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Interleukin-10 (IL-10) mediated suppression of IL-12 production
in RAW 264.7 cells also involves c-rel transcription factor

Sheikh Showkat Rahim,!
Nooruddin Khan, Chandra Sekhar
Boddupalli, Seyed E. Hasnain and
Sangita Mukhopadhyay

Centre for DNA Fingerprinting and
Diagnostics (CDFD), Nacharam,
Hyderabad, India

doi:10.1111/5.1365-2567.2005.02107.x
Received 29 June 2004; revised 3 November
2004; accepted 1 December 2004.
'Deceased.

Correspondence: Sangita Mukhopadhyay,
CDEFD, Hyderabad — 500 076, India.

Email: sangita@cdfd.org.in

Senior author: Sheikh Showkat Rahim

Introduction

Summary

Interleukin-10 (IL-10) is known to inhibit IL-12 production in macrophag-
es primarily at the transcriptional level with the involvement of p50 and
p65 nuclear factor-xB (NF-kB). We demonstrate that the c-rel transcrip-
tion factor also plays a major role in IL-10-mediated IL-12 suppression.
Treatment of macrophages with recombinant IL-10 inhibited nuclear c-rel
levels, whereas addition of neutralizing anti-IL-10 antibody up-regulated
both nuclear c-rel levels and IL-12 production by macrophages. Decreased
nuclear c-rel was associated with a reduction in phosphorylation of inhibi-
tory kappa B alpha (IxBa) in the cytoplasm, indicating that IL-10 prevents
degradation of IkBo and the subsequent translocation of c-rel into the
nucleus. Treatment with leptomycin B, a known inhibitor of c-rel at a
concentration of 10 nm, when used with anti-IL-10 antibody, resulted in
reduced expression of IL-12. In a complementary experiment, in vitro
transient expression of p65 NF-«xB could not rescue the inhibitory effect of
IL-10 on IL-12 production, suggesting that NF-kB alone was not sufficient
to restore IL-12 production during IL-10 treatment. However, over-expres-
sion of c-rel resulted in IL-12 restoration upon stimulation with lipopoly-
saccharide plus interferon-y during IL-10 treatment. Our studies highlight
the involvement of c-rel in IL-10-mediated IL-12 regulation.
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p50/p65 NF-kB-DNA binding activity.® Earlier, we repor-
ted that macrophages from Bruton’s tyrosine kinase-defi-

The interleukin-12 (IL-12), produced primarily by anti-
gen-presenting cells,' is a major player in differentiating
T-helper type 1 (Thl) responses.>” IL-12 is a hetero-
dimeric cytokine made up of a p40 subunit and a p35
subunit. The IL-12 p35 chain is constitutively produced
at a low level by a variety of cell types, whereas the p40
chain is only produced by cells making biologically active
IL-12.%

IL-10, a product of macrophages, lymphocytes and
other cells, is the physiologically most relevant inhibitor
of IL-12 production and the Thl immune responses.’
Nuclear run-on assays revealed that the inhibition of
IL-12 by IL-10 was at the gene transcription level.® The
p50/p65 nuclear factor-kB (NF-kB) complex is known to
play an important role in IL-12 transactivation’ and it is
reported that the IL-10 inhibits IL-12 through the sup-
pression of both IkB kinase (IKK) activity and the

cient mice can produce higher amounts of IL-12 despite
having poorer NF-kB expression,” indicating that the
p50/p65 NF-kB might not be the major regulator of the
IL-12 gene. It has also been reported that C57BL/6 mice
showed higher NF-kB expression compared to the BALB/
¢ mice when stimulated with Setaria cervi microfilariae.
However, the IL-12 induction was poorer in C57BL/6
compared to the BALB/c mice.'* Interestingly, the C57BL/
6 macrophages produced higher amounts of IL-10 in
response to S. cervi microfilariae compared to the BALB/c
macrophages.'® Recent findings have documented that the
IL-12 p40 gene is under the direct regulation of c-rel
rather than of the p65 NF-kB'"'* and that inhibition of
the c-rel transcription factor leads to down-regulation of
IL-12. We therefore, examined whether IL-10 suppresses
IL-12 by inhibiting the c-rel transcription factor in addi-
tion to the p50/p65 NF-xB. Our results point to the

Abbreviations: IL-10, interleukin-10; IL-12, interleukin-12; NF-kB, nuclear factor-kB; IkBa, inhibitory kappa B alpha;

EIA, enzyme immunoassay.
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involvement of c-rel transcription factor in IL-10-medi-
ated suppression of IL-12 production.

Materials and methods

Macrophage activation assay

The RAW 264.7 macrophages were obtained from NCCS,
Pune, India and maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen, Grand Island, NY)
containing 10% fetal calf serum (Invitrogen) and antibiot-
ics (DMEM-10). Cells were cultured in 96-well plates at
3 x 10°—4 x 10° cells per well in the presence of a combi-
nation of 1 pg/ml lipopolysaccharide (LPS; Sigma-
Aldrich, St Louis, MO) and 3 ng/ml interferon-y (IFN-v;
R & D Systems, Minneapolis, MN). The recombinant
IL-10 (rIL-10; BD Biosciences Pharmingen, San Diego,
CA) or antibodies to IL-10 (anti-IL-10 antibodies; BD Bio-
sciences Pharmingen) or leptomycin B (Sigma-Aldrich)
were added 60 min prior to stimulation. IL-12 and IL-10
secretion in the culture supernatants was measured after
48 hr of incubation.

Enzyme immunoassay (EIA) to measure cytokine

Murine IL-10 and IL-12 p40/p70 concentrations were
assayed by two-site sandwich EIA as described previ-
ously."? Standard curves for the cytokines were generated
using the recombinant standard proteins provided by the
manufacturer (BD Biosciences Pharmingen). The results
are expressed as mean * SD.

Western blot analysis of p50 NF-xB, p65 NF-kB and
c-rel in the nuclear extracts and total or phosphorylated
IxBo. in the cytoplasmic extracts

Western blot analysis was carried out to detect IxkBa or
various transcription factors as described earlier."* The
cells were either left unstimulated or were stimulated with
LPS + IFN-y for 1 hr in the absence or presence of
10 pg/ml of anti-IL-10 or increasing concentrations
(0-5 ng/ml, 5 ng/ml and 10 ng/ml) of rIL-10. Wherever
applicable, cells were pretreated with 10 nm leptomycin B.
Cytosolic and nuclear extracts from these macrophage
cultures were prepared from nonidet P-40-lysed cells as
described."”> Equal quantities of cytosolic or nuclear pro-
teins were separated by 10% sodium dodecyl sulphate—
polyacrylamide gel electrophoresis, performed under
reducing conditions, and electroblotted onto nitrocellu-
lose membranes (Amersham Biosciences, Little Chalfont,
UK). The membranes were then incubated with affinity-
purified rabbit antibodies to total IxBo (Santa Cruz Bio-
technology, Santa Cruz, CA) or phosphorylated IxBo
(Cell Signaling Technology, Beverly, MA) or p50 NF-xB
or p65 NF-kB or c-rel (Santa Cruz Biotechnology)
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followed by anti-rabbit immunoglobulin-horseradish per-
oxidase conjugate (Sigma-Aldrich). Bound enzyme was
detected by chemiluminescence following the manu-
facturer’s protocols (Amersham Biosciences). The gel
intensity was measured by scanning the blot with a
densitometer and subsequent analysis was performed on a
Macintosh computer using the public domain NIH IMAGE
program (developed at the US National Institutes of
Health and available on the Internet at http://rsb.info.
nih.gov/nih-image/) and the relative quantities were
expressed as arbitrary units.

Immunofluorescence microscopy

The RAW 264.7 cells were either left untreated or were
pretreated for 1 hr with rIL-10 or anti-IL-10 antibody or
leptomycin B or with both leptomycin B and anti-IL-10
antibody and stimulated further with LPS + IFN-y for
4 hr followed by another 4 hr incubation with 20 pg/ml
brefeldin A (Sigma-Aldrich) that retained the cytokine
within the cell. The cells were fixed with 3% paraformal-
dehyde for 30 min, washed and permeabilized with 0-1%
Triton X for 15 min. After blocking with 2% bovine
serum albumin (Sigma) cells were incubated with rat anti-
IL-12 p40 antibody and probed with anti-rat—fluorescein
isothiocyanate (Sigma). Cells were washed and embedded
in Vectashield mounting medium (Vector Laboratories,
Burlingame, CA). Microscopy was performed on a Nikon
fluorescence microscope (Nikon DX1, Japan).

Transfection with p65 NF-kB or c-rel plasmid construct

The p65 NF-kB and c-rel plasmid constructs were kind gifts
from Jiirgen Heesemann, Max von Pettenkofer-Institut fiir
Hygiene und Medizinische Mikrobiologie, Miinchen,
Germany. Transfections were conducted with 10 ng of the
p65 NE-kB/c-rel plasmid as described earlier.'® Expression
vector without any insert was used as control. The plasmid
constructs were transfected into RAW 264.7 macrophage
cells using the cationic lipid suspension lipofectin (Invitro-
gen). Eighteen hours after transfection, the cells were sti-
mulated with LPS + IFN-vy in the absence or presence of
rIL10 for either 1 hr to detect the p65 and the c-rel levels in
the nucleus or for 48 hr to estimate the amounts of IL-12
secreted in the culture supernatants by EIA.

Immunoprecipitation of p50 or c-rel transcription factor

The p50 or c-rel in the nuclear extracts was immunopre-
cipitated overnight at 4° with anti-c-rel or anti-p50 anti-
body (Santa Cruz Biotechnology) at a final concentration
of 1: 100 and then incubated with protein A/G beads for
3 hr at 4°. Beads were washed extensively with the nuclear
extraction buffer as described earlier.'* The co-immuno-
precipitated p50 or c-rel was detected by Western blot
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analysis using the specific antibody to p50 or c-rel as des-
cribed above.

Statistical analysis

All the data were analysed using Student’s t-test wherever
applicable. P < 0-05 was considered to be significant.

IL-10 inhibits c-rel

of IL-10 in macrophages commonly occurs in response to
the same stimuli that lead to macrophage activation for
the production of IL-12. Therefore, we studied whether
neutralization of the endogenously produced IL-10 by
anti-IL-10 antibody could improve the IL-12 induction.
The macrophages were stimulated with LPS + IFN-y in
the presence of 10 pg/ml anti-IL-10 neutralizing antibody

(anti-IL-10 Ab) and the levels of both IL-10 and IL-12
p40/p70 cytokines secreted in the cultures were estimated
by EIA. Treatment of macrophages with anti-IL-10 Ab,
although it diminishes IL-10 production (Fig. la), it sig-
nificantly up-regulates IL-12 p40 production (Fig. 1b;
P <0-01) by the LPS + IFN-y activated macrophages.
Next we examined the relative involvement of the nuclear
p50, p65 and c-rel transcription factors in promoting
IL-12 induction during anti-IL-10 Ab treatment. The
expression of p50, p65 and c-rel transcription factors was

Results

Anti-IL-10 antibody up-regulates both c-rel and
p65 NF-xB and enhances IL-12 production by
macrophages

In the present study, we examined whether the negative
effect of IL-10 on IL-12 induction is mediated also by the
inhibition of c-rel in addition to p65 NF-kB. Induction
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Figure 1. Inhibition of endogenous IL-10 by treating macrophages with anti-IL-10 antibody (anti-IL-10 Ab) significantly increases nuclear c-rel
level in addition to p65 NF-kB and causes up-regulation of IL-12 production. The RAW 264.7 macrophages were pretreated with 10 pg/ml anti-
IL-10 AD for 1 hr and further stimulated with LPS + IEN-y for 48 hr. The production of IL-10 (a) and IL-12 p40 (b) was measured by EIA (mean +
SD). In another experiment, the macrophages were stimulated with LPS + IFN-y for 1 hr in the absence or presence of anti-IL-10 Ab and the
expression of c-rel and p65 and p50 NF-kB in the nuclear extracts was examined by immunoblot analysis of identical amounts of total proteins
loaded in (c). IL-12 p70 level was measured by EIA in the IL-10-treated macrophages (d). In a separate experiment, the nuclear extracts prepared
from RAW 264.7 macrophages activated with LPS + IFN-y in the absence or presence of 10 pg/ml of anti-IL-10 Ab. The nuclear extracts were
incubated first with anti-c-rel Ab overnight at 4° and then protein A/G—Sepharose was added to the mixture and it was incubated for a further
3 hr. Co-immunoprecipitated p50 was detected by Western blot analysis using the anti-p50 Ab (e, middle panel). The same preparation was also
used to detect c-rel using anti-c-rel Ab, respectively (e; upper panel). In a complementary experiment, c-rel was coimmunoprecipitated using anti-
p50 Ab and subjected to Western blotting for c-rel using anti-c-rel Ab (f). Results shown are representative of four independent experiments.
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examined by Western blot analysis of the nuclear extracts
prepared from macrophages stimulated with LPS + IFN-y
in the absence or presence of 10 pg/ml of anti-IL-10 Ab.
It is evident that anti-IL-10 Ab increases nuclear levels of
both p65 NF-kB and c-rel (Fig. lc). As expected,'” anti-
IL-10 did not show much effect on the nuclear p50
NF-xB (Fig. 1c). These data indicate that c-rel may be
involved in IL-10-mediated down-regulation of IL-12 in
addition to p65 NF-xB. The anti-IL-10 Ab also up-regu-
lates the expression of biologically active IL-12 p70 in
RAW 264.7 macrophages (Fig. 1d; P < 0-01).

To understand whether c-rel acts as a regulator of p40
during IL-10 treatment following the formation of a
dimer with p50 NF-kB,'"'® the p50 was co-immuno-
precipitated as p50-c-rel complex, using anti-c-Rel
antibody, from the nuclear extracts prepared from macro-
phages treated either with LPS + IFN-vy alone (IL-107) or
co-treated with anti-IL-10 Ab and LPS + IFN-y (IL-10%).
Western blot assay using an antibody specific for p50
revealed that the amount of p50 that was co-immuno-
precipitated in the IL-10" group was similar to that of the
IL-10" group (Fig. le; middle panel). However, when the
same extracts were used to detect the c-rel in Western blot
using anti-c-rel antibody, it could be seen that more c-rel
could be co-immunoprecipitated in the IL-10" as com-
pared to the IL-10" group (Fig. le; upper panel). To further

confirm this, we used anti-p50 antibody to co-immuno-
precipitate c-rel. Western blot analysis of c-rel that was
co-immunoprecipitated along with p50 revealed that the
level was not appreciably different between the two groups
(Fig. 1f). These studies (Fig. le,f) reveal an up-regulation
of the c-rel-p50 dimer during LPS + IFN-y stimulation
which however, remained unaltered during IL-12 p40
enhancement by anti-IL-10 Ab, thereby suggesting that the
c-rel-p50 dimer may not be responsible for modulating
p40 during anti-IL-10 treatment.

Exogenous IL-10 inhibits c-rel level in nucleus and
also IL-12 production by macrophages

Having demonstrated, using antibody neutralization
experiments, that IL-10 could down-regulate the nuclear
crel level, we further investigated whether exogenous
rIL-10 could affect the status of c-rel levels. Macrophages
were pretreated with 5 ng/ml of rIL-10 and further stimu-
lated with LPS + IFN-y either for 1 hr, after which the
nuclear accumulation of c-rel was analysed by enhanced
chemiluminescence (ECL) immunoblot, or for another
48 hr, after which the amounts of IL-12 p40 and IL-12
P70 secreted in these cultures were quantified by EIA. The
results reveal that the addition of rIL-10 results in poorer
accumulation of c-rel in the nucleus (Fig. 2a) and a

Figure 2. Exogenous IL-10 inhibits nuclear
c-rel levels and also IL-12 production. The
RAW 264.7 macrophages were cultured with
LPS + IFN-y in the absence or presence of
5 ng/ml of rIL-10. The nuclear accumulation
of c-rel was examined by immunoblot analysis
of identical amounts of total proteins loaded
in the blot (a). The IL-12 p40 production was
determined either by EIA (b) or by immuno-
fluorescence microscopy (c) as described in the
Materials and methods. The IL-12 p70 level
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was determined by EIA (d). Data are represen-
tative of four different experiments.
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reduction in IL-12 p40 production by macrophages activa-
ted with LPS + IFN-y as measured by either EIA (Fig. 2b;
P < 0-001) or immunofluorescence microscopy (Fig. 2c).
The decrease in IL-12 p40 correlated well with a decrease
in IL-12 p70 production (Fig. 2d). Therefore, it was evi-
dent that exogenous IL-10 treatment resulted in reduced
c-rel expression as well as IL-12 production.

IL-10 prevents phosphorylation and degradation
of IxBo

The Rel/NF-kB family member proteins form a complex
with the inhibitory IkB protein'® in the cytoplasm and
phosphorylation of IkB by IKK triggers rapid dissociation
of IkB,* resulting in translocation of the Rel/NF-xB pro-
teins to the nucleus. Therefore, in the next experiment, we
examined whether IL-10 affected LPS + IFN-y-induced
IxBo phosphorylation to prevent p65/c-rel translocation
to the nucleus. The RAW 264.7 macrophages were stimu-
lated with LPS + IFN-y in the presence of increasing
concentrations (0-5 ng/ml, 5 ng/ml and 10 ng/ml) of
rIL-10. Nuclear and cytosolic p65 NF-kB and c-rel were
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Figure 3. rIL-10 decreases nuclear p65 and c-rel levels in a dose
dependent manner by reducing phosphorylation of IxBo while not
affecting the total induction of these proteins. RAW 264.7 macro-
phages were cultured with LPS + IFN-y in the absence or presence
of increasing concentrations (0-5 ng/ml, 5 ng/ml and 10 ng/ml) of
rIL-10. The cytosolic extracts (CE) and the nuclear extracts (NE) were
prepared from nonidet P-40-lysed cells. The levels of c-rel and
p65 NF-xB were detected in the NE (a) and CE (b) by Western blot-
ting using antibodies specific to c-rel and p65 NF-kB. The presence of
cytosolic total and phosphorylated IxBo was detected by Western
blotting using antibodies specific for total IxBo or phosphorylated
IxBa (c). The data are representative of three independent
experiments.
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detected by Western blotting using specific antibodies.
The LPS + IFN-y-induced phosphorylated form of IkBa
was examined by Western blot analysis using an antibody
that detects only the serine-phosphorylated form of IxBa.
It could be seen that the nuclear (Fig. 3a) but not the
cytosolic p65 NF-«xB (Fig. 3b) was inhibited by IL-10.
Similar to p65, the nuclear but not the cytosolic c-rel level
was reduced by IL-10, suggesting that IL-10 did not inhi-
bit the induction of p65 NF-kB and c-rel transcription
factors. Further studies reveal that LPS + IFN-y induced
IxBa phosphorylation while rIL-10 inhibited IxBa phos-
phorylation (Fig. 3¢, upper panel) and the degradation of
IxBo (Fig. 3¢, lower panel) in a dose-dependent manner.
These results indicate that IL-10 mainly inhibits LPS +
IFN-y-induced phosphorylation and degradation of IkBa,
thus affecting the translocation of p65 NF-«xB and c-Rel to
the nucleus while not affecting the total cell level of these
proteins.

Involvement of c-rel in IL-12 suppression by IL-10

The experiments described above clearly show that the
nuclear levels of c-rel were reduced by rIL-10 (Fig. 2a)
and that inhibition of IL-10 production by the neutral-
izing antibody increased the nuclear level of c-rel
(Fig. 1c), indicating that IL-10 may negatively target c-rel
to exert its effect on IL-12. However, it has also been
demonstrated that IL-10 inhibits p65 NF-kB levels in the
nucleus and thereby suppresses IL-12 transactivation.'”
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Figure 4. In vitro transient expression of p65 NF-kB does not rescue
the inhibitory effect of IL-10 on IL-12. The plasmid constructs were
transfected into RAW 264.7 macrophage cells using the cationic lipid
suspension lipofectin and incubation for 18 hr. The control group
received the mock plasmid (pUCI18). All the groups were further sti-
mulated with LPS + IFN-y in the absence or presence of 5 ng/ml of
rIL-10 for 48 hr. The amount of IL-12 secreted in the culture super-
natants was measured by EIA (mean=*SD). Data are representative
of three different experiments.
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Thus, it was argued that in vitro transient expression of
p65 NF-xB should rescue the inhibitory effect of IL-10 on
IL-12 induction. Therefore, in the next experiment, the
RAW 264.7 macrophages were transfected with the p65
NF-kB plasmid construct or with mock plasmid (pUC18)
and further stimulated with LPS + IFN-y in the absence
or presence of 5 ng/ml of rIL-10 for 48 hr. Over-expres-
sion of the p65 NF-kB in the RAW 264.7 macrophages
(data not shown) was unable to improve the IL-12 induc-
tion status during rIL-10 treatment (Fig. 4) indicating
that p65 NF-kB was not the only responsible factor
involved in IL-12 suppression by IL-10. Since the c-rel
level was increased by anti-IL-10 Ab (Fig. 1c), it was con-
sidered necessary to define the role of c-rel in IL-10-
mediated IL-12 suppression. To prove a role for c-rel in
such regulation, we next blocked the c-rel level within the
nucleus by using leptomycin B. The leptomycin B stably

(a)

retains the c-rel-IkBo complex in the cytoplasm and is a
specific inhibitor of Crml-mediated nuclear export.”"*>
The leptomycin B at a concentration of 10 nM can selec-
tively block nuclear c-rel*** but not other proteins.”>**
When stimulated with LPS + IFN-y in the presence of
10 nm leptomycin B, macrophages show a reduction in
the nuclear levels of c-rel (Fig. 5a) with a concomitant
decline in IL-12 p40 levels (Fig. 5b). This indicated that
leptomycin B reduced IL-12 p40 production through a
reduction in the nuclear c-rel level but not the NF-xB
proteins (data not shown). Having shown in the previous
experiment that the up-regulated production of IL-12 by
anti-IL-10 Ab was associated with increased levels of nuc-
lear c-rel (Fig. 1), we further investigated whether IL-12
p40 up-regulation by anti-IL-10 Ab could be intercepted
by reducing the nuclear c-rel levels by leptomycin B.
Therefore, in the next experiment, the macrophages were
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pretreated with 10 nm of leptomycin B before exposure to
anti-IL-10 Ab and LPS + IFN-y and both the nuclear
c-rel level and IL-12 induction were measured. It could
be seen that the reduction in c-rel level by the leptomycin
B (Fig. 5¢,d) inhibited IL-12 p40 induction in macro-
phages even after treatment with anti-IL-10 Ab, as evident
from EIA (Fig. 5¢; P < 0-001) or immunofluorescence
assay (Fig. 5f). These results once again demonstrate that
c-rel is important for IL-10-mediated up-regulation of
IL-12 in macrophages.

Next we examined whether over-expression of c-rel
is able to restore IL-12 during IL-10 treatment. The
RAW 264.7 macrophages were transfected with either
c-rel alone or with both c-rel and p65 NF-xB. These
macrophages were then simulated with LPS + IFN-y in
the presence of 5 ng/ml of rIL-10 and IL-12 p40 produc-
tion was measured after 48 hr. The IL-12 p40 production
was inhibited by rIL-10 in the mock-group (Fig. 6a, com-
pare bar 3 with bar 2) as expected. However, in contrast
to p65 (Fig. 4), transfection with c-rel alone could signifi-
cantly restore IL-12 production in macrophages treated
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Figure 6. Over-expression of c-rel restores IL-12 p40 induction
in IL-10-treated macrophages. The RAW 264.7 macrophages were
transfected with either the c-rel plasmid construct or with both c-rel
and p65 NF-kB plasmids using lipofectin. Cells were incubated for
18-20 hr, washed and further stimulated with LPS + IFN-y in the
presence of 5 ng/ml rIL-10. After 48 hr, the amounts of IL-12 p40
(mean £ SD) secreted in the culture supernatants were estimated fol-
lowing EIA (a). The c-rel and the p65 NF-kB levels in the nuclear
extracts were detected by Western blotting after 1 hr of stimulation
(b). Data are representative of three different experiments.
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with rIL-10 (Fig. 6a, compare bar 4 with bar 3) demon-
strating an important role of c-rel in IL-12 regulation by
IL-10. As expected,'"'® over-expression of both c-rel and
p65 NF-kB in rIL-10-treated macrophages resulted in
up-regulation of IL-12 p40 production (Fig. 6a, compare
bar 5 with bar 2). In the co-transfected macrophages,
over-expression of c-rel and p65 was confirmed by West-
ern blotting (Fig. 6b).

Discussion

In the present study, we have shown that in addition to
the p65 NF-xB, IL-10 also blocks the nuclear c-rel levels.
Our results show that the c-rel is also inhibited by IL-10
in addition to p65 NF-kB and it may be responsible
for IL-10-mediated suppression of IL-12 induction in
RAW 264.7 macrophages. Since transient expression of
p65 NF-«xB did not improve IL-12 induction status, it is
possible that a reduction in c-rel by the IL-10 is mainly
responsible for the negative effect of IL-10 on IL-12. This
conclusion is supported by the observation that inhibition
of nuclear c-rel by leptomycin B prevented the enhancing
effect of anti-IL-10 on the production of IL-12. Further-
more, in vitro transient expression of c-rel could restore
IL-12 levels in IL-10-treated cells, confirming a role of
c-rel in IL-12 regulation by IL-10. The co-immunoprecip-
itation assay indicated that the c-rel-p50 dimer was not
responsible for the enhancing effect of anti-IL-10 Ab on
IL-12. It is also possible that the complex interaction
between the p65 NF-«kB and c-rel is actually responsible
for IL-10-mediated suppression of IL-12. Our study pro-
vides evidence for a role of c-rel in IL-10-mediated IL-12
suppression, while not ignoring a role of p65 NF-«xB in
such down-regulation.

The Rel/NF-«B family member proteins are sequestered
in the cell cytoplasm, complexed to a family of inhibitory
IkB proteins.'” Phosphorylation of IxB by IKKs triggers
rapid dissociation of IxkB*** and consequently, the
Rel/NF-«B proteins are translocated into the nucleus to
activate transcription of target genes. A unidirectional
negative regulation of IL-12 by IL-10 has been described*®
but the molecular mechanisms are controversial. Evidence
has revealed that the IL-12 levels were reduced to almost
undetectable levels in c-rel”~ macrophages but were not
significantly affected in p657 macrophages,'” thereby
pointing to the important role of c-rel transcription factor
in IL-12 transactivation. The c-rel requirement for IL-12
gene transcription may also be important because of an
essential interaction between a c-rel-containing complex
and the rel site within the promoter.“’12 Therefore, inhi-
bition of the c-rel signal is likely to prevent IL-12 induc-
tion by reducing transactivation of either p40 or p35 or
both. The IL-10 was shown to reduce the phosphorylation
of IxBa, which could be responsible for poorer accumula-
tion of c-rel in the nucleus. The inhibition of IKK activity
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by IL-10® may be one of the mechanisms by which IL-10
prevents degradation of IkBa and the subsequent translo-
cation of c-rel into the nucleus. In addition to IL-12 p40,
c-rel also regulates the IL-12 p35 gene’” and therefore,
the IL-10-mediated IL-12 p35 regulation may also occur
through the c-rel. It is pertinent to note here while c-rel
is required for LPS-induced expression of IL-12, c-rel-
independent mechanisms of IL-12 expression do exist, as
has been shown during Toxoplasma gondii infection of
c-rel”™ mice.”® Detailed characterization of the signal
pathways involved in such interactions would be of great
interest in the generation of pharmacological modulators
of immune responses.
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