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Interleukin-12 (IL-12), a heterodimeric cytokine, plays an important role in cellular immunity to several
bacterial, viral, and parasitic infections and has adjuvant activity when it is codelivered with DNA vaccines.
IL-12 has also been used with success in cancer immunotherapy treatments. However, systemic IL-12 therapy
has been limited by high levels of toxicity. We describe here inducible expression and secretion of IL-12 in the
food-grade lactic acid bacterium Lactococcus lactis. IL-12 was expressed as two separate polypeptides (p35-p40)
or as a single recombinant polypeptide (scIL-12). The biological activity of IL-12 produced by the recombinant
L. lactis strain was confirmed in vitro by its ability to induce gamma interferon (IFN-y) production by mouse
splenocytes. Local administration of IL-12-producing strains at the intranasal mucosal surface resulted in
IFN-vy production in mice. The activity was greater with the single polypeptide scIL-12. An antigen-specific
cellular response (i.e., secretion of Thl cytokines, IL-2, and IFN-y) elicited by a recombinant L. lactis strain
displaying a cell wall-anchored human papillomavirus type 16 E7 antigen was dramatically increased by
coadministration with an L. lactis strain secreting IL-12 protein. Our data show that IL-12 is produced and
secreted in an active form by L. lactis and that the strategy which we describe can be used to enhance an

antigen-specific immune response and to stimulate local mucosal immunity.

Interleukin-12 (IL-12) is a multifunctional cytokine that was
originally described as a maturation factor for cytotoxic (T)
lymphocytes and a cell stimulatory factor for natural killer cells
(8, 23, 28). IL-12 is a heterodimeric glycoprotein composed of
two disulfide-linked chains (p35 and p40) that has numerous
effects on T and natural killer cells, resulting in enhancement
of cytotoxic activity and induction of gamma interferon
(IFN-v) production. In experimental models, IL-12 has been
shown to be involved in protection against several bacterial,
viral, and parasitic infections (4, 25, 45). This cytokine has also
been shown to block angiogenesis (34, 60). Finally, the immu-
nomodulatory effects of IL-12 are reportedly beneficial in
AIDS treatment (26). The immunostimulatory properties of
IL-12 have led to experimentation with its use as a vaccine
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adjuvant (1, 3). In addition, IL-12 stimulates serum immuno-
globulin G antibody responses and helps during differentiation
of ThO cells into Thl cells (17, 21, 41). This is particularly
interesting for vaccine development for antigens that are
poorly immunogenic.

Local administration of IL-12 confers antitumor activity in
vivo that results in regression of established tumors and reduc-
tion of metastasis in animal models (7, 43, 49). Nevertheless,
systemic IL-12 therapy can have toxic effects in animals and
humans (36, 38, 39) and has been a cause of mortality in
clinical trials (10, 36). For example, intratumoral treatment of
mice with a vaccinia virus expressing IL-12 resulted in signifi-
cant tumor growth inhibition but also induced clear signs of
toxicity (9).

II-12 has also been considered for use as an adjuvant in
vaccine therapies. Current therapies involving mucosal routes
are limited by a lack of suitable adjuvants that can be safely
given to humans. Cholera toxin and Escherichia coli entero-
toxin are potent mucosal adjuvants but frequently cause sec-
ondary effects, such as severe diarrhea and induction of Th2
responses that can lead to undesirable immune responses (21).
Although various IL-12 delivery systems based on retroviral
vectors and gene gun techniques have been described (38, 40,
49), an efficient and cost-effective means of delivery remains to
be developed.
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TABLE 1. Bacterial strains and plasmids used

INFECT. IMMUN.

Strain or plasmid Replicon Genotype or characteristics Reference or source
Strains

E. coli TG1 supE hsdA5 thi A(lac-proAB) F'(traD36 proAB™ lacl lacZAM15) 19

L. lactis MG1363 Wild type, plasmid free 14

L. lactis NZ9000 MG1363 (nisRK genes in chromosome), plasmid free 30

Plasmids
pWRG3169 ColE1 Ap*, pBS derivative containing coding sequences for p35 and p40 subunits 49
pCR:TOPO ori pUC Ap" Invitrogen
pCR-TOPO:Ap35exonl  ori pUC Ap', DNA fragment encoding first exon of p35 subunit devoid of its SP This study
pCR-TOPO:p35exon2 ori pUC Ap', DNA fragment encoding second exon of p35 subunit This study
pCR-TOPO:Ap35 ori pUC Ap’, DNA fragment encoding p35 mature moiety devoid of intron This study
pVES001 ColE1 Ap', pBS derivative containing trpA transcription terminator 48
pBS:Ap40:trpA ColE1 Ap’, DNA fragment encoding p40 mature moiety devoid of its SP plus trpA This study
pVES8022 ColE1/pAMB  Ap" Em’, pFUN derivative containing Exp4-ASPy,,. fusion 48
pBS:SPg,,0 ColE1 Ap’, PCR fragment encoding SPg,,, SP This study
pBS:SPp,,4:p40:trpA ColE1 Ap', gene expressed from P, encodes SPy,-p40:trpA p40 subunit This study
precursor
pSEC:E7 pWVO01 Cm’, gene expressed from P, , encodes SPy,-E7 precursor 5
pSEC:p35 pWVO01 Cm', gene expressed from P, , encodes SPy,-p35 p35 subunit precursor This study
pSEC:p35-p40 pWVO01 Cm', gene expressed from P, , encodes SPy,,-p35-p40 p35 and p40 subunit This study
precursors

pCDNA3:IL-12 ColE1 Ap', PCR fragment encoding /L-12 single chain P. Melby”
pCR:TOPO:sclIL-12 ori pUC Ap', PCR fragment encoding scIL-12 single chain devoid of its SP This study
pSEC:scIL-12 pWVO01 Cm', gene expressed from P, , encodes SPy,-IL-12 single-chain precursor This study

“ The University of Texas Health Science Center, San Antonio.

The gram-positive and nonpathogenic lactic acid bacteria
are considered promising candidates for the development of
oral live vaccines. Lactococcus lactis, the model lactic acid
bacterium, has been extensively engineered for the production
of heterologous proteins (5, 13, 16, 35), including some anti-
gens of bacterial or viral origin (5, 13, 33). L. lactis is of
particular interest for oral delivery of functional proteins since
it is a noncommensal, food bacterium that does not survive in
the digestive tracts of animal models and humans (12, 16). In
the case of IL-12 cytokine delivery, these properties could
ensure transient expression of the protein, thereby limiting the
risks of toxicity.

IL-12 production requires assembly of two subunits involv-
ing two disulfide bonds (DSB) (47). In gram-negative bacteria,
DSB mediate protein folding during export; however, the final
destination of exported proteins is the periplasm. In contrast,
DSB formation is poorly documented in gram-positive bacte-
ria. Only a few extracytoplasmic proteins with DSB have been
identified, and to our knowledge, exported heterologous pro-
teins containing DSB have been reported only in Bacillus sub-
tilis (44, 46). However, in contrast to gram-negative bacteria,
protein secretion in gram-positive bacteria leads to release of
the protein into the medium, which provides an immediate
advantage for a delivery system. Until now, secretion of a
heterologous protein containing DSB by L. lactis has not been
reported. In this study we demonstrated the capacity of L.
lactis to produce and secrete a biologically active form of IL-12,
a complex two-subunit cytokine with two DSB that are essen-
tial for its activity (47). We found that IL-12-producing recom-
binant L. lactis strains induce IFN-y production in splenocyte
cultures and after intranasal administration in mice.

Additionally, the potential adjuvant properties of an L. lactis
strain secreting IL-12 were examined in combination with the
human papillomavirus type 16 (HPV-16) E7 antigen. This an-

tigen, which has been implicated in the progression of cervical
cancer, is considered a potential candidate antigen for antican-
cer vaccine development. One drawback for its use is its poor
induction of a cellular immune response (42). Administration
of an L. lactis strain displaying a cell wall-anchored HPV-16 E7
antigen was significantly enhanced after coadministration of an
L. lactis strain secreting IL-12 protein, corroborating the hy-
pothesis that the recombinant strain described here is a prom-
ising candidate for mucosal codelivery of proteins of medical
interest. This work marks a new step in the development of live
protein presentation systems for nasal and/or oral administra-
tion.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
work are listed in Table 1. L. lactis was grown in M17 medium supplemented with
1% glucose or in brain heart infusion at 30°C without agitation. Escherichia coli
was grown in Luria-Bertani medium at 37°C. Unless otherwise indicated, plasmid
constructs were first established in E. coli and then transferred to L. lactis by
electrotransformation (32, 51). Plasmids were selected by addition of antibiotics,
as follows: 5 pg of chloramphenicol per ml for L. lactis, 10 p.g of chloramphenicol
per ml for E. coli, and 100 pg of ampicillin per ml for E. coli.

DNA manipulation and methods used. Plasmid DNA isolation and general
procedures for DNA manipulation were performed essentially as described pre-
viously (51). PCR amplification was performed with a Perkin-Elmer Cetus (Nor-
walk, Conn.) apparatus by using Vent DNA polymerase (Promega). DNA se-
quences were confirmed by using a Dye terminator sequencing Kkit.

Deletion of an intron in the p35 subunit. The genes encoding p35 and p40 of
murine IL-12 were isolated from pWRG3169, a vector previously described as
functional in a eukaryotic system (kindly provided by Alexander Rakhmilevich)
(Table 1) (49). Sequence analysis of pWRG3169 revealed an intron in the p35
subunit (data not shown). As introns are spliced in mammalian cells but not in
prokaryotes, directed mutagenesis by PCR was performed to remove the p35
intron (Fig. 1). Briefly, the two exons were PCR amplified, subcloned into a
pCR-TOPO kit (Invitrogen, Carlsbad, Calif.), and ligated to generate a DNA
segment encoding the p35 mature moiety devoid of the intron and of its signal
peptide (SP) (Ap35). The first exon was amplified by using primer 5’-p35-start
(5'-GATGCATCAGAGAGGGTCATTCCAGTCTCTGGA-3") for the coding
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exon1 intron

100 101 102

INTRANASAL IMMUNIZATION WITH RECOMBINANT LACTOCOCCI 1889

exon2

103 104 105 106 107 108

Ser Thr Thressssssssssssssasaaasi Arg Gly Ser Cys Leu Pro
TCC ACA ACAGT ssssssssnnnnn AG AGAGGG AGCTGC CTG CCC

TCC ACA ACAGT ==

= AG AGAGGA TCC

BamHI

Intron sequence to be deleted

5' GG GGA TCC TGC CTG CCC CCA CAG AAG ACG 3’ —P» towards 3’ exon2

towards 3’ exon1 «—3' TCT CTC TGA AGA AGG TGT TGT TCT CCT AGG GG 5
BamHI

(complementary strand)

(coding strand)

FIG. 1. Site-specific mutagenesis. The p35 intron was eliminated by site-directed mutagenesis. Briefly, we inserted a BamHI restriction site
(underlined) in the three codons (encoding Arg, Gly, Ser) to the right of the intron. Primers were designed to PCR amplify two fragments of p35
that were joined at the BamHI site, such that p35 was reconstituted but intron free.

strand and primer 5'-p35 (5'-GGGGATCCTCTTGTTGTGGAAGAAGTCTC
TCT-3") for the complementary strand (Fig. 1). The second exon was amplified
by using primer 3'-p35 (5'-GGGGATCCTGCCTGCCCCCACAGAAGACG-
3") for the coding strand and primer 3’-p35-stop (5'-GGAATTCTCAGGCGG
AGCTCAGATAGCCCA-3") for the complementary strand (Fig. 1). The prim-
ers flanking the intron sequence were designed so that a BamHI site was
introduced without modifying the amino acid sequence. The two exons were
cloned into pCR-TOPO, resulting in pCR-TOPO:Ap35exonl and pCR-TOPO:
p35exon2, respectively. The fragment encoding p35exon2 was then isolated from
BamHI/Xbal-blunted pCR-TOPO:p35exon2 and ligated to BamHI/Smal-cut
pCR-TOPO:Ap35exonl, resulting in pCR-TOPO:Ap35. This final plasmid en-
codes the unmodified p35 subunit of TL-12.

Construction of the L. lactis strain producing the p35 and p40 subunits. A
fragment encoding the p40 mature sequence devoid of its SP (p40) was PCR
amplified from plasmid pWRG3169 and subcloned into Hincll-cut pVE8001
(Table 1) (kindly provided by Isabelle Poquet, Unité de Recherches Laitieres et
de Génétique Appliquée, INRA, Jouy en Josas, France), resulting in pBS:Ap40:
trpA. The pVE8001 vector has a transcriptional terminator (rpA) and has been
used previously to express heterologous proteins in L. lactis (5, 48). The primers
used were primer 5'-p40 (5'-GATGCATCAGAGATGTGGGAGCTGGAGAA
AGAC-3') for the coding strand and primer 3'-p40 (5'-GGAGCTCCTAGGA
TCGGACCCTGCAGGGAA-3') for the complementary strand. Subsequently,
different constructs were made in order to fuse prokaryotic lactococcal SPs to
p35 and p40 subunits. For the p40 subunit, a DNA fragment was PCR amplified
from pVES8022 (a derivative of plasmid pFUN, in which the ASPy,, reporter is
fused to Exp4, a putative L. lactis secreted protein of unknown function [48]).
This fragment contains the ribosome binding site (RBS) and the signal peptide
of Exp4 (SPgyp4) (48). The primers used were primer 5'-Exp4 (5'-GGGTACC
TTAAGGAGATATAAAAATGAA-3') for the coding strand and primer 3'-
Exp4 (5'-GATGCATCATCAGCAAATACAACGGC-3') for the complemen-
tary strand. The PCR product was cloned into HinclI-cut pVE8001, resulting in
PBS:SPgyp4. PBS:SPpy,4:p40:trpA was obtained by insertion of the Nsil/Kpnl
fragment (containing Ap40:trpA) obtained from pBS:Ap40:trpA into Nsil/Kpnl-
cut pBS:SPg, 4. For the p35 subunit, the Nsil/EcoRI fragment (containing Ap35)
obtained from pCR-TOPO:Ap35 was cloned into a pSEC backbone purified
from Nsil/EcoRI-cut pSEC:E7 (7) (Table 1), resulting in pSEC:p35. In this
vector, the p35 gene is fused to the RBS and SPy,45 of usp45, the gene encoding
Usp45, the main secreted protein in L. lactis (59). Expression is controlled by the
P,.;s4 inducible promoter, whose expression depends on the nisin concentration
used (11, 30). Finally, to obtain the plasmid that expressed both the p35 subunit

and the p40 subunit, a Kpnl/BamHI-Klenow cassette encoding SPg,,,:p40:6rpA
was isolated from the pBS:SPg,;,:p40:trpA vector and cloned into the Kpnl/
Smal-cut pSEC:p35 backbone, resulting in pSEC:p35-p40 (Table 1) (Fig. 2). This
vector, in which the two subunits were transcribed from the P, , promoter, was
established in L. lactis NZ9000 carrying the regulatory genes nisR and nisK (30).
The resulting strain is referred to below as NZ(pSEC:p35-p40).

Construction of an L. lactis strain with an scIL-12 gene. A single-chain IL-12
(scIL-12) gene (scIL-12) was amplified by PCR from plasmid pCDNA3:IL-12
(kindly provided by Peter Melby, The University of Texas Health Science Center,
San Antonio). The primers used were primer 5'-IL-12 (5'-GATGCATCAGAG
ATGTGGGAGCTG GAGAAAGAC-3') for the coding strand and primer 3'-
IL-12 (5'-GGAATTCTCAGGCGGAGCTCAGATAGCCCA-3") for the com-
plementary strand. Primer 5’-1L-12 was designed to delete the first 22 codons in
the scIL-12 coding sequence. These codons encode the p40 eukaryotic SP that is
replaced by the lactococcal SPyyg,45. The PCR product was cloned into pCR:

Plasmid names

41 SP,,, p35 2 SP._ pd0 f
i | RRNR PSEC:p35-p40
1 SP, sclL-12
pSEC:sclL-12

FIG. 2. Expression cassettes to produce and secrete IL-12 in L.
lactis: schematic structures of p35 and p40 subunits and scIL-12 cas-
sette expressed under the lactococcal P,,;,, promoter and carried by the
plasmids indicated. For details concerning plasmid construction, see
the text and Table 1. The arrows indicate the presence of the nisin-
inducible promoter (P, ,); the solid vertical bars indicate the RBS of
the usp45 gene (bar 1 for p35) or of the exp4 gene (bar 2 for p40); the
dark gray bars indicate the SP of the usp45 gene; the light gray bar
indicates the SP of the exp4 gene (48); the cross-hatched bar indicates
the p35 mature coding sequence; the dotted bar indicates the p40
mature coding sequence; the open bar indicates the scIL-12 coding
sequence; and the stem-loop symbols indicate #7pA transcription ter-
minators (not to scale).
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TOPO (Invitrogen), resulting in pCR:TOPO:scIL-12 (Table 1). An sc/L-12 cas-
sette was purified from Nsil/Notl-cut pCR:TOPO:scIL-12 and cloned into a
pSEC backbone purified from Nsil/NotI-cut pSEC:E7. In the resulting plasmid,
pSEC:scIL12 (Table 1 and Fig. 2), the scIL-12 mature moiety was fused in frame
with a DNA fragment encoding the RBS and SPyq,45 of usp45. Expression was
controlled by a P,,.4 promoter. This plasmid was established in L. lactis strain
NZ9000 to obtain NZ(pSEC:scIL12).

IL-12 expression and detection. For induction of the nisin promoter, strains
were grown until the optical density at 600 nm was ~0.6, and this was followed
by induction with 10 ng of nisin (Sigma) per ml for 1 h. These parameters
(amount of nisin and time of induction) were previously determined to be
optimal (Bermidez-Humaran, unpublished data). L. lactis culture extraction and
immunoblotting assays were performed as previously described (5, 35); mouse
IL-12 antibodies (R&D Systems, Minneapolis, Minn.) were used for immuno-
detection. The concentration of IL-12 secreted in a culture was estimated by
using an enzyme-linked immunosorbent assay (ELISA) kit that recognized the
IL-12 heterodimer but not the individual subunits (R&D Systems).

Preparation of bacterial supernatants for IL-12 nondenaturing analyses. Su-
pernatant samples from induced cultures were concentrated 50-fold by using an
Ultrafree Biomax NMWL membrane. After centrifugation, 10 pl of nondena-
turing loading buffer (i.e., buffer lacking dithiothreitol and sodium dodecyl sul-
fate [SDS]) was added to 10 pl of supernatant concentrate. Electrophoresis was
performed as described by Laemmli (31), except that SDS was omitted from all
solutions.

Animals. C57BL/6 mice were purchased from Jackson Laboratory (Bar Har-
bor, Maine). The mice were housed in the animal facility at the Immunology and
Virology Laboratory at the University of Nuevo Le6n, San Nicolas de los Garza,
Mexico. Experiments were performed by using protocols approved by the animal
studies committee.

Preparation of bacterial cells for IL-12 biological activity assays. Twenty
milliliters of an induced culture was centrifuged, and the pellet and supernatant
were separated. The bacterial cells were washed three times with sterile phos-
phate-buffered saline (PBS) and resuspended in 200 wl of PBS. The supernatant
was concentrated 100-fold by using an Ultrafree Biomax NMWL membrane in
200 pl (final volume) of PBS.

In vitro IFN-y detection. Spleens were obtained from four mice that were 6 to
8 weeks old, and splenocytes were separated on a Ficoll-Hypaque (Sigma) den-
sity gradient. A preparation containing 2 X 10° cells/ml in AIM-V medium
(GIBCO) was plated on a 24-well plate (2 ml per well) at 37°C under 5% CO,.
As a positive control, mouse splenocytes were incubated with 50 pg of recom-
binant IL-12 (rIL-12) (R&D Systems). Splenocytes were incubated with 10 pl of
recombinant L. lactis cells or with culture supernatant samples that were ad-
justed beforehand to provide ~50 pg per sample, as determined by an ELISA.
Supernatants from the treated splenocytes were harvested after 48 h and tested
for the presence of IFN-y by ELISA (R&D Systems) according to the manufac-
turer’s directions. All samples were prepared in triplicate.

Intranasal administration of recombinant L. lactis strains encoding IL-12.
Groups of three mice that were 6 to 8 weeks old were inoculated intranasally with
recombinant or wild-type L. lactis or with PBS. Prior to treatment, the mice were
partially anesthetized intraperitoneally with a combination of Xilacyne and Ket-
amine (0.40 ml per 20 Ib; Cheminova de México, Mexico). A total of 5 X 10°
CFU (prepared as described above) of each induced L. lactis strain was resus-
pended in 10 pl of PBS, and 5 .l was administered with a micropipette into each
nostril on days 0, 14, and 28.

IFN-vy induction assay. Animals treated with recombinant L. lactis strains were
sacrificed on day 35. Splenocytes were separated and cultured as described
above. Mouse cells were stimulated in vitro with 50 pl of phytohemagglutinin (5
pg/ml; M form, a polyclonal activator; GIBCO) to increase the proliferative
response and to mimic a situation in which IFN-y is induced. Supernatants from
the treated splenocytes were harvested after 24 h and tested for the presence of
IFN-y by ELISA (R&D Systems). All samples were prepared in triplicate.

Coadministration of L. lactis strains expressing HPV-16 E7 and IL-12. In
order to confirm the ability of an L. lactis strain to secrete IL-12 and to enhance
an antigen-specific T-cell response, we used the HPV-16 E7 protein as an anti-
gen. This protein was successfully expressed previously in L. lactis (5). Groups of
three mice were immunized (as described above) with 5 X 10® CFU of an L. lactis
strain displaying a cell wall-anchored E7 antigen [NZ(pCWA-E7) (Cortes-Perez,
unpublished data)] alone or in combination with 5 X 10® CFU of strain NZ
(pSEC:scIL12). A control group received the wild-type L. lactis strain. Spleno-
cytes from immunized animals were used for detection of IL-2 and IFN-y,
cytokines characteristic of a Th1 type of immune response (17, 24, 53).

Determination of Thl cytokine production in splenocytes. Mice immunized
with L. lactis strains were sacrificed on day 35. Splenocytes were separated and

INFECT. IMMUN.

cultured as described above. Cell suspensions from each different treatment were
cultured with 2 g of a synthetic E7 peptide (positions 49 to 57, RAHYNIVTF)
to determine whether in vitro restimulation induced a peptide-specific (i.e.,
antigen-specific) cellular response or with PBS alone as a control. After 24 h, cell
suspensions were filtered, and supernatants were tested for the presence of IL-2
and IFN-y by ELISA (R&D Systems).

Statistics. Student’s ¢ test was performed by using MINITAB, a computer
software package (Minitab Inc., State College, Pa.).

RESULTS

p35 and p40 subunits are secreted and correctly processed
by L. lactis. The ability of L. lactis to secrete the two IL-12
subunits was tested by using strain NZ(pSEC:p35-p40). Cul-
tures of NZ(pSEC:p35-p40) were harvested after induction
(final optical density at 600 nm, ~1). Expression and secretion
of the p40 and p35 subunits were analyzed by Western blotting
by using anti-IL-12 antiserum (Fig. 3). Protein samples were
prepared for cell and supernatant fractions. A pattern of di-
verse molecular weight forms was obtained for the cell fraction
of induced cells, suggesting that there was accumulation of p40
and p35 precursors, as well as proteolysis in the cytoplasm or at
the cell surface (Fig. 3A). In contrast, the supernatant fraction
produced two distinct bands that migrated at the sizes expected
for p35 and p40 (Fig. 3A). For both subunits, the secretion
efficiency (i.e., the proportion of the mature form secreted into
the supernatant) was low (<15%). Western analyses were per-
formed with noninduced recombinant L. lactis strains, and no
IL-12 production was detected (data not shown). The approx-
imately equal intensities of the two subunits suggest that the
subunits are produced in the proper stoichiometry to form an
active IL-12 heterodimer. These results demonstrate that L.
lactis is able to produce and secrete both IL-12 subunits.

We tested the capacity of L. lactis to produce and secrete
IL-12p35-p40 in its assembled heterodimeric form. Protein
samples were prepared from induced NZ(pSEC:p35-p40) cul-
tures and analyzed by immunoblotting by using anti-IL-12 an-
tiserum after polyacrylamide gel electrophoresis (PAGE) un-
der nondenaturing conditions. A band that comigrated with
the IL-12 control was detected in NZ(pSEC:p35-p40) super-
natant (data not shown). This band could have corresponded
to IL-12 or to a p40 homodimer. A p40 subunit may indeed
associate with another p40 subunit to form a homodimer
(p40,) with a molecular mass of 80 kDa. A p40, form report-
edly is an antagonist of IL-12 in vitro (37). To determine
whether this high-molecular-weight form corresponds to the
assembled form of IL-12, culture supernatants of NZ(pSEC:
p35-p40) induced for IL-12 synthesis were analyzed by an
ELISA that is specific for quantification of native murine IL-
12p35-p40 (61). The concentration of secreted IL-12p35-p40
was estimated to be 25 pg/ml (Fig. 3B), compared to 80 pg/ml
for an rIL-12 standard. ELISA were also performed with non-
induced recombinant L. lactis strains, and no IL-12 production
was detected (data not shown). Altogether, these results show
that (i) L. lactis is able to secrete both p35 and p40 subunits
and (ii) at least a proportion of these subunits is properly
assembled in the supernatant.

Production of IL-12 as a single-chain polypeptide in L. lac-
tis. One way to favor proper assembly of the p35 and p40
subunits is to synthesize a fusion protein comprising the two
polypeptides. This strategy has already been proven to be ef-
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FIG. 3. Production of IL-12 by recombinant L. lactis. IL-12 production was analyzed by immunoblotting by using anti-IL-12 antibodies. Protein
samples were prepared from induced recombinant L. lactis cultures. (A) Immunodetection after SDS-PAGE. Lane C, cell fraction of the
NZ(pSEC:p35-p40) strain encoding the p35 and p40 subunits (IL-12p35-p40); lane S, supernatant samples. The positions and sizes of molecular
weight markers are indicated on the left. (B) Quantification of IL-12p35-p40 by ELISA (R&D Systems). STD, 80 pg of commercial murine rIL-12
per ml; IL-12p35-p40, supernatant sample of NZ(pSEC:p35-p40) culture.

ficient in eukaryotic systems (15). Expression of scIL-12 was
tested in L. lactis by using strain NZ(pSEC:scIL-12) and was
compared to expression in NZ(pSEC:p35-p40) (Fig. 4A). In-
duced culture samples were prepared as described above. Af-
ter induction, Western blot analysis with anti-IL-12 antibody
revealed a clear band in the supernatant at the expected size
for scIL-12 (70 kDa). The amount of secreted scIL-12 was

o
& L CTRL
W) (€ sclL-12
¢— p40 —>
1 ¢ p35 —> H

found to be two- to threefold larger than the amounts of the
separate p35 and p40 subunits (Fig. 4A). We also measured the
scIL-12 concentration in the supernatant using the ELISA that
recognized IL-12 only in the native conformation. The amount
of scIL-12 was found to be twofold larger than the amounts of
the p35 and p40 subunits (~65 pg/ml for scIL-12 and ~25
pg/ml for IL-12p35-p40) (Fig. 4B). Western blotting and

[IL-12] pg/mL
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FIG. 4. Secretion analysis of the two IL-12 forms produced by L. lactis. (A) rIL-12 production compared by SDS-PAGE and Western blot
analysis of supernatant samples prepared from induced cultures of NZ(pSEC:p35-p40) and NZ(pSEC:scIL-12) encoding IL-12p35-p40 and
scIL-12, respectively. Lane CTRL contained rIL-12 (R&D Systems) as a control. (B) Quantification of IL-12 forms produced by L. lactis by ELISA
by using supernatants of induced cultures of NZ(pSEC:p35-p40) and NZ(pSEC:scIL-12) encoding IL-12p35-p40 and scIL-12. STD, 80 pg of

commercial rIL-12 per ml.
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FIG. 5. Invitro induction of IFN-y in mouse splenocytes by recom-
binant L. lactis. Mouse splenocytes were incubated in the presence of
50 pg of rIL-12 per ml as a control and with cells (C) and supernatant
(S) of wild-type L. lactis (L. lactis wt), L. lactis NZ(pSEC:p35-p40)
IL-12p35-p40, or L. lactis NZ(pSEC:scIL-12) encoding scIL-12. The
concentrations of the induced culture samples were adjusted to ~50
pg/ml as determined by ELISA. The IFN-y concentrations are the
means and standard deviations determined in three independent ex-
periments. Significant differences compared to the data obtained for
recombinant L. lactis cells and supernatant samples are indicated by
one asterisk and two asterisks, respectively (P < 0.05).

ELISA were performed with noninduced recombinant L. lactis
strains, and no IL-12 production was detected (data not
shown). This result shows that scIL-12 is efficiently secreted in
L. lactis and is folded into a native conformation. The results
described above show that both IL-12p35-p40 and scIL-12 are
expressed and secreted in L. lactis and suggest that at least
portions of these products assume a native and thus potentially
active form.

Biological activity of IL-12 produced by recombinant L. lac-
tis. Recombinant L. lactis strains producing IL-12p35-p40 and
scIL-12 were evaluated for the ability to induce IFN-vy produc-
tion in mouse splenocytes. Splenocytes were cultured for 48 h
with 50 pg of commercial rIL-12 per ml or with supernatant or
a total culture of recombinant L. lactis. The amounts of bac-
terially produced IL-12 added to splenocytes were adjusted to
~50 pg/ml as determined by the quantitative ELISA. After in
vitro IL-12 stimulation, splenocyte culture supernatants were
collected to measure the concentrations of IFN-y (Fig. 5). The
results show that 50 pg of commercial rIL-12 per ml induced
production of ~60 pg of IFN-y per ml. The scIL-12 produced
by 5 X 10® CFU of L. lactis induced production of ~40 pg/ml,
and supernatants of the same cells induced production of ~33
pg/ml. The concentrations of IFN-y induced by an L. lactis
strain expressing p35-p40 were ~37 pg/ml for 1 X 10° CFU and
~34 pg/ml for the supernatant. Splenocytes in the presence of
a wild-type L. lactis strain did not produce significant amounts
of IFN-v, as expected (Fig. 5). These results suggest that both
scIL-12 and IL-12p35-p40 are biologically active and stimulate
IFN-y production by mouse splenocytes.

Intranasal administration of L. lactis expressing IL-12 in-
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duces IFN-y production in mouse splenocytes. The biological
activities of the IL-12-producing L. lactis strains were also
tested in vivo after intranasal administration of induced recom-
binant L. lactis strains in mice. It has been shown previously
that a regimen consisting of intranasal administration of IL-12
on days 0, 1, 2, and 3 with booster doses on days 14 and 28 (and
repeating the schedule for four inoculations) and sacrifice of
the animals on day 35 results in an absence of cytokine toxicity
in a murine model (3). However, although this treatment
schedule is very productive in mice, its use in human vaccina-
tion is limited due to the consecutive IL-12 inoculations during
the treatment. To avoid this problem, in this experiment we
tested single doses of IL-12-expressing L. lactis strains admin-
istered on days 0, 14, and 28. We administered 5 X 10® CFU of
NZ(pSEC:p35-p40) or NZ(pSEC:scIL-12), which corresponds
to quantities used previously for oral administration of recom-
binant L. lactis (50).

IFN-y expression was significantly enhanced in mice that
received L. lactis strains expressing IL-12p35-p40 or scIL-12
compared to IFN-y expression in the placebo control groups
(Fig. 6). Mice treated with the scIL-12-producing strain pro-
duced the largest amounts of IFN-vy in spleen cells. In contrast,
the amounts of IFN-vy in mice treated with the p35-p40-pro-
ducing strain were fourfold smaller. The differences in the
degree of stimulation were probably due to the quantity of
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FIG. 6. Production of IFN-y in mouse splenocytes after intranasal
inoculation of recombinant L. lactis. Levels of IFN-y were determined
following sacrifice on day 35 for mice that received 5 X 10% CFU of
wild-type L. lactis [L. lactis (wt)], NZ(pSEC:p35-p40), or NZ(pSEC:
scIL-12) or PBS alone. The data are representative of one of three
separate experiments in which similar results were obtained. The val-
ues are the means and standard deviations for three mice per treat-
ment group. Statistically significant differences (P < 0.05) compared
with the wild-type L. lactis and PBS control groups are indicated by
one asterisk for the NZ(pSEC:p35-p40) group and by two asterisks for
NZ(pSEC:sclIL-12) group.
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native IL-12 produced under the conditions used (Fig. 3 and
4). This experiment was repeated three times, and similar
results were obtained in all cases. The results demonstrated
that IL-12 can be effectively administered to mice in vivo by
using recombinant L. lactis, which results in clear induction of
the IFN-y response. Furthermore, after intranasal administra-
tion of the L. lactis IL-12-producing strains, IFN-vy production
was induced without apparent toxicity, and mice remained
healthy after 24 weeks of treatment.

Because the concentrations of functional IL-12 measured in
both in vitro and in vivo assays were greater for scIL-12 than
for the two-subunit IL-12 form, we chose the single-chain form
for the next in vivo experiment.

Intranasal coadministration of recombinant L. lactis strains
expressing active IL-12 and HPV-16 E7 enhanced IFN-y pro-
duction. In order to examine the adjuvant properties of the
recombinant L. lactis strain producing IL-12, the immune re-
sponse to a coadministered antigen was analyzed. The antigen
that was coexpressed with IL-12 was the HPV-16 E7 protein,
the major worldwide etiological agent of cervical cancer.
Groups of five C57BL/6 mice were immunized intranasally
with three doses (on days 0, 14, and 28) of 5 X 10® CFU of
NZ(pCWA-E7) alone or in combination with 5 X 10* CFU of
NZ(pSEC:scIL12). The production of IL-2 and IFN-y was
then determined (Fig. 7). Spleen cells that were obtained 1
week after the last inoculation with recombinant L. lactis (day
35) and were restimulated in vitro with a synthetic E7 peptide
(RAHYNIVTF) produced significant levels of IL-2 (Fig. 7A)
and IFN-y (Fig. 7B). As an in vitro control, spleen cells were
restimulated with PBS alone. The responses were greater in
mice immunized with an L. lactis strain displaying a cell wall-
anchored E7 antigen than in animals immunized with a wild-
type L. lactis strain. Strikingly, the antigen-specific cellular
response measured by secretion of Th1 cytokines elicited by L.
lactis expressing E7 antigen alone was dramatically increased
by coadministration with an L. lactis strain secreting IL-12
protein (Fig. 7).

DISCUSSION

In this study, we produced bioactive forms of IL-12 in the
food-grade gram-positive bacterium L. lactis, and we showed
that the recombinant bacterium has a stimulatory effect on
IFN-y production in both in vitro and in vivo assays. Previous
reports of IL-12 production involved the use of eukaryotic
systems (15, 29, 52, 57), which may have limitations in broad-
scale or in vivo applications. Recently, Steidler et al. demon-
strated that L. lactis could be used to produce and secrete
biologically active murine monomeric cytokines (55, 56). The
production of a more complex molecule (i.e., a heterodimer
that contains several DSB) further extends the potential of L.
lactis to deliver therapeutic molecules in vivo.

IL-12 is a heterodimer composed of two distinct subunits
(p35 and p40) encoded by separate genes that are coordinately
expressed. Previous studies have demonstrated that p40 over-
expression can have an inhibitory effect on IL-12 activity (37).
We used two approaches to overcome this potential problem.
First, we developed a bicistronic cassette for coexpression of
p35 and p40 subunits in L. lactis. Second, we designed a vector
that expressed IL-12 as a single-chain polypeptide, thus allow-
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ing stoichiometric formation of this cytokine. This strategy also
overcomes problems with inefficient association of indepen-
dently produced subunits or formation of homodimers (20, 37).
Consistent with this hypothesis, under equivalent induction
conditions, the concentrations of functional IL-12 were greater
for scIL-12 than for the two-subunit IL-12 form. In view of the
lower activities of p35 and p40, the single-chain form of IL-12
may be preferred for in vivo applications.

Remarkably, mouse IL-12 contains 7 and 13 cysteines in its
p35 and p40 subunits, respectively, and two DSB that are
essential for proper IL-12 assembly (47). The secretion of
biologically active IL-12 suggests that DSB are formed after
the protein is exported from L. lactis. DSB formation is often
a major bottleneck in heterologous protein production in pro-
karyotic systems and particularly in gram-positive bacteria,
which themselves encode very few secreted proteins that con-
tain DSB (44, 46). Possibly, the lower pH of L. lactis during
fermentative growth favors formation of DSB in secreted pro-
teins. Although the mechanism remains to be proven, this
system may be promising for expression of other proteins con-
taining DSB.

The main biological effect of IL-12 is stimulation of IFN-y
production. This cytokine has both adjuvant and antitumor
activities. Because a number of subunit vaccines are poorly
immunogenic, the use of adjuvants is of particular interest for
new formulations of vaccines against infectious diseases. To
enhance the mucosal immune response, adjuvants such as
cholera toxin and E. coli enterotoxin have been used, and they
indeed induce potent Thl and Th2 cell responses. However,
these adjuvants cause severe diarrhea and are not suitable for
use as mucosal adjuvants in humans. Strikingly, IL-12 has
proven adjuvant activity when it is coexpressed with an antigen
in targeted vaccines (1, 6). It may also prevent the development
of immunological tolerance to a given antigen (54). Finally,
IL-12 has potent antitumor effects and may be an attractive
agent for cancer immunotherapy.

Despite the efficacy of IL-12 therapy for cancer and infec-
tious diseases, experimental models in clinical trials with sys-
temic IL-12 showed unacceptable levels of toxicity related to
elevated IFN-y production (9, 36). The limitations of IL-12
treatment include the need for daily administration (27). Here,
to circumvent this problem, we explored mucosal (intranasal)
delivery of active IL-12 by using the safe vector L. lactis, which
repeatedly has been reported to be noninvasive and noncolo-
nizing in a murine model (12, 16, 22). Recently, a recombinant
L. lactis strain delivering IL-10 via an oral route exhibited
positive effects during treatment of murine colitis. The dose of
IL-10 given orally was estimated to be 10-fold lower than the
dose required for systemic administration (56). Targeted ad-
ministration of other interleukins, such as IL-12, to the intes-
tinal tract by food-grade L. lactis may also reduce toxicity and
have advantages compared to treatment by the systemic route,
and it may even maximize the response (39).

There is continual interest in developing mucosally based
vaccines for a variety of different pathogens, including HPV.
The use of live oral delivery systems for tumor therapy or
vaccine delivery may thus reduce toxic side effects resulting
from systemic administration. In this study, we showed the
adjuvant effect of a recombinant L. lactis strain producing
IL-12 protein which enhanced the mucosal immune responses
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FIG. 7. Production of Th1 cytokines by splenocytes of mice immunized with recombinant L. lactis. Levels of Th1 cytokines were determined
following sacrifice on day 35 for mice immunized with 5 X 10® CFU of wild-type L. lactis (wt) or recombinant L. lactis displaying E7 antigen (E7)
and for mice coimmunized with L. lactis displaying E7 and an L. lactis strain secreting active murine IL-12 (E7/IL-12). Spleen cells were cultured
for 24 h with 2 pg of E7 peptide (RAHYNIVTF) (peptide) or PBS, and the levels of the Thl cytokines IL-2 (A) and IFN-y (B) in the culture
supernatants were determined by ELISA. The values are the means and standard deviations for three mice per treatment group. Statistically
significant differences (P < 0.05) compared to the E7/PBS group are indicated by one asterisk and by two asterisks for the E7/peptide and
E7/IL-12/peptide groups, respectively.
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against a coadministered antigen. The IL-2 and IFN-y produc-
tion elicited by a recombinant L. lactis strain displaying a cell
wall-anchored HPV-16 E7 antigen was dramatically increased
by coadministration with an L. lactis strain secreting IL-12
protein.

It is well established that IL-12 plays an essential role in
switching of the immune response, inducing Thl cells and
suppressing Th2 responses (58). On the other hand, the ele-
vated density of Th2 cells during the pathogenesis of advanced
cervical cancer is well known, while the level of Thl cells is
dramatically diminished (2, 18). We believe that successful
immunotherapeutic treatments of cervical cancer patients will
use a vaccine that will be able to switch the immune response
from the Th2 class to the Th1 class. Therefore, on the basis of
this belief, an L. lactis strain modified to secrete IL-12 together
with a specific antigen is a good candidate for cervical cancer
therapy.

In summary, for vaccine applications, oral or nasal delivery
may provoke local immune responses at the portal of entry of
most pathogens. The use of L. lactis to deliver IL-12 to a
mucosal surface (e.g., the intranasal surface, gut, or vaginal
mucosa) may have clear advantages over a systemic therapy
approach because it reduces toxic side effects and provides a
low-cost, simple method of administration.
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