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Protection against intracellular pathogens such as Mycobacterium tuberculosis requires the development of
Th1-like T-cell responses. This in turn is dependent on the pattern of cytokine produced from dendritic cells
(DCs) after infection. Three heterodimeric cytokines, interleukin-12 (IL-12), IL-23, and IL-27, as well as IL-18,
contribute to the differentiation and expansion of naive CD4™ T cells. In this study we compared the effects of
plasmids expressing both chains of IL-12, IL-23, or IL-27 as adjuvants for DNA immunization against M.
tuberculosis infection. The genes encoding p19 and p40 chains of IL-23 or EBI3 and p28 chains of IL-27 were
cloned on either side of a self-cleaving peptide from the FMDV2A protein. The secretion of functional cytokines
from transfected cells was detected with bioassays. Supernatant from p2AIL-23-transfected cells induced the
release of IL-17 from activated lymphocytes, confirming the presence of bioactive IL-23. Further, supernatant
from p2AIL-27-transfected cells stimulated a significant increase in the proliferation of peptide-stimulated
transgenic CD4™ T cells. In initial experiments, M. tuberculosis infection of DCs was more potent at inducing
IL-12 and IL-23 secretion than infection with the vaccine strain Mycobacterium bovis bacille Calmette-Guérin
(BCG), and no significant upregulation of IL-27 was observed. Coimmunization of C57BL/6 mice with DNA
expressing M. tuberculosis antigen 85B (Ag85B; DNA85B) and plasmids expressing IL-23 or IL-12 stimulated
stronger Ag85B-specific T-cell proliferative and IFN-y responses than DNA85B alone, whereas the addition of
p2AIL-27 had no effect. Interestingly, DNA85B codelivered with p2AIL-12, but not p2AIL-23, reduced the
immunoglobulin G antibody response. Both p2AIL-23 and p2AIL-12, but not p2AIL-27, enhanced the protec-
tive efficacy of DNA85B against aerosol M. fuberculosis challenge. Therefore, both p2AIL-23 and p2AIL-12 are
valuable as cytokine adjuvants for increasing the protective antituberculosis immunity induced by DNA

vaccines.

Tuberculosis (TB) is a global health emergency, with an
estimated nine million new cases of active disease and approx-
imately 2 million deaths per year (11a). The development of
more effective vaccines than the current vaccine Mycobacte-
rium bovis bacillus Calmette-Guérin (BCG) may improve the
control of this pandemic. New approaches to the design of TB
vaccines include the preparation of recombinant BCG overse-
creting mycobacterial antigens (32), attenuated strains of M.
tuberculosis (54), and subunit vaccines based on DNA or pro-
tein antigens (33, 55). DNA vaccines encoding M. tuberculosis
proteins, such as antigen 85A (Ag85A) or Ag85B (DNASS),
induce partial protection against experimental TB (34, 36).
However, the degree of protection gained from DNA vaccina-
tion alone is less than that afforded by BCG vaccination. Strat-
egies to improve antimycobacterial immunity from subunit vac-
cines include the development of fusion proteins containing
multiple protective antigens (46) and the use of immunostimu-
latory molecules as adjuvants (50).

The development of acquired cellular immunity is critical for
the control of M. tuberculosis infection. The key cytokine re-
quired for cell-mediated immunity is gamma interferon (IFN-
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v), which functions by stimulating infected macrophages to
induce phagolysosomal fusion and killing of intracellular bac-
teria (10, 20). The heterodimeric cytokines interleukin-12 (IL-
12) and IL-18 are critical for the induction of Th1-like CD4*
cells and are produced primarily by dendritic cells (DCs) (44,
59, 67). Humans and mice lacking the p40 chain of IL-12 or its
receptors are highly susceptibility to M. tuberculosis infection
(6, 11). Plasmids expressing either IL-12 or IL-18 have been
used as adjuvants in several infectious models (42, 45, 50).
Coadministration of plasmids expressing IL-12 or IL-18 in-
creased the IFN-y T-cell response in DNA vaccination to
Ag85B, but only plasmids expressing IL-12 increased protec-
tive efficacy (62).

Recently, two further cytokines, IL-23 and IL-27, have been
found to contribute to the development of Thl-like CD4™
T-cell responses. The heterodimeric cytokine IL-23 is secreted
by activated macrophages and DCs and induces clonal expan-
sion of memory CD4™" T cells (49). IL-23 is composed of a p40
subunit, shared with IL-12, and a unique p19 subunit, signaling
through the receptor IL-12RB, and a unique IL-23R chain
(49). In addition to its direct action on T cells, IL-23 also
induces the secretion of IL-12 and IFN-y by DCs in vitro (4).
This suggests that IL-23 has indirect involvement in the acti-
vation of antigen-presenting cells (APCs). Studies with gene-
deficient mice reveal that a number of roles that were previ-
ously accredited to IL-12 may be dependent on IL-23 (12). In
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M. tuberculosis infection, the absence of the p40 subunit com-
mon to IL-12 and IL-23 results in more marked susceptibility
to M. tuberculosis infection than IL-12p35 deficiency, suggest-
ing an important role for IL-23 in mycobacterial infections
(11). The functions of IL-27, which is comprised of the gene
product of the Epstein-Barr virus induced gene 3 (EBI3) and
a p28 subunit, are less well defined (17, 53). Monocyte-derived
DCs and macrophages secrete IL-27, which stimulates the
clonal expansion of naive T cells with or without the presence
of IL-12 (53). Initially, IL-27 was recognized as an early acting
proinflammatory cytokine (8, 69); however, recent evidence
suggests IL-27 has additional immunoregulatory functions (2,
29, 31, 64).

In this report we have examined the effects of three immu-
nostimulatory cytokines delivered as plasmid vectors on the
immunogenicity and protective efficacy of antituberculosis
DNA vaccines. Codelivery of plasmids expressing IL-12 or
IL-23, but not IL-27, with DNAS5B increased the expansion of
antigen-specific IFN-y-secreting T cells and enhanced the pro-
tective efficacy of DNA vaccine against aerosol M. tuberculosis
infection.

MATERIALS AND METHODS

Bacterial growth conditions. M. tuberculosis H37TRv (ATCC 27294) was grown
in Proskauer and Beck liquid medium for 14 days and M. bovis BCG (Pasteur
strain) was grown in Middlebrook 7H9 broth supplemented with ADC (Difco
Laboratories, Detroit, MI) for 14 days at 37°C. The bacteria were enumerated on
oleic acid-albumin-dextrose-catalase (OADC)-enriched Middlebrook 7H11 agar
and stored in 30% glycerol-phosphate-buffered saline at —70°C. For plasmid
preparations, Escherichia coli MC1061 was grown in Luria-Bertani broth or on
Luria-Bertani agar and for large-scale preparations Circlegrow broth (Bio 101,
Vista, CA) was used. Ampicillin (100 pg/ml) was supplemented as necessary. The
infection experiments with DCs used M. tuberculosis Mt103, a wild-type strain
isolated from a patient with tuberculosis (35).

Preparation of vaccines. Construction of DNA vaccines encoding M. tubercu-
losis Ag85B (DNAS85B) and murine IL-12 (p2AIL-12) has been described pre-
viously (36, 50). The gene for the p19 chain of IL-23 was amplified from cDNA
obtained by reverse transcription (RT) of mRNA from lipopolysaccharide-stim-
ulated DCs. The genes for EBI3 and p28 chains of IL-27 were obtained from a
lipopolysaccharide-stimulated mouse macrophage cell line, RAW264. The genes
were inserted into the pCI2A vector, which contains the sequence for the peptide
of 2A FMDYV protein and the cytomegalovirus promoter (7). For the construc-
tion of p2AIL-23, the IL-23p19 gene was placed upstream of the 2A motif with
the p40 gene cloned downstream. Similarly, IL-27EBI3 gene was placed up-
stream of the 2A motif, followed by IL-27p28, which was cloned downstream of
the motif. The DNA used in immunizations was prepared by equilibrium cen-
trifugation in a continuous CsCl-ethidium bromide gradient. The Ag85 protein
was obtained through the TB Research Material and Vaccine Testing Contract
at Colorado State University (NIAID AI-75320).

Transfection of human embryonic kidney (HEK) 293 cells. Six-well tissue
culture plates were seeded with 4 X 10° HEK293 cells overnight. A mixture of
plasmid DNA and FuGene (Boehringer Mannheim, Mannheim, Germany) was
prepared according to the manufacturer’s instructions and added to cells. After
48 h, the supernatants and cells were collected. Secreted IL-12 and IL-23 were
determined by enzyme-linked immunosorbent assay (ELISA) for IL-12p70, IL-
12p40, and IL-23p19 in HEK293 cell transfected supernatants.

Immunization. Six- to eight-week-old C57BL/6 female mice were obtained
from Animal Resources Centre (Perth, WA, Australia) and maintained in spe-
cific-pathogen-free conditions. Mice were immunized with 100 ng of DNASSB
mixed with 100 ng of either p2AIL-12, p2AIL-23, p2AIL-27, or control vector by
intramuscular (i.m.) injection into each tibialis anterior muscle. Control mice
were immunized either i.m. with 200 pg of parental control vector pcDNA3 or
subcutaneously with BCG (5 X 10° CFU) at least 100 days prior to challenge.

M. tuberculosis challenge. Six weeks after the last boost with DNA vaccine,
mice were challenged with aerosol M. tuberculosis H37Rv using a Middlebrook
airborne infection apparatus (Glas-Col, Terre Haute, IN) with an infective dose
of approximately 100 viable bacilli per lung. Four weeks after M. tuberculosis
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challenge, homogenized lungs were plated in 10-fold dilutions on supplemented
Middlebrook 7H11 Bacto agar.

DC preparation and infection. Bone marrow-derived dendritic cells were
generated as previously described (14) with modification. Briefly, cells were
incubated with a mixture of hybridoma supernatants from M5.114 (anti-major
histocompatibility complex class IT), RA3-6B2 (anti-B220), 53-6.7 (anti-CDS),
GK1.5 (anti-CD4), and RB6-8C5 (anti-Ly-6G). Cells bound to antibodies were
eliminated by using goat anti-rat immunoglobulin G (IgG) microbeads (MACS,
Miltenyi Biotech). Bone marrow-derived dendritic cell cultures were infected
with BCG or M. tuberculosis Mt103 at a multiplicity of infection of 0.5 for 24 h.
Cells were collected for RNA extraction.

Antibody measurement. To detect serum Ag85-specific antibody levels, plates
were first coated with Ag85 (2 pg/ml). Fivefold dilutions of sera were incubated
for 1 h prior to the addition of goat anti-mouse IgG-alkaline phosphate-conju-
gated antibodies (Sigma), and detection was with n-nitrophenyl phosphate (1
mg/ml) (Sigma). The mean absorbance plus three standard deviations of normal
mouse sera, diluted at 1:100, was adopted as the cutoff absorbance for deter-
mining antibody titers.

Lymphocyte proliferation. Two weeks after the last immunization, single cell
suspensions of splenocytes were prepared in complete RPMI medium containing
10% fetal calf serum, 50 wM B-mercaptoethanol, and 2 mM glutamine. Pooled
samples were enriched for T cells by using a nylon wool column and cultured with
gamma-irradiated syngeneic splenocytes (2 X 10° cells/well) in 96-well plates.
Ag85 (3 pg/ml), concanavalin A (ConA; 3 pg/ml), or medium alone was incu-
bated for 72 h and subsequently pulsed with 1 p.Ci of [*H]thymidine for 6 h. The
results were calculated by subtracting the mean counts per minute in control
wells from test samples.

Cytokine assays. Antigen-specific IFN-y-secreting cells were measured by
ELIspot as previously described (50). For cytokine ELISAs, plates were coated
with anti-IL-12p70, IL-12p40, or IL-23p19 antibodies (R&D Biosciences), su-
pernatant samples and standards were added, and anti-IL-12p40biotin (R&D
Biosciences) was added, followed by streptavidin-horseradish peroxidase. IL-17
was determined by ELISA, using reagents from R&D Biosciences. Substrate
solution was allowed to develop and absorbance measured at a dual wavelength
of 405/492 nm. The bioactivity of plasmid-expressed IL-12 has been confirmed
(50). The bioactivity of IL-23 was determined by the induction of IL-17 secretion
from ConA-activated lymph node cells. To determine the expression of IL-27,
RNA was purified from p2AIL-27-transfected HEK293 cells and tested by quan-
titative real-time PCR (qRT-PCR) for IL-27p28 gene expression. Bioactivity of
IL-27 was confirmed by the ability of supernatants to induce the proliferation of
naive CD4* T cells.

IL-23 and IL-27 bioassay. Lymph nodes were isolated from wild-type mice and
stimulated with ConA (1 pg/ml) and IL-2 (50 U/ml) in 48-well plates (3 X 10°
cells/well). Supernatant from HEK293 cells transfected with either empty vector,
p2AIL-12, or p2AIL-23 was added, and the cells were cultured for 5 days.
Release of IL-17 from the ConA-activated lymphocytes was measured by ELISA.
For the IL-27 bioassay, CD4* T cells were purified from lymph nodes of OT-II
transgenic C57BL/6 mice (kindly provided by B. Heath, WEHI, Melbourne,
Australia) by using magnetic bead sorting (MACS; Miltenyi Biotec) of stained
CD4" T cells. Purified CD4" T cells were cultured in 96-well plates (2 X 10°
cells/well) with syngeneic wild-type irradiated APCs (2 X 10° cells/well). Cells
were activated with various doses of the H-2"-restricted ovalbumin (OVA) pep-
tidesss.330 (ISQAVHAAHAEINEAGR) and stimulated for 72 h with titrated
doses of supernatants from p2AIL-27 or empty vector-transfected HEK293 cells.
To assay proliferation of T cells, the incorporation of [*H]thymidine was deter-
mined in counts per minute.

RNA extraction. After infection, 2 X 10° DCs were resuspended in 500 pl of
RNAzol-Bee, and RNA extraction was performed as previously described (9).
For RT, 5 pg of DNase-treated RNA was mixed with oligo(dT) primers (0.1
pg/pl; Invitrogen) and 10 mM deoxynucleoside triphosphates at 65°C for 5 min
and left to cool at 4°C for 1 min. The reaction was performed at 50°C for 50 min.
All ¢cDNA samples were diluted 1:25 in diethyl pyrocarbonate-treated water
(Gibco, Auckland, New Zealand) to be used in qRT-PCR.

qRT-PCR. All PCRs were performed with Platinum qPCR Supermix-UCG
(Invitrogen), containing a 0.3X concentration of SYBR Green I stock (Molec-
ular Probes, Eugene, OR). Each 20-pl PCR mixture contained 8 ul of dilute
c¢DNA sample, 10 pl of Platinum qPCR Supermix-UDG with SYBR Green I, 200
nM concentrations of each primer, and 1 pl of 50X 6-carboxy-rhodamine refer-
ence dye (Invitrogen). The primers are listed in Table 1; oligonucleotides were
designed by using Primer Express 1.5 software (PE Applied Biosystems, Foster
City, CA). All reactions were performed with a model 7700 sequence detector
(PE Applied Biosystems) using the following thermal conditions: stage 1, 50°C
for 2 min and 95°C for 10 min; stage 2, 95°C for 25 s and 60°C for 1 min. Stage
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TABLE 1. List of primers used

Sequence (5’ to 3")

Primer
Forward Reverse

IL-12p40 CAGAAGCTAACCATCT CCGGAGTAATTTGG
CCTGG TGCTTCA

IL-23p19 GAACAAGATGCTGGAT TGTGCGTTCCAGGC
TGCAGAG TAGCA

IL-27p28 TCGATTGCCAGGAGTG CGAAGTGGTAGCG
AACC AGGAAG

2 was repeated for 40 cycles. The data were analyzed by using Sequence detector
1.7 software (PE Applied Biosystems) to calculate the threshold cycle number
(C7) and were used to quantify target gene expression of each sample using the
comparative C; (2722CT) method, which has been previously described (40).
The results represent the expression of IL-12p40, IL-23p19, and IL-27p28
mRNA in infected DCs relative to uninfected samples.

Statistical analysis. Statistical analysis of the results from immunological as-
says and log-transformed bacterial counts were conducted by using analysis of
variance. Differences with a P value of <0.05 were considered significant.

RESULTS

Induction of IL-12, IL-23, and IL-27 during mycobacterial
infection of DCs. Bone marrow-derived DCs were infected
with M. tuberculosis or BCG and evaluated for cytokine expres-
sion by qRT-PCR. M. tuberculosis infection induced a higher
relative induction of cytokine in DCs compared to BCG infec-
tion (Fig. 1). Infection with M. tuberculosis resulted in a four-
fold-higher induction of IL-12p40 mRNA compared to the
mRNA level after BCG infection (Fig. 1A). M. tuberculosis
infection also induced a 10-fold increase in the mRNA level for
IL-23p19, with a small but significant induction of IL-23p19
after BCG infection (Fig. 1B). There was no significant in-
crease in IL-27p28 mRNA at 24 h after infection with M.
tuberculosis or BCG (Fig. 1C).

Expression of IL-12, IL-23, and IL-27 by transfected cells.
Plasmids expressing the genes for both chains of IL-12, IL-23,
and IL-27 linked by the gene for the FMDV 2A polypeptide
were constructed (Fig. 2A). IL-12, IL-23, and IL-27 each re-
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quire the conjugate expression of both subunits by the same
cell to form the heterodimeric cytokine. To confirm correct
folding and expression of cytokines, HEK293 cells were trans-
fected with p2AIL-12, p2AIL-23, or p2AIL-27. Supernatants
from IL-12 and IL-23 HEK293 transfections were collected
and tested by using ELISA for IL-12p70, IL-12p40, and IL-
23p19. Supernatant from p2AIL-12-transfected cells contained
IL-12p70 (Fig. 2B) and IL-12p40 (28 ng/ml [data not shown]).
The bioactivity of secreted IL-12 has previously been con-
firmed (50). Supernatant from p2AIL-23-transfected cells con-
tains IL-23p19 (Fig. 2C) and p40 (data not shown). The induc-
tion of mRNA for IL-12p40 and IL-23p19 in transfected
HEK?293 cells was also confirmed by using qRT-PCR (data not
shown). The expression of mRNA for IL-27p28 was confirmed
by qRT-PCR in cells transfected with p2AIL-27 (Fig. 2D). To
confirm the bioactivity of IL-23, supernatants from p2AIL-23-
transfected cells were tested for their capacity to induce IL-17
secretion from activated lymphocytes. Supernatants from con-
trol or p2AIL-12-transfected HEK293 cells did not stimulate
IL-17 secretion; however, heterodimeric IL-23 expression from
p2AIL-23 induced a significant level of IL-17 (Fig. 3A). To
determine the activity of IL-27 secretion from p2AIL-27, we
investigated its ability to induce the proliferation of naive
CD4™" T cells. OVA-specific (OT-II) CD4* T cells were puri-
fied and cultured with titrated doses of supernatant from
p2AIL-27 transfected HEK293 cells. In the absence of IL-27,
peptide stimulated modest proliferation of OT-II T cells. The
addition of IL-27 containing supernatant resulted in a 10-fold
enhancement of antigen-specific T-cell proliferation (Fig. 3B).

Coimmunization with p2AIL-12 and p2AIL-23 enhanced an-
tigen-specific T-cell responses to DNA vaccine antigens.
C57BL/6 mice were immunized three times at two weekly
intervals with DNAS5B alone or in combination with p2AIL-
12, p2AIL-23, or p2AIL-27. Splenocytes from mice immunized
with DNASSB had a threefold increase in Ag85-specific pro-
liferative response compared to control vector (Fig. 4A). Co-
immunization with p2AIL-12 and p2AIL-23 further increased
this response by three- to fourfold. There was no difference in
T-cell proliferation between mice coimmunized with p2AIL-12
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FIG. 1. Expression of IL-12p40, IL-23p19, and IL-27p28 mRNA in DCs infected with mycobacteria. At 24 h after infection with M. tuberculosis
Mt103 or BCG, RNA was extracted and reverse transcribed to determine IL-12p40 (A), IL-23p19 (B), and IL-27p28 (C) expression by RT-PCR.
The data are the means =+ the standard error of the mean (SEM) for the relative induction (n = fold) of cytokine mRNA in triplicate samples
compared to uninfected DCs (Cont) and are representative of one of two experiments.
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and p2AIL-23. The response from both p2AIL-12- and p2AIL-
23-immunized mice was significantly greater than that for
p2AIL-27. A similar pattern was observed in Ag85-specific
IFN-y-secreting T-cell responses (Fig. 4B). The number of
IFN-y-secreting lymphocytes was significantly higher in mice
coimmunized with DNAS85B and p2AIL-12 or p2AIL-23 com-
pared to DNAS5B alone. Plasmid IL-27 did not enhance the
IFN-vy T-cell response.

Codelivery of p2AIL-23 and p2AIL-27 has no significant
effect on antigen-specific humoral responses. To determine
whether coimmunization with p2AIL-23 and p2AIL-27 had an
effect on the humoral response, anti-Ag85 IgG antibody titer
was measured 2 weeks after the final immunization. DNAS5B
stimulated a strong IgG response to Ag85, whereas coimmu-
nization with p2AIL-12 resulted in a significant decrease in
IgG antibody titer (Fig. 5). In contrast, coimmunization with
p2AIL-23 and p2AIL-27 resulted in no change in antibody titer
compared to mice immunized with DNASSB alone.

Delivery of IL-23, but not IL-27, increased the protective
effect of DNA vaccines against M. fuberculosis infection. Mice
were immunized three times with combinations of DNASSB

and p2AIL-12, p2AIL-23, or p2AIL-27 or DNAS85B alone and
challenged 6 weeks later with aerosol H37Rv M. tuberculosis.
DNABSSB resulted in a significant reduction in the bacterial
load in the lungs compared to control DNA, but the level of
protection was not as great as that induced by BCG (Fig. 6A).
Coimmunizing with p2AIL-12 or p2AIL-23, but not p2AIL-27,
further improved protective efficacy compared to DNASSB. Im-
munization with DNAS85B and BCG decreased the levels of dis-
semination to the spleen; however, coimmunization with
P2AIL-12 or p2AIL-23 did not improve the control of dissemi-
nation over that elicited by DNAS5B alone. Mice coimmunized
with p2AIL-27 and DNAS85B showed an increased bacterial bur-
den, suggesting that plasmid-expressed IL-27 had inhibited the
protective effect of DNAS5B in the spleen (Fig. 6B).

DISCUSSION

The response of DCs to mycobacteria is complex, involving
phenotypic maturation and the secretion of multiple proin-
flammatory cytokines (15, 25, 30, 37). Infection of bone mar-
row-derived DCs with M. tuberculosis resulted in a greater
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FIG. 3. Bioactivity of functional IL-23 and IL-27 expressed by the
plasmids. Supernatants from p2AIL-23- and p2AIL-27-transfected
HEK?293 cells were analyzed for functional IL-23 and IL-27, respec-
tively. The bioactivity of IL-23 released from p2AIL-23-transfected
cells was tested by the capacity to induce IL-17 secretion from acti-
vated lymphocytes. (A) The IL-17 in supernatants was measured by
ELISA. Secretion of functional IL-27 from p2AIL-27-transfected cells
was tested by the capacity to increase the proliferation of antigen-
specific T cell. Purified ovalbumin (OVA)-specific (OT-1I) CD4* T
cells were stimulated with OV A, 339 peptide (1 wg/ml), and the cells
were cultured with supernatant from p2AIL-27-transfected HEK293
cells (1:100 final dilution) for 3 days (B). The results are the means *=
the SEM for triplicate samples and are representative of one of two
independent experiments. The differences between the groups were
analyzed by analysis of variance. ND, not detected.

upregulation of genes encoding IL-12 and IL-23 than did in-
fection with BCG at the same level of infection (Fig. 1). Inter-
estingly, there was no detectable increase in the expression of
IL-27p28 mRNA in DCs infected with M. tuberculosis or BCG.
This implicates both IL-12 and IL-23 in the initial host re-
sponse to mycobacteria. Heterodimeric cytokines, such as
IL-12 and IL-23, require the conjugate expression of both
subunit chains from activated DCs. Homodimers of the p40
subunit may have an antagonistic effect on the IL-12R (24).
Therefore, we used the self-cleaving polypeptide of the 2A
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protein from the FMDYV (7) to express both chains of IL-12,
IL-23, and IL-27 cytokines in transfected cells. In vitro bioas-
says confirmed the secretion of functional IL-23 and IL-27
(Fig. 3), whereas we have previously shown that the IL-12p70
product (Fig. 2B) is bioactive (50). Codelivery of plasmid IL-
23, but not plasmid IL-27, with the antituberculosis DNA vac-
cine, DNA85B, mimicked the effect of coimmunization with
p2AIL-12, leading to the enhanced induction of antigen-spe-
cific T cells and increased vaccine efficacy against aerosol M.
tuberculosis.

Each of the cytokines, I1L-12 IL-23, and IL-27 has been
implicated in the development of Thl-like immunity (49, 53,
63). IL-12 has a central role in the differentiation of naive
CD4™" T cells into an IFN-y-secreting T-cell lineage, whereas
IL-23 has been considered to act primarily on activated mem-
ory CD4™ T cells (49). The receptors for IL-23 (49) and IL-18
are both present on activated T cells, and the IL-18R is up-
regulated by IL-12 (38). In turn, these cytokines act on the
activated CD4" T cells to increase their clonal expansion and,
in the case of IL-23, to bias their cytokine expression from
IFN-vy to IL-17 (1). We now demonstrate that coimmunization
with p2AIL-12 or p2AIL-23 has equivalent effects in increasing
the frequency of Ag85B-specific IFN-y-secreting T cells with a
consequent increase in protective immunity. The one differ-
ence between p2AIL-12 and p2AIL-23 was that coimmuniza-
tion with p2AIL-23 was not associated with the reduction in
specific IgG response, which reproducibly accompanies the use
of p2AIL-12 as an adjuvant with DNA vaccines (41, 50). In
addition to the effects on CD4" T cells, both plasmid-ex-
pressed IL-12 (50) and plasmid-expressed IL-23 stimulate in-
creased CD8™" T-cell responses (43). The addition of plasmids
expressing IL-23 to a DNA vaccine expressing hepatitis C
envelope protein 2 resulted in long-lasting Thl-like and cyto-
toxic-T-lymphocyte (CTL) responses, which were stronger
than when plasmids expressing IL-12 were used (28). The
combined effects of p2AIL-12 and p2AIL-23 as long-term ad-
juvants on the protective efficacy of DNA vaccines against M.
tuberculosis will be assessed in future studies.

In addition to the effect on T cells, both IL-12 and IL-23 may
influence the function of APCs. Kinetic studies of gene expres-
sion after Salmonella enterica serovar Enteritidis infection of
macrophages demonstrated an early, but transient, expression
of IL-23p19 mRNA and a delayed, but continuous, expression
of IL-12p40 and IL-12p35 mRNA (57). The receptors for
IL-23 and IL-12 are both present on DCs (26) and macro-
phages (51), and the secretion of IL-12 and IL-23 may further
stimulate DCs in an autocrine fashion (3, 21). In addition, the
activation of DCs through CD40 signaling is of critical impor-
tance for the optimal induction of the IL-12 family cytokines
and the subsequent development of adaptive immune re-
sponses (58). The in vitro stimulation of human and murine
APCs with anti-CD40 increased the secretion of IL-12 and
IL-23 (16, 65).

The importance of IL-23 in the control of intracellular in-
fections is demonstrated by comparative studies with IL-
12p35-deficient mice, which lack IL-12 alone, and IL-12p40-
deficient mice, which lack both IL-12 and IL-23. IL-12p40-
deficient mice have a more severe course of infection than
IL-12p35-deficient mice after infection with Cryptococcus neo-
formans (13), Salmonella enterica serovar Enteritidis (39),
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FIG. 4. Coimmunization with p2AIL-12 and p2AIL-23, but not p2AIL-27, increases the antigen-specific proliferative and IFN-y T-cell
responses to DNAS8SB vaccine. Mice were immunized i.m. three times at 2-week intervals with control vector (200 pg), DNASSB (85B; 100 pg),
control vector (100 pg), or DNA8SSB (100 pg) with each of the cytokine-encoding plasmids (100 ng). At 2 weeks after the final immunization, T
cells purified from the spleens were stimulated with syngeneic irradiated splenocytes and Ag85. (A) Proliferation was measured 3 days later by
thymidine incorporation. (B) Splenocyte cultures from the five groups were also stimulated with Ag85, and the number of IFN-y-secreting cells
was determined by ELISpot assay after 16 h of incubation. The data are means and SEM for five mice and are representative of one of three
experiments. The differences between the groups were analyzed by analysis of variance (P < 0.001 [ ]; NS, not significant).

Francisella tularensis (19), and M. tuberculosis (11). Neverthe-
less, IL-23 is not essential for the development of Thl-like T
cells as specific T-cell proliferation and cytokine responses can
be induced in IL-23p19-deficient mice, although the down-

NS

6-. 5- | | |
£ I la—
5 4
B
S
b
e
o 14
5

Cont 85B 85B 85B 85B

IL-12 IL-23 IL-27

FIG. 5. Coimmunization with p2AIL-12, but not p2AIL-23 and
p2AIL-27, decreases the antigen-specific antibody response. Mice were
immunized i.m. three times at 2-week intervals as described in the
legend of Fig. 4. Two weeks after the final immunization, sera were
collected. The geometric means of the log,, titers of anti-Ag85 IgG
antibodies were measured as described in Materials and Methods. The
data represent the means = the SEM for five mice and are represen-
tative of two separate experiments. The differences between the groups
were analyzed by analysis of variance (P < 0.05 [O], P < 0.001 [ J;
NS, not significant).

stream production of IL-17 from memory CD4" T cells was
dependent on IL-23 (12). Excess IL-23 may contribute to in-
flammatory damage as the ubiquitous overexpression of IL-
23p19 resulted in multiorgan failure and early death in trans-
genic mice (66).

Initial in vitro studies with purified IL-27 suggested it also
had a role in the clonal expansion of naive CD4™ T cells into
an IFN-y-secreting Th1-like phenotype (53). BCG, Leishmania
major or Listeria monocytogenes infection of IL-27R-deficient
mice showed a transient reduction of T-cell responses to the
pathogen and a diffuse granuloma formation; however, these
were restored to normal patterns after 6 weeks (8, 69). These
studies suggested that exogenous IL-27 may increase the T-cell
response to vaccine antigens. However, plasmids expressing
IL-27 when codelivered with DNAS8SB failed to increase the
frequency of Thl-like T cells and to influence the course of M.
tuberculosis infection. This finding is consistent with the more
recent reports that IL-27 signaling is not required to control M.
tuberculosis infection. Paradoxically, IL-27R-deficient mice
showed increased clearance of M. tuberculosis during the first 4
to 8 weeks of infection, although there was a late increase in
mortality in the IL-27R-deficient mice (31, 52). Moreover,
infection with intracellular pathogens such as Trypanosoma
cruzi or Toxoplasma gondii also resulted in an enhanced clear-
ance of the organism but a late increase in the inflammatory
response leading to death. Therefore, IL-27 signaling may be
involved in an in vivo feedback loop controlling inflammatory
responses to intracellular pathogens, as well as regulating Th1-
like T-cell development (29, 64).

Effective antituberculosis subunit vaccines may contribute to
the control of tuberculosis either as primary vaccines to replace
BCG or to boost the effects of BCG given as a neonatal vac-
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FIG. 6. Coimmunization with p2AIL-12 and p2AIL-23, but not
p2AIL-27, increases the protective effect of DNASSB against M. tu-
berculosis infection in the lungs. Mice were immunized i.m. three times
at 2-week intervals as described in the legend of Fig. 4. At 6 weeks after
the final immunization, mice were challenged by aerosol with M. tu-
berculosis H37Rv. Four weeks later, the bacterial loads in the lungs
(A) and spleen (B) were determined. The data are the means * the
SEM for five mice and are representative of two separate experiments.
The significances of differences between the groups were analyzed by
analysis of variance (P < 0.05 [O], P < 0.001 [[ ]; NS, not significant).

BCG

cine. More than 20 protein or DNA vaccines incorporating
individual or fusion antigens from M. tuberculosis have been
developed, but few, if any, have reproducibly demonstrated
equivalent protection to BCG after aerosol or systemic M.
tuberculosis infection (5). Both the Ag 85A and Ag 85B forms
of mycolyl transferase are examples of partially protective sub-
unit vaccines against tuberculosis, but neither is the equivalent
to BCG. The present study demonstrates that the plasmid
expressing IL-23, as well as the plasmid expressing IL-12, in-
creases the immunogenicity and protective efficacy of DNA
vaccine expressing Ag 85B in the lungs of challenged mice.
Immunization with the plasmid expressing IL-12 is a more
effective strategy than immunization with the plasmid express-
ing protein IL-12 in increasing the protective effect of DNA
and protein vaccines against L. major (27). In addition, the

USE OF IL-23 AND IL-27 FOR DNA VACCINES AGAINST TB 563

plasmid expressing IL-12 increases the protective efficacy of
DNA vaccines in a number of other infectious models (22, 23,
47, 48, 56, 60, 61, 68), but this is the first report of plasmid
IL-23 enhancing the protective immunity of a subunit vaccine.
Therefore, the addition of IL-23 and/or IL-12 may be an ef-
fective strategy for increasing the efficacy of DNA vaccines
against M. tuberculosis.
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