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Introduction

Summary

The role of mitogen-activated protein kinase (MAPK) and nuclear factor
kB (NF-kB) pathways, especially NF-kB-inducing kinase (NIK)-mediated
alternative pathway, in CD40-mediated interleukin (IL)-6 and IL-12 pro-
ductions by immature or mature dendritic cells (DCs) was investigated.
Murine myeloid DCs were matured by treatment with lipopolysaccharide.
CD40 ligation induced modest or vigorous cytokine productions in imma-
ture or mature DCs, respectively. After CD40 ligation, p38 MAPK was sig-
nificantly activated in either immature or mature DCs. SB203580, a p38
MAPK inhibitor, markedly decreased CD40-mediated IL-6 and IL-12 pro-
ductions in immature DCs. In mature DCs, SB203580 significantly
decreased CD40-mediated IL-6 but not IL-12 production. On the other
hand, CD40 ligation induced vigorous activation of the NF-xB alternative
pathway including p100 phosphorylation and subsequent nuclear trans-
locations of p52, a processed form of pl100, and RelB in mature but not
immature DCs. The CD40-mediated phosphorylation of p100 was com-
pletely abolished in NIK-mutated mature DCs. The NIK mutation mark-
edly reduced CD40-mediated IL-12 but not IL-6 production by mature
DCs. Taken together, we concluded that IL-6 and IL-12 productions in
response to CD40 ligation were controlled by p38 MAPK and NIK medi-
ated alternative pathway, respectively, in mature DCs.

Keywords: dendritic cells; NIK; MAPK; cytokine production; signal trans-
duction

pathogen products such as lipopolysaccharide (LPS).>’
The mature DCs highly express MHC and costimulatory

Dendritic cells (DCs) are potent antigen-presenting cells
(APCs) and play major roles in the regulation of immune
responses to various antigens.'” Immature DCs present-
ing peripheral tissues express moderate levels of major
histocompatibility complex (MHC) and costimulatory
molecules including CD80, CD86, and CD40 on the sur-
face. Upon encountering pathogens, immature DC are
activated and matured by maturation stimuli including

molecules on the surface, which are associated with the
potent capability of antigen presentation.

Subsequently, the mature DCs leave the peripheral tis-
sue and migrate to the T-cell areas of draining lymphoid
organs and activate antigen-specific T cells in these
areas.”” During the antigen presentation, DCs are also
activated via interaction of the CD40 with CD40 ligand
(L) expressed on T cells and thereby produce interleukin

Abbreviations: APC, antigen-presenting cells; CD40L, CD40 ligand; DC, dendritic cells; ELISA, enzyme-linked immunosorbent
assay; ERK, extracellular signal-related kinases; FCS, fetal calf serum; FITC, fluorescein isothiocyanate; GM-CSF, granulocyte—
macrophage colony-stimulating factor; IKK, IkB kinase; IMDM, Iscove’s modified Dulbecco’s medium; mAb, monoclonal
antibody; LPS, lipopolysaccharide; MAPKs, mitogen-activated protein kinases; MHC, major histocompatibility complex; NF-xB,
nuclear factor kB; NIK, NF-«B inducing kinase; PBS, phosphate-buffered saline; PE, phycoerythrin; SDDC, spleen-derived DCs;
TNEFR, tumour necrosis factor receptor; TRANCE, TNF-related activation-induced cytokine.
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(IL)-12 and IL-6. It has been shown that the DC-pro-
duced IL-12 drives polarization of native CD4" T cells
toward T helper 1 (Thl) type, while the inflammatory
cytokine IL-6 is involved in Th2 polarization.® Recently,
Dodge et al.” reported that IL-6 produced by pulmonary
DCs impeded Thl immune responses. Thus, the balance
of IL-6 and IL-12 produced by mature DCs in the T-cell
area appears to influence the Th1/Th2 polarization in the
subsequent acquired immunity.

One of the downstream events in CD40 signalling is acti-
vation of mitogen-activated protein kinases (MAPKs).%?
Activation of the p38 MAPK pathway is involved in IL-12
production by DCs,'™'? whereas activation of the extracel-
lular signal-related kinases (ERK) pathway acts to suppress
the IL-12 production."”™"”

CD40 ligation also induces activation of nuclear factor
kB (NE-xB).!® Five members of the mammalian NF-«B
family, p65 (RelA), RelB, c-Rel, p50/p105 (NF-xB1), and
p52/pl00 (NF-xB2), are present in unstimulated cells as
homo- or heterodimers bound to IkB family proteins.
IxB proteins prevent NF-«B translocation to the nucleus,
thereby maintaining NF-kB in an inactive state.'” NF-xB
signalling is generally considered to occur through either
the classical or alternative pathway'®. In the classic path-
way, IkB kinase (IKK) phosphorylates IkB proteins which
bind to p65 : p50 heterodimer and leads to degradation
of IkB."” In the alternative pathway, IKK phosphorylates
p100 coupled with RelB and leads to processing of p100
to p52, resulting in formation of the p52 : RelB hetero-
dimer. The freed NF-«B dimers such as p65 : p50 and
p52 : RelB heterodimers translocate to the nucleus where
they bind to specific sequences in the promoter or enhan-
cer regions of the target genes.

The phosphorylation of p100 has, so far, been shown
to be catalysed by IKK acting downstream from NF-xB
inducing kinase (NIK).***' Evidence that NIK is an
important kinase in mediating signal transduction of
tumour necrosis factor receptor (TNFR) family in vivo
has recently been deduced using alymphoplasia (aly)
mice.”” It has been demonstrated that the genetic lesion
in the aly mouse is a point mutation that results in a sin-
gle amino acid substitution in the COOH terminus of
NIK, and that wild-type NIK expressed in transgenic mice
can restore a normal phenotype in these mice.*?

It has been reported that NF-xB p50 and p65 are
involved in DC development, while p50 and c-Rel are
involved in CD40L- and TNF-related activation-induced
cytokine (TRANCE)-induced survival and IL-12 produc-
tion of DCs.'® However, a role of the NIK-mediated alter-
native pathway in DC functions is unclear. In the present
study, we analysed the CD40-mediated signal transduc-
tion in murine myeloid DCs focusing on p38 MAPK and
NF-xB pathways. We demonstrate herein that CDA40-
mediated IL-6 and IL-12 production are separately regula-
ted via p38 MAPK and NIK in mature DCs.
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Materials and methods

Mice

aly/aly mice, the heterozygous littermates (aly/+), and
wild-type C57BL/6 (B6) mice were purchased from Clea
Japan (Tokyo, Japan) and were maintained in a specific
pathogen-free condition of our animal facility at
Hokkaido University. The genetic background of the aly/
aly and aly/+ mice is B6. Nine- to 14-week-old female
mice were used throughout the study. All experiments
were approved by regulations of Hokkaido University
Animal Care and Use Committee.

Reagents and antibodies

Murine recombinant granulocyte-macrophage colony-
stimulating factor (GM-CSF) was purchased from Pep-
roTech (London, UK). LPS from Escherichia coli 055:B5
was obtained from Sigma Chemical Co (St Louis, MO).
SB20358, a specific inhibitor of p38 MAPK, was pur-
chased from Calbiochem (La Jolla, CA). This inhibitor
was used at 20 pm based on prior studies.**® Anti-
phospho-p38 MAPK (Thr180/Tyr182) antibody, anti-p38
MAPK antibody, anti-phospho-NF-kB2 pl00 antibody,
anti-NF-xB2 p52/p100 antibody, anti-NF-kB p65 anti-
body, anti-RelB antibody, and horseradish peroxi-
dase-conjugated anti-rabbit immunoglobulin G (IgG)
antibody were purchased from Cell Signalling Techno-
logy (Beverly, MA). Purified anti-CD40 monoclonal
antibody (mAb) (HM40-3) and hamster IgM as an
isotype control (no azide/low endotoxin format) were
purchased from BD Biosciences Pharmingen (San Diego,
CA). Fluorescein isothiocyanate (FITC)-conjugated anti-
mouse CD86 mAb (GL1), phycoerythrin (PE)-conju-
gated anti-mouse CD40 mAb (3/23), biotin-conjugated
anti-I-A® mAb (AF6-120.1), biotin-conjugated anti-I-A¢
mAb (AMS-32.1), and streptavidin Per-CP™  were
obtained from BD Biosciences Pharmingen.

Cell culture

Iscove’s modified Dulbecco’s medium (IMDM; Sigma)
was supplemented with 100 IU/ml penicillin, 100 pg/ml
streptomycin, 600 pg/ml L-glutamine. Fibroblast superna-
tants from NIH-3T3 cells were collected from confluent
cultures with IMDM containing 10% heat-inactivated
fetal calf serum (FCS). The DC line (BC1) was generated
from BALB/c mouse spleen as previously described.'>*”
BCl1 cells were cultured and expanded in Rl medium,
IMDM containing 10% FCS, 30% culture supernatants
from NIH/3T3, 10 ng/ml mouse recombinant GM-CSF,
and 50 pm 2-mercaptoethanol. Unstimulated BC1 cells
were used as immature DCs and BC1 cells treated with
5 pg/ml LPS for 48 hr were used as mature DCs.
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Spleen-derived DCs (SDDCs) were generated by cultur-
ing aly/aly, aly/+, or wild-type B6 mouse splenocytes in
R1 medium for 14-17 days as previously described.”’~*’
The splenocytes were plated at a density of 2-5-5 x 10°
cells/ml in R1 medium. Cultures were fed every 3—4 days
with fresh R1 medium. CD11c" cells were positively selec-
ted using anti-CD11c (N418) MicroBeads and magnetic-
activated cell-sorting column (Miltenyi Biotec, Bergisch
Gladbach, Germany). The purified cells were >93%
CDl11c" cells in purity; these purified populations were
used as SDDCs. Unstimulated SDDCs were used as
immature DCs and SDDCs treated with 5 pug/ml LPS for
24 h were used as mature DCs.

Flow cytometry

The cells were detached with 3 mm ethylenediaminetetra-
acetic acid (3 min at 37°). These cells were incubated
with 2.4G2 (rat anti-mouse FcII/III receptor, CD32)
supernatant to prevent binding to FcRII/III, and then
stained using FITC-, PE-, or biotin-conjugated mAb, and
streptavidin-Per-CP™.  Flow cytometric analysis was
performed on EPICS® XL (Coulter Co. Miami, FL), as
described in a pervious study.'

Measurement of IL-6 and IL-12

Immature or mature DCs (2 X 10°/ml) were incubated
with 1 pg/ml anti-CD40 mAb (HM40-3) or control IgM
in R1 medium for 24 hr at 37° and the culture superna-
tants were subjected to quantification of the protein level
of IL-6 and IL-12 p40 by enzyme-linked immunosorbent
assay (ELISA) using OptEIATM Set (BD Biosciences
Pharmingen). The doses of anti-CD40 mAb was deter-
mined on the basis of it’s maximum effect on the cytokine
productions.

In some experiments, cells (2 X 10°/ml) were pretreated
with SB20358 (20 pum) or vehicle alone (0-1% dimethyl-
sulphoxide) for 1 hr and then treated with 1 pg/ml anti-
CD40 mAb for 24 hr in the presence of the inhibitor or
vehicle alone. The culture supernatants were subjected to
quantification of the cytokine levels.

Immunoblotting

BC1 cells or SDDCs were incubated in 0-5% FCS IMDM
for 1 hr at a density of 1 x 10° cells/ml, and then stimula-
ted with 1 pg/ml anti-CD40 mAb (HM40-3) or control
IgM for the indicated time period. Reactions were halted
by rapidly cooling on ice and washed with ice-cold phos-
phate-buffered saline (PBS). The whole cell lysates were
prepared using cell lysis buffer (Cell Signalling Technol-
ogy, Beverly, MA). The nuclear extracts were prepared
using Nuclear Extract kit version C3 (Active Motif,
Carlsbad, CA). The cell lysates and nuclear extracts were
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separated by sodium dodecyl sulphate—polyacrylamide gel
electrophoresis, then blotted onto an immobilon mem-
brane (Millipore, Bedford, MA). The membrane was
probed with primary antibody, and developed with horse-
radish peroxidase conjugated secondary antibody by
enhanced chemiluminescence.

Statistical analysis

The Student’s t-test was used to analyse data for signifi-
cant differences. P-values less than 0-05 were regarded as
significant.

Results

CD40-mediated IL-6 and IL-12 production by
immature and mature DCs

We have established a murine DC line (BC1 cells) from
BALB/c splenocytes, according to Winzler’s method.'>*
Unstimulated BC1 cells are typical immature myeloid
DCs.'® Following treatment with TNF-o or LPS, BCI cells
exhibit mature DC phenotype and functions.'>?%?72
Using a similar in vitro differentiation system of DCs, a
number of important findings have been reported and
verified.”*°

Figure 1(a) shows surface marker expressions on un-
stimulated BC1 cells (immature DCs) and LPS-treated
BCI1 cells (mature DCs). Immature DCs showed moderate
level of CD40, CD86, and MHC class II expressions.
These surface molecules were markedly up-regulated on
mature DCs. CD40 ligation with anti CD40-mADb induced
IL-6 and IL-12 productions in both immature and mature
DCs (Fig. 1b). However, the CD40-mdiated cytokine pro-
ductions by mature DCs were considerably higher than
those by immature DCs.

CD40-mediated signal transduction in immature
and mature DCs

It has been reported that activation of the p38 MAPK
pathway promotes IL-12 production by DCs.'>'* We
analysed the effect of CD40 ligation on p38 MAPK activa-
tion in immature DCs and mature DCs. Intracellular pro-
tein levels of the active form of p38 MAPK, phospho-p38
MAPK, in immature DCs and mature DCs were evaluated
after CD40-mediated stimulation (Fig. 2a). After treat-
ment with anti-CD40 mADb, levels of phospho-p38 in
either immature or mature DCs were significantly
increased at 5-20 min, peaking at 10 min (Fig. 2a,
bottom).

To examine roles of the CD40-mediated p38 MAPK
activation in the cytokine productions by immature and
mature DCs, the effect of a specific inhibitor of p38
MAPK pathway, SB203580 (20 pum), was evaluated. Imma-
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Figure 1. CD40-mediated enhancement of surface molecule expres-
sions and IL-6 and IL-12 production by immature and mature DCs.
Unstimulated or LPS-treated BC1 cells were considered as immature
(iDC) or mature DCs (mDC), respectively. (a) Cell surface expres-
sions of CD40, CD86, and MHC class 1I (I-A%). iDC and mDC were
analysed by flow cytometry. (b) Cytokine production by iDCs and
mDCs. The iDC and mDC were treated with anti-CD40 mAb
(0-CD40) or isotype-matched control-IgM (isotype) for 24 hr. The
amount of IL-6 and IL-12 in the culture supernatants was measured
by ELISA. Each column represents the mean + SE of triplicate wells.
Data are representative of at least three independent experiments.

ture and mature DCs were pretreated with SB203580
(20 um). The DCs were then treated with anti-CD40 mAb
in the presence of the inhibitor (Fig. 2b). CD40-mediated
IL-6 production by either immature and mature DCs was
significantly decreased by treatment with SB203580.
CD40-mediated IL-12 production by immature DCs was
also decreased by SB203580. In contrast, SB203580 failed
to decrease CD40-mediated IL-12 production by mature
DCs.

CD40-mediated NF-kB activation in immature
and mature DCs

The inhibitor studies (Fig. 2) suggested that CD40-medi-
ated IL-12 production by mature DCs is regulated by a
signalling pathway other than p38 MAPK pathway. NF-
kB family proteins are involved in a variety of cytokine
productions. We then analysed nuclear translocation of
the NF-«xB proteins, which are involved in alternative
(p52/p100 and RelB) or classical (p65) pathway, in imma-
ture and mature DCs after CD40 ligation. Figure 3(a)
shows the levels of NF-xB family proteins in the whole
cell lysates. The levels of p100 and RelB in mature DCs
were considerably higher than those in immature DCs,
while the p65 level showed no difference between imma-
ture and mature DCs (Fig. 3a). We next analysed nuclear
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Figure 2. CD40-medaited p38 MAPK activation in immature and
mature DCs. Unstimulated or LPS-treated BC1 cells were considered
as immature (iDC) or mature DCs (mDC), respectively. (a) Phos-
phorylation of p38 MAPK. iDC and mDC were treated with anti-
CD40 mAb (a-CD40) for 5-20 min, and then whole cell lysates were
prepared. Levels of phospho-p38 MAPK (pp38) and p38 MAPK
(p38) in the cell lysates were determined by immunoblotting. A rep-
resentative immunoblot of three independent experiments is repre-
sented (upper). The relative intensity of the specific band in mDC is
shown (lower). Each column represents the mean = SE of three
independent experiments. (b) The effect of a p38 MAKP inhibitor,
SB203580. The iDC and mDC were pretreated with SB203580
(20 pum) for 1 hr and then incubated with anti-CD40 mADb (o-CD40)
in the presence of the inhibitor for 24 hr. The amount of IL-6 and
IL-12 in the culture supernatants was measured by ELISA. Each
column represents the mean + SE of three independent experiments.
Statistical significance was calculated by Student’s t-test (*P < 0-05

versus control).

translocations of these NF-kB proteins 90 min after treat-
ment with anti-CD40 mAb. The NF-kB nuclear-levels
reached a peak at 60-90 min after the CD40 ligation
(data not shown). Constitutive level of nuclear p52, a
processed form of p100, was higher in mature DCs than
that in immature DCs (Fig. 3b). RelB showed the similar
constitutive level between immature and mature DCs.
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Figure 3. Activation of alternative NF-xB pathway after CD40 liga-
tion in mature DCs. Unstimulated or LPS-treated BC1 cells were
considered as immature (iDC) or mature DCs (mDC), respectively.
(a) Levels of p100, RelB, or p65 in whole cell lysates. Levels of p100,
RelB, or p65 in whole cell lysates of iDC or mDC were determined
by immunoblotting. A representative immunoblot of three independ-
ent experiments is shown (upper). The relative intensity of the speci-
fic band is shown (lower). Each column represents the mean + SE of
three independent experiments. (b) Nuclear translocation of pl100,
RelB, or p65 after CD40 ligation. Cells were treated with anti-CD40
mAb (a-CD40) or control immunoglobulin for 90 min, and then
the nuclear extracts were prepared. Levels of p100, RelB, p65, or his-
tone H3 (His) in the nuclear extracts were determined by immuno-
blotting. A representative immunoblot of three independent
experiments is shown (left). The relative intensity of the specific
band is shown (right). Each column represents the mean + SE of
three independent experiments. (c) Phosphorylation of p100 after
CD40 ligation. Cells were treated with anti-CD40 mAb (a-CD40) for
5-20 min, and then the whole cell lysates were prepared. Levels of
phospho-p100 (ppl00) or pl00 in the cell lysates were determined
by immunoblotting. A representative immunoblot of three independ-
ent experiments is shown (left). The relative intensity of the specific
band is shown (right). Each column represents the mean + SE of
three independent experiments. Statistical significance was calculated
by Student’s #-test (**P < 0-01 versus unstimulated cells).

Notably, the nuclear levels of p52 and RelB in mature
DCs were markedly increased by CD40 ligation. Although
the nuclear level of p52 also increased in immature DCs
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upon CDA40 ligation, the level was much lower than that
in mature DCs. Similarly, nuclear levels of RelB in imma-
ture DCs were slightly increased after CD40 ligation.
However, this effect was not statistically significant. On
the other hand, the constitutive level of nuclear p65 in
immature DCs was higher than that in mature DCs. After
CD40 ligation, the nuclear level of p65 was unchanged in
immature DCs, whereas that in mature DCs was
increased. The nuclear level of p65 in mature DCs, how-
ever, was still below the constitutive nuclear level of this
protein in immature DCs. No significant differences were
detected among nuclear levels of histone H3 between
immature and mature DC irrespective of the CD40
ligation.

Nuclear translocation of RelB: p52 heterodimer is
induced following phosphorylation and subsequent pro-
cessing of pl00."® We therefore analysed levels of p100
phosphorylation after CD40 ligation in immature DCs
and mature DCs (Fig. 3c). The total p100 level in the
whole cell lysate was again up-regulated in mature DCs.
The level of phospho-p100 in mature DCs was signifi-
cantly increased 20 min after CD40 ligation. No phos-
pho-pl00 was detected in immature DCs, irrespective of
CD40 ligation.

Involvement of NIK in CD40-mediated IL-6
and IL-12 productions in DCs

Phosphorylation of pl100 has been shown to be catalysed
by IKK acting downstream from NIK. Thus, it is possible
that NIK is involved in the CD40-mediate phosphoryla-
tion of pl00 in mature DCs. To examine this, we used a
primary culture of DCs, SDDCs, from aly/aly mice which
have no NIK activity because of the genetic point muta-
tion. SDDCs were positive for CD11b and negative for
CD8 and B220 (data not shown), a pattern typical of
myeloid DC. Immature DCs (unstimulated DCs) from
both aly/aly mice and the heterozygous littermates (aly/+)
show moderate expressions of CD40, CD86, and MHC
class 11 (I-A"), and these expressions were markedly
up-regulated after treatment with LPS irrespective of the
aly/aly mutation (Fig. 4a).

Figure 4(b) shows the effect of aly/aly mutation on
CD40-mediated phosphorylation of p100 and p38 MAPK
in mature DCs. CD40 ligation markedly increased the
level of phospho-p100 in mature aly/+ DCs, while show-
ing no effects on that in mature aly/aly DCs. No phos-
pho-p100 was detected in immature DCs from both aly/+
and aly/aly mice (data not shown), consistent with the
data with BCl1 cells (Fig. 3c). In contrast, the level of
phospho-p38 was significantly increased by CD40 ligation
irrespective of the aly/aly mutation (Fig. 4b).

We then analysed the CD40-mediated IL-6 and IL-12
productions by DCs from aly/+ and aly/aly mice
(Fig. 5a). The aly/aly mutation exerted no significant
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influence on constitutive and CD40-mediated IL-6 pro-
ductions by immature and mature DCs. In contrast,
constitutive and CD40-mediated IL-12 productions by
mature DCs from aly/aly mice were markedly reduced as
compared to those by mature DCs from aly/+ mice.
Although IL-12 production by immature DCs from
aly/aly mice were also reduced, the reduction rate by the
aly/aly mutation was modest as compared with that in
mature DCs.

We also evaluated the effects of a specific inhibitor of
p38 MAPK pathway, SB203580 (20 um), on CD40-medi-
ated IL-6 and IL-12 production by immature and mature
SDDCs from aly/+ mice. Immature and mature DCs were
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Figure 4. Impaired phosphorylation of p100 after CD40 ligation in
mature DCs from NIK-mutated aly/aly mice. A primary culture of
DCs, SDDCs were prepared from splenocytes from aly/+ or aly/aly
mice. Unstimulated or LPS-treated SDDCs were considered as
immature (iDC) or mature DCs (mDC), respectively. (a) Cell surface
marker expressions. The iDC and mDC from aly/+ or aly/aly mice
were stained with specific mAb against CD40, CD86, or MHC class
II (I-A®) or isotype-matched control immunoglobulin (Isotype). The
cell surface expressions were analyzed by flow cytometry. A represen-
tative histogram of three independent experiments is shown (upper).
The mean fluorescence intensity (MFI) of the cells is represented
(lower). Each column represents the mean + SE of three independ-
ent experiments. (b) Phosphorylation of pl00, p38 MAPK. The
mature DCs from aly/+ or aly/aly mice were treated with anti-CD40
mAb (a-CD40) or control immunoglobulin for 20 min, and then
whole cell lysates were prepared. Levels of phospho-p100 (ppl100),
p100, phospho-p38 MAPK (pp38), and p38 MAPK (p38) in the cell
lysates were determined by immunoblotting. A representative immu-
noblot of three independent experiments is shown (upper). The rel-
ative intensity of the specific band is represented (lower). Each
column represents the mean + SE of three independent experiments.

pretreated with SB203580 (20 um). The DCs were then
treated with anti-CD40 mAb in the presence of the inhib-
itor (Fig. 5b). CD40-mediated IL-6 production by either
immature and mature DCs was significantly decreased by
treatment with SB203580. CD40-mediated IL-12 produc-
tion by immature DCs was also decreased by SB203580.
In contrast, SB203580 showed no significant effects on
CD40-mediated IL-12 production by mature DCs. These
results were compatible with the data from BCI cells
(Fig. 2b).

When the levels of cytokine production were compared
between wild-type (B6) and aly/+ DCs, almost compar-
able levels of IL-6 and IL-12 were produced by aly/+ DCs
as by wild-type DCs (Fig. 5¢). Thus, it seemed that wild-
type NIK production from the single allelic gene was suf-
ficient for full induction of IL-12 production in response
to CD40 ligation in DCs.

Discussion

When encountering pathogens, DCs capture the antigens
and are matured by the pathogen products such as LPS.
Subsequently, the mature DCs migrate to the T-cell area
of the lymph nodes and present the antigens to T cells.
During antigen presentation, the mature DCs receive sig-
nal via CD40 and produce IL-6 and IL-12. The balance of
these cytokine productions appears to be crucial in deter-
mining the subsequent Th1l and Th2 immune responses.

In the present study, we focused on the molecular
mechanisms underlying the CD40-mediated IL-6 and
IL-12 production in immature and mature stages of
murine myeloid DCs. We demonstrated herein that the
regulation systems for IL-6 and IL-12 production were
clearly separated in mature DCs.
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Figure 5. Effects of aly mutation on IL-6 and IL-12 productions by
DCs. A primary culture of DCs, SDDCs, were prepared from spleno-
cytes of aly/+, aly/aly, or B6 wild-type (WT) mice. Unstimulated or
LPS-treated SDDCs were considered as immature (iDC) or mature
DCs (mDC), respectively. The iDC and mDC from aly/+ or aly/aly
mice were incubated with anti-CD40 mAb (a-CD40) or control
immunoglobulin for 24 hr. The amount of IL-6 and IL-12 in the
culture supernatants was measured by ELISA. (a) Influence of the
aly/aly mutation on cytokine production. Each column represents
the mean + SE of three independent experiments. (b) The effect of a
p38 MAKP inhibitor, SB203580, on cytokine production by aly/+
SDDCs. The iDC and mDC from aly/+ were incubated with anti-
CD40 mAb (a-CD40) with or without SB203580 as described in
Fig. 2(b). Each column represents the mean * SE of triplicate wells.
The analysis was repeated twice with similar results. (c) Cytokine
production by aly/+ and WT DCs. Each column represents the mean
of two independent experiments. Statistical significance was calcula-
ted by Student’s t-test (*P < 0-05, **P < 0-01 versus aly/+ (a) or
control (b)).

It has been reported that CD40 ligation induces p38
MAPK activation in DCs, which results in promotion of
IL-12 production by the DCs.'>'* However, only few
reports analysed the role of p38 MAPK in IL-6 and IL-12
production among different maturational stages of DCs.
Recently, we have demonstrated that blocking of the p38
MAPK pathway significantly decreases CD40-mediated
IL-12 production by immature but not mature DCs.””
The functional role of p38 MAPK in the CD40-mediated
IL-12 production seems to be different between immature
and mature (Toll-like receptor (TLR)-stimulated) DCs.

We examined herein a role of p38 MAPK in CD40-
mediated IL-6 production by immature and mature DCs
in addition to IL-12 production. In agreement with our
previous study,”” blocking of the p38 MAPK pathway sig-
nificantly decreased CD40-mediated IL-12 production in
immature but not mature DCs (Fig. 2b and Fig. 5b). In
contrast, blocking of this pathway significantly decreased
CD40-mediated IL-6 production in either immature or
mature DCs (Fig. 2b and Fig. 5b). Thus, it seems that
the role of p38 MAPK activation after CD40 ligation
in mature DCs is different between IL-6 and IL-12
production.

CD40-mediated production of IL-12 by mature BCl
cells was slightly but significantly enhanced by treatment
with the p38 inhibitor (Fig. 2b). Thus, p38 MAPK may
be partially involved in negative regulation of the IL-12
production in this culture system. Although the effect of
the inhibitor was modest, we should evaluate the precise
molecular basis underlying the present finding in future
studies.

It has been reported that CD40-mediated IL-12 produc-
tion by human DCs is mediated via the p38 MAPK path-

way.'> We showed herein that IL-12 production by
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immature murine DCs, but not mature DCs, was mediated
via p38 MAPK. However, in the study of human DCs,"
roles of the p38 MAPK pathway in CD40-mediated IL-12
productions were examined in DCs without TLR-mediated
prestimulation. Thus, the roles of p38 MAPK in human
mature (prestimulated) DCs remain unclear.

Andreakos et al.>® have shown that IKK2, but not NIK,
is essential for effective antigen presentation by human
DCs in the allogeneic mixed lymphocyte reaction. In their
study, blocking NIK in human DCs never affected T-cell
proliferation against the alloantigen on the DCs. Further,
TNF-a, IL-6, and IL-8 production by the NIK-inhibited
DCs in response to CD40 ligation were same as those by
normal DCs. Concerning CD40-mediated IL-6 produc-
tion, we found that NIK mutation showed no significant
effect on the IL-6 productions by murine DCs, which
appears to be consistent with the report by Andreakos
et al.>® However, it was shown in our study that CD40-
mediated IL-12 production was NIK dependent in mature
DCs. The apparent differences between the report by
Andreakos et al.’® and our present study may be a result
of the difference in DC condition used. Andreakos et al.
did not use DCs matured by TLR-mediated stimuli before
CD40 ligation, and IL-12 production by DCs was not
analysed. Thus, the precise role of NIK in mature human
DCs should be analysed to elucidate the functional differ-
ences in IL-12 production between murine and human
DCs. It seems to us that decreased IL-12 production in
NIK-deficient DCs affects Thl development rather than
T-cell proliferation.

Prior studies of aly mice, which express a non-func-
tional NIK mutant, and NIK-knockout mice show that
NIK participates selectively in the activation of NF-xB by
a restricted set of ligands.”>* Based on the characteriza-
tion of cells derived from these mutant mice, NIK has
been thought to participate in activation of the alternative
NF-kB pathway.*’ The alternative pathway involves NIK
activation of IKKa and leads to phosphorylation and pro-
cessing of p100, generating the p52 : RelB heterodimer.

It was shown in the present study that during DC mat-
uration, protein levels of pl00 and RelB, which are
involved in the alternative pathway, were significantly
increased, while that of p65, which is involved in the clas-
sical pathway, was not changed (Fig. 3a). Thus, equip-
ment of the alternative pathway was enhanced during the
DC maturation. In addition, CD40 ligation induced con-
siderable activation of the alternative pathway, such as
phosphorylation of pl00 and translocation of p52 and
RelB in mature DCs but not immature ones (Fig. 3b, c).
Thus, the role of the alternative NF-kB pathway in DC
function seems to become crucial according to the DC
maturation.

In the present study, we found that CD40-mediated
pl00 phosphorylation was completely abolished in
mature DCs of NIK-mutated aly/aly mice (Fig. 4b).
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CD40-mediated IL-12 production by mature DCs was
also markedly reduced by the aly/aly mutation (Fig. 5a).
In contrast, CD40-mediated IL-6 production was not
reduced by the aly/aly mutation at all (Fig. 5a). We there-
fore would like to conclude that NIK-mediated activation
of the NF-xB alternative pathway is responsible for IL-12
but not IL-6 production in mature DCs upon stimulation
with CD40 ligation. However, it was shown that the basal
level of phospho-pl00 was slightly increased in aly/aly
DCs compared with that in aly/+ DCs (Fig. 4b). It has
been reported that aly type mutation of NIK leads to ele-
vation of spontaneous phosphorylation of pl00 but fails
to increase pl00 phosphorylation in response to extracel-
lular stimuli.*' Although the mechanism underlying the
spontaneous pl00 phosphorylation in the presence of aly
NIK is unclear, we consider that the difference in the level
of spontaneous phospho-pl00 seen between aly/aly and
aly/+ DCs may be attributed to the nature of aly NIK
products.

Garceau et al.*? have shown that NIK is involved in
CD40-mediated B cell proliferation and immunoglobulin
production using aly/aly mice. These authors also repor-
ted that the aly/aly mutation exerted negligible effects on
CD40-mediated IL-12 production by splenic DCs. How-
ever, in their study no maturational stimuli were given to
these DCs before the CD40 ligation. In the present study,
we compared the effects of the aly/aly mutation on IL-6
and IL-12 productions between immature and mature
DCs (Fig. 5a). The influence of the aly/aly mutation on
CD40-mediated IL-12 production was modest in imma-
ture DCs as compared with that in LPS-induced mature
DCs. Thus, the role of NIK-mediated pathway in IL-12
production by mature DCs seems to be more important
than that by immature DCs.

Taken together, we demonstrated that IL-6 and IL-12
productions in response to CD40 ligation were controlled
by p38 MAPK- and NIK-mediated alternative pathways,
respectively, in mature DCs. Because the balance of IL-6
and IL-12 production by mature DCs during the antigen
presentation is crucial for the subsequent Th1/Th2 bal-
ance, elucidation of the complex pathways that control
production of these cytokines by mature DCs may lead to
the development of clinical applications exploiting this
new regulation system for the treatment of various infec-
tious diseases and immune disorders.
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