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Abstract

We report here that the transcriptional activity of NF-kB is negatively regulated by protein disulfide isomerase (PDI). Over-
expression of PDI in RAW 264.7 cells strongly suppressed the LPS-induced production of inflammatory cytokines as well as NF-xB-
dependent luciferase activity. This negative regulation of NF-kB was reversed by bacitracin, a PDI inhibitor. Interestingly, NF-xB/
DNA complex formation and phosphorylation of NF-kB subunits was intact in PDI-expressing cells following stimulation with
LPS. In addition, PDI and another redox regulator, thioredoxin (TRX), had opposite effects on NF-kB-dependent gene expression:
activation of the NF-kB pathway by TRX was suppressed by expression of PDI in a dose-dependent manner. Finally, PDI ex-
pression was induced by the anti-inflammatory cytokine IL-10, and IL-10-mediated inhibition of LPS-induced IL-6 expression was
reduced by bacitracin. These findings clearly demonstrate that PDI is a negative regulator of NF-xB, and may act downstream of

IL-10 in this signaling pathway.
© 2004 Elsevier Inc. All rights reserved.
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Inflammatory cytokines such as IL-6, IL-1f, or TNF-
o contribute to the development of symptoms associated
with the acute and chronic phases of various immune
and regeneration disorders. The production of these
cytokines is highly dependent upon the activity of NF-
kB transcription factors [1,2]. NF-xB is a homo- or
hetero-dimer complex composed of Rel (c-Rel), p65 (Rel
A), Rel B, p50 (NF-kB), and p52 (NF-kB-2). All of
these proteins contain a conserved region of approxi-
mately 300 amino acids at the N-terminal region, which
is called the Rel homology domain. The Rel domain acts
as a DNA binding domain and a homo/hetero-dimer-
ization motif in a variety of species. NF-kB dimers as-
sociate with I-xB to form an inactive complex which
localizes in the cytoplasm of unstimulated cells. When
cells are stimulated by agonists, I-kB is inactivated
through enzymatically modifications such as phosphor-
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ylation and ubiquitination, followed by proteolysis. NF-
kB becomes activated after dissociation from I-xB and
translocates to the nucleus [1,2]. The transcriptional
activities of NF-kB are under the control of several
specific key molecules including protein kinase A [3],
p38 MAP kinase [4], and co-activators such as HMG
1(Y), Bcl-3, and p300 [5-7]. Other transcription factors,
such as glucocorticoid receptors, Spl, and some mem-
bers of the bZip family including C/EBP and AP-1, are
also involved in regulating NF-xB transcriptional ac-
tivity [8-11]. Those findings highlight the importance of
accurate cellular regulation of the NF-kB signaling
pathway.

Previous studies have proposed that reactive oxygen
species (ROS) may contribute to NF-xB activation.
This hypothesis is based on the observations that the
NF-kB signaling pathway is activated by oxidant
molecules such as hydrogen peroxide or butyl perox-
ide, and inhibited by anti-oxidant molecules such as
pyrrolidinedithiocarbamate (PDTC) or N-acetyl-L-cys-
teine (NAC) [12,13]. However, a recent study demon-
strated that the inhibition of NF-kB by both PDTC


mail to: toshio.higuchi@ims.jti.co.jp

T. Higuchi et al. | Biochemical and Biophysical Research Communications 318 (2004) 46-52 47

and NAC is independent of their antioxidative func-
tion and endogenously produced ROS do not mediate
NF-«B activation [14]. On the other hand, the redox
status of disulfides on NF-xB itself is correlated with
the DNA binding activity of NF-kB. For instance,
thioredoxin (TRX) has been shown to enable DNA
binding activity by reduction of a disulfide bond on
NF-«B [15,16].

Protein disulfide isomerase (PDI; E.C. 5.3.4.1)
contains two redox catalytic motifs (-WCGHCK-)
with homology to TRX [17,18]. PDI is a multifunc-
tional protein catalyzing the oxidation, reduction, and
isomerization of disulfide bridges within a molecule
during the post-translational modification steps [19], as
well as being a component of the enzymes prolyl 4-
hydroxylase [20] and microsomal triglyceride transfer
protein [21]. Although PDI is mainly localized in the
endoplasmic reticulum, it also is detected in nuclear
envelopes, plasma membranes, mitochondria, and
other organelles of mammalian cells [22,23]. For ex-
ample, PDI on the surface of platelets mediates
platelet aggregation and secretion by activation of
glycoprotein IIbllla receptor [24]. Moreover, in plant
chloroplasts, the redox regulation by PDI is essential
for the translational gene expression in photosynthesis
[25]. In contrast, in mammalian cells, the role of PDI
in the regulation of gene expression is poorly under-
stood.

Recently, we have shown that the expression of PDI
was up-regulated in renal tissues of patients with im-
munoglobulin A nephropathy, which is a renal disease
causing glomerular inflammation and sclerosis [26]. This
observation suggests that PDI may play a critical role in
immune and inflammatory responses. Here, we dem-
onstrate that PDI has an inhibitory effect on cytokine
production as well as a negative regulatory effect on NF-
kB-dependent gene expression in RAW 264.7 cells.
Moreover, the anti-inflammatory cytokine IL-10 in-
duced PDI production, and its effect was reduced by
bacitracin, an inhibitor of PDI. Thus, PDI may be one
of the intracellular effector molecules involved in
anti-inflammatory reactions.

Materials and methods

Reagents and plasmids. LPS, pyrrolidinedithiocarbamate (PDTC),
and bacitracin were purchased from Sigma (St. Louis, MO). Mouse
IL-10 was purchased from R&D Systems (Minneapolis, MN). The
plasmid NF-xB-Luc [27], which contains three repeating tandem
copies of the NF-kB binding oligonucleotide derived from the immu-
noglobulin k gene sequence upstream of the luciferase structural gene,
was a kind gift of Dr. T. Fujita (The Tokyo Metropolitan Institute of
Medical Science, Japan). The expression plasmids pME-PDI and
pME-TRX were constructed by cloning the mouse PDI cDNA (Ac-
cession No. J05185) and the human TRX cDNA (Accession No.
J04026), respectively, into the mammalian expression vector pMEI18S,
which carries a strong chimerical promoter of SRa, including SV40,

Pg, and HTLV-1 LTR R-5U sequences [28]. The pMEI18S vector was a
gift from Dr. K. Maruyama (University of Tokyo, Japan). The ex-
pression plasmid pcDNA3.1-PDI was constructed by cloning the
mouse PDI ¢cDNA into mammalian expression vector pcDNA3.1(+)
(Invitrogen, Carlsbad, CA) downstream of the cytomegalovirus
promoter.

Cell culture and cytokine assay. Mouse macrophage RAW 264.7
cells were maintained in DMEM supplemented with 10% heat-inacti-
vated FCS, 50 IU/ml penicillin, and 50 pg/ml streptomycin. Cells were
seeded into a 96-well tissue culture plate at 2 x 10* cells per well. After
18 h of culture, cells were treated with 1 pg/ml LPS and/or 100 ng/ml
IL-10 for another 20 h incubation period. The amounts of murine IL-6
and GM-CSF in culture supernatants were measured by ELISA ac-
cording to manufacturer’s protocol (Genzyme, Cambridge, MA). For
the RT-PCR analysis of cytokines, RAW 264.7 cells were treated for
3h with 1 pg/ml LPS. Total RNAs were isolated with Isogen RNA
Extraction Kit (Nippon Gene, Tokyo). Genomic DNA was removed
with a Message Clean Kit (GenHunter, Nashville, TN). Reverse
transcription of total RNA was carried out using the Advantage RT-
for-PCR Kit (Clontech, Palo Alto, CA) according to manufacturer’s
protocol. PCR conditions were as follows: denaturation, 94 °C for 45s;
annealing, 60 °C for 45s; and extension, 72 °C for 2 min; 20-35 cycles.
A model 9600 thermal cycler (Perkin-Elmer, Foster City, CA) was
used. The primer sets were as follows; for mouse IL-6 mRNA: 5'-
ACTGATGCTGGTGACAAC-3" and 5-TCCACAAACTGATATG
CT-3, for mouse G3PDH mRNA: 5-TGAAGGTCGGTGTGAACG
GATTTGGC-3 and 5-CATGTAGGCCATGAGGTCCACCAC-3'.
Following PCR, PCR products were analyzed by agarose gel electro-
phoresis.

Transfection and luciferase assay. The transfection of expression
vectors was performed by the electroporation method. RAW 264.7
cells (5 x 107) were washed with DMEM supplemented with 10% FCS
without antibiotics and resuspended in 200 Il DMEM supplemented
with 10% FCS with a total of 10 pg plasmid DNA (1-8 pg pME-PDI
and/or pME-TRX, 1pg NF-kB-Luc, and 1pg pRL-TK (Promega,
Madison, WI) as a transfection efficiency control). The total concen-
tration of DNA was adjusted with the empty plasmid (pMEI8S).
Electroporations conditions were as follows: 750 Vem™! and 960 uF,
using a Gene Pulser (Bio-Rad, Hercules, CA). Transfected cells were
resuspended in 12.5ml DMEM supplemented with 10% FCS, 50 IU/ml
penicillin, and 50 pg/ml streptomycin. Five hundred microliters of cell
suspension medium was transferred to each well of a 24-well tissue
culture plate and incubated for 18 h. After the incubation, 1 pg/ml of
LPS was added to the experimental wells. After 20 h, luciferase activity
was measured using the dual-luciferase reporter assay system (Pro-
mega). The relative luciferase activity was normalized for the activity
of the internal control. For the preparation of stable PDI transfectants,
RAW 264.7 cells were electroporated with 10 ug pcDNA3.1-PDI as
described above. Transfectants were cultured for 4 days, followed by
selection in G418 (Nacalai Tesque, Kyoto, final concentration of
700 pg/ml). G418 containing medium was replaced 2-3 times over a 2-
week period. Some drug-resistant clonal lines were prepared from this
trial by limiting dilution into a 96-well tissue culture plate.

Immunoblotting. RAW 264.7 cells were washed with PBS and lysed
in 100 ul of cold lysis buffer (50 mM sodium phosphate, pH 7.0, 1 mM
EDTA, 1% Triton X-100, and 1 mM PMSF) for 10min on ice with
occasional mixing. The lysates were centrifuged at 10,000g for 10 min.
The resulting supernatant was used as a cytosol fraction sample. Cy-
tosolic extracts (5pg of protein) were fractionated by SDS-PAGE
(4-20% gradient gel) and electrotransferred to polyvinylidene difluo-
ride membrane (Millipore, Bedford, MA). The blots were probed with
rabbit anti-PDI polyclonal antiserum (SPA-890; Stressgen, Victoria,
BC) at a 1:1000 dilution and visualized with the enhanced chemilumi-
nescence system (Amersham-Pharmacia Biotech, Buckinghamshire).

Electrophoretic mobility shift assays. RAW 264.7 cells were treated
with 300 uM PDTC for 2h before stimulation with 1 pg/ml LPS for
20min. After two washing steps with PBS, nuclear extracts were
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prepared as previously described [29]. Ten micrograms of nuclear ex-
tracts was added to 25 pl of incubation buffer (10mM Tris—HCI (pH
7.5), IlmM DTT, ImM EDTA, 4% glycerol, and 80 pg/ml salmon
sperm DNA), and 100,000 cpm of *’P-labeled NF-kB double strand
DNA probe (AAA TCG TGG AAT TTC CTC TGA C). The incu-
bation period was 20 min at room temperature. These samples were
separated by electrophoresis in a 6% polyacrylamide gel that was run
in 0.25x TBE buffer for 2h. The gels were dried and analyzed using
BAS 2000 image analyzer (Fuji Film, Tokyo).

Phosphorylation of NF-kB subunit proteins. RAW 264.7 cells were
metabolically labeled with 3*P; for 2h. Labeled cells were pretreated
with 300 uM PDTC for 2h before stimulation with 1pg/ml LPS for
20 min. The cells were lysed, NF-xB subunit proteins were immuno-
precipitated twice with either anti-p50 (NLS) or anti-p65 (C-20) an-
tibodies (Santa Cruz, Palo Alto, CA) and separated by SDS-PAGE,
and detected by autoradiography, using previously published proto-
cols [30].
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Fig. 1. PDI inhibits LPS-induced cytokine expression. (A) RAW 264.7
cells were transfected with pcDNA3.1 (Nos. 1 and 2) or pcDNA3.1-
PDI (Nos. 3-6). The transfectants were lysed and subjected to im-
munoblot analysis using a rabbit anti-PDI polyclonal antiserum. (B)
Quantitation of IL-6 in the culture supernatants of PDI-transfected
cell lines. Transfectants were stimulated with 1 pg/ml LPS for 20 h, and
IL-6 in the supernatants was measured by ELISA. Data are expressed
as means and standard deviations of triplicate samples. (C) RT-PCR
analysis of LPS-induced IL-6 mRNA expression in PDI-transfected
cell lines. The transfectants were treated for 3h with 1pg/ml LPS.
Total RNA was extracted and RT-PCR was carried out. The amplified
products were analyzed by agarose gel electrophoresis. G3PDH was
used as an internal control.

Results
PDI suppresses LPS-induced cytokine production

In order to investigate the role of PDI on immune
and inflammatory responses, we examined the effect of
PDI on the production of inflammatory cytokines in
LPS-stimulated RAW 264.7, a murine macrophage cell
line. We established several clones that stably over-ex-
press PDI in RAW 264.7 cells (Fig. 1A). These PDI-
transfected cell lines, Nos. 3-6, exhibited a significant
decrease in IL-6 production compared to the control
vector-transfected cell lines, Nos. 1 and 2 (Fig. 1B).
Levels of GM-CSF cytokine in the supernatant were
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Fig. 2. PDI inhibits LPS-induced NF-kB-dependent transactivation.
(A) RAW 264.7 cells were co-transfected with varying concentrations
of pME-PDI together with NF-kB-Luc. Eighteen hours after trans-
fection, the cells were treated for 20 h with 1 pg/ml LPS. The cells were
then lysed, and the cell extracts were assayed for luciferase activity. (B)
Effect of bacitracin on the transcriptional activities from NF-xB pro-
moters. RAW 264.7 cells were transfected in the presence or absence of
8 ng (320 ng/well) pME-PDI together with NF-kB-Luc. Eighteen hours
after transfection, the cells were treated for 20 h with 1 pg/ml LPS in
the presence of the indicated amounts of bacitracin. Cell extracts were
prepared and assayed for luciferase activity. Data are expressed as
means and standard deviations of triplicate samples.
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also dramatically reduced in these PDI-transfected cell
lines (data not shown). To examine whether the inhibi-
tory effect of PDI was caused at the transcriptional level
or following post-translational modification of these
cytokines, RT-PCR analysis was performed. Based on
the RT-PCR results, the amounts of IL-6 mRNA in the
PDI-transfected cell lines were significantly lower than
those in the control vector-transfected cell lines
(Fig. 1C). These results show that PDI acts at the
transcriptional level to inhibit cytokine production in
murine macrophages.

PDI has an inhibitory effect on NF-kB-dependent gene
expression

As described previously, the transcription factor NF-
kB is an important molecule for the regulation of
inflammatory cytokine genes [1,2]. Therefore, we ex-
amined the effect of PDI on NF-kB-dependent gene
expression. RAW 264.7 cells were transiently co-trans-
fected with the PDI expression plasmid (pME-PDI) to-
gether with a reporter gene construct (NF-kB-Luc). We
found that co-expression of the PDI gene resulted in
suppression of LPS-induced NF-kxB-dependent lucifer-
ase activity in a dose-dependent manner (Fig. 2A).
Moreover, we found that the inhibitory effects by ex-

ogenous and endogenous expression of PDI on the NF-
kB activity were blocked by the treatment of bacitracin,
an inhibitor of PDI [31] (Fig. 2B).

PDI does not affect DNA-binding activity or phosphor-
ylation of NF-xB

To investigate the mechanism by which PDI inhibits
the NF-kB transcriptional pathway (Fig. 1A), the for-
mation of the NF-kB/DNA complex in the PDI-
transfected cell lines was examined using the EMSA
method with an NF-kB-specific 3*P-labeled oligonu-
cleotide. When cells were stimulated with LPS, an in-
ducible protein/DNA complex was present in nuclear
extracts. Competition experiments with increasing
amounts of unlabeled oligonucleotides showed the in-
hibition of NF-kB/DNA complex formation, confirm-
ing its specificity. PDTC, which has been shown to
inhibit the I-kB-ubiquitin ligase activity [14], com-
pletely blocked the formation of the LPS-induced NF-
kB/DNA complex in RAW 264.7 cells (Fig. 3A). No
significant decrease in NF-kB/DNA complex formation
was observed in any of the PDI-transfected cell lines
(Fig. 3A). These results suggest that PDI does not
interfere with either the releasing step of NF-kB from
I-xB, the nuclear translocation steps of the NF-xB, or
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Fig. 3. PDI does not inhibit the LPS-induced DNA-binding activity or phosphorylation of NF-kB. (A) Ten micrograms of nuclear extracts was
prepared and analyzed in an EMSA with a 3?P-labeled NF-xB probe in RAW 264.7 cells or the transfected cell lines. The cells were stimulated with
1 pg/ml LPS for 20 min. PDTC (300 uM) was given 2 h before LPS stimulation. Twenty-five times molar excess of unlabeled NF-kB competitor DNA
was included in the reaction mixture. (B) LPS-induced phosphorylation of NF-kB p65 and p105, p50 precursor, subunits. *2P;-labeled transfectants
(PDI-, No. 1 and PDI+, No. 3) were stimulated for 20 min with 1 pg/ml LPS in the absence or presence of 300 uM PDTC which was given 2 h before
LPS. The cell lysates were immunoprecipitated two times with an anti-p65 or anti-p50 antibodies, separated by SDS-PAGE, and detected by
autoradiography. The positions of p65 and p105 are indicated by arrows.



50 T. Higuchi et al. | Biochemical and Biophysical Research Communications 318 (2004) 46-52

A 110 (ng/mi)
0 001 01 1 10 100  (kba)
- 66.4
PO | e “.*
45.0
B 19000
18000
17000
— = Tt
E
S 4000
k=
2 .
T 3000
2000
1000
0
- + + - + + LPS
o= - + + - + IL-10
- = - 0.1 03 1 Bacitracin (mM)

Fig. 4. Effect of bacitracin on the biological activity of IL-10. (A) The
production of PDI is induced by IL10. RAW 264.7 cells were treated
with the indicated amounts of IL-10 for 20h. Cells were lysed and
subjected to immunoblot analysis using a rabbit anti-PDI polyclonal
antiserum. (B) The cells were treated with 1 pg/ml LPS for 20h in the
presence of 100 ng/ml IL-10 and with the indicated amounts of baci-
tracin. The amount of IL-6 in the supernatants was measured by
ELISA following incubation. Data are expressed as means and stan-
dard deviations of triplicate samples. Statistically significant stimula-
tions of IL-10-inhibited condition by bacitracin are indicated
(*p < 0.05; ***p < 0.001 vs bacitracin free, Student’s 7 test).

the binding steps with the genomic DNA of NF-xB
target sites.

Second, because NF-kB has been reported to be
activated by phosphorylation [3,32], we examined
whether PDI inhibits the phosphorylation of NF-kB
subunits following LPS stimulation. The PDI-trans-
fected cell lines were metabolically labeled with 2P;
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and then immunoprecipitated using anti-p50 or anti-
p65 antibodies. In agreement with previous reports,
PDTC inhibited the LPS-induced phosphorylation of
both p65 and pl105 [3], while PDI had little effect on
phosphorylation (Fig. 3B). These results suggest that
the inhibitory effect of PDI is not the result of inhibi-
tion of phosphorylation of NF-kB subunits. Taken
together, these observations suggest that PDI inhibits
NF-kB activity via a novel mechanism.

Bacitracin disrupts the biological activity of IL-10

Because 1L-10, IL-4, and TGF-p are known to be
negative regulators of NF-kB-dependent gene expres-
sion [33,34], we examined how PDI contributes to the
negative regulatory activity of these cytokines. First, we
examined the protein level of PDI in response to these
cytokines by immunoblotting. PDI levels were elevated
by IL-10 in a dose-dependent manner in RAW 264.7
cells (Fig. 4A). Treatment with IL-10 reduces IL-6
production following activation with LPS (Fig. 4B).
When bacitracin was added to this cytokine induction
assay system, 0.3—1 mM of bacitracin could slightly re-
duce the IL-10-induced gene suppression (Fig. 4B).
These phenomena suggest the PDI may be a
downstream intermediate of IL-10 signaling pathway.

PDI is a dominant regulator of the NF-k B-dependent gene
expression

TRX has been reported to activate gene expression
via NF-kB by changing its redox state and by increasing
the amount of NF-kB/DNA binding in the nucleus
[15,16]. It has also been reported that TRX has a redox
regulatory motif, similar to PDI [17,18]. Therefore, we
compared the effects of PDI and TRX on NF-xB-de-
pendent gene expression. In Fig. SA, NF-kB-dependent

- - 40 80 160 160
160 160 160 160 — (ng/well

Fig. 5. PDI suppresses TRX-induced gene expression. (A) Stimulation of NF-kB-dependent transactivation by TRX. RAW 264.7 cells were co-
transfected with the indicated amounts of pME-TRX together with NF-kB-Luc. Eighteen hours after transfection, the cells were stimulated with
1 pg/ml LPS for 20h, and the expression of the reporter luciferase was quantified. (B) RAW 264.7 cells were co-transfected with the indicated
quantities of pME-PDI and pME-TRX together with NF-kB-Luc. Eighteen hours after transfection, LPS stimulation of cells was performed for 20 h.
Cell extracts were prepared and luciferase activities were measured. Data are expressed as means and standard deviations of triplicate samples.
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transactivation was observed following transfection with
TRX. However, TRX-induced gene expression was
suppressed by co-transfection with PDI in a dose-de-
pendent manner (Fig. 5B). These results indicate that
PDI plays a dominant regulatory role in the NF-xB-
mediated gene expression pathway. These results suggest
that PDI acts as a qualitative transcriptional regulator
of NF-kB, and will have an effect on the expression of
many genes important in the inflammatory response.

Discussion

Aberrant activation of the NF-«xB signaling pathway
is likely to contribute to the development and progres-
sion of various immune and inflammatory disorders;
therefore, tight regulation could be necessary for these
pathways. In the present study, we demonstrate that
over-expression of PDI suppresses NF-kB-dependent
transcriptional activity. PDI has previously been re-
ported to be a regulator of gene expression through the
modulation of signal transduction pathways. In green
algae Chlamydomonas reinhardtii [25] chloroplasts, PDI
helps to change the redox state of signaling molecules
and controls translational gene expression following the
photosynthetic reaction. PDI directly modulates the
binding activity of chloroplast polyadenylate-binding
protein (cPABP) (by reversibly changing its redox sta-
tus) to the 5’ untranslated region of the psbA mRNA,
which encodes the photosynthetic reaction center pro-
tein D1. The same kind of gene switching mechanism
involving the redox system may also be present in
mammalian cells. PDI has been reported to activate the
DNA binding ability of NF-kB in vitro [35]. However,
the over-expression of PDI in RAW 264.7 cells did not
affect the LPS-induced DNA binding activity of NF-xB
in our hands (Fig. 3A). In our working hypothesis, PDI
may control NF-xB activity by changing the redox
status of NF-kB proteins itself and/or by modulating
NF-kB-associated proteins in the NF-kB-activating
signaling pathway. Recently, we found that PDI is al-
ways present in the cytoplasm fraction, even after
treatment of cells with LPS, bacitracin, or IL-10 (data
not shown). This observation suggests two possibilities:
PDI could directly interact with the NF-xB in the re-
ducing environment of the cytoplasm and induce con-
formational changes. Alternatively, PDI modifies the
activity of indirectly through co-factors or kinases which
are structurally modified by PDI. In addition, a recent
study showed that PDI associated with ubiquilin, which
has a ubiquitin-like domain and a ubiquitin-associated
domain [36]. PDI may have a role in controlling the
degradation of key molecules via the ubiquitin—protea-
some pathway. Further analysis should include a mo-
lecular physiologic approach, to clarify the interaction
between PDI and the NF-kB signaling pathway.

IL-10 is a potent, endogenous anti-inflammatory
molecule that has been shown to control inflammatory
reactions, partly by inhibition of TNF-a, IL-6, and IL-
1B production [34]. In Fig. 4, we show that the PDI
expression is induced by IL-10 and bacitracin could
slightly, but significantly, reduce the inhibitory effect of
IL-10. Bacitracin is not a strong inhibitor for PDI en-
zymatic S-S conversion activity but the only known
candidate inhibitor to reduce the PDI activity in cell
culture system. According to our results, PDI appears to
be a negative regulator of NF-kB-dependent gene ex-
pression and may act downstream of IL-10. Recent
studies have shown that the suppressor of cytokine sig-
naling 3 (SOCS-3) functions as an intracellular mediator
of the inhibitory effect of IL-10 on LPS-induced mac-
rophage activation [37]. Further investigations will focus
on the relation between PDI and SOCS-3 functions, and
the IL-10 signaling pathway. A better understanding of
the NF-kB-dependent gene switching mechanisms in
mammalian cells may result in novel approaches to
control human immune and inflammatory diseases.
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