T cell
subsets. (A and B) The frequency of (A) Gag-specific GzmB* CD4* and
CD4+*CD8* DP transitional memory (TM) and effector memory (EM) T
cells and (B) Env-specific GzmB* CD8* and CD4*CD8* DP TM and EM T
cells as analyzed by flow cytometry from individual animals at EP2wk2,
EP4wk2 and EP4wk24 are shown. The SIV-specific IFN-y producing
GzmB* cells are shown as % of total Gag- or Env-specific T cells. The
mean and SEM values are shown. The significant p values are shown.

SIVsmEG660 Env proteins and SIVmac239 share 83% identity,
a diversity that is reminiscent of the heterogeneity found in
HIV-1 clades. Interestingly, we found that vaccination with
DNA expressing the SIVmac239 Env induced antibodies able to
neutralize the ‘tier 1A-like’ SIVsmE660_CG7G (Fig. 6D, middle
panel). The IL-12 DNA adjuvanted group showed slightly higher
NAD titers, which reached significance at week 16 post EP4 (p
= 0.0207), but the difference was not maintained by week 24
post EP4. The plasma samples were also tested for their ability to
neutralize the ‘tier-1B like’ SIVsmE660_CG7V (Fig. 6D, bottom
panel). We noted that the plasma samples from the DNA-only
group neutralized the SIVsmE660_CG7V Env very poorly with
3 to 7 of the 8 animals showing titers below the 1:20 threshold
(weeks 8 to 24). In contrast, the IL-12 DNA-adjuvanted vaccine
group had more responders (6 to 7 of the 8 animals; weeks 8
to 24) and showed higher levels of NAb to SIVsmE660_CG7YV,
with a trend at weeks 8 and 16 post EP4 and reaching significance
by week 24. These findings indicated that the Nab induced in
the IL-12 DNA-adjuvanted group showed better longevity to the
heterologous SIVsmE660 variants.

Discussion

In this report, we showed that intramuscular injection of 0.1
or 0.4 mg of an optimized rmIL-12 DNA plasmid delivered by
in vivo electroporation resulted in detectable systemic levels of
the IL-12 cytokine in the plasma of macaques. Using the less
efficient needle and syringe injection as DNA delivery, it is not
expected that IL-12 would have been detected in the plasma,
since in vivo EP has been reported to yield 100-1000 fold higher
antigen delivery.* Measurements of IL-12 and of IFN-vy, as
the more sensitive read-out of the presence of bioactive IL-12,
demonstrated that the biological effect of IL-12 DNA injection
can only be detected for up to -2 weeks after the DNA injection.
Thus, this finding addressed one of the hurdles of using IL-12
DNA as vaccine adjuvant, namely the duration of the presence
of the cytokine. Another major concern for the use of IL-12
DNA is potential side effects, because high systemic levels of
IL-12 obtained upon injection of IL-12 protein were very toxic.”
It has also been reported that high levels of IL-12 can suppress
vaccine-induced responses.’*%
in DNA vaccinated mice using EP as delivery method, we also
observed a negative effect of a high mouse IL-12 DNA dose (10
g) on the vaccine induced responses, whereas a low dose (1 g)
provided positive adjuvant effects (our unpublished observation).
Therefore, it is critical to define an optimal IL-12 DNA dose,
which is safe and is biologically effective. Using the same
optimized rhesus IL-12 DNA plasmid and in vivo EP as DNA
delivery, a beneficial effect for DNA vaccination in macaques

In agreement with these data,

was found using doses of 0.1 mg, as reported in this work and
other studies from our lab, and of 0.4 mg." Together the work
presented here showed that doses with a range of 0.1 to 0.4 mg
of our optimized IL-12 DNA were bioactive, and well tolerated,
and, thus this full-filled an important criterion.

Overall, our data are in agreement with other side-by-side
comparative studies, which showed that both cellular and
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Figure 6. The IL.-12 DNA-adjuvanted group developed broader A
humoral immune responses. (A) Endpoint titers of binding an-
tibodies to SIVmac251 Gag (upper panel) and SIVmac251 Env
(lower panel) were measured in pooled plasma samples (left
panels). The right panels show the data from individual ani-
mals at 2 and 24 weeks post EP4. The mean and SEM values are
shown. (B) Endpoint titers of binding antibodies to SIVmac239
(left panels) and SIVsmE660 (right panels) Env were measured
in individual animal at 2 and 24 weeks post EP4. (C) Avidity
index of the SIVmac239 Env bAb. The avidity of two of the 8
animals in the un-adjuvanted group could not be assessed

at both time points. The antibody binding titers and avidity
index were determined from parallel plates. (D) Neutralizing
antibody titers from individual plasma samples from the vac-
cinated macaques against SIVmac251-TCLA (upper panel), and
against the SIVsmE660 BR-CG7G (middle panel) and BR-CG7V

(lower panel) Env proteins at 2, 8, 16 and 24 weeks post EP4 are
shown. The bars represent mean and SEM values. B

humoral immune responses were increased in the IL-12
DNA adjuvanted groups using in vivo electroporation
as DNA delivery in macaques.’®?® Our work not only
focused on the quantitative comparison, but also further

expanded the qualitative analysis of the SIV-specific C
immune responses elicited using IL-12 DNA as adjuvant.

IL-12 was reported to enhance the CD8* effector
memory responses.”> In contrast to the DNA-only
immunized cohort, we found higher levels of SIV-specific
memory T-cells with cytotoxic potential (GzmB*)
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present in the IL-12 DNA-adjuvanted cohort early
on during vaccination and these subsets were further D
boosted upon subsequent immunizations. We found
more profound increases in the Gag-specific CD4* and
DP TM and EM subsets and in the Env-specific CD8*
and DP TM memory subsets. Such memory cells were
shown to correlate with the control of SIV/HIV upon
infection.”*> Interestingly, the IL-12 DNA-adjuvanted
vaccine induced higher levels of Gag-specific CD4*CD8*
DP T cells. This T cell subset has been described as
differentiated effector memory T cells with antiviral role
in HIV>*>® and other viral infections.””®® During acute
HIV infection, these DP T cells represent a significant
portion of the anti-HIV cellular responses and are highly
proliferative and multifunctional in HIV controllers.
While our work focused solely on IFN-vy production
upon stimulation with SIV-specific peptides, others also
interrogated the production of cytokines like TNF-a
and IL-2'%%° and reported that IL-12 DNA contributed
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to the generation of multifunctional SIV-specific T cells.
Together, these studies support the inclusion of IL-12
DNA as an adjuvant for an effective HIV/SIV vaccine.

Another important goal of an HIV/SIV vaccine is to elicit
high and broad humoral immune responses. We found that
the IL-12 DNA-adjuvanted vaccine induced higher humoral
immune responses, as observed by others.'®?° Testing of different
SIVsmEG660 variants which differ by ~20% from the vaccine
SIVmac239, provided an excellent tool to test the breadth of
the SIVmac239 Env induced responses. We demonstrated an

important contribution of the IL-12 cytokine in the induction
of increased NAb breadth with better longevity. Together, the
presence of IL-12 DNA adjuvant increased humoral responses
and led to the development of NAb with increased breadth,
positively affecting the quality of the humoral immune responses.

It is also desirable that a vaccine is able to induce long-lasting
immune responses. Here, we report the induction of long-lasting
(24 weeks post EP4) cellular and humoral immune responses to
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Gag and Env by the SIV DNA vaccine. We report that IL-12
DNA as vaccine adjuvant positively affected the duration of
the cellular SIV-specific immune responses. This finding is
an extension of our previous observation,” where a Gag DNA
vaccine adjuvanted with IL-12 DNA and delivered by in vivo
EP showed efficient induction of long-lasting (> 2 y) cellular and
humoral immune responses. In conclusion, the use of IL-12 DNA
as vaccine adjuvant is an important component of a DNA vaccine
protocol that uses in vivo EP as delivery method. Inclusion of
IL-12 DNA vaccine adjuvant induces better humoral and cellular
immune responses and should provide for a more efficacious

HIV/SIV vaccine.
Materials and Methods

Animals. Indian rhesus macaques (Macaca mulatta) were housed
and handled in accordance with the standards of the Association
for the Assessment and Accreditation of Laboratory Animal Care
International, at the Advanced BioScience Laboratories, Inc.

Rhesus macaque IL-12 DNA injection of macaques. Rhesus
macaques were injected with of 0.1 mg or 0.4 mg (n = 4 each)
of optimized rhesus macaque (rm) IL-12p70 expression vector
(plasmid AG157; Jalah et al., in preparation) or only sham DNA
(0.25 ml DNA/site, 2 injection sites in the left and right inner
thighs). All DNA injections were performed intramuscularly
followed by in vivo electroporation with the ELGEN® adaptive
constant-current electroporation device (Inovio Pharmaceuticals,
Inc.) using endotoxin-free preparations of DNA (Qiagen). The
animals in the 0.1 mg group were research-naive. The animals
in the 0.4 mg group had been infected with SIVmac251 for
one year and viremia was controlled by antiretroviral therapy
(ART)® for the duration of this study. The levels of rmIL-12p40
in the plasma were measured using the rmIL-12p40 ELISA (Cat
#CKMO007; Cell Sciences, Inc.) having a threshold of detection
of 5 pg/ml. The macaque IFN-y plasma levels were measured
using the primate IFN-y Duoset® ELISA Development System
(Cat #DY961; R&D Systems) having a threshold of detection of
31 pg/ml.

SIV DNA vaccination. Rhesus macaques (8 animals/group)
received 4 vaccinations (0, 8, 16 and 36 weeks) using 0.5 ml of a
plasmid mixture in water, consisting of 0.5 mg each of STVmac239
gpl60 Env (plasmid 99S), Gag [p57Gag (plasmid 206S) and the
MCP3 p39 gag (plasmid 209S)], Pol [MCP3-pol (plasmid 216S),
and LAMP-pol (plasmid 103S)], LAMP-Nef-Tat-Vif (plasmid
147S) described elsewhere®"? in the absence or presence of 0.1 mg
of the optimized rmIL-12 plasmid (plasmid AG157). All DNA
injections were performed intramuscularly followed by in vivo
electroporation as described above.

Cellular immune responses. The cellular immune responses
were measured using isolated cryopreserved PBMCs stimulated
with  SIVmac239-specific peptide pools (15-mers with 11
aa overlap; Infinity Inc. Biotech Research and Resource) as
described.” The cells were cultured for 12 h with monensin
(Golgi Stop, BD PharMingen) to inhibit cytokine secretion.
Immunostaining and flow cytometric analysis was performed
as described.”>"" Briefly, cell surface staining was first performed

www.landesbioscience.com

using the following antibody cocktail: CD3 APCCy7 (BD
PharMingen, #557757), CD4 AmCyan (BD, custom research),
CD8 AF405 (Invitrogen; #MHCD0826), CD95 FITC (BD,
#556640), CD28 PerCPCy5.5 (Biolegend, #302922), CD4SRA
AF700 (AbD serotec, #MCA88A700) and CCR7 APC (R&D
Systems, #FAB197A). After permeabilization of the cells,
intracellular staining was performed using IFN-y PECy7 (BD,
#557643) and Granzyme-PE (Invitrogen, #MHGBO04). The data
were acquired on an LSR IT flow cytometer (BD Biosciences) and
analyzed using the Flow]Jo software (Tree Star, Inc.).

Humoral immune responses. Binding antibody to SIV
Gag and SIVmac251 Env were measured by standard ELISA
(Advanced BioScience Laboratories) and the endpoint titers were
determined. Cut-off values were defined as 2-fold the mean val-
ues obtained from control plasma. Antibody titers to SIVmac239
and SIVsmEG6GO (accession FJ579014.1) and antibody avidity
comparisons upon treatment with 1.5 M sodium thiocyanate
(NaSCN; Sigma-Aldrich) were measured as described.®** End-
point binding Ab titers for STVmac239 and SIVsmEG660 were
determined using values higher than the mean absorbance plus 3
times standard deviation of the negative control. The avidity index
(%) was calculated by taking the ratio of the NaSCN-treated
plasma dilution giving an absorbance of 0.5 to the TBS treated
plasma dilution giving an OD of 0.5 and multiplying by 100.
Neutralizing antibody titers were determined using the M7-luc
assay® for the TCLA-SIVmac251/H9 and the TZM-bl assay® for
SIVmac239CS.23, SIVsmEG660/BR-CG7G.IR1 (SIVsmEG660_
CG7G) and SIVsmEG660/BR-CG7V.IR (SIVsmE660_CG7V).
The assay stock of TCLA-SIVmac251 was produced by infection
in H9 cells. The assay stock of SIVmac239CS.23 was produced
by co-transfection of the corresponding gpl60-containing plas-
mid and a backbone plasmid (pSG3AEnv) in 293T cells. Assay
stocks of SIVsmE660 CG7G and CG7V®® were produced in
transfection of full-length infectious molecular clone DNA in

293T cells.
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