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IL-23 and IL-12 Have Overlapping, but Distinct, Effects on
Murine Dendritic Cells 1

Maria Laura Belladonna,* Jean-Christophe Renauld,† Roberta Bianchi,* Carmine Vacca,*
Francesca Fallarino,* Ciriana Orabona,* Maria Cristina Fioretti,* Ursula Grohmann,* and
Paolo Puccetti2*

IL-23 is a recently discovered heterodimeric cytokine that shares biological properties with proinflammatory cytokines. The
biologically active heterodimer consists of p19 and the p40 subunit of IL-12. IL-23 has been shown to possess biological activities
on T cells that are similar as well distinct from those of IL-12. We have constructed single-chain IL-23 and IL-12 fusion proteins
(IL-23-Ig and IL-12-Ig) and have compared the two recombinant proteins for effects on murine dendritic cells (DC). Here we show
that the IL-23-Ig can bind a significant proportion of splenic DC of both the CD8�� and CD8�� subtypes. Furthermore, IL-23-
and IL-12-Ig exert biological activities on DC that are only in part overlapping. While both proteins induce IL-12 production from
DC, only IL-23-Ig can act directly on CD8�� DC to promote immunogenic presentation of an otherwise tolerogenic tumor peptide.
In addition, the in vitro effects of IL-23-Ig did not appear to require IL-12R �2 or to be mediated by the production of IL-12. These
data may establish IL-23 as a novel cytokine with major effects on APC. The Journal of Immunology, 2002, 168: 5448–5454.

C ytokines are secreted proteins that have pleiotropic reg-
ulatory effects on hemopoietic and nonhemopoietic cells.
They encompass families of critical regulators of devel-

opment, immune response, and inflammation. Many cytokines
share structural features and are characterized by overlapping ef-
fects on target cells, typically acting as cascades or networks. Re-
dundancy is a recurrent motif among inflammatory cytokines. De-
spite the fact that these cytokines interact with structurally different
receptors, cellular responses will be similar and in certain respects
virtually superimposable (1).

p19, a molecule structurally related to IL-6, G-CSF, and the p35
subunit of IL-12, is a component of the recently discovered cyto-
kine IL-23. p19 was identified by searching the databases with a
computationally derived profile of IL-6 (2). p19 was found to lack
biological activity per se and to combine with the p40 subunit of
IL-12. The p19/p40 pair is naturally expressed by activated mouse
and human dendritic cells (DC)3 and has biological effects on T
cells that are similar to but distinct from those of IL-12 (2). Re-
cently, the ubiquitous, transgenic expression of the IL-23 subunit
p19 was found to result in multiorgan inflammation, runting, in-
fertility, and premature death of mice (3). These activities probably
result from interaction of IL-23 with the IL-12R�1 and an addi-
tional, novel receptor subunit (2).

DC play a central role in activating and regulating T cell re-
sponses (4). Activation of DC by a variety of stimuli and cytokines

leads to the secretion of IL-12, which subsequently induces IFN-�
production by NK cells and directs Th1 development (5–7). We
have recently described autocrine effects of IL-12 on murine my-
eloid APC, such as DC and macrophages (8, 9). In particular,
IL-12 was found to interact with surface receptors expressed by the
CD8�� subset of splenic DC, resulting in NF-�B-mediated sig-
naling and leading to the initiation of inflammatory and Th1-pro-
moting actions (8, 10–12). In this study, using single-chain IL-
23-Ig or IL-12-Ig fusion proteins, we have compared IL-23 and
IL-12 for binding to murine DC and in vitro and in vivo effects
mediated by the interaction with these cells. We found that the two
cytokines elicit overlapping biological activities in DC by signal-
ing through distinct receptor subunits expressed differentially by
distinct DC subsets. These data add to the function of IL-23 as an
initiator and regulator of T-dependent immunity in the mouse and
highlight a potentially important role of the cytokine in the mod-
ulation of accessory cell function.

Materials and Methods
Construction and expression of single-chain mouse IL-23-Ig or
IL-12-Ig fusion proteins

The cDNA encoding the p19 chain of mouse IL-23 was generated from
resting cells of the macrophage cell line J774 that constitutively express
p19 transcripts (2). The cDNA was amplified with primers specifying the
mature protein-coding region and containing restriction site sequences (Ta-
ble I). The cDNA encoding the p35 and p40 chains of murine IL-12 were
amplified from plasmid DNA (13) with mutated primers that added appro-
priate restriction sites (Table I). The p40 sense mutated primer introduced
a KpnI 15-base sequence just before the start codon, and the antisense
primer introduced a BspEI site just before the stop codon. For IL-12 p35 as
well as IL-23 p19 cDNA, PCR amplification involved a sense-mutated
primer introducing a BamHI site just after the presumed 22-aa signal pep-
tide sequence and an antisense-mutated primer introducing a BclI site just
before the stop codon. Linker sequences were synthesized as sense and
antisense oligonucleotides spanning the sequence reported by Huston et al.
(14) encoding the (Gly4Ser)3 linker and adjacent sequences between con-
venient overhanging restriction enzyme sites in the 3� and 5� ends of the
IL-12 or IL-23 subunit cDNA. Production of IL-23- or IL-12-Ig fusion
proteins was further accomplished by PCR amplification of the region
comprising the hinge, CH2, and CH3 domains of the murine IgG3 isotype
heavy chain, using cDNA from the IgG3 anti-TNP hybridoma C3110 as a
template with appropriate primers (Table I) (15). After amplification, PCR
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products and the linker sequence were digested with the appropriate re-
striction enzymes and cloned into the pEF-BOS plasmid (16). Clones with
the correct inserts were stably transfected by the calcium phosphate method
into P1.HTR cells, and supernatants were collected. Fusion proteins were
affinity-purified by means of protein A-Sepharose. A sandwich ELISA was
used to quantitate fusion proteins. The test was based on the use of p40-
specific C15.6 and C17.8 mAb (BD PharMingen, San Diego, CA) and
therefore detected p40 in both fusion proteins as well as the heterodimeric
p35/p40 complex in the rIL-12 used as a control. Standard ELISA detection
of IL-12 p70 involved the use of p70-specific 9A5 mAb (BD PharMingen)
and p40-specific C17.8 mAb.

Western blot and bioassay of IL-23-Ig and IL-12-Ig fusion
proteins

Purified samples containing fusion proteins were collected and stored at
�70°C. Samples were concentrated 20- to 30-fold (Centricon 10; Amicon,
Beverly, MA), and aliquots containing 10 ng fusion protein were run on
8% polyacrylamide gels. The primary Ab was p40-specific C17.8, and the
secondary Ab was a sheep anti-rat peroxidase-conjugated Ab. Blots were
developed using a chemiluminescent technique. Levels of IL-23/IL-12 bio-
activity in fusion proteins were determined using mitogen activation of
splenocytes by measuring IFN-� production in response to IL-12 or IL-23
(2). In all in vitro experiments involving IL-23-Ig or IL-12-Ig, recombinant
Ig protein (rIg) encompassing the Ig portion of the fusion proteins was used
as a control (15). All recombinant proteins, including heterodimeric IL-12,
were used at a concentration of 10 ng/ml unless otherwise indicated.

DC purification and binding analysis

DC were prepared and fractionated according to CD11c/CD8� expression
using positive selection columns in combination with CD11c and CD8�
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) as previously
described (17). The DC preparation consisted of 96–98% CD11c�, �99%
Ia�, �98% B7-2�, and �0.1% CD3� cells and appeared to consist of
90–95% CD8� and 5–10% CD8� cells. After DC fractionation, the re-
covered CD8� cells typically contained �0.5% contaminating CD8� DC,
whereas the CD8� fraction was made up of �90% CD8� DC.

Flow cytometry was employed to assess the expression of cytokine re-
ceptors in freshly harvested DC or the DC cell line CB1 (8). Typically, 2 �
105 cells in 100 �l PBS/3% FCS were incubated with 1 �g FITC-conju-
gated fusion protein after blocking the Fc�R on DC by means of 2.4G2
mAb (9). The stained cells were analyzed on a FACScan (BD Biosciences,
San Jose, CA). To assess the specificity of the IL-12R staining, labeling
was also performed in the presence or the absence of an excess of free
rIL-12. In addition, in selected experiments FACS staining involved the
use of unlabeled fusion proteins as the first step, followed by PE-labeled
polyclonal anti-IgG3 as the second step.

Skin test assay

A skin test assay was employed for assaying the cytokine adjuvant poten-
tial for promotion of class I-restricted delayed-type hypersensitivity to syn-
thetic peptides as previously described (18). Briefly, peptide-loaded DC
(3 � 105), treated or not with cytokine/fusion proteins, were transferred
into recipient hosts that were assayed for the development of peptide
(P815AB)-specific delayed-type hypersensitivity at 2 wk. In selected ex-
periments, a combination of CD8� DC (3 � 105) and CD8� DC (104) was
transferred into recipient hosts (11, 12). To test for possible nonspecific
effects of peptide challenge, specificity controls routinely involved the use
of the antigenically unrelated P91A peptide, and no effects were found (9,

19). Results were expressed as the increase in footpad weight of peptide-
injected footpads over that of vehicle-injected counterparts. Data are the
mean � SD for at least six mice per group. The statistical analysis was
performed using Student’s paired t test by comparing the mean weight of
experimental footpads with that of control counterparts (19).

Mice and additional reagents

Female DBA/2J mice (H-2d) were obtained from Charles River Breeding
Laboratories (Calco, Milan, Italy) and were used at the age of 2–4 mo.
Murine rIL-12 was a gift from Genetics Institute (Cambridge, MA). The
characteristics and sp. act. of the purified rIL-12 preparation were previ-
ously described (20, 21). Murine rIFN-� was obtained from Genzyme
(Boston, MA). The Ab used for ELISA assessment of IFN-� were R4-6A2
and biotinylated XMG1.2 mAb (both from BD PharMingen). Rabbit poly-
clonal IgG Ab specific for IL-12R�2 was raised in our laboratory as pre-
viously described (9) and was used at a concentration of 10 �g/ml. Neu-
tralizing, affinity-purified sheep anti-mouse IL-12 p70 polyclonal Ab was
provided by Genetics Institute and was used at 10 �g/ml.

Results
Expression of bioactive murine IL-23 and IL-12 fusion proteins

Constructs were built in the pEF-BOS vector for the expression of
IL-23 and IL-12 fusion proteins (Fig. 1A). The cDNA were linked
with a 45-bp linker encoding the 15-aa (Gly4Ser)3 linker (Fig. 1B).
Constructs were compared for their ability to direct bioactive pro-
tein expression in side-by-side screening experiments with rIL-12
p70. Comparison of the results of the ELISA (Fig. 2A) specific for
either the p70 IL-12 heterodimer or the p40 subunit in the IL-12
fusion protein suggested that the p40-specific ELISA quantita-
tively determines the subunit in IL-12 and IL-23 fusion proteins. In
contrast, the p70-specific ELISA failed to detect IL-23. Compara-
ble amounts of rIL-12 and fusion proteins were subjected to West-
ern blot analysis under reducing conditions using a p40-specific
Ab (Fig. 2B). The results showed that rIL-12 would run as a 45/
50-kDa doublet, as expected (22). In contrast, the fusion proteins
were expressed as single polypeptide chains of 115 and 120 kDa
for IL-23 and IL-12 fusion proteins, respectively. We thus ana-
lyzed the ability of IL-23- and IL-12-Ig fusion proteins to induce
IFN-� production by Con A blast T cells. On comparing a range of
concentrations of either rIL-12 or fusion proteins, we found that
the IL-12 fusion protein induced IFN-� levels similar to those of
the native cytokine, and these levels were significantly higher than
those induced by the IL-23-Ig (Fig. 2C). Similar results have pre-
viously reported for a human p19/p40 construct as compared with
rIL-12 (2).

Binding of IL-23 to DC

Although most of the biological effects of IL-12 in vivo are
thought to involve direct actions on T and NK cells (6, 7), we have
recently described autocrine effects of murine IL-12 on myeloid
APC, including DC (8) and macrophages (9). IL-12 was found to
act on CD8�� DC (11) leading to the activation of NF-�B and the

Table I. Primersa used for cloning of IL-23-Ig and IL-12-Ig into pEF-BOSa

Fragment
Primer

Orientation Primer Sequence (5�–3�)
Restriction

Siteb

p40 5� CCAGGTACCTCGCAGCAAAGCAAG KpnI
p40 3� GCATCTCCGGATCGGACCCT BspI
p19 5� TCACTGGATCCCTGGCTGTGCCTAGG BamHI
p19 3� TGGGCTGATCAAAGCTGTTGGCACTA BclI
p35 5� TCAGTGGATCCAGGGTCATT BamHI
p35 3� CTTGATGATCAAGGCGGAGCTCAG BclI
Ig 5� AAGACTGAGTTGATCAAGAGAATCGAGCCTAGA BclI
Ig 3� AATGTCTAGATGCTGTTCTCATTTACC XbaI

a GenBank accession numbers: p40, M86671; p19, AF301619; p35, M86672; Ig, D14625.
b Restriction sites indicated by underlined sequence.
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initiation of inflammatory and Th1-promoting actions (8, 11). We
therefore became interested in analyzing the possible interaction of
IL-23 on DC. We used flow cytometry for detection of IL-23-Ig
binding to freshly harvested DC and a DC line. Using direct stain-
ing with fluoresceinated IL-23-Ig or IL-12-Ig, we detected a high
proportion of cells staining positively for either fusion protein (Fig.
3). No significant difference was found between freshly harvested
DC and the DC line. In contrast, there was no binding to either cell
type by control fluoresceinated rIg.

Functional activity of IL-23 on DC

IL-12 actions on DC and macrophages include adjuvant effects that
confer priming ability on these cells pulsed with a synthetic pep-
tide (9, 11, 20, 21). In particular, DC and macrophages exposed
sequentially to rIL-12 and a tumor peptide, P815AB, will confer T
cell-mediated reactivity on prospective recipients of an intra-foot-
pad challenge with the peptide (18, 20, 21). We therefore wanted
to investigate whether similar adjuvant effects could be exerted by
IL-23 on peptide presentation by myeloid APC. Fig. 4 shows the
effects of sensitization with P815AB using freshly harvested DC
exposed to IL-23-Ig or IL-12-Ig before peptide pulsing and trans-
fer into hosts to be assayed for skin test reactivity at 2 wk. Similar
to IL-12, IL-23 conferred priming ability on DC pulsed with the
peptide. In experiments not reported in Fig. 4 we found that similar
and comparable adjuvant activities were exerted by IL-23- and

IL-12-Ig on freshly harvested, highly purified peritoneal macro-
phages (�99% Mac-1�) (9). Therefore, both fusion proteins, un-
der comparable experimental conditions, would exert adjuvant ac-
tivity on myeloid APC.

In vitro induction of cytokines in DC treated with IL-23-Ig

We have previously demonstrated that autocrine IL-12 may act
directly on DC to prime the cells for IL-12 production, with the
cytokine priming DC for NF-�B-induced transcription of the IL-12
p40 gene (8). We therefore wanted to investigate any possible
autocrine effect of IL-23 on IL-12 production. We measured p70
production by ELISA in culture supernatants of freshly harvested
DC treated for 2 h with 10 ng/ml IL-23-Ig or IL-12-Ig (Fig. 5A).
Additional groups were treated with recombinant heterodimeric
IL-12 or rIg. Culture supernatants were harvested at 1 and 24 h.
According to previous results (8, 9), no p70 was found in any
group at 1 h, thus indicating that the p70 measured at later time
points was not derived from externally added IL-12. In contrast,
considerable and comparable amounts of the cytokine were found
at 24 h in DC exposed to recombinant (heterodimeric or single
chain) IL-12 or to IL-23-Ig. When a range of concentrations (0.1–
100 ng/ml) of the two fusion proteins were used, IL-23-Ig and
IL-12-Ig were found to possess comparable effects at 10–100
ng/ml (Fig. 5B). However, Fig. 5B also shows that the combined

FIGURE 1. Construction of vector inserts
for expression of single-chain IL-23 or IL-12
fusion proteins. A, Schematic diagrams of
the DNA constructs for single-chain IL-23 or
IL-12 fusion proteins are reported, showing
that the p40 and p19 subunits (for IL-23) and
the p40 and p35 subunits (for IL-12) were
genetically fused with a DNA linker (L) en-
coding the 15 aa (Gly4Ser)3 using appropri-
ate restriction sites (shown in B). Both con-
structs were genetically fused with cDNA
coding for the hinge, CH2, and CH3 domains
of the murine IgG3 isotype heavy chain.

FIGURE 2. Expression of bioactive cytokine fusion proteins. A, Quantitative assessment of IL-12-Ig or IL-23-Ig by ELISA specific for IL-12 p70 or
p40. Purified supernatants from vector-transfected P1.HTR cells were assayed for IL-12- or IL-23-Ig using rIL-12 as a standard. Data are the mean � SD
of replicate determinations. B, Western blot analysis of recombinant heterodimeric and fusion protein form of murine IL-12 in comparison with IL-23-Ig.
The primary mAb was p40-specific C17.8, and the secondary Ab was sheep anti-rat peroxidase-conjugated Ab. C, Levels of IL-23/IL-12 bioactivity in
fusion proteins as determined by IFN-� induction in Con A-activated splenocytes. Con A blasts were prepared by incubating spleen cells for 2 days with
2 �g/ml Con A and 20 U/ml rIL-2, and cells were then exposed to a range of fusion protein concentrations for 48 h. Supernatants were assayed by ELISA
for IFN-� content. rIL-12 was used as a control.
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effects of IL-23-Ig and IL-12-Ig would result in sustained IL-12
p70 production at 1–100 ng/ml of each fusion protein.

We next became interested in ascertaining other possible effects
of IL-23 in vitro. We tested IL-12-Ig and IL-23-Ig comparatively
for a variety of different effects on splenic DC, including produc-
tion of IFN-� and TNF-� and expression of phenotypic markers
such as CD40, CD80, and class II molecules. Under the experi-
mental conditions employed (i. e., 24- to 48-h exposure to a fusion
protein), neither IL-23-Ig nor IL-12-Ig significantly or reproduc-
ibly affected the expression of CD40, CD80, or class II molecules
(data not shown). Similarly unaffected by either fusion protein ap-
peared to be the production of TNF-� (data not shown). In con-
trast, both fusion proteins induced considerable production of
IFN-� at 0.1–10 ng/ml (Fig. 6). Again, the combined exposure of
DC to IL-12-Ig and IL-23-Ig appeared to result in additive effects
on cytokine production.

Modulation of different DC subsets by IL-23

The similarities between the activities of IL-23-Ig and IL-12-Ig
prompted us to investigate whether the two cytokines may be act-
ing on the same target cells. In fact, IL-12 is known to act selec-
tively on CD8�� DC to enhance presentation of P815AB in vivo
(11). To this purpose splenic DC were fractionated to yield a pop-

ulation of �99% CD8� cells and �90% CD8� cells (17). The two
subsets were analyzed by flow cytometry for the ability to bind
fluoresceinated IL-23-Ig in vitro (Fig. 7A) and to produce IL-12
p70 in response to IL-23-Ig (Fig. 7B). We found that IL-23 would
bind the two DC subsets equally well and that CD8� and CD8�

DC subsets would produce comparable amounts of IL-12 p70 in
response to 10 ng/ml IL-23-Ig. In addition, we wanted to examine
CD8� and CD8� DC for the ability to prime the host in vivo
following sequential exposure to IL-12-Ig or IL-23-Ig and
P815AB (Fig. 8). In line with previous data (11), we found that

FIGURE 3. Cytofluorometric analysis of freshly harvested DC or CB1
cells stained with fluoresceinated IL-12-Ig, IL-23-Ig, or rIg. Splenic DC
and CB1 cells were reacted with the labeled protein after blocking the
Fc�R on DC by means of 2.4G2 mAb. Filled histograms indicate control
background values in the absence of fluoresceinated reagent. Cells treated
with rIg were used as a negative control. One experiment representative of
three is shown.

FIGURE 4. Ability of IL-23-Ig fusion protein to prime DC for induction
of skin test reactivity to a synthetic peptide. DC were exposed sequentially
in vitro to a recombinant protein (as indicated, 10 ng/ml for 18 h) and
P815AB (5 �M for 2 h) before transfer into recipient hosts. Two weeks
after cell transfer, mice were assayed for skin test reactivity in vivo. �,
significant difference (p � 0.01) in increase in footpad weight between
experimental and control footpads. One experiment of four is shown.

FIGURE 5. IL-12 production by DC-treated with fusion proteins.
Freshly harvested DC were exposed for 2 h to different recombinant pro-
teins (as indicated), followed by extensive washing. At 1 and 24 h super-
natants were assayed for IL-12 p70 content by ELISA. The 1-h IL-12 titers
were below the detection limit of the assay. A, IL-12-Ig, IL-23-Ig, rIL-12,
and rIg were used at a concentration of 10 ng/ml. One experiment of four
is shown. B, IL-12-Ig and IL-23-Ig, either singly or in combination, were
used at different concentrations (as indicated). One experiment of two is
shown.

FIGURE 6. Production of IFN-� by DC treated with IL-12-Ig, IL-23-Ig,
or a combination of both. Freshly harvested DC were exposed for 72 h to
different concentrations of the recombinant proteins. Supernatants were
then assayed for IFN-� levels by ELISA. Data are the mean � SD of
replicate samples. One experiment of two is shown.
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IL-12-Ig showed selective ability to activate CD8� DC for pre-
sentation in vivo of the peptide (Fig. 8A). In contrast, IL-23-Ig
appeared to be able to interact with both DC subsets to prime the
host in vivo for skin test reactivity to the tumor peptide (Fig. 8B).

Ability of anti-IL-12R�2 subunit Ab to block the activity of IL-
12, but not IL-23

The experiments reported above indicated that IL-23 may exert
biological effects on DC that are similar to but distinct from those
of IL-12, although a portion of IL-23 effects on DC could be me-
diated by the induction of IL-12. In addition, it has been suggested
that the biological activity of naturally expressed IL-23 relies on
interaction with the IL-12R�1 subunit and an additional, novel
receptor subunit (2). This would exclude a major role for the IL-
12R�2 subunit, which, in contrast, plays a major role in IL-12
signaling in T cells (23). We have recently generated an IL-12R�2
chain-specific Ab that detects this subunit in the IL-12R expressed
by different cell types (9). We took advantage of this reagent to
comparatively investigate the role of the �2 subunit in the signal-
ing of IL-23 and IL-12 in DC. According to the experimental de-
sign illustrated above, the two fusion proteins were assayed for
adjuvant ability resulting from the activation in vitro of DC in the
presence or the absence of anti-�2 Ab. The �2-specific Ab or
control rabbit Ig were present during the in vitro exposure of DC
to IL-23-Ig or IL-12-Ig before peptide pulsing and transfer into
recipient hosts to be assayed for skin test reactivity at 2 wk. Fig. 9
shows that the anti-�2 Ab completely blocked the effect of IL-12
on DC. In contrast, there was no effect of the Ab added to cultures
of DC exposed to IL-23-Ig. In line with the lack of effect of anti-�2
Ab on the activity of IL-23-Ig was the observation that an Ab to
IL-12 p70 present in the coculture in place of the anti-�2 reagent
was equally devoid of any effect on the expression of IL-23-Ig
activity (Fig. 9). These findings confirm the lack of a role for the

IL-12R�2 subunit in IL-23 signaling. Furthermore, these data
strongly suggest that most of the activity of IL-23 on DC is not
mediated by the induction of autocrine IL-12. However, it should
be noted that binding of the blocking Ab may not be durable in
vivo and/or that up-regulation of IL-12R�2 may occur after the
adoptive transfer. Finally, it is also possible that, although not

FIGURE 7. Interaction of IL-23 with distinct DC subsets. A, Binding of
fluoresceinated IL-23-Ig to CD8�� and CD8�� DC. Fractionated CD8�

and CD8� DC were reacted with the labeled protein after blocking the
Fc�R. Filled histograms indicate control background values treated with
labeled rIg. One experiment representative of three is shown. B, Production
of IL-12 p70 by CD8� and CD8� DC in response to IL-23-Ig. Cultures
were established using fractionated DC subsets and were assayed for IL-12
p70 content as indicated in Fig. 5. One experiment of two is shown.

FIGURE 8. IL-23 acts on different DC subsets to exert adjuvant activ-
ity. A, Induction of skin test reactivity to P815AB by host transfer with DC
subtypes treated with IL-12-Ig. DC fractionated according to CD8 expres-
sion and treated (CD8�/IL-12, CD8�/IL-12) or not (CD8�, CD8�) with
IL-12-Ig were mixed after peptide pulsing and transfer into recipient hosts.
P815AB-specific skin test reactivity was assessed at 2 wk. B, Induction of
skin test reactivity to P815AB by host transfer with DC subtypes treated
with IL-23-Ig. Parallel experimental groups were established using IL-
23-Ig in place of IL-12-Ig. �, p � 0.001 (experimental vs control footpads).
One experiment representative of three is shown.

FIGURE 9. Ability of anti-�2-chain Ab to block the adjuvant activity of
IL-12, but not IL-23, on DC. Freshly harvested DC were exposed sequen-
tially to IL-23- or IL-12-Ig and peptide before transfer into hosts to be
assayed for Ag-specific skin test reactivity at 2 wk. Exposure to either
fusion protein was conducted in the presence or the absence of Ab directed
to the �2-chain of the IL-12R. Controls included the use of DC exposed to
either fusion protein in the presence of normal rabbit serum (NRS). As an
additional control DC were also exposed to anti-IL-12 p70 in place of the
anti-�2-chain Ab. �, p � 0.001 (experimental vs control footpads). One
experiment representative of three is shown.
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strictly in an autocrine fashion, IL-23-stimulated DC may produce
IL-12 in vivo that may act on other native DC.

Discussion
A major subfamily of helical cytokines encompasses a set of fac-
tors related to IL-6. These factors include mediators that share
biological functions that are transmitted via multichain cell surface
receptors, which are typically formed by high affinity, cytokine-
specific receptor chains and lower affinity, signal-transducing
chains. The presence of shared signal-transducing receptors may
account for the overlapping functions of IL-6-like cytokines (2).
IL-6-like cytokines include the p35 subunit of IL-12, which is not
active on its own, but forms part of a composite factor with a chain
known as p40. p40 is a soluble member of the cytokine receptor
superfamily, and heterodimeric IL-12 (p35/p40) plays a critical
role in the initiation of cell-mediated immunity (6), encompassing
actions on both T cells (7, 24) and myeloid accessory cells, such as
DC (8, 25) and macrophages (9, 26, 27). IL-12 activities are me-
diated via a high affinity receptor complex that gathers two closely
related subunits, IL-12R�1 and IL-12R�2 (23). p40, however,
may be involved in functional complexes with molecules other
than p35 (28, 29), and in fact a novel p19 protein has recently been
described that engages p40 to form the newly described cytokine,
IL-23 (2, 3). The p19/p40 complex is naturally expressed by ac-
tivated human and murine DC and exerts activities on T cells that,
although similar to those of IL-12, can nevertheless be differenti-
ated from the latter.

In addition to direct actions on T cells, IL-12 may critically
affect the functions of accessory cells of the immune response,
including DC and macrophages (27). We have recently shown that
rIL-12 acts selectively on CD8�� DC (11) and that autocrine pro-
duction of IL-12 may be involved in DC modulation via different
immunotherapeutic maneuvers (10, 30). In contrast, IL-6 will act
on CD8�� DC to down-modulate the tolerogenic properties of this
subset of DC (17) and may thus complement the adjuvant effect of
IL-12 acting on CD8� DC. Therefore, a complex interplay takes
place among inflammatory cytokines that regulate the functional
activity of DC (31). Because it has been shown that the biological
activities of IL-23 on T cells result from interaction of the p19/p40
complex with IL-12R�1 (2), we became interested in ascertaining
any possible direct effect of IL-23 on murine splenic DC, the pos-
sible interplay and cross-regulation of IL-12 and IL-23, and the
possible sharing of receptor subunits with particular regard to
the �2 subunit. In fact, the �2 subunit is a major component of the
IL-12 signaling pathway in T cells (23, 32).

By using single-chain IL-23-Ig or IL-12-Ig fusion proteins, we
have comparatively analyzed IL-23 and IL-12 for in vitro and in
vivo effects on DC. Analogous to their activities on T cells, we
found that the two cytokines may have similar as well as distinct
effects on myeloid APC. These would include increased produc-
tion of endogenous IL-12 and IFN-� in vitro as well as induction
in vivo of a combined CD4�/CD8� T cell response to an other-
wise poorly immunogenic tumor/self peptide (18). However, in
contrast to IL-12, which lacks direct actions on CD8� DC, the
adjuvant effect in vivo of IL-23 probably resulted from combined
actions on CD8� and CD8� DC, and in fact each subset alone,
when treated with IL-23-Ig, was capable of mediating the immu-
nogenic presentation of the tumor peptide.

The adjuvant effect of IL-23 on the otherwise tolerogenic CD8�

subset of murine DC is remarkably similar to that of IL-6 (17),
which we have previously shown to mediate the effect of CD40
activation on these cells (30) and to oppose the tolerogenic prop-
erties of IFN-� (12). CD8� DC in the mouse may correspond in
humans to the progeny of DC precursors with a characteristic sur-

face phenotype and a plasmacytoid appearance (33) and may rep-
resent a unique type of regulatory APC involved in tolerance and
immunosuppression (34). The finding that IL-23 may act directly
on those cells to promote the immunogenic presentation of an oth-
erwise tolerogenic tumor/self peptide (21) might implicate a role
of the cytokine not only in the generation of protective immunity,
but also in the promotion of autoimmunity, according to a pattern
similar to that of IL-12 (35). Because most experimental studies
aimed at assessing the role of IL-12 in autoimmunity have relied
on the use neutralizing Ab that would block the function of both
p35/p40 and p19/p40, our present data may raise further questions
about the role of each individual cytokine in these models of au-
toimmunity (2).

One major finding in this study was the ability of the IL-23-Ig
fusion protein to trigger the release of IL-12 from DC in vitro to an
extent comparable to that of rIL-12. This raised the issue of pos-
sible bidirectional influences between the productions of IL-23 and
IL-12. In particular, we were concerned with the possibility that at
least a portion of the adjuvant effect of IL-23-Ig on DC could be
mediated by the endogenous production of IL-12. To investigate
this issue, we took advantage of the recent availability in our lab-
oratory of neutralizing Ab raised to the �2-chain of the IL-12R (9).
We found that the presence of this Ab as well as that of an anti-p70
reagent during activation in vitro of DC with IL-23- or IL-12-Ig
would selectively block the adjuvant effect of the latter protein.
Besides emphasizing the critical role of �2 as a signal-transducing
element in IL-12 signaling, these data demonstrate that, similar to
T cells (2), �2 is not involved in the biological effects of IL-23 on
DC, and a significant portion of these effects is independent of
endogenous IL-12. On the other hand, in experiments not reported
here, we found that rIL-12 would increase the transcriptional ex-
pression of murine p19 in DC, thus suggesting the occurrence of
mutual regulation between IL-12 and IL-23. As a corollary to the
current findings, our data suggest that the use of �2-specific Ab in
vivo may represent a suitable means of discriminating between the
relative roles of endogenous IL-12 and IL-23 in experimental mod-
els of autoimmunity.

It has been suggested that IL-12 may represent a unique cyto-
kine that bridges innate resistance and Ag-specific adaptive im-
munity (6). However, the critical �2 subunit required for IL-12
signaling is not present on freshly isolated native T cells and is
induced following TCR triggering (32). This condition is different
from that of DC, which constitutively express the �2-chain (8).
Although the putative receptor subunit involved in IL-23 signaling
in T cells has not been identified, there is evidence that the latter
chain, like IL-12R�2, may not be expressed by naive T cells and
may be induced following TCR engagement. Our data suggest that
DC do express this subunit constitutively. This again underlines
the similarities between IL-12 and IL-23 and further suggests that
the latter cytokine may be involved early in the initiation of an
Ag-specific immune response. Interestingly in this regard we have
found that IL-23-Ig will induce IFN-� production by DC to an
extent similar to IL-12 and that the combination of the two fusion
proteins will result in very high levels of IFN-� production by DC.
Because early production of IFN-� by APC is pivotal in determin-
ing the effectiveness of an immune response to pathogens (27),
these data may underscore the potential role of IL-23 at the initi-
ation of immunity against microbial pathogens.

In conclusion, the recent discovery of p19/p40 as a novel com-
posite factor closely related to IL-12 capable of critically affecting
T cell functions raises important issues. We here show that, anal-
ogous to their effects on T cells, IL-12 and IL-23 may also exert
similar as well distinct activities on DC, which play a central role
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in activating and regulating T cell responses. However, the activ-
ities of IL-23 may be even more complex than those of IL-12,
encompassing effects on both CD8� and CD8� DC. Given the
crucial roles of these subsets in regulating the balance between
immunogenic and tolerogenic stimuli in the early response to Ag,
our data propose a critical role for IL-23 at the interface of innate
and adaptive immunities.
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