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IL-12 p40–related cytokines such as IL-12 p35/p40 heterodimer and IL-23 (p19/p40) are potent regulators of adaptive
immune responses. Little is known, however, about the transcriptional regulation of the p40 gene in vivo. In an attempt
toward this goal, we have generated transgenic mice expressing firefly luciferase under the control of the IL-12 p40
promoter. High constitutive transgene expression was found in the small intestine only, whereas little reporter gene
activity was observed in other tissues. Within the small bowel, constitutive promoter activity was restricted to the terminal
ileum and associated with high expression of p40 mRNA as well as p40 and IL-23 p19/p40 proteins. The cells
constitutively producing IL-12 p40 were identified as CD8α and CD11b double-negative CD11c+ lamina propria dendritic
cells (LPDCs) that represent a major cell population in the lamina propria of the small intestine, but not in the colon. FISH
directly demonstrated the uptake of bacteria by a subset of LPDCs in the terminal ileum that was associated with p40
expression. Furthermore, little or no p40 protein expression in LPDCs was found in the terminal ileum of germfree mice,
indicating a key role of the intestinal flora for constitutive p40 expression. In addition, analysis of transgenic mice with a
mutated NF-κB target site in the p40 promoter showed a critical role of NF-κB for constitutive transgene expression. […]
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Introduction
The cytokine IL-12 consists of two disulfide-linked sub-
units, p40 and p35, and is produced mainly by mono-
cytes, macrophages, and DCs (1–4). Whereas the p35
subunit is expressed ubiquitously, the expression of p40
is tightly regulated and restricted to cells producing
functionally active IL-12 (5). IL-12 is known to be a key
regulator of Th1-type immune responses by binding
and signaling through the high-affinity IL-12 receptor,
consisting of a constitutively expressed β1 chain and an
inducible β2 chain, which is restricted to activated T

cells and NK cells. After IL-12 binds to its receptor, it
induces activation of specific members of the STAT (sig-
nal transducers and activators of transcription) family
of transcription factors (STAT-3 and STAT-4), which
then translocate to the nucleus and bind to genomic
promoter regions, including that governing IFN-γ (6, 7).
In this way, IL-12 p35/p40 strongly induces differentia-
tion of naive T lymphocytes into Th1 effector cells.

Oppmann and coworkers (8) recently showed that
IL-12 p40 can form a novel cytokine, denoted IL-23
(p19/p40), by binding to a protein called p19. IL-23
exhibits biological activities similar to, as well as dis-
tinct from, IL-12 (8, 9). In particular, IL-23 preferen-
tially activates memory rather than naive T lympho-
cytes and augments Th1 cytokine production by T
effector cells. Consistently, the IL-23 receptor is high-
ly expressed on memory T cells and consists of the 
IL-12 β1 chain and a novel IL-23R chain (10). IL-23
signals via Jak2 and activates STAT-3, STAT-4, and
STAT-5, although STAT-4 activation is significantly
weaker as compared with IL-12 signaling. The impor-
tance of IL-23 for chronic inflammatory diseases in
vivo has been underlined by the recent finding that
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transgenic mice overexpressing p19 showed multi-
organ inflammation and premature death (11).

Despite the physiologic and pathophysiologic impor-
tance of IL-12 p40–related cytokines, little is known
about the regulation of IL-12 p40 gene expression.
Recent data, however, suggest that IL-12 p40 is mainly
regulated at the transcriptional level by both chromatin
remodeling through Toll-like receptor signaling and
promoter transactivation through regulatory tran-
scription factors (12–15). In particular, various studies
have demonstrated the binding of strong transcrip-
tional activators such as NF-κB, C/EBP-β, PU.1, and 
AP-1 to the p40 promoter region in monocytes and
macrophages (12, 13, 16–19). Furthermore, a repressor
element (denoted GA-12) was recently identified with-
in the p40 promoter that modulates promoter activity
in response to IL-4 and PGE2, suggesting that both pos-
itive and negative response elements tightly control p40
gene transcription (16).

Since overexpression of IL-12 p40–related cytokines
appears to be a key step in the pathogenesis of Th1-
mediated autoimmune and chronic inflammatory dis-
eases, new insights into the transcriptional regulation
of IL-12 p40 expression in vivo are required for our
understanding of the pathogenesis of these diseases.
In an attempt toward this goal, we generated trans-
genic mice expressing firefly luciferase under the con-
trol of the wild-type IL-12 p40 promoter or the p40 pro-
moter with a mutated NF-κB target site. We observed
a constitutive IL-12 p40 promoter activity in the distal
ileum associated with increased expression of IL-12
p40 protein, heterodimeric p40/p19 (IL-23), and bind-
ing of NF-κB to its respective target site in the p40 pro-
moter. NF-κB binding was essential for constitutive
p40 expression, because transgenic mice with the
mutated NF-κB site showed no constitutive luciferase
activity in the distal ileum. Further studies identified
CD8α–CD11b–CD11c+ lamina propria DCs (LPDCs)
as the cellular source of constitutive p40 expression in
the distal ileum and showed a local uptake of bacteria
by these LPDCs. In summary, we provide evidence that
DCs in lamina propria of the distal but not the proxi-
mal ileum or colon maintain an excessive pool of p40
protein leading to high local levels of IL-23.

Methods
Cell culture conditions. Cell lines were obtained from the
American Type Culture Collection, Rockville, Mary-
land, USA. Cells were cultured in RPMI-1640, supple-
mented with 10% FCS (PAA Laboratories, Linz, Aus-
tria), 20 mM HEPES buffer (Life Technologies Ltd.,
Paisley, United Kingdom), 2 mM L-glutamine (Life
Technologies Ltd.), and 1,000 U/ml penicillin/strepto-
mycin (Biochrom AG, Berlin, Germany).

Generation of IL-12 p40 promoter/luciferase transgenic
mice. The p40 promoter/luciferase reporter gene vector
p40/pXP1 has been published previously (16). Briefly,
the IL-12 p40 promoter was amplified as an 813-bp
fragment (–747 to +66) by PCR and cloned into the

SmaI site of the promoterless pXP1 luciferase reporter
gene vector (20). From the parental p40/pXP1 vector
the NF-κB mutant reporter gene construct was
obtained by using the Quikchange Site-Directed Muta-
genesis Kit (200518; Stratagene, Heidelberg, Germany),
according to the manufacturer’s instructions. The
mutant primer sequence (top strand) was 5′-GAAC-
TTCTTGAAATTAGCC CAGAAGG-3′. Successful mutage-
nesis was verified by sequencing of the NF-κB mutant
reporter gene construct.

The constructs used for microinjection were obtained
by modifying the p40/pXP1 vector as follows: restric-
tion sites were inserted 5′ and 3′ of the pBR322 back-
bone by site-directed mutagenesis. The vector was cut,
and the resulting 4.7-kb IL-12 p40 promoter/luciferase
expression cassette was microinjected into pronuclei of
fertilized eggs. Subsequently, the eggs were transferred
to the oviduct of pseudopregnant FVB mice. The screen-
ing of potentially transgenic mice was performed by iso-
lation of DNA from tail biopsies and subsequent PCR
analysis with a set of construct-specific primers (5′-
ATGTCTGGATCCAAGCTCAG-3′ and 5′-TTGTCACGAT-
CAAAGGACTCTGG-3′). Mice were bred in our animal
facility under normal housing conditions. Germfree
mice were established as published previously (21).

Isolation and culture of primary cells. Peritoneal macro-
phages were isolated as follows. Mice were injected
intraperitoneally with 2.5 ml of Brewer’s thioglycollate
medium (Becton Dickinson and Co., Bethesda, Mary-
land, USA). After 3 days, mice were sacrificed by cervical
dislocation and peritoneal cells were isolated by flush-
ing the peritoneum with 6 ml of cold PBS. The cells
were resuspended in culture medium and were allowed
to adhere for 2 hours. Subsequently, nonadherent cells
were removed and adherent peritoneal macrophages
were analyzed as specified below.

Mouse spleen cells were obtained by flushing the
spleen through a 0.4-µm filter with cold PBS and lysing
the erythrocytes with ACK cell lysis buffer (Cambrex,
East Rutherford, New Jersey, USA). Splenocytes were
then further purified using the MACS system (Miltenyi
Biotech GmbH, Bergisch-Gladbach, Germany) with
immunomagnetic beads specific for Mac-1, CD3, or
B220 (Miltenyi Biotech GmbH) and the isolation of
splenic macrophages, T lymphocytes, and B lympho-
cytes, respectively. Cells were more than 95% pure, as
determined by FACS analysis.

LPMCs were isolated from resected small intestine
specimens by a technique described previously (22).
Briefly, after removal of Peyer’s patches, the intestine
was opened longitudinally, washed several times in
PBS to remove feces and debris, and cut into small
pieces. Tissues were incubated at 37°C in PBS supple-
mented with 0.145 mg/ml DTT and 0.37 mg/ml
EDTA for 15 minutes. The tissue was then digested in
RPMI-1640 containing 0.15 mg/ml type II collagenase
(Worthington, Lakewood, New Jersey, USA) and 0.1
mg/ml DNase (Roche Molecular Biochemicals,
Mannheim, Germany) for 75–90 minutes at 37°C on
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a shaking platform. CD11c+ and CD11c–CD11b+–
enriched LPMCs were finally isolated subsequently
using CD11c and CD11b microbeads and MACS tech-
niques (Miltenyi Biotech GmbH).

Cells were treated with the following reagents as spec-
ified in Results: 100 U/ml mouse IFN-γ (Genzyme
Pharmaceuticals, Cambridge, Massachusetts, USA), 1
µg/ml bacterial LPS (Sigma-Aldrich, St. Louis, Mis-
souri, USA), 0.001% fixed Staphylococcus aureus cells
(SACs) (Pansorbin cells; Calbiochem, La Jolla, Califor-
nia, USA), 5 ng/ml mouse IL-4 (PharMingen, San
Diego, California, USA), 50 ng/ml PMA (Sigma-
Aldrich), and 1 µg/ml ionomycin (Sigma-Aldrich).

Isolation of proteins. Extraction of nuclear proteins was
carried out by the method of Schreiber et al. (23). Gut
proteins were isolated by homogenization of gut sam-
ples in mPER protein extraction reagent (Pierce
Biotechnology, Rockford, Illinois, USA) supplemented
with Complete proteinase inhibitor (Roche Molecular
Biochemicals). Protein concentrations were measured
with a protein assay kit (Bio-Rad, Munich, Germany).

Electrophoretic mobility-shift assay. Oligonucleotides for
electrophoretic mobility-shift assay (EMSA) were syn-
thesized, annealed, gel purified, and end labeled with
[32P] γ-ATP (>5,000 Ci/mmol; Amersham Life Sciences
Inc., Arlington Heights, Illinois, USA) using T4 polynu-
cleotide kinase (New England Biolabs Inc., Beverly,
Massachusetts, USA). Twenty-five thousand counts per
minute radiolabeled p40 NF-κB-probe (5′-GAACTTC-
TTGAAATTCCCCCAGAAGG-3′) was added to the bind-
ing reaction that also contained 1 µg synthetic DNA
duplex of poly(dIdC) (Pharmacia Biotech Inc., Piscat-
away, New Jersey, USA), 3 µg nuclear proteins, and
binding buffer (25 mM HEPES, pH 7.5, 150 mM KCl, 5
mM DTT, 10% glycerol). For supershift assays, 2 µg of
Ab’s specific for NFATc or NF-κB p50, p65, c-Rel, and
RelB (Santa Cruz Biotechnology Inc., Santa Cruz, Cal-
ifornia, USA) were used. Complex formation was
allowed to proceed for 30 minutes at room tempera-
ture. Finally, the complexes were separated from
unbound DNA by native PAGE on 5% gels. The gels
were exposed to Kodak MS films on intensifying
screens at –80°C.

Isolation of mRNA and RT-PCR. Total RNA was isolat-
ed using TRIzol (Sigma-Aldrich) according to the
manufacturer’s recommendations. Reverse transcrip-
tion into complementary DNA was performed using
the MMLV reverse transcriptase (Life Technologies
Inc.). PCR was performed using the RedTaq PCR
reagents (Sigma-Aldrich) and the following primers
derived from previously published sequence data: 
IL-12 p40, 5′-GGAGACCCTGCCCATTGAACT-3′ and 5′-
CAACGTTGCATCCTAGGATCG-3′; IL-23 p19, 5′-TGCTG-
GATTGCAGAGCAGTAA-3′ and 5′-CTGGAGGAGTTGG-
CTGAGTC-3′; IL-17, 5′-TGGCGGCTACAGTGAAGGCA-3′
and 5′-ACAATCGAGGCCACGCAGGT-3′; and β-actin, 5′-
TGACGGGGTCACCCACACTGTGCCCATCTA-3′ and 5′-
CTAGAAGCATTTGCGGTGGACGATGGAGGG-3′. PCR
products were analyzed on 1% agarose gels.

Western blot analysis. For IL-12 p40 Western blot analy-
sis, intestinal specimens were snap-frozen in liquid
nitrogen, and proteins were isolated as described above.
Proteins (50 µg) were separated on Laemmli SDS-PAGE
gels and transferred to nitrocellulose membranes
(Schleicher & Schuell GmbH, Dassel, Germany) by
semidry blotting. A nonreducing sample buffer (Carl
Roth GmbH, Karlsruhe, Germany) was chosen to
detect p40, p40/p19, and p40/p35 at the same time.
Nonspecific binding sites were blocked with PBS, 5%
milk powder, 0.1% Tween-20, followed by sequential
incubation in 0.2 µg/ml rabbit anti–mouse IL-12 p40
(Santa Cruz Biotechnology Inc.) and 1:2,000 horserad-
ish preoxidase–labeled anti–rabbit IgG (Santa Cruz
Biotechnology Inc.). Detection of IL-12 p40–specific
complexes was performed with the ECL system (Amer-
sham Life Sciences Inc.) and Biomax MR films (East-
man Kodak Co., Rochester, New York, USA). Densito-
metry of Western blots was performed using the
ChemiImager 5500 software (Alpha Innotech, San
Leandro, California, USA). To detect IL-23 p19/p40, a
recently described specific IL-23 Ab (24) was used that
was generated by immunization of rabbits with a puri-
fied glutathione S-transferase fusion protein. Detec-
tion of p19/p40 complexes was performed analogous
to the p40 Western blotting procedure described above.

ELISA for IL-12 p40 and p70. To measure IL-12 protein
production, 106 primary monocytes per well were seed-
ed out in 1-ml culture medium in triplicate in 48-well tis-
sue-culture plates and incubated at 37°C in humidified
5% CO2 atmosphere in the presence or absence of differ-
ent stimuli, as indicated above. After 48 hours, cell-free
culture supernatants were removed and assayed for p70
and p40 concentration using ELISA (22).

Immunohistochemistry. Cryosections or cytospins of
CD11c-enriched LPMCs (100,000 cells per slide) were
analyzed by immunofluorescence or diaminobenzidine
(DAB) staining. For cytospins, CD11c-positive cells
were isolated from the terminal ileum as described
above. Immunofluorescence was performed using the
tyramide signal amplification Cy3 system (PerkinElmer
Life Sciences, Heidelberg, Germany) and a fluorescence
microscope (Olympus fluorescence microscope; Olym-
pus America Inc., Melville, New York, USA). In brief,
cryosections were fixed in ice-cold acetone for 10 min-
utes followed by sequential incubation with methanol,
avidin/biotin (Vector Laboratories, Burlingame, Cali-
fornia, USA), and protein-blocking reagent (DAKO
Corp., Wiesbaden, Germany) to eliminate unspecific
background staining. Slides were then incubated
overnight with primary Ab’s specific for IL-12 p40,
CD11c, CD11b (Santa Cruz Biotechnology Inc.), or
firefly luciferase (Europa Bioproducts Ltd., Wicken,
United Kingdom). Subsequently, the slides were incu-
bated for 30 minutes at room temperature with
biotinylated secondary Ab’s (Dianova, Darmstadt,
Germany). All samples were finally treated with strep-
tavidin-HRP and stained with tyramide (Cy3 or FITC),
according to the manufacturer’s instructions (Perkin-
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incubated with 25 ng of each oligonucleotide added in
50 µl of hybridization buffer containing 20% for-
mamide for 90 minutes at 46°C before washing with
the same stringency. Signal specificity was demon-
strated by using Escherichia coli as positive control with
the EUB-338 probe and by comparing with the nonre-
lated Cy3-labeled control NONEUB-338 oligonu-
cleotide. For some experiments, immunofluorescence
staining was performed additionally.

Transient transfections and reporter gene analysis. Ten
micrograms of the p40/pXP1 reporter gene vector along
with 2 µg of a β-galactosidase expression vector were
transfected into 107 cells using the DEAE transfection
method. After 18 hours, the cells were stimulated as
described above. The stimulation was allowed to pro-
ceed for 8 hours before the cells were harvested, washed
in PBS, and lysed in cell lysis buffer (Promega Corp.,
Madison, Wisconsin, USA). For the analysis of reporter
gene transgenic mice, tissue samples were directly
homogenized in cell lysis buffer (Promega Corp.).
Luciferase activity was measured as light emission over
a period of 10 seconds after addition of luciferase assay
buffer (Promega Corp.) with a standard luminometer
(Sirius; Berthold Detection Systems GmbH, Pforzheim,
Germany). Luciferase activity was normalized to the 
β-galactosidase expression level of the lysate or where
applicable to the protein content of the solution.

Elmer Life Sciences). Before examination, the nuclei
were counterstained with Hoechst 3342 (Molecular
Probes Inc., Eugene, Oregon, USA).

For luciferase staining with DAB, cryosections were
fixed in ice-cold acetone for 10 minutes followed by
sequential incubation with methanol, 3% H2O2,
avidin/biotin (Vector Laboratories), and protein-block-
ing reagent (DAKO Corp.) to eliminate unspecific back-
ground staining. Slides were then incubated overnight
with an Ab specific for firefly luciferase (Europa Bio-
products Ltd.). Subsequently, the samples were incu-
bated withbiotinylated secondary Ab’s (Sigma-Aldrich)
for 1 hour at room temperature. All samples were final-
ly treated with streptavidin and stained with the DAB
chromogen according to the manufacturer’s instruc-
tions (DAKO Corp.). Before examination, the nuclei
were counterstained with hematoxylin.

FISH of bacterial rRNA. FISH hybridization of bacter-
ial rRNA on glass slides was performed as described
previously (25, 26). The universal eubacterial oligonu-
cleotide probe EUB-338 (GCT GCC TCC CGT AGG AGT)
and the control probe NONEUB-338 (CGA CGG AGG
GCA TCC TCA) complementary to EUB-338 to exclude
nonspecific binding of the probes were synthesized and
5-prime labeled (Metabion, Planegg-Martinsried, Ger-
many) with the fluorochrome Cy3 or FITC. Slides with
cryosections were fixed in PFA, washed in PBS, and

Figure 1
Generation of IL-12 p40 promoter/luciferase trans-
genic mice. (a) Reporter gene analysis of the
p40/pXP1 reporter gene construct in various cell
lines. The IL-12 p40 promoter was cloned as a Stul
restriction enzyme fragment upstream of the
luciferase reporter gene into the pXP1 vector yielding
the p40/pXP1 vector. P40/pXP1 was transfected in
various cell lines using the DEAE transfection
method. Cells were left untreated or were stimulat-
ed for 8 hours with PMA/ionomycin or LPS/IFN-γ,
as indicated. Data represent average values of two
independent experiments and are presented as fold
induction of relative light units (RLU) as compared
with the transfection of the empty pXP1 reporter
gene vector. (b and c) Map of the luciferase expres-
sion cassette and generation of IL-12 p40 promot-
er/luciferase transgenic mice. A 4.7-kb IL-12 p40 pro-
moter/luciferase expression cassette was used for
the generation of transgenic animals. The screening
of transgenic mice was performed by isolation of tail
DNA and subsequent PCR analysis with a set of con-
struct-specific primers, giving rise to a single band of
1,081 bp. Several founder mice were identified by
PCR that were used for subsequent analysis.
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upstream of the luciferase reporter gene of the pro-
moterless pXP1 vector. The resulting construct, denot-
ed p40/pXP1, was then transfected into cell lines of var-
ious origin to analyze activity and inducibility of the
promoter in response to LPS and IFN-γ or PMA and
ionomycin. The IL-12 p40 promoter was found to be
active and inducible only in cell lines of myeloid origin,
but not in B or T cell lines or other nonlymphoid cell
lines (Figure 1a), except for the Raji cell line, an EBV-
transformed B cell line capable of producing IL-12 p40
(2). Thus, the 800-bp promoter fragment confers cell
type and stimulation-specific activation of the IL-12
p40 promoter in transient transfection assays.

Statistical analysis. Data from transfection experiments
and Western blot densitometry were analyzed by the
Student t test using the software program Excel.

Results
IL-12 p40 promoter luciferase transgenic mice display a cell
type and activation-specific expression of the transgene. To
analyze functional aspects of the IL-12 p40 promoter,
we performed transient transfection assays using
reporter gene vectors. In these studies, we cloned an
800-bp fragment of the human IL-12 p40 promoter

Figure 2
Cell-specific and stimulation-dependent expression of the trans-
gene. (a) Upper panel: Luciferase expression in the spleen of con-
trol and LPS-injected transgenic mice. Mice were injected intraperi-
toneally with 200 µg of LPS. After 4 hours, splenic luciferase
expression was assessed. Data are shown as mean values of three
mice per group ± SD. LPS injection led to increased luciferase activ-
ity indicating LPS-dependent p40 promoter activity in spleen cells.
Lower panel: IL-12 p40 protein levels in the spleen of the same ani-
mals as above were determined by ELISA analysis of splenic cell
lysates. Mean values ± SD are shown. (b) Luciferase expression in
splenic macrophages, T cells, and B cells of transgenic mice upon stim-
ulation with LPS/SAC (macrophages, B cells) or anti-CD3 plus anti-
CD28 Ab’s (T cells) for 24 hours. Date represent mean values ± SD of
three mice per group. (c) Luciferase activity in peritoneal
macrophages of transgenic mice. Cells were isolated as described
in Methods and stimulated for 24 hours as indicated. The data rep-
resent mean values ± SD of three independent experiments.

Figure 3
Analysis of various organs from IL-12 p40 promoter/luciferase trans-
genic mice. (a) Luciferase activity in different tissues of untreated,
healthy transgenic mice. Luciferase expression was measured in a
standard luminometer after homogenization of whole organs from
transgenic mice. Results were normalized to the protein content of
the homogenates and are presented as relative light units (RLU) per
milligram of protein extract ± SD of five independent experiments.
All founder lines of IL-12 p40 promoter/luciferase transgenic mice
showed the highest constitutive activity in the small intestine, where-
as little activity was seen in the spleen, liver, kidney, heart, and colon.
(b) Luciferase activity in different segments of the small intestine
from untreated, healthy transgenic mice upon removal of the Peyer’s
patches. The small intestine was divided into four segments of equal
length (from the proximal segment D1 to the distal segment D4), and
luciferase expression was measured in a standard luminometer after
homogenization of gut samples from transgenic mice. Results were
normalized to the protein content of the homogenates and are pre-
sented as relative light units per milligram of protein extract ± SD of
three independent experiments. All founder lines of IL-12 p40 pro-
moter/luciferase transgenic mice showed the highest constitutive
activity in the distal segment of the small intestine, whereas little
activity was seen in proximal segments.
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Although transient transfections are a very powerful
tool for the functional analysis of regulatory sequences,
the reporter gene vector remains episomal, and they
thus do not necessarily reflect the complex biochemi-
cal processes involved in endogenous gene regulation
in the nucleus. To analyze the activity of the IL-12 p40
promoter in cells and whole organs in vivo, bacterial
sequences were removed from the p40/pXP1 reporter
gene vector and the resulting construct (Figure 1b) was
injected into the pronuclei of fertilized eggs. Twelve
founder FVB mice proved to be transgenic by PCR
analysis (Figure 1c). These founder mice and their lit-
termates were phenotypically normal and showed no
organ pathology (data not shown).

To analyze reporter gene transgenic mice, animals
were injected intraperitoneally with a sublethal dose of
LPS and subsequently screened for luciferase expres-
sion. We found a strong upregulation of reporter gene
activity and IL-12 p40 protein expression in the spleen
compared with the control PBS-injected animals (Fig-
ure 2a), demonstrating the capacity of spleen cells to
activate the IL-12 p40 promoter upon LPS stimulation.
Next, we isolated T cells, B cells, and macrophages from

spleens of IL-12 p40 promoter/luciferase transgenic
mice. The cells were simulated with anti-CD3/anti-
CD28 or LPS/SACs, respectively, and subjected to
reporter gene analysis. High luciferase expression was
detected in splenic macrophages, but not in T or B
lymphocytes (Figure 2b), suggesting macrophage-spe-
cific expression of the transgene in the spleen. Further-
more, peritoneal macrophages showed a tenfold induc-
tion of reporter gene expression upon stimulation with
LPS and LPS/IFN-γ, but only moderately with IFN-γ
alone (Figure 2c). Such induction was suppressed by the
addition of IL-4, a known inhibitor of IL-12 expression
(27, 28), to the culture medium of stimulated peritoneal
macrophages. Taken together, these findings demon-
strate that the 800-bp promoter fragment is sufficient
to drive inducible, cell type, and activation-specific
expression in a transgenic mouse model in vivo.

The IL-12 p40 promoter is constitutively activated in the ter-
minal ileum of healthy mice. In subsequent studies, we
analyzed constitutive luciferase activity in a variety of
organs from healthy transgenic mice. Whereas most tis-
sues such as spleen and lung (Figure 3a) of the trans-
genic mice showed only little reporter gene activity,

Figure 4
Nonreducing Western blot analysis of gut samples from the small intestine (D1–D4) and colon (C). Samples were analyzed for p40,
p40/p19 (IL-23), p40/p35 (IL-12), and p40 homodimer (p40)2 levels. β-Actin staining served as loading control. (a) Western blot for
monomeric p40 protein using extracts from different mouse strains. Extracts from IL-12 p40 S129/B6 KO mice served as negative control
(far right panel). (b) Analysis of higher molecular weight p40 complexes in FVB and BALB/c mice (left panels) and S129/B6 mice (middle
panel, same blot as in a). A marked increase of IL-23 p40/p19, but not IL-12 p40/p19 levels was noted in the distal small bowel as com-
pared with the proximal segments of the small intestine. Right panel: These data were confirmed by Western blot analysis using an IL-23–
specific AB (four mice per group, two shown). (c) Densitometry of above p40 Western blots. Data are reported as percentage of expres-
sion as compared with D4 (100%). Data represent average values ± SD of six to eight mice per group. Statistically significant differences
(*P < 0.05, **P < 0.01, ***P < 0.001) are indicated. (d) RT-PCR analysis of RNA isolated from the small (D1–D4) and large (C) intestine
of healthy FVB mice. A marked upregulation in D4 as compared to the proximal small intestine and colon was seen for the mRNAs of p19
and p40, but, importantly, also for the mRNA of IL-17, a recently identified target gene of IL-23 in memory T cells (56).
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moderate expression was found in testis consistent
with the known IL-12 production and STAT-4 expres-
sion in this organ (29, 30). Surprisingly, all founder
lines displayed high luciferase activity in the small
intestine but not in the colon, thus providing evidence
for constitutive IL-12 p40 promoter activity in the for-
mer organ. Furthermore, Peyer’s patch–free small
bowel preparations showed high luciferase activity,
excluding the possibility that constitutive promoter
activity was mainly localized in Peyer’s patches. To ver-
ify whether the constitutive IL-12 p40 promoter activi-
ty was distributed equally within the small intestine,
the organ was removed, and Peyer’s patches were
excised. The small intestine was then divided into four
parts of equal length (proximal D1 to distal D4), and
luciferase activity was determined in the gut
homogenates. Interestingly, constitutive luciferase
activity was restricted to the distal small intestine (D3
and D4), whereas the proximal samples (D1, D2)
showed only basal levels of activity (Figure 3b). Thus,
the distal but not the proximal small intestine shows
high constitutive IL-12 p40 promoter activity in vivo.

To verify whether this constitutive promoter activity
in the distal small bowel gives rise to increased local 
IL-12 p40 protein levels, we performed Western blot
analysis of D1–D4 protein extracts as well as from
colon samples of wild-type and transgenic FVB mice.
Accordingly, tissue proteins were isolated and subject-
ed to Western blot analysis using an Ab specific for
murine IL-12 p40. Consistent with the reporter gene
data, significantly higher levels of monomeric p40 pro-
tein were detected in distal samples of the small intes-
tine than in proximal samples or colon samples (Fig-
ure 4a). To rule out the possibility that this could be a

strain-specific observation in FVB mice, we performed
Western blot analysis of gut samples from BALB/c and
S129/B6 mice. Consistent with the data in FVB mice,
we observed high levels of monomeric IL-12 p40 pro-
tein only in the distal samples D3 and D4 in both
strains (Figure 4a).

Interestingly, signals corresponding to the p40/p19
heterodimer (IL-23) were also strongly increased in
samples from the terminal ileum as compared with the
proximal samples and colonic samples, as determined
by Western blot analysis using a p40-specific Ab in
three different strains of mice (Figure 4b; left panels
and middle panel). This finding was confirmed by
additional Western blot experiments with an IL-23–
specific Ab demonstrating high constitutive expression
of IL-23 in the terminal ileum as compared with the
proximal small intestine (Figure 4b; right panel). In
contrast, signals corresponding to the IL-12 p40/p35
heterodimer as well as levels of p40 homodimers were
almost comparable between proximal and distal sam-
ples and colonic samples (Figure 4, b and c). Further-
more, both p19 and p40 mRNA levels were strongly
increased in the terminal ileum as compared with the
proximal small bowel and colon, as determined by 
RT-PCR (Figure 4d). These findings indicate a consti-
tutive activity of the IL-12 p40 promoter in the distal
ileum of healthy mice giving rise to an excess of p40
mRNA, monomeric p40 protein, and IL-23.

Intestinal IL-12 p40 is mainly produced by CD11c+ LPDCs.
To identify the cellular source of intestinal IL-12 p40
promoter activity, immunohistochemistry studies for
luciferase expression were performed. Interestingly,
luciferase positive cells in transgenic animals were seen
mainly in the lamina propria below the crypts, sug-

Figure 5
IL-12 p40 is produced largely by CD11c+ DCs located below the crypts
in the lamina propria. (a) Cryosections of transgenic mice were ana-
lyzed by immunohistochemistry for luciferase expression. One repre-
sentative staining for luciferase in the small intestine (D4) of a trans-
genic animal out of four is shown (left panel). Luciferase-expressing
cells were mainly seen in the lamina propria below the crypts (arrows).
No staining was seen in sections from transgenic mice treated with an
isotype control Ab right panel), the proximal segments of the small
intestine (D1, D2), and in healthy nontransgenic control mice (not
shown). (b) Detection of CD11c+ and CD11b+ cells in the lamina pro-
pria of transgenic mice. More CD11c+ than CD11b+ cells were detect-
ed in the lamina propria, suggesting that many cells in the lamina pro-
pria of healthy mice carry surface markers of DCs. No differences in
the staining patterns of CD11b+ and CD11c+ cells were noted
between the proximal and the distal segments of the small bowel. (c)
IL-12 p40 cytokine levels in supernatants from CD11c+ enriched DCs
and CD11c–CD11b+ enriched macrophages isolated from the lamina
propria of healthy mice. Lamina propria cells were isolated as
described in Methods and purified using the MACS system. To meas-
ure IL-12 p40 protein production, 500,000 cells/well were seeded out
in 1 ml culture medium in triplicate and incubated in the presence or
absence of LPS/SAC. After 24 hours, supernatants were removed and
assayed for p40 concentration by ELISA. Unstim, unstimulated.
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intestine (D1–D2 versus D3–D4) were compared (not
shown), excluding the possibility that the differences
in p40 levels between the proximal and distal small
bowel are simply due to changes in the local number of
producer cells. A comparison of the small intestine
with the colon, however, demonstrated a strongly
reduced number of CD11c+ cells in colon cross sections
(Figure 6a). Moreover, whereas DCs in the small intes-
tine were located in large numbers in the lamina pro-
pria, colonic DCs were found mainly in lymphoid fol-
licles and subepithelial regions.

Recently, three functionally different subpopula-
tions of CD11c+ DCs have been identified in murine
Peyer’s patches: CD11b+CD8α–, CD11b–CD8α+, and
CD11b–CD8α– cells (31, 32). To investigate whether
the LPDCs in the small bowel might carry these mark-
ers, too, immunofluorescence staining of cryosections
was performed. Accordingly, consecutive cryosections
were stained for CD11c and CD11b. As shown in Fig-
ure 6b, few CD11c+ cells stained positive for CD11b.
Furthermore, as shown in Figure 6c (upper panels),
Ab’s to CD8α stained a cell population located in the
subepithelium rather than in the lamina propria. In
contrast, this cell population was not detectable in

gesting that the cells producing IL-12 p40 constitu-
tively reside in the lamina propria (Figure 5a). Accord-
ingly, we attempted to detect CD11b+ macrophages
and CD11c+ DCs as known producers of IL-12 p40 in
the lamina propria by immunohistochemistry. Where-
as only a limited number of lamina propria cells
stained positive for CD11b, a major cell population in
the lamina propria stained positive for the CD11c, sug-
gesting the existence of LPDCs (Figure 5b). To assess
the capacity of both cell populations to produce IL-12
p40, LPMCs were isolated from the small intestine of
healthy mice and enriched for CD11c+ DCs and
CD11c–CD11b+ macrophages using immunomagnetic
beads. Isolated cells were left untreated or were stimu-
lated with LPS/SACs for 24 hours followed by analysis
of supernatants for IL-12 p40. As shown in Figure 5c,
both cell populations produced IL-12 p40 in response
to LPS/SAC stimulation, although CD11+ DCs pro-
duced higher amounts than CD11b+ macrophages.
These data are consistent with a model in which
CD11c+ cells of the small intestine produce large
amounts of IL-12 p40 in vivo. No statistically signifi-
cant differences could be observed in the overall num-
ber of CD11c+ cells when samples within the small

Figure 6
LPDCs are differentially located in the small intestine as
compared with the colon and are largely CD11b–CD8α–.
Location of LPDCs in the colon and small bowel.
Cryosections were analyzed by immunofluorescence
using the tyramide signal amplification Cy3 or FITC sys-
tem and fluorescence microscopy. Cryosections were
stained for CD11c, IL-12 p40, CD11b, and CD8a, as
indicated. Nuclei were counterstained in blue. (a) Differ-
ential localization of LPDCs in the colon (upper panels)
and small intestine (lower panels). The lamina propria of
the small bowel contained many CD11c+ LPDCs as well
as some CD11c+ subepithelial cells, whereas few LPDCs
were seen in the colon. (b) Staining for CD11b+ (red),
CD11c+ (green), and CD11b+ plus CD11c+ (yellow) cells
in the distal small bowel of healthy mice, showing that
most CD11c+ LPDCs do not coexpress CD11b. (c) Stain-
ing for CD11c (green), CD8α (red), and CD11c plus
CD8α (yellow) cells in the distal small bowel (D4) of
healthy FVB mice (upper panels), showing that most
CD11c+ LPDCs do not coexpress CD8a. CD11c+ LPDCs
did express MHC class II molecules, as determined by
immunohistochemistry, however (not shown). No stain-
ing for CD8α was noted in T cell–deficient RAG knock-
out mice (RAG–/–; lower panels), although many CD11c+

LPDCs were detected in these animals.
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cryosections from the small intestine of RAG-1
knockout mice lacking T cells and B cells (Figure 6c,
lower left panel), suggesting that these cells represent
intraepithelial lymphocytes rather than LPDCs. Thus,
IL-12 producing LPDCs are largely negative for
CD11b and CD8α and therefore resemble a double-
negative DC population similar to that recently
described in Peyer’s patches.

Binding of NF-κB p50/p65 to the IL-12 p40 promoter is
upregulated in the terminal ileum. The transcription factor
NF-κB is a key regulator of inducible IL-12 p40 pro-
moter activity and is known to be activated by bacteri-
al products by Toll-like receptor signaling (33, 34). To
analyze whether binding of this transcription factor to
its site in the IL-12 p40 promoter is enhanced in the dis-
tal versus the proximal small bowel, we performed
EMSA experiments. Therefore, protein extracts of
D1–D4 were incubated with an oligonucleotide corre-
sponding to the IL-12 p40 promoter NF-κB site, and
protein/DNA complexes were analyzed by native PAGE.
As shown in Figure 7a, complex binding to the p40 
NF-κB site was strongly increased in extracts of the dis-
tal versus the proximal small intestine. Supershift
analysis demonstrated that complexes were composed
mainly of the NF-κB subunits p50 and p65 (Figure 7b),
since the addition of Ab’s specific for the these proteins
led to a retarded migration (p50) or complete abroga-
tion of the complex (p65).

To functionally analyze the role of NF-κB for con-
stitutive p40 promoter activation in the distal small
intestine, reporter gene transgenic mice were generat-
ed carrying a loss-of-function mutation in the NF-κB
target site of the IL-12 p40 promoter. This mutation
has been shown previously to prevent binding of 
NF-κB to its target site in the p40 promoter (16).
Healthy transgenic mice carrying a mutant p40 pro-
moter construct upstream of the luciferase gene were
sacrificed, and the gut and spleen were analyzed for
luciferase activity. No constitutive promoter activity
was measured in the samples D1–D4 from the small
intestine (Figure 7c), providing evidence for a key role
of NF-κB for constitutive p40 promoter activity in the
distal ileum in vivo.

Bacteria are necessary for p40 expression in the distal ileum
and are actively taken up from the intestinal lumen by
LPDCs. NF-κB is known to be activated via Toll-like
receptor-signaling by bacterial antigens. To further
analyze whether bacteria play a role for high p40 gene
expression in the distal ileum, Western blot analysis
for p40 was performed using extracts from the proxi-
mal and distal ileum of healthy mice bred under
germfree conditions. Interestingly, no increased p40
signals in the distal ileal samples were noted in
germfree mice as compared with mice housed under
conventional conditions (Figure 8a; left panels). Since
the number of CD11c+ LPDCs was not significantly

Figure 7
Binding of NF-κB to the IL-12 p40 promoter is upregulated in the distal small intestine. (a) EMSA analysis: 40 µg of tissue lysate from the
small intestine (D1–D4) of FVB mice was incubated with a radiolabeled probe corresponding to the IL-12 p40 promoter NF-κB site. Pro-
tein/DNA complexes were analyzed on a 5% native polyacrylamide gel. Two representative experiments out of four are shown. (b) For super-
shift analysis, D4 protein lysate was preincubated with 2 µg of Ab’s specific for the indicated transcription factors prior to the addition of
radiolabeled probe. The locations of the p50/p65 complex and the p50 supershift are indicated. (c) Constitutive luciferase activity in sam-
ples D1 (proximal) to D4 (distal) of the small bowel and spleen of IL-12 p40 wild-type promoter/transgenic mice and NF-κB mutant pro-
moter/luciferase transgenic mice. Luciferase expression was measured in a standard luminometer after homogenization of organ samples
of transgenic mice. Results were normalized to the protein content of the homogenate and are presented as relative light units per milligram
of protein extract ± SD of three independent experiments with independent founder mice. A striking reduction of luciferase activity was noted
in the distal small intestine of mice carrying a loss-of-function mutation in the NF-κB–binding site of the IL-12 p40 promoter as compared
with transgenic mice carrying the wild-type p40 promoter upstream of the luciferase gene. In contrast, no reduction of luciferase activity in
spleen cell lysates was noted.
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reduced in germfree mice (Figure 8a; right panel),
these data suggested that bacterial antigens or prod-
ucts induce p40 promoter activation and p40 protein
production in LPDCs in vivo.

To directly test the concept that bacterial antigens
induce p40 production in LPDCs, we performed FISH
analysis on CD11c-enriched lamina propria cells with
the FITC-labeled oligonucleotide EUB-338 directed to
a RNA sequence present in the rRNA of all eubacteria.
Interestingly, FISH analysis and immunocytochemi-
cal studies showed colocalization of bacteria with p40
protein in CD11c-enriched lamina propria cells from
the distal small bowel (Figure 8b). Furthermore, EUB-
338–positive cells in the terminal ileum of p40 pro-
moter transgenic mice were found to express
luciferase (Figure 8c), suggesting that bacterial anti-
gens drive p40 production in vivo. To further analyze
whether p40-producing LPDCs may take up bacterial
antigens from the intestinal lumen in healthy mice in
vivo, we performed FISH analysis of gut cryosections
with the Cy3-labeled oligonucleotide EUB-338. As
shown in Figures 9, a and b, the probe for eubacteria
stained positive in the crypts of the distal small intes-
tine (D4), but not in the proximal small intestine
(D1), providing evidence for a higher concentration of
bacteria in the crypts of the terminal ileum. To ana-
lyze whether CD11c+ LPDCs stain positive for bacter-
ial rRNA, double and triple fluorescence experiments

were performed by staining cryosections from the dis-
tal ileum for CD11c (FITC) and EUB-338 (Cy3) (Fig-
ure 9 and 10). In addition to hybridizing to bacteria
in the gut lumen, EUB-338–stained cells in the lami-
na propria of D4 that were CD11c positive, suggest-
ing that these LPDCs directly sample bacterial anti-
gens from the intestinal lumen in vivo, resulting in
p40 protein production. Further quantification
showed that less than 10% of LPDCs stained positive
for EUB-338, whereas the majority of CD11c LPDCs
showed no staining (Figure 9d).

Discussion
The ability to produce IL-12 p40–related cytokines
such as IL-12 p35/p40 and IL-23 p19/p40 is a funda-
mental property of macrophages and DCs in various
infectious and autoimmune diseases (22, 35–43). Lit-
tle is known about the transcriptional regulation of
p40 gene expression in vivo, however. The data pre-
sented in this manuscript provide strong evidence for
an unexpected constitutive transcriptional activity of
the IL-12 p40 promoter and IL-23 p19/p40 production
in the distal ileum of healthy mice. LPDCs were iden-
tified as main producers of p40 in response to the bac-
terial flora by activation of NF-κB. These results impli-
cate important functional differences between the
mucosal immune systems of the colon and the proxi-
mal and distal parts of the small intestine.

Figure 8
Bacteria in the distal small intestine drive constitutive intestinal 
IL-12 p40 expression. (a) Western blot for IL-12 p40 of gut samples
(D1 plus D2: p; D3 to D4: d) derived from three mice (M1, M2, M3)
bred under germfree conditions (control), no constitutive p40 pro-
tein expression was seen under germfree conditions. The number of
CD11c+ LPDCs in the terminal ileum of germfree mice was compa-
rable to that in the ileum of mice bred under specific pathogen-free
conditions, as demonstrated by immunofluorescence analysis (right
panel) and quantification of fluorescence-positive cells (not shown).
(b) FISH analysis on CD11c-enriched lamina propria cells from the
distal small intestine of healthy FVB mice using a universal, FITC-
labeled eubacterial oligonucleotide probe (EUB-338) and simulta-
neous immunocytochemical analysis of IL-12 p40 expression. Three
representative high-power fields are shown. Image arithmetic (over-
lay) demonstrated colocalization of bacteria and p40 protein
expression in CD11c-enriched lamina propria cells. The CD11c-
enriched lamina propria cells did not express CD8α or CD11b, as
shown by double-staining analysis (not shown). (c) FISH analysis of
CD11c enriched lamina propria cells of the distal small intestine of
healthy p40 promoter transgenic FVB mice using a universal, FITC-
labeled eubacterial oligonucleotide probe (EUB-338) and simulta-
neous immunohistochemical analysis of luciferase expression. Colo-
calization of bacteria and luciferase protein expression was noted in
lamina propria cells. No staining was observed using a control
probe (NONEUB-338) complementary to EUB-338 to exclude non-
specific binding (not shown).
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To gain insights into the transcriptional regulation of
the IL-12 p40 promoter in various organs and cell types
in vivo, we have generated IL-12 p40 promoter/luciferase
transgenic mice. Importantly, all transgenic founder
lines were phenotypically normal, and the transgene
expression correlated with that of the endogenous IL-12
p40 gene. Consistently, IL-12 p40 promoter activity
measured as luciferase expression was highly inducible
by LPS and LPS/IFN-γ in isolated peritoneal macro-
phages. Furthermore, analysis of p40 promoter activity
in isolated spleen cells of transgenic mice demonstrat-
ed an inducible expression in macrophages but no sig-
nificant reporter gene activity in B or T lymphocytes.
Our data therefore provide strong evidence that an 800-
bp fragment of the IL-12 p40 promoter is sufficient to
confer cell type–and stimulus-specific promoter activi-
ty in vivo. This finding is consistent with data from
transient transfection assays performed by different
groups, including ours (12, 13, 16, 44).

Surprisingly, we found high constitutive luciferase
activity in samples from the small bowel, but only
basal levels in the colon and various other organs such
as spleen and lung. Within the intestine, high
luciferase activity was detected in the distal small
bowel of transgenic mice only (even upon removal of
the Peyer’s patches). In contrast, only basal levels of
activity were found in proximal samples and the colon,
suggesting a constitutive transcriptional activity of the
IL-12 p40 promoter in the distal ileum of healthy mice.
Furthermore, Western blots using extracts from three

different mouse strains showed high levels of
monomeric IL-12 p40 protein only in samples from
the distal small intestine but not in proximal samples.
These data suggest that p40 is produced in large excess
in the terminal ileum by transcriptional mechanisms.
A part of this excess p40 protein may heterodimerize
with p19 to form IL-23, which would explain the sig-
nificantly higher level of IL-23 p19/p40 in the distal
ileum when compared with proximal samples and
colonic samples, as determined by Western blot analy-
sis. The differential expression of IL-12 p35/p40 and
IL-12 antagonizing p40 homodimers versus IL-23
p19/p40, however, implicates the existence of addi-
tional regulatory mechanisms. In the case of IL-23 this
mechanism is most likely related to local tissue levels
of the p40-binding partner p19. Indeed, p19 mRNA
expression in the terminal ileum was upregulated as
compared with the proximal small bowel, suggesting
that high local tissue levels of p19 and p40 in the for-
mer region result in IL-23 p19/p40 protein produc-
tion. In any case, however, these differences in tissue
levels of IL-12 p40 and IL-23 may have important
functional consequences, since IL-23 (in contrast to
IL-12 p35/p40) induces the proliferation of mouse
memory (CD4+CD45RBlow) T cells and acts more
broadly as an end-stage effector cytokine in chronic
inflammation through direct actions on macrophages
(45). One may therefore speculate that higher levels of
IL-23 in the terminal ileum may serve to expand and
activate a pool of memory T cells and macrophages in

Figure 9
Bacteria in the distal small intestine are actively taken
up by LPDCs in close proximity to the crypts. (a) FISH
analysis using a universal, Cy3-labeled eubacterial
oligonucleotide probe (EUB-338). Whereas marked
staining was seen in the distal small bowel (D4), no
staining was detected in the proximal samples (D1).
Furthermore, no staining was observed using a control
probe (which was NONEUB-338) complementary to
EUB-338 to exclude nonspecific binding (not shown).
(b) Analysis of the above FISH experiment by confocal
laser microscopy. Higher magnifications showed that
the bacteria in the terminal ileum (D4) of healthy mice
typically had a curved appearance. L, crypt lumen. (c)
Immunofluorescence triple-staining analysis of CD11c
(FITC: green), Hoechst 3342 (blue), and FISH (Cy3:
red), using confocal laser microscopy in D4. CD11c+

plus FISH double-positive cells (yellow, image arith-
metic overlay) were identified in the distal small intes-
tine (D4), suggesting uptake of bacteria by LPDCs in
vivo. (d) Immunofluorescence triple-staining analysis
of CD11c (FITC: green), Hoechst 3342 (blue), and
FISH (Cy3: red) using confocal laser microscopy in
D4. The majority of CD11c -positive LPDC cells were
negative for EUB-338.
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this part of the gut upon initiation of a specific immune
response. This may lead to a predisposition for chronic
inflammation with continuous activation of memory
cells and macrophages in the terminal ileum.

Recent data suggest that DCs in the intestine and
elsewhere in the body control the critical balance
between self-tolerance and the development of chron-
ic inflammatory and autoimmune diseases (31,
46–50). This function probably involves both endo-
cytosis of apoptotic epithelial cells and direct sam-
pling of luminal bacteria, followed by antigen pres-
entation to intestinal T cells (46, 51, 52). Here, we
have identified a subset of LPDCs as cellular source
of constitutive IL-12 p40 promoter activity and IL-12
p40 gene expression in the terminal ileum. In fact, iso-
lated CD11c+ LPDC produced high amounts of IL-12
p40 protein upon activation with LPS and SACs. In
addition, immunofluorescence studies demonstrat-
ed luciferase expression by lamina propria cells in the
terminal ileum as well as colocalization of bacteria
and luciferase expression in transgenic mice. Finally,
further characterization of LPDCs showed that they
are largely CD8α and CD11b double negative and
thus reminiscent of a DC subset recently character-
ized in murine Peyer’s patches that produces high lev-
els of IL-12 in response to S. aureus antigen and 
IFN-γ stimulation (31). Importantly, LPDCs repre-
sented a large population of LPMCs in the small
bowel, whereas only very few CD11c+ DCs were seen
in lymphoid follicles and subepithelial areas of the
colon. This finding suggests that LPDCs represent a
prominent population of professional APCs in the
small but not the large bowel.

The above data raise the question about the cause for
a difference in IL-12 p40 and IL-23 production
between LPDCs from the proximal and distal small
intestine of healthy mice. First, there could be a differ-
ence in the number of producer cells between the dis-
tal and proximal small intestine. Quantification, how-
ever, revealed no significant differences in the absolute
number of CD11c+ LPDCs or CD11b+CD11c– macro-
phages between the proximal and distal small bowel
(Becker et al., unpublished data). Second, producer
cells of IL-12 p40 could be differentially activated
through the local microenvironment. In this context,
bacterial antigens and products such as LPS or CpG-
DNA have been shown to be strong transcriptional
activators of the IL-12 p40 promoter (12, 13, 16, 19, 44).
Interestingly, FISH experiments using a specific probe
for eubacteria demonstrated localization of bacteria in
p40-expressing cells and endocytosis of bacteria by a
subset (10%) of CD11c+ LPDCs in the crypts of the ter-
minal ileum but not the proximal parts of the small
bowel. These differences might be due to an increased
bacterial load of the terminal ileum as compared with
the proximal small bowel or to local changes in the
composition of the microflora. Consistent with this
idea, no increase in constitutive p40 expression was
observed in the terminal ileum of mice raised under

germfree conditions. Thus, these data indicate that the
local bacterial flora in the terminal ileum but not in
the proximal small bowel induces increased expression
of the p40 gene by activating the p40 promoter. Fur-
thermore, gel-shift experiments using a p40 promoter
NF-κB probe demonstrated differences in complex
formation between proximal and distal samples, sug-
gesting a constitutive NF-κB p50/p65 activation in the
terminal ileum that drives IL-12 p40 promoter activa-
tion and p40 protein production. Consistently,
reporter gene transgenic mice carrying a loss-of-func-
tion mutation in the NF-κB motif of the p40 promot-
er showed no constitutive p40 promoter activity in the
terminal ileum. Taken together, these data provide
strong evidence that the intestinal microflora drives
constitutive NF-κB activation in CD11c+ LPDCs from
the terminal ileum in healthy mice, thereby causing
high IL-12 p40 promoter activation in vivo.

In summary, this manuscript demonstrates consti-
tutive transcriptional activity of the IL-12 p40 promot-
er in LPDCs of the distal ileum in healthy mice and
implicates important functional differences between
the mucosal immune systems of the colon and the
proximal and distal small intestine. This idea is under-
lined by the recent observation that antigen process-
ing by 20S proteasomes is more effective in the small

Figure 10
Detailed analysis of double staining. Immunofluorescence triple-stain-
ing analysis of CD11c (FITC: green), Hoechst 3342 (blue), and FISH
(Cy3: red) in D4 using confocal laser microscopy. Orthogonal pro-
jections of the sample in three dimensions are shown. Imaging was
performed using a multitracking program (Carl Zeiss, Oberkochen,
Germany), which eliminates bleed through of other channels. Control
images with a single laser activated were collected, and these control
images demonstrated no bleed through (not shown). Horizontal and
vertical sections from the same images on LPDCs are presented in the
upper panels followed by consecutive sections in the lower panels,
showing distinct positive red and green areas (arrows) as well as dou-
ble positivity for CD11c plus FISH in yellow (arrows).
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bowel as compared with the colon and other organs
(53). Our data, however, indicate that the bacterial
flora in the terminal ileum activates p40 gene tran-
scription in local LPDCs by NF-κB. These findings
suggest a predisposition of the terminal ileum to
develop chronic inflammatory responses by LPDC-
derived IL-23 and thus may provide a molecular expla-
nation for the preferential clinical manifestation of
Crohn disease (a Th1-mediated chronic inflammato-
ry bowel disease; refs. 54, 55) in this part of the gut.
Consistent with this idea, an uptake of bacteria by
LPDCs of the terminal ileum was only seen in the
crypts where the earliest pathological manifestations
of ileitis in Crohn disease are known to occur.
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