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Background: The biosynthesis of IL-12p70 depends on the intracellular interaction of its p35 and p40 subunits.
Results: The p40 subunit stabilizes p35 and promotes its secretion.
Conclusion: Understanding the regulatory steps of IL-12 biosynthesis led to the generation of optimized IL-12 plasmids.
Significance:Availability of expression-optimized IL-12 DNA plasmids is important for practical applications as DNA vaccine
adjuvants and in cancer immunotherapy.

IL-12 is a 70-kDa heterodimeric cytokine composed of the
p35 and p40 subunits. To maximize cytokine production from
plasmid DNA, molecular steps controlling IL-12p70 biosynthe-
sis at the posttranscriptional and posttranslational levels were
investigated.We show that the combination of RNA/codon-op-
timized gene sequences and fine-tuning of the relative expres-
sion levels of the two subunits within a cell resulted in increased
production of the IL-12p70 heterodimer.We found that the p40
subunit plays a critical role in enhancing the stability, intracel-
lular trafficking, and export of the p35 subunit. This posttrans-
lational regulation mediated by the p40 subunit is conserved in
mammals. Based on these findings, dual gene expression vectors
were generated, producing an optimal ratio of the two subunits,
resulting in a �1 log increase in human, rhesus, and murine
IL-12p70production comparedwith vectors expressing thewild
type sequences. Such optimized DNA plasmids also produced
significantly higher levels of systemic bioactive IL-12 upon in
vivo DNA delivery in mice compared with plasmids expressing
the wild type sequences. A single therapeutic injection of an
optimized murine IL-12 DNA plasmid showed significantly
more potent control of tumor development in the B16 mela-
noma cancer model in mice. Therefore, the improved IL-12p70
DNA vectors have promising potential for in vivo use as molec-
ular vaccine adjuvants and in cancer immunotherapy.

IL-12, initially described as “natural killer cell stimulatory
factor” (1, 2), is a 70–75-kDa heterodimeric glycoprotein com-
posed of two disulfide-linked subunits, p35 and p40. IL-12 is
primarily produced by antigen-presenting cells and exerts
immunoregulatory effects on natural killer and T cells. IL-12
plays a pivotal role in the initiation and maintenance of Th1

responses, especially in the induction of adaptive cellular
immunity (for recent reviews, see Refs. 3–5 and references
therein). Due to its immunomodulatory and anti-angiogenic
properties, IL-12 has great potential as an efficient vaccine
adjuvant and anticancer therapeutic agent (reviewed in Refs.
6–11)). In view of the central role of IL-12 in cell-mediated
immunity, the mechanisms controlling its production and reg-
ulation are of great interest. Although co-expression of both
subunits in the same cell is essential to form the biologically
active heterodimer (12–14), production of each of the subunits
is independently regulated. Regulation of expression of the p35
and the p40 genes has been studied in detail (reviewed in Refs. 4
and 15). The p35 gene is constitutively expressed in various cell
types and tissues, whereas expression of p40 is restricted to cells
producing IL-12. Unlike p35, the p40 subunit is secreted as
monomer and homodimer (16, 17).Whereasmost studies have
focused on the activation of expression of IL-12p70, little is
known about the direct effect of the different subunits on each
other.
In this study, we addressed the molecular steps controlling

the production of the heterodimeric IL-12p70 at the posttran-
scriptional level by studying the posttranslational fate of the
individual subunits alone and in combination. This work was
prompted by our findings on the critical intracellular regulatory
steps that include cross-stabilization of the IL-15 chain and the
so-called IL-15R�,2 which together form the circulating active
heterodimeric IL-15 cytokine found in plasma (18–21). We
investigated the interaction of the IL-12p35 and p40 subunits
and found that p40 plays a critical role at the posttranslational
level by stabilizing and promoting the transport of p35, which
results in secretion of the heterodimeric IL-12p70. To better
understand the biology of IL-12p70 and for potential use in
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clinical applications, we generated optimized DNA plasmids
producing high levels of IL-12 heterodimer for in vivo DNA
delivery. We performed immunotherapeutic studies in mice
using the B16melanoma cancermodel and found that the opti-
mized murine IL-12p70 plasmid showed anticancer activity
superior to that of a plasmid expressing the wild type IL-12
coding sequences. Thus, our studies on the basic mechanism
governing the biosynthesis of IL-12 led to the development of
improved plasmids for practical in vivo applications.

EXPERIMENTAL PROCEDURES

DNAPlasmids—Dual promoter plasmids expressing thewild
type human (plasmid WLV103M (22)), murine (plasmid
WLV105 (23)) and rhesus macaque (plasmid WLV104M (24))
IL-12p70 from native coding sequences have been described.
The protein sequences are identical to the sequences with the
following GenBankTM accession numbers: human IL-12p35,
P29459.2; human IL-12p40, NP_002178.2; rhesus IL-12p35,
P48091.1; rhesus IL-12p40, NP_001038190.1; murine
IL-12p35, NP_001152896; and murine IL-12p40, NP_032378.
We designed RNA/codon-optimized coding sequences for the
IL-12 p35 and p40 subunits following the principles described
previously (25–27), and the genes were chemically synthesized
and verified by nucleotide sequencing (GeneArt, Regensburg,
Germany). These p35 and p40 sequences were cloned into sin-
gle promoter (pCMVkan) and dual promotor (pDP, WLV-
009M) eukaryotic expression plasmids. pCMVkan consists of
the human cytomegalovirus (huCMV) promoter, an optimal
surrounding for the AUG initiator codon from HIV-1 tat that
prevents initiation of translation from internal AUGs, the
bovine growth hormone polyadenylation signal, and the kana-
mycin resistance gene (kan) embedded in a plasmid backbone
optimized for growth in bacteria, as described previously (27–
30). The dual promoter vector pDP is derived from pCMVkan,
consisting of the huCMVpromoter linked to the bovine growth
hormone polyadenylation signal and the weaker siCMV pro-
moter linked to the SV40 pA site in counterclockwise orienta-
tion. Vector pWLV-009M contains the huCMV promoter
linked to the SV40pA signal and the siCMV promoter linked to
the bovine growth hormone polyadenylation signal in counter-
clockwise orientation (31). The pDP and pWLV-009M vectors
differ in the plasmid backbone sequence and the kanamycin
gene sequences. We noted that upon growth in bacteria, pDP-
based plasmids have higher DNA yields.
The following RNA-optimized IL-12 cytokine plasmids were

generated: (i) for human IL-12, the p35 (AG182), p40 (AG180),
C-terminally 3� FLAG-tagged p35-FLAG (AG260) and p40-
FLAG (AG261), IL-12p70 expressing p40 from the huCMV
promoter and p35 from the siCMV promoter (AG181) or
expressing p40 from the siCMV promoter and p35 from the
huCMVpromoter (AG183) from theDP expression vector, and
IL-12p70 expressing p40 from the huCMV promoter (AG169)
or siCMV promoter (AG5) from the WLV vector; (ii) for
murine IL-12, p35 (AG248), p40 (AG247), and IL-12p70
expressing p40 from the huCMV promoter (AG250) from the
DP expression vector; (iii) for rhesus macaque, rmIL-12p70
expressing p40 from the huCMV promoter (AG157) or siCMV
promoter (AG159) from the DP expression vector or theWLV

vector (AG167 and AG3, respectively). The optimized human
p35 and p40 gene sequences share 75.9% (identity in 501 of 660
nt) and 75.7% (identity in 747 of 987 nt) with wild type
sequences, respectively, and were used for plasmid AG180 and
derivatives (AG181, AG182, and AG183). Another human
IL-12 p70 plasmid (AG259) was generated with additional nt
changes in both subunits (51 nt in p35 and 66 nt in p40).
Expression of the IL-12 Subunits and Treatment of Cells—

Human HEK293 cells (seeded with 1 � 106 cells/60-mm plate)
were transfected using the calcium phosphate coprecipitation
technique. The next day, the cells were transfected with 100 ng
of plasmids encoding IL-12p70 cytokine or the individual sub-
units using a total of 7�g of DNA/plate, adjusted by Bluescript-
derived pBSPL DNA. Cotransfection of 50 ng of the GFP plas-
mid pFRED143 (32) served as an internal control. After 6–15 h,
the medium was changed, and the cells were harvested 48 h
after transfection. Culture supernatants were collected, and
cells were washed with PBS and lysed with three freeze-thaw
cycles in 1 ml of 0.5� radioimmune precipitation assay buffer
(Boston BioProducts, Ashland, MA) supplemented with prote-
ase inhibitor mixture tablets (Roche Applied Science). All
transfections were performedwith three independent clones or
in duplicates. GFP levels of the cell extracts were measured
using the SpectraMax Gemini EM fluorimeter (Molecular
Devices, LLC, Sunnyvale, CA).
For tunicamycin treatment (Sigma-Aldrich), the medium

was replaced with fresh medium at 1 day posttransfection, and
10–12 h later the medium was replaced with medium contain-
ing the inhibitor (10 �g/ml), and supernatants and cells were
harvested 12–14 h posttreatment. For CHX treatment, the
mediumwas replaced with freshmedium at 1 day posttransfec-
tion, and 3–4 h later, the medium was replaced with fresh
medium containing 25 �g/ml CHX (Sigma-Aldrich). The cell-
associated and extracellular fractions were collected at 0, 1, 2,
and 4 h and analyzed on Western immunoblots. The bands
were quantitated, and the accumulation of p35 and p40 when
transfected alone or in combinationwas calculated over time by
normalizing the value (sum of extracellular and cell-associated)
at the start of theCHX treatment (time 0) as 100%. For endogly-
cosidase treatments, equal fractions of supernatants and cell
lysates from transfected cells were digested for 1 h at 37 °Cwith
endoglycosidase F (Endo F) or with endoglycosidase H (Endo
H) (New England Biolabs, Inc., Ipswich, MA) following the
manufacturer’s instructions.
Protein Analysis—For Western immunoblot assays, aliquots

(1/200) from the extracellular and cell-associated fractions
were resolved on 12% NuPAGE Novex BisTris polyacrylamide
gels using the NuPAGE MOPS SDS running buffer (Invitro-
gen). TGX Bio-Rad gels (4–15%) were used to analyze proteins
under native conditions (no �-mercaptoethanol, no SDS),
non-reducing conditions (treated with SDS, without �-mer-
captoethanol), and reducing conditions (treated with �-mer-
captoethanol and SDS). The membranes were probed with
anti-IL-12 antibodies, followed by the anti-goat HRP secondary
antibody (catalog no. 401504, Calbiochem). The polyclonal
human IL-12p70 antibody (catalog no. AF219-NA; cross-reac-
tive with rhesus IL-12p70), and the polyclonalmurine IL-12p70
antibody (catalog no. AF419-NA, R&D Systems (Minneapolis,

Optimization of IL-12 Expression

6764 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 9 • MARCH 1, 2013



MN)) were used. The FLAG-tagged proteins were detected
by the monoclonal anti-FLAG M2-peroxidase (HRP) anti-
body (catalog no. A8592; Sigma-Aldrich). The bands were
visualized using the ECL Plus Western blotting detection
system (GE Healthcare) and imaged using autoradiography
or the ChemiDocTM XRS� system from Bio-Rad. For quan-
tification of bands, the Image Lab 3.0 software from Bio-Rad
was used.
The IL-12p70heterodimer productionwas quantitated using

the human ormurine IL-12p70 ELISA (catalog no. 88-7126 and
catalog no. 88-7121, respectively, eBioscience (San Diego, CA))
or the rhesus macaque IL-12p70 ELISA (catalog no. KPC9121,
Invitrogen).Mouse IFN-� levels weremeasured by the “Femto-
HS” High sensitivity ELISA (catalog no. 88-8314, eBioscience).
Immunofluorescence—The HeLa-derived HLtat cells (33)

were platedwith 2� 105 cells/35-mmglass-bottomedplate and
24 h laterwere transfectedwith 200 ng of the humanp35-FLAG
(plasmid AG260), the human p40-FLAG (plasmid AG261), a
mixture of 200 ng of p35-FLAGalongwith 600ng of humanp40
(plasmid AG180), or a mixture of 200 ng of p35 (plasmid
AG182) along with 600 ng of human p40-FLAG. After 24 h, the
cells were fixed with 4% paraformaldehyde in PBS, permeabi-
lizedwith 0.5%TritonX-100 in PBS, and incubatedwithmouse
anti-FLAG (Sigma) and rabbit anti-TGN46 (Novus Biologicals,
Littleton, CO) antibodies (at 1:1000 dilution each), followed by
incubation with anti-mouse Alexa-Fluor 488 and anti-rabbit
Alexa-Fluor 594 (Invitrogen) secondary antibodies. Cells were
visualized on a ZeissObserver Z1 fluorescentmicroscope using
Zeiss Axiovision software (Carl Zeiss Microimaging GmbH,
Göttingen, Germany).
DNA Delivery into Mice—Female BALB/c and C57BL/6

(6–8 week old) mice were obtained from Charles River Labo-
ratories, Inc. (Frederick, MD). The mice were housed at the
Frederick National Laboratory for Cancer Research (Frederick,
MD) in a temperature-controlled, light-cycled facility and were
cared for under the guidelines of the Frederick National Labo-
ratory Animal Care and Use Committee. Hydrodynamic DNA
injection was performed in BALB/c mice as described previ-
ously (30, 34–36), using endotoxin-free preparation of DNA
(Qiagen, Hilden, Germany). Briefly, cytokine DNA was sus-
pended in 1.6ml of sterile 0.9%NaCl andwas injected intomice
through their tail vein in a 7-s push, using a 27.5-gauge needle.
For DNA injection via the intramuscular route, 5 �g of plasmid
DNA in 50 �l of PBS was injected in the left and right quadri-
ceps (25 �l/dose) followed by in vivo electroporation for DNA
delivery using the ELGEN� adaptive constant current electro-
poration device (Inovio Pharmaceuticals, Inc., Blue Bell, PA).
B16 Mouse Melanoma Model—Groups of 8–10-week-old

C57BL/6 mice (n � 9–12) were inoculated with 105 B16 mela-
noma cells by intravenous injection. Two days later, the mice
received the cytokine DNAs (5 and 50 ng/mouse, respectively)
or shamDNAby hydrodynamic delivery. Themicewere bled at
day 1 post-cytokine DNA injection, and the IL-12p70 levels
were measured from the plasma. After 3 weeks, mice were sac-
rificed, and the nodules in lungs were counted.
Statistical Analysis—Prism (version 4, GraphPad Software,

Inc.) was used for all statistical analysis. Correlations were
determined using the two-tailed nonparametric Spearman

method. Comparison of different groups was done by one-way
analysis of variance using Dunnett’s multiple comparison test.
Comparison between two experimental groups was performed
using the nonparametricMann-Whitney two-tailed t test at the
95% confidence interval.

RESULTS

The IL-12p40 Subunit Regulates the Trafficking and Export of
the p35 Subunit—To dissect steps in the biosynthesis of the
IL-12p70 heterodimer, its p35 and p40 subunits were expressed
independently from the CMV promoter using the mammalian
expression vector pCMVkan, bypassing their natural transcrip-
tional control. In addition to their AU-rich 3�-UTRs (12–14),
we noted that the native p35 and p40 coding sequences have a
relatively low AU content of �50% and contain AU-rich seg-
ments, including AUUUA or AAUAA elements, which have
been associated with low expression when present within the
coding sequence, aswe previously reported forHIV and SIV gag
and env genes (25–27, 37), for IL-15 (30), and for the IL-15R�
(18, 19). To remove transcriptional and posttranscriptional
impediments for IL-12p70 expression, the complete coding
sequences of the human,macaque, ormurine p35 and p40were
RNA- or codon-optimized (see “Experimental Procedures”).
Production of optimized human p35 and p40 subunits was
monitored upon transient transfection of HEK293 cells. Plas-
mids expressing FLAG-taggedhumanp35 andp40were used to
allow direct comparison of the production of respective sub-
units. Importantly, when expressed alone, the steady-state level
of the p35 protein was much lower than that of p40 (Fig. 1A),
both in the cell-associated and the extracellular fractions (com-
pare lanes 1 and 4 versus lanes 2 and 5). A longer exposure was
necessary to visualize both proteins; therefore, the p40 bands
are overexposed. Most of the p35 subunit remained cell-asso-
ciated, and the extracellular p35 migrated as diffuse bands due
to different glycosylated forms (38, 39). In contrast, more p40
was found in the extracellular compartment. The steady-state
protein levels and the localization changed when the two sub-
units were co-expressed in the same cell. We noted that the
presence of p40 led to an overall increase in the total p35 pro-
tein level (Fig. 1A, compare lanes 1 and 4 with lanes 3 and 6) as
well as to a shift from p35 to increased accumulation in the
extracellular compartment, suggesting that p40 affected not
only the trafficking but also the stability (supported by pulse-
chase experiments with CHX; see below) of the p35 subunit
(Fig. 1A, compare lanes 4 and 6).
We further investigated the effect of p40 on the production

and secretion of IL-12p70 using plasmids that express the
untagged subunits (Fig. 1B). The cytokine production was ana-
lyzed byWestern immunoblot assays from the intracellular and
extracellular fractions with an IL-12p70 antibody recognizing
both subunits, and the heterodimer production was quantified
using an IL-12p70-specific ELISA. Upon expression of each
subunit alone, results similar to those in Fig. 1Awere obtained.
Weak diffuse bands of p35 migrating at �36 kDa (lane 1) were
found in both compartments and readily detectable p40
migrating at �40–43 kDa (lane 2) was found mostly in the
extracellular compartment, as reported (16, 39). Upon cotrans-
fection of equal amounts of plasmid DNAs expressing the
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respective subunits, the level of the secreted p35 was signifi-
cantly enhanced (lane 3) as shown above (Fig. 1A), resulting in
the production of the IL-12p70 heterodimer as confirmed by

the IL-12p70-specific ELISA (bottom panel). Together, we
found that the total amount of the p35 subunit was greatly
increased by the presence of p40 (Fig. 1B, compare lanes 1 and

FIGURE 1. Role of IL-12p40 in the production and secretion of the IL-12p70 heterodimer. HEK293 cells were transfected with 100 ng of plasmids encoding
the individual subunits alone, with a mixture of 100 ng each of the two plasmids together, or with a mixture of plasmids at the indicated ratios. Aliquots of the
cell-associated and/or extracellular fraction were analyzed by Western immunoblot assays and by ELISA. The molecular mass standards (kDa) are indicated.
Cotransfection of a GFP plasmid served as internal control. A, expression of the FLAG-tagged human IL-12p35 and IL-12p40 subunits alone (lanes 1 and 2) or
together (lane 3) in the cell-associated (lanes 1–3) and extracellular (lanes 4 – 6) fraction. GFP values (mean � S.E.) were 20.3 � 6.0, 24.8 � 2.4, and 17.5 � 3.3
arbitrary units for lanes 1–3, respectively. A representative experiment is shown. B, optimization of co-expression of the untagged human IL-12p40 and
IL-12p35 subunits expressed alone (lanes 1 and 2, respectively) or together using different DNA ratios as indicated (lanes 3–5). Analysis of the cell-associated
(top) and extracellular fractions (middle) by Western immunoblot assays and by a human IL-12p70 specific ELISA (bottom) are shown. The mean of the values
obtained from three independent and the S.E. (error bars) are shown. GFP values (mean � S.E.) were 4.8 � 0.7, 8.2 � 0.9, 8.6 � 2.1, 9.5 � 1.5, and 8.4 � 1.4
arbitrary units for lanes 1–5, respectively. C, IL-12p40 prefers the heterodimeric p70 form over homodimeric interactions. Shown is a comparison of extracellular
samples from cells transfected with p40 alone (300 ng; lane 1) and p40 � p35 (300 ng of p40 plus 100 ng of p35; lane 2) under native (without �-mercapto-
ethanol, without SDS; top), non-reducing (without �-mercaptoethanol, plus SDS; middle), and reducing (treated with �-mercaptoethanol and with SDS;
bottom) conditions. D, stability of human p35 and p40 subunits upon treatment with CHX. At 1 day posttransfection, the medium was replaced with fresh
medium containing CHX (see “Experimental Procedures”). The cell-associated and extracellular fractions were collected at 0, 1, 2, and 4 h and analyzed on
Western immunoblots. The bands were quantitated, and the accumulation of p35 and p40 when transfected alone or in combination was calculated over time
by normalizing the value (sum of extracellular and cell-associated) at the start of the CHX treatment (time 0) as 100%. p35 (open circles), p40 alone (open
squares), and a mixture of the p35 and p40 subunits (filled triangles) are shown. A combination of 2–3 independent experiments is shown.
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3), supporting the conclusion that p40 has a positive effect on
the steady-state level of p35.
To determine the optimal levels of each subunit for the pro-

duction of IL-12p70, we cotransfected different ratios of p35/
p40 plasmids, namely 1:1 (Fig. 1B, lane 3), 1:3 (lane 4), and 3:1
(lane 5). We noted that a higher amount of the p40 plasmid
(p35/p40 plasmid ratio 1:3; lane 4) led to further augmentation
of the extracellular levels of IL-12p70 heterodimer, indicating
that the p40 levels were limiting upon cotransfection of a 1:1
ratio of the p35 and p40 plasmids. These data were confirmed
by the IL-12p70-specific ELISA (Fig. 1B, bottom). Cotransfec-
tion of more p40 plasmid (ratio 1:8) did not show substantial
improvement (data not shown). In contrast, increasing the
amount of the p35 plasmid (p35/p40 plasmid ratio 3:1; lane 5)
led to slightly lower IL-12p70 production, with appreciable
amounts of the p35 subunit trapped in the intracellular com-
partment (Fig. 1B, lane 6, top). These data support the conclu-
sion that the p40 subunit drives the production and secretion of
stable heterodimeric IL-12p70 (Fig. 1B, lanes 3 and 4).

The p40 homodimer was reported to bind with IL-12 recep-
tor but lacks any IL-12 bioactivity (16, 38), and it was reported
to interfere with IL-12p70 function (17, 40, 41). Because we
co-expressed excess p40 by providingmore p40 DNA to obtain
optimal IL-12p70 production, we investigatedwhether free p40
homodimer accumulated under this condition. We compared
the status of the extracellular p40-FLAG when present alone
(Fig. 1C, lane 1) and in the presence of p35 (lane 2) under native,
non-reducing, and reducing conditions. Analysis under reduc-
ing conditions confirmed the presence of similar amounts of
p40 in both samples (Fig. 1C, bottom). Analysis of p40 under
native conditions showed the presence of both monomer and
homodimer (16, 17), with the majority of the protein in the
homodimeric form (Fig. 1C, top, lane 1). In the presence of p35,
a significant reduction in both forms of p40 was found with a
concomitant association of p40with p35, forming the heterodi-
meric p70 (Fig. 1C, top, lane 2). To further distinguish between
the homodimeric and heterodimeric forms of p40, we analyzed
these samples under non-reducing conditions (upon treatment
with SDS; Fig. 1C, middle). This showed that the p40 homo-
dimers disappeared in the presence of p35 (compare lane 1 and
lane 2), indicating preferential formation of the p70 het-
erodimer. Even under this extreme condition of p40 excess pro-
duction, only trace amounts of p40 homodimer were found,
and they are unlikely to significantly interfere with IL-12p70
function (40), which is produced in large excess. These data
suggest that, because p40 is efficiently exported, increased
intracellular levels are necessary to allow interaction with the
unstable p35 to occur. Thus, a fine balance of the two subunits
is critical for optimal production of the cytokine.
The IL-12p40 Subunit Stabilizes the IL-12p35 Subunit—To

understand the mechanisms leading to increased levels of p35
in the presence of p40, we performed pulse-chase experiments
with CHX. We compared the stability of the human IL-12p35
and p40 subunits when expressed alone or together (Fig. 1D).
Transfected HEK293 cells were treated with CHX and moni-
tored for up to 4 h. The cell-associated fractions and superna-
tants were analyzed by Western immunoblot assays, and the
bands were quantified and presented as total p35 or p40. This

analysis demonstrated that the p35 subunit has a half-life of�2
h, when expressed alone. This finding is in agreement with a
previous report (39) that suggested a relative short half-life of
�3 h. Importantly, we found that the stability of p35was greatly
increased to�4h in the presence of p40 (top panel). In contrast,
the p40 subunit half-life was �4 h, and as expected, it was not
affected by the presence of p35 (bottompanel). These data dem-
onstrate that the interaction of IL-12p40 with p35 led to its
stabilization, which supports the observed increased steady-
state level of the p35 subunit. Consequently, the interaction of
the two molecules also affected the trafficking of the p35 sub-
unit (Fig. 1, A and B), resulting in increased secretion of the
mature IL-12p70 heterodimer (Fig. 1B, bottom). We noted an
overall increase in the stable forms (i.e. of p40 alone or in the
presence of p35 and of p35 in the presence of p40), reflecting
the extracellular accumulation of the subunits produced prior
to the CHX addition.
The Regulation of IL-12p70 Production by Its p40 Subunit Is a

Conserved RegulatoryMechanism—We also tested the produc-
tion of the murine IL-12p70 heterodimer from RNA/codon-
optimized coding sequences (Fig. 2) upon transfection in
HEK293 cells using the same methods as described for Fig. 1B.
The murine p35 subunit expressed alone remained cell-associ-
ated (Fig. 2, lane 1), whereas the murine p40 subunit was found
both in the intra- and extracellular compartments (lane 2).

FIGURE 2. Role of p40 is conserved for the murine IL-12p70 production.
Optimization of co-expression of the murine IL-12 subunits expressed alone
(lanes 1 and 2, respectively) or together using the indicated plasmid ratios is
shown. Cell-associated (top) and extracellular (middle) fractions were ana-
lyzed by a Western immunoblot assay and by a murine IL-12p70-specific
ELISA (bottom). The mean of two independent plasmid preparations and the
S.E. (error bars) are shown. The GFP values (mean � S.E.) were 10.6 � 0.4,
23.3 � 1.2, 16.2 � 0.1, 19.0 � 0.1, and 8.1 � 0.1 arbitrary units for lanes 1–5,
respectively.
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Cotransfection of both subunits resulted in efficient export of
the p35 subunit (lane 3), similar to their human counterparts.
Production of the heterodimeric IL-12was confirmed using the
murine IL-12p70-specific ELISA (Fig. 2, bottom). Like for
human IL-12 (Fig. 1, A and B), we found increased steady-state
levels of the p35 subunit upon co-expression with p40 (Fig. 2,
compare lanes 1 and 3). Cotransfection of higher amounts of
the murine p40 plasmid (p35/p40 plasmid ratio 1:3; lane 4)
further augmented both the p35 steady-state level and export,
leading to the production of higher levels of murine IL-12p70.
In contrast, excess of the p35 plasmid (lane 5) decreased the
extracellular p40 and the IL-12p70 levels. Similar data were
obtained upon transfection of the NIH3T3-derived murine
PA317 cells (data not shown), indicating that this is a general
property of the IL-12 subunits independent of the species of the
producer cells. Thus, the studies of the human andmurine sub-
units revealed a critical role of p40 in mediating stabilization
and promoting trafficking and secretion of p35, suggesting that
this is a conserved regulatory step in the biosynthesis of
IL-12p70 heterodimer in mammals.
Co-expression of the Human p35 and p40 Subunits Alters

Their Subcellular Localization—To study the effect of p40 on
p35, the intracellular localization of p35 was investigated. Cells
transfected with plasmids expressing the FLAG-tagged sub-
units, alone or in combination, were examined by fluorescent
microscopy (Fig. 3A). The p35-FLAG (Fig. 3A) was found in
punctate foci in the cytoplasm when expressed alone. Several
cellular markers with known localization, such as calreticulin
for the ER, Rab5 for early endosomes, and Rab11 and transfer-
rin for recycling endosomes, were tested, but no colocalization
with p35-FLAGwas found, indicating that p35 did not accumu-
late appreciably in the ER. The p40-FLAG was also found in
punctate foci in the cytoplasm (Fig. 3E) and did not colocalize
with the above listed markers, also indicating no appreciable
accumulation in the ER. When present alone, a minority of the
p35-FLAG (�10%) and p40-FLAG (�14%) colocalized with
TGN46, a marker for the trans-Golgi network (TGN), a system
of membranes responsible for the sorting of proteins. Cotrans-
fection of plasmids expressing the FLAG-tagged subunit with
its untagged partner led to a significant change in the localiza-
tion of the p35 and p40 subunits to the perinuclear area (Fig. 3,
I and M, respectively), compatible with Golgi localization.
Staining of the cells with TGN46 demonstrated that the FLAG-
tagged p35 (�91% of cells; Fig. 3L) and p40 (�89% of cells; Fig.
3P), respectively, significantly co-localized with TGN46, indi-
cating more efficient association with the trans-Golgi network
when expressed together. Accumulation at the Golgi is only
found in the presence of the two partners and is critical for the
export of the heterodimer, supporting the notion that this colo-
calization reflects a transient accumulation in the Golgi.
Together, these data demonstrate that p40 increased the stabil-
ity of p35 (Fig. 1D) and promoted the intracellular trafficking of
the p35 subunit through the Golgi export pathway (Fig. 2A).
The IL-12p40 Chain Enhances the Mobilization of IL-12p35

to the Golgi—Because p40 promoted the TGN association of
p35, we asked whether coexpression with p40 affects the post-
translational modification of p35. Glycosylation of the p35 sub-
unit has been shown to be essential for the assembly and secre-

tion of the cytokine, whereas the p40 subunit is secreted
irrespective of its glycosylation status (38, 39). We investigated
the sensitivity of the coexpressed human IL-12 subunits to
digestion with endoglycosidases. Extracts from transfected
cells were treated in vitro with Endo H and Endo F, two
endoglycosidases used to interrogate protein glycosylation dur-
ing export and to monitor posttranslational modifications tak-
ing place in the ER andGolgi. EndoH cleaves asparagine-linked
mannose-rich oligosaccharides but cannot cleave the complex
modified sugars acquired during protein trafficking through
the Golgi, whereas Endo F can cleave both simple and complex
sugars and acts as positive control to evaluate the presence of
N-linked sugar moieties. The individual p35 (39, 42) and p40
(39) subunits, when present alone, have been reported to have
distinct sensitivity to these endoglycosidases; the intracellular
p35 was sensitive to cleavage by Endo H and Endo F (Fig. 3B,
lanes 1–3), whereas the extracellular p35 was Endo H-resistant
but Endo F-sensitive, indicating that p35 acquired complex gly-
cosylation while being exported via the Golgi (lanes 1–3, right).
Because its levels were very low in the absence of p40, we were
unable to detect an EndoH-resistant form. The p40 subunit did
not undergo complex glycosylation, and both the cell-associ-
ated and extracellular forms could be digested with both
enzymes (Fig. 3B, lanes 4–6, left and right), indicative of a lack
ofmodification with complex oligosaccharides. Previous works
reported only on the subunitswhenpresent alone (38, 39); how-
ever, because our work focuses on understanding the effect of
p40 on p35 biosynthesis, we subjected extracts containing both
subunits to Endo H and Endo F treatment. Interestingly, when
coexpressed with p40, we noted the appearance of a minor
higher molecular mass �36 kDa band of p35 in the cell-associ-
ated fraction (Fig. 3B, lane 7, left), which was Endo H-resistant
(lane 8, left). This band comigrated with the extracellular Endo
H-resistant p35 (Fig. 3B, lane 8, right) and probably represents
p35 in the process of trafficking, which has acquired complex
sugars while traveling through the Golgi. Because this is a tran-
sient stage, p35 is not expected to accumulate intracellularly as
an Endo H-resistant form, and indeed our studies showed that
p35 was efficiently exported in the presence of p40 and did not
accumulate in the cell-associated fraction. Although in the
absence of p40, the p35 subunit undergoes similar modifica-
tions (see the presence of Endo H-resistant p35 in the superna-
tant; Fig. 3B, lane 2, right), its overall steady-state levels were
very low because p35 by itself is unstable and poorly secreted,
and thus, this intermediate form could not be detected in the
cell-associated fraction (Fig. 3B, lane 2, left). Taken together,
our data revealed critical steps for the synthesis of bioactive
IL-12p70 controlled by the p40 subunit, which mobilized p35
and promoted its trafficking to the Golgi, where the sugars on
p35 were subjected to complex modification prior to the secre-
tion of the mature heterodimeric IL-12p70.
Generation of Optimized IL-12 Dual Promoter Plasmids for

in Vivo Gene Delivery—IL-12 DNA-based in vivo applications
require coordinated optimal expression of both IL-12 subunits
within a cell, which can be better achievedwith a single plasmid
producing both p35 and p40 subunits. Two dual promoter vec-
tors with slightly different plasmid backbones (vector pWLV-
009M (31) and pDP (43)) were compared for the production of
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IL-12p70. Both vectors contain the strong huCMV and the
weaker siCMV promoters, controlling the expression of the
IL-12 subunits in counterclockwise orientation. The human,
rhesus macaque, and murine IL-12 subunits were cloned into
these vectors, taking into consideration the contribution of the
RNA-optimized gene sequences and the importance of the rel-
ative ratio (see Fig. 1) of the subunits for optimal IL-12p70 pro-

duction. Expression of the plasmids was compared upon tran-
sient transfection in HEK293 cells and analyzed by Western
immunoblot and ELISA assays (Fig. 4).
For the human IL-12p70 (Fig. 4A), the use of RNA-optimized

p35 and p40 coding sequences led to a �2-fold increase in
IL-12p70 production (Fig. 4A, lane 2, plasmidAG5) when com-
pared with the plasmid expressing the native sequences (lane 1,

FIGURE 3. The coexpression of human IL-12p35 and p40 alters intracellular localization. A, HLtat cells were transfected with p35-FLAG (A–D),
p40-FLAG (E–H), and the combinations of p35-FLAG and p40 (I–L) or p35 and p40-FLAG (M–P) and fixed. FLAG-p35 and FLAG-p40 were visualized with
anti-FLAG primary followed by Alexa-Fluor 488 secondary antibody (A, E, I, and M). The TGN was visualized with anti-TGN46 primary antibody followed
by Alexa-Fluor 594 secondary antibody (B, F, J, and N). The nuclei were visualized with DAPI (C, G, K, and O). The images were merged to show similar
localization within the TGN (D, H, L, and P). B, increase of glycosylated p35 in the presence of p40. The supernatants and cell lysates from HEK293 cells
transfected with plasmids expressing the individual p35 or p40 subunits either alone or together were treated with Endo F or Endo H or left untreated.
The samples were analyzed by Western immunoblot assay using the human IL-12p70 antibody. *, Endo H-resistant forms of p35 in the cell-associated
fraction.
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plasmid WLV-103M (31, 44, 45)). To obtain favorable relative
levels of the p35 and p40 subunits, the p40 subunit was placed
under the control of the stronger huCMV promoter (Fig. 4A,
lane 3, plasmid AG169), which led to a further 2-fold increase
(compare lanes 2 and 3) and an overall 4-fold increase in
IL-12p70 production (compare lanes 1 and 3). These data
underscore the observation that the p40 level is driving the
efficient IL-12p70 heterodimer production and that the selec-
tion of promoters in the dual promoter plasmid can mimic our
observation from the transfection using single promoter
plasmids.
A further improvement (�5–6-fold) of IL-12 expressionwas

obtained upon substitution of the vector pWLV-009Mwith the

vector pDP (Fig. 4A, compare lanes 2 and 4 or lanes 3 and 5,
respectively). The pDP vector consistently yielded higher levels
of IL-12p70 expression. Comparison of the configurations
(huCMV-p35/siCMV-p40 as in plasmid AG183 or huCMV-
p40/siCMV-p35 as in plasmid AG181; see Fig. 3A, right panels)
confirmed that expression of the p40 subunit from the huCMV
promoter resulted in higher IL-12 production (Fig. 4A, com-
pare lanes 4 and 5). Testing of another IL-12p70 plasmid
(AG259; lane 6), which encodes variants of RNA/codon-opti-
mized p35 and p40 coding sequences showed no significant
differences in expression levels (compare lanes 6 and 5), indi-
cating that maximal IL-12p70 production was achieved (plas-
mid AG181, lane 5). Together, the different optimization steps,

FIGURE 4. Optimized dual promoter expression vectors for improved IL-12p70 production. A, expression of the human IL-12p70 from different dual
promoter plasmids. IL-12 production was measured by human IL-12p70-specific ELISA (top) and by a Western immunoblot assay (bottom). The plasmids
contain the following: wild type human IL-12 coding sequences expressed from WLV-009M (plasmid WLV-103M; lane 1) and RNA-optimized coding sequences
expressed from vectors WLV-009M (plasmid AG5 (lane 2); plasmid AG169 (lane 3) and pDP (plasmid AG183 (lane 4); plasmid AG181 (lane 5); plasmid AG259 (lane
6)). The two configurations of dual promoter (DP) human IL-12 plasmids expressing the p35 and p40 coding sequences from the huCMV or the siCMV
promoters are shown on the right. The GFP values (mean � S.E. (error bars)) for lanes 1– 6 were 17.3 � 5.7, 22.1 � 2.3, 20.0 � 1.6, 25.4 � 3.3, 27.3 � 4.0, and 25.6 �
1.2 arbitrary units, respectively. B, expression of the rhesus macaque IL-12p70 from different dual promoter plasmids. The IL-12 production was measured by
a macaque IL-12p70-specific ELISA (top) and by a Western immunoblot assay (bottom) from transfected cells. The plasmids contain the following: wild type
macaque coding sequences expressed from the dual promoter plasmid WLV-009M (plasmid WLV-104M; lane 1) and RNA-optimized coding sequences
expressed from vectors WLV-009M (plasmid AG3; lane 2) and pDP (plasmid AG159 (lane 3) and plasmid AG157 (lane 4), respectively). The GFP values (mean �
S.E.) for lanes 1– 4 were 19.7 � 1.0, 20.5 � 1.3, 11.9 � 1.6, and 16.2 � 0.9 arbitrary units, respectively. C, expression of an optimized murine IL-12p70 plasmid.
The IL-12 production was measured using a murine IL-12p70-specific ELISA (top) and by the Western immunoblot assay (bottom). The plasmids contain the
following: wild type murine coding sequences expressed from the dual promoter plasmid WLV-009M (plasmid WLV-105M; lane 1) and RNA-optimized coding
sequences expressed from vector pDP (plasmid AG250; lane 3). The GFP values (mean � S.E.) for lanes 1 and 2 were 8.4 � 0.8 and 11.6 � 0.6 arbitrary units,
respectively.
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including coding sequence RNA optimization, vector, and pro-
moter selection resulted in �20-fold improvement of human
IL-12p70 production.
Using a similar strategy,we generated optimized dual expres-

sion plasmids for rhesus macaque IL-12p70 (Fig. 4B). Consist-
ent with the findings of the human IL-12p70, the use of RNA-
optimized coding sequences, expression of the p40 subunit
from the stronger human CMV promoter, and the selection
of the expression plasmid (pDP) led to the greatest increase
in rhesus macaque (�15-fold; Fig. 4B, lane 4) IL-12p70
production.
We also generated an optimized dual promoter expression

plasmid for the murine IL-12p70, taking into consideration the
expression vectors (see above), the contribution of the RNA-
optimized gene sequences, and the importance of the relative
ratio (see Fig. 1D) of the subunits for optimal cytokine produc-
tion. Supernatants from HEK293 transfected cells were ana-
lyzed by Western immune blot assay and p70-specific ELISA
(Fig. 4C). These data showed that optimization of expression
(plasmidAG250) led to�20-fold increase comparedwith IL-12
produced from a vector expressing the wild type genes from
suboptimal vector in suboptimal configuration (compare lanes
1 and 2). Together, the combination of RNA/codon-optimized
coding sequences, the choice of the dual promoter expression
vector, and the configuration of the subunits within the dual
promoter plasmid showed a net increase of �1 log for human,
macaque, and murine IL-12p70 production.
In Vivo Expression of Human IL-12p70 DNA in Mice—We

further evaluated the in vivo production of human IL-12p70
fromdifferent plasmids upon hydrodynamicDNAdelivery into
BALB/c mice (Fig. 5). The animals received 100 ng of plasmids
expressing the IL-12p70 from wild type sequences (Plasmid
WLV-103M, wt) and from RNA-optimized coding sequences
(PlasmidAG181, opt) or shamDNA, respectively. At days 1 and
3 postinjection, the levels of the IL-12p70 heterodimer were
measured in plasma using the human IL-12p70-specific ELISA
(Fig. 4). Sham DNA-injected mice (lanes 1 and 4) did not show

any detectable human IL-12 (threshold of the assay 0.015
ng/ml). At day 1, themice receiving the wild type plasmid had a
median IL-12p70 plasma level of 37 ng/ml (lane 2), whereas the
mice receiving the optimized plasmid (lane 3) had a median of
489 ng/ml. These data show a significant �13-fold higher
IL-12p70 production from the optimized human IL-12 plasmid
and are in agreement with the observed difference between the
plasmids upon transient transfection (Fig. 4A). This difference
also remained significant at day 3 (lanes 5 and 6), with 1.8 and
107 ng/ml IL-12p70 for themice that received thewild type and
the optimized plasmids, respectively. Interestingly, we also
noted a significantly slower apparent decay (p � 0.0004) of
IL-12 in the plasma levels produced from optimized plasmid
(�4-fold decline, p � 0.0015; lanes 3 and 6) compared with the
wild type plasmid (�20-fold decline, p� 0.0004; lanes 2 and 5),
suggesting that the optimized RNA is more stable in vivo,
resulting in longer IL-12p70 expression. Because the human
IL-12 is not active in mice, bioactivity could be tested in this
experiment.
Bioactivity of IL-12 upon in Vivo Delivery of Optimized

Murine IL-12p70 DNA in Mice—Next, we compared expres-
sion of murine IL-12p70 plasmids in BALB/c mice (Fig. 6). The
plasmids consisting of the wild type (WLV-105M, wt) and the
RNA-optimized (AG250, opt) murine IL-12p70, described in
Fig. 2, or sham DNA were delivered by intramuscular injection
followed by in vivo electroporation (5 �g of DNA/mouse; n �
5/group). Plasma samples were collected at days 3 and 6 post-
DNA injection, and cytokine production was measured by a
murine IL-12p70-specific ELISA (Fig. 6A). ShamDNA-injected
mice (lanes 1 and 4) did not show detectable IL-12p70 levels
(threshold of the assay, 0.015 ng/ml). The optimized plasmid
produced significantly higher IL-12p70 levels with a median of
4 ng/ml plasma (lane 3) comparedwith 0.46 ng/ml (lane 2) from
the wild type plasmid at day 3 postinjection. Thus, the produc-
tion from the optimized plasmid in mice is �10-fold higher,
andwe found a similar difference upon transient transfection of
these plasmids in human HEK293 cells. This �1 log difference
in IL-12 levels also remained significant at day 6, with IL-12p70
levels of 0.09 ng/ml obtained from the wild type plasmid and
1.07 ng/ml from the optimized plasmid, respectively.
The plasmids led to production of systemically active

IL-12p70 in mice, which led to induction of IFN-� production
(Fig. 6B). Sham DNA-injected BALB/c mice (lanes 1 and 4) did
not show detectable IFN-� levels (threshold of the assay, 0.0007
ng/ml) indicating that the IFN-� produced was due to IL-12
and not an effect of in vivo electroporation. Animals receiving
the optimized plasmid produced significantly higher levels of
IFN-� in the plasma (bottom panel) with a median of 0.8 ng/ml
(lane 3) as comparedwithwild type plasmid (0.37 ng/ml; lane 2)
at day 3. The significant difference in IFN-� levels also
remained at day 6, whenmedian levels of 0.06 and 0.26 ng/ml of
plasma IFN-� were measured. There was a direct correlation
between the levels of IL-12p70 and IFN-� (r � 0.8872, p �
0.0001; Fig. 5C), demonstrating the biological activity of plas-
mid-produced IL-12p70.
Optimized IL-12 DNA Provides More Potent Control of B16

MelanomaGrowth inMice—To examine the biological activity
of our DNA plasmids, we also compared the anti-tumoral

FIGURE 5. In vivo expression of IL-12p70 plasmids in mice. Expression of
the human IL-12p70 DNA was tested in BALB/c mice upon hydrodynamic
DNA delivery. The animals (n � 10 –11/group) were injected with 100 ng of a
plasmid expressing the IL-12 from wild type (WLV-103M; lanes 2 and 5) or
from optimized coding sequences (plasmid AG181; lanes 3 and 6). The sham
control group (n � 3) was injected with 100 ng of the empty vector pCMVkan
(lanes 1 and 4). The mice were bled at day 1 (lanes 1–3) and sacrificed at day 3
(lanes 4 – 6) postinjection. Plasma samples were analyzed by a human
IL-12p70-specific ELISA, and the values of individual mice and median are
shown. p values using the Mann-Whitney t test are shown.
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effects of the low and high murine IL-12p70-expressing plas-
mids in a B16 melanoma cancer model. C57BL/6 mice were
inoculated with B16 melanoma cells, and 2 days later the ani-
mals received a single administration of IL-12DNAs expressing
low (plasmidsWLV-105M, wild type) or high (plasmid AG250,
optimized) levels of murine IL-12p70 or control DNA via
hydrodynamic delivery. Two doses of each DNA (5 and 50 ng,
respectively) were tested. The IL-12p70 plasma levels were
determined at 1 day after DNA injection (Fig. 7A), and after 3
weeks, the mice were sacrificed and tumor nodules in lungs
were counted (Fig. 7B).
Sham DNA-injected mice C57BL/6 mice showed very low

IL-12p70 levels (Fig. 7A) with a median of 0.075 ng/ml (thresh-
old of the assay, 0.015 ng/ml). Injection of wild type IL-12 plas-
mid yieldedmedian IL-12p70 levels of 8.5 and 47 ng/ml plasma,
respectively, whereas the optimized plasmid yielded median
levels of 47 and 1,051 ng/ml plasma, respectively. Injection of

the higher amount of DNA resulted in significantly higher
IL-12p70 levels for both of the plasmids (p � 0.0106 for wild
type DNA and p � 0.0001 for optimized plasmid). At both
concentrations, the optimized plasmid produced significantly
higher levels of IL-12 (p � 0.003 for 5 and 50 ng of IL-12 plas-
mid, respectively). These data reflect a difference in IL-12p70
production from these plasmids similar to that obtained upon
transient transfection (Fig. 2) and intramuscular delivery in
mice (Fig. 6A) and show that the 50-ng DNA dose of the wild
type plasmid is giving IL-12p70 levels similar to those given by
the 5-ng dose of the optimized plasmid.

FIGURE 6. In vivo expression and bioactivity of murine IL-12 plasmids. A,
production of bioactive murine IL-12p70 in vivo. Plasmids (5 �g/animal)
expressing the murine IL-12p70 were injected intramuscularly, followed by in
vivo electroporation into BALB/c mice (n � 5/group). The dual gene expres-
sion plasmids contain the following: wild type coding sequences (WLV-105M;
lanes 2 and 5) or optimized coding sequences (plasmid AG250; lanes 3 and 6).
The sham control group (n � 3) was injected with 100 �g of the empty vector
(CMVkan; lanes 1 and 4). The mice were bled at day 3 and sacrificed at day 6
postinjection. Individual mouse plasma samples were analyzed for the levels
of murine IL-12p70 (top) and murine IFN-� (bottom) by the respective ELISA.
The values from the individual mice and median values are shown. p values
using Mann-Whitney two-tailed t test are shown. B, r and p values using
Spearman nonparametric correlation between the murine IL-12p70 levels
and the murine IFN-� levels from the mice, depicted in Fig. 5A.

FIGURE 7. Murine IL-12 DNA treatment of B16 melanoma tumor. A,
C57BL/6 mice (groups of 9 –10 mice) were inoculated with 105 B16 melanoma
cells via the intravenous route. Two days later, 5 or 50 ng of the wild type
(plasmid WLV-105M) or optimized (plasmid AG250) murine IL-12 DNA were
injected using hydrodynamic DNA delivery. Sham vector DNA (CMVkan; 50
ng) was injected into the control mice. Mice were bled at day 1 post-DNA
injection, and the plasma levels of murine IL-12p70 were determined. B, after
3 weeks, the mice were sacrificed, and the lung nodules were counted (bot-
tom). p values using the Mann-Whitney two-tailed t test are shown. C, corre-
lation of plasma IL-12 levels (measured at day 1 post-DNA injection) and num-
ber of lung nodules (at week 3 post-tumor injection) from the data shown in
Fig. 6A. Error bars, S.E.
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Enumeration of the lung tumors after 3 weeks revealed a
significant reduction in the number of nodules in mice that
received the IL-12DNA (50 ng ofwild type plasmid, p� 0.0350;
5 ng of optimized plasmid, p � 0.0009; 50 ng of optimized
plasmid, p � 0.0001), except for the animals that received the
low dose of the wild type plasmid (Fig. 7B). The extent of tumor
growth control reflected the IL-12p70 plasma levels in each of
the treated groups. We noted significant reductions in tumor
burden, comparing the low (p � 0.0040) and high dose (p �
0.0111) of the wild type and the optimized plasmids, respec-
tively, with 50 ng of the high IL-12 producer (plasmid AG250)
being the most potent (bottom panel; p � 0.0001). Conse-
quently, there was a significant (r � 	0.8205, p � 0.0001)
inverse correlation between the IL-12p70 plasma levels and the
number of tumor nodules, indicating that high levels of sys-
temic IL-12p70 were crucial for preventing the establishment
of lung metastasis in this model (Fig. 7C). Thus, the use of the
high level expression plasmid increased the potency of the
IL-12p70 DNA for in vivo applications.

DISCUSSION

The IL-12 family of heterodimeric cytokines (IL-12, IL-23,
IL-27, and IL-35) uses intracellular molecular interactions
between the different subunits to regulate the production of the
bioactive cytokines (3, 4, 46, 47). It is thus essential to under-
stand the molecular basis of this regulation involving multiple
steps at the transcriptional, posttranscriptional, and posttrans-
lational level for the rational design of expression vectors that
can be translated into clinical applications. In the present study,
we have identified a novel role of IL-12p40 for the stabilization
and trafficking of the IL-12p35 subunit. This role is shared by
the human, macaque, and murine p40 subunits, suggesting a
conserved mechanism of IL-12 regulation in different mam-
mals. It was previously shown that the two IL-12 subunits inter-
act in the ER (38, 39). Herein, we demonstrate that the level of
p40 is key for productive interaction with p35 and for optimal
biosynthesis of IL-12p70 heterodimer. In fact, its absence is the
rate-limiting factor for the efficient export of the p35 subunit
through the Golgi, where complex glycosylation takes place,
providing the modifications essential for the secretion of
mature heterodimeric IL-12p70 (38). We found that a fine bal-
ance between the two subunits, with higher levels of p40, is
necessary for efficient IL-12p70 production. It was previously
reported that low levels of p35 (48, 49) or the efficiency of its
glycosylation (38) were the limiting factors for the production
of IL-12. In contrast, ourwork shows that the relative amount of
the two subunits is the decisive factor determining the effi-
ciency of IL-12 production; a fully functional p40 present at
excess is critical for directing the transport of p35, maximizing
the secretion of p70 heterodimer. The novel role of p40 in
enhancing the posttranslational stability and trafficking of p35
described herein provides the molecular rationale for p40 to be
expressed as stable protein at high levels. Previous studies
reported that cells that secrete bioactive IL-12p70 also secrete
p40 in free form in excess over the IL-12 heterodimer (2, 50, 51),
demonstrating constitutively higher levels of p40 expression,
which, according to our data, is critical for the IL-12p70 pro-
duction.We find very little, if any, extracellular p40 homodimer

when the two subunits are expressed optimally in the same cell.
Our model explaining all data suggests that formation of p40
homodimers is slow and inefficient, whereas the p40-p35 het-
erodimers are formed rapidly at a rate dictated by the availabil-
ity of p40. Therefore, the presence of p35 in the same cell results
in only the heterodimer being effectively produced.
The observation about the concerted export of the p35 sub-

unit by p40 is reminiscent of the production of IL-15, which is
another heterodimeric cytokine (18–21) (for a review, see Ref.
52). IL-15 consists of two chains, the IL-15 and the IL-15R�,
which together form the circulating form found in plasma (20).
We and others (18, 19, 53–55) previously reported that co-ex-
pression of IL-15 and IL-15R� within the same cell leads to
rapid intracellular association of the chains in the ER, resulting
in the stabilization of both molecules and the translocation of
the complex through theGolgi to the cellmembrane, where it is
bioactive and from where it is rapidly cleaved and released as a
functional extracellular cytokine (18, 19). The steps of the bio-
synthesis of IL-15 and IL-12 share numerous similarities, as
follows: (i) one of the heterodimeric components (IL-12p35,
IL-15) is unstable and exists in different isoforms distinguished
by the size of the signal peptides (18, 39, 42, 56, 57); (ii) IL-12p35
and IL-15 are secreted very poorly when expressed alone; (iii)
they form a stable complex with their respective partner in the
ER (IL-12p35 and IL-12p40 are linked via a disulfide bridge;
IL-15 and IL-15R� form a high affinity complex); and (iv)
IL-12p40 and IL-15R� stabilize their respective partner mole-
cules and promote their trafficking through the Golgi and
export of the complex. Thus, IL-12 and IL-15 are two heterodi-
meric cytokines, which undergo similar steps of posttranscrip-
tional and posttranslational regulation.
Optimized IL-12-expressing vectors are desirable for many

potential clinical applications in cancer therapy (58–65)
(reviewed inRefs. 6, 7, 63, and 66) aswell asmolecular adjuvants
for vaccines (22, 31, 43–45, 67). Expression of both subunits
within a cell can be achieved by generating an artificial single
chain molecule (68, 69) or by a single plasmid expressing both
of the subunits from two independent promoters. We pursued
the latter approach, based on the knowledge we gained exam-
ining the molecular interactions between the two IL-12 sub-
units. This led us generate optimized DNA expression vectors
with the optimal configuration for the production of both p35
and p40 and efficient IL-12p70 secretion. In this report, we also
showed a significant contribution not only from optimizing the
gene sequences and the relative expression levels but impor-
tantly also the selection of expression vector. The combined
optimization strategies resulted in �1 log increase in human,
rhesus, and murine IL-12p70 expression compared with vec-
tors expressing the wild type sequences. These optimized vec-
tors were used in vivo in two different animal models. Compar-
isons show that the improvements found in HEK293 cells were
reproduced also in mice. Similar results were obtained upon
systemic delivery by hydrodynamic DNA injection as well as
local muscle DNA injection (Figs. 5–7). Thus, we tested the
basic concept of improvement of expression in different species
and tissues with comparable conclusions. In addition, we
showed that intramuscular injection of the optimized rhesus
IL-12 expression plasmid (AG157), followed by in vivo electro-
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poration, resulted in detectable IL-12p70 plasma levels in rhe-
sus macaques (43). The elevated levels of IL-12 were paralleled
by a rapid increase of plasma IFN-�, reflecting the bioactivity of
the IL-12 encoded by the vector. Furthermore, in a proof-of-
principle study described in this paper using a melanoma
mouse lung tumor model, we showed that treatment with the
optimized murine IL-12 DNA is more potent than treatment
with the plasmid expressing the wild type coding sequences in
controlling tumor growth (Fig. 6). Thus, inmice andmacaques,
the use of high expression IL-12 plasmids resulted in the pro-
duction of systemic IL-12p70 and IFN-� levels. We have
extended the use of optimized macaque IL-12p70 vectors to
other in vivo applications. IL-12DNAwas delivered into rhesus
macaques together with a SIVmac239DNA vaccine as amolec-
ular adjuvant (43, 67). In the macaque study, the IL-12 DNA-
adjuvanted vaccine groups showed enhanced magnitude and
breadth of vaccine-induced immune responses.
In conclusion, our study describes a novel aspect of the post-

translational regulation of IL-12p70 by its p40 subunit. These
findings were applied for the generation of greatly improved
IL-12 DNA plasmids expressing the two subunits in optimal
configuration. These vectors could be useful for immunother-
apy interventions against several types of cancer as well as viral
infections, including AIDS.
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