INFECTION AND IMMUNITY, Mar. 2003, p. 1442-1452
0019-9567/03/$08.00+0 DOI: 10.1128/1A1.71.3.1442-1452.2003

Vol. 71, No. 3

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Role of the NF-kB Signaling Pathway and kB cis-Regulatory Elements
on the IRF-1 and iNOS Promoter Regions in Mycobacterial
Lipoarabinomannan Induction of Nitric Oxide

Kristin R. Morris," Ryan D. Lutz," Hyung-Seok Choi,' Tetsu Kamitani,” Kathryn Chmura,'
and Edward D. Chan">*>*

Department of Medicine' and Program in Cell Biology,> National Jewish Medical and Research Center, Division of Pulmonary
Sciences and Critical Care Medicine, University of Colorado Health Sciences Center,* and Denver Veterans Administration

Medical Center,® Denver, Colorado, and Division of Molecular Medicine, University of Texas-Houston Health
Science Center, Houston, Texas 77030

Received 2 August 2002/Returned for modification 12 September 2002/Accepted 31 October 2002

Nitric oxide (NO’) produced by inducible nitric oxide synthase (iNOS) is an important host defense molecule
against Mycobacterium tuberculosis in mononuclear phagocytes. The objective of this study was to determine the
role of the IkBa kinase-nuclear factor kB (IKK-NF-kB) signaling pathway in the induction of iNOS and NO’
by a mycobacterial cell wall lipoglycan known as mannose-capped lipoarabinomannan (ManLAM) in mouse
macrophages costimulated with gamma interferon (IFN-y). NF-kB was activated by ManLAM as shown by
electrophoretic mobility shift assay, by immunofluorescence of translocated NF-kB in intact cells, and by a
reporter gene driven by four NF-kB-binding elements. Transduction of an IkBa mutant (Ser32/36Ala) signif-
icantly inhibited NO' expression induced by IFN-y plus ManLAM. An activated SCF complex, a heterotetramer
(Skpl, Cul-1, B-TrCP [F-box protein], and ROC1) involved with ubiquitination, is also required for iNOS-NO
induction. Two NF-kB-binding sites (xBI and «BII) present on the 5'-flanking region of the iNOS promoter
bound ManLAM-induced NF-kB similarly. By use of reporter constructs in which one or both sites are
mutated, both NF-kB-binding positions were essential in iNOS induction by IFN-y plus ManLAM. IFN-y-
induced activation of the IRF-1 transcriptional complex is a necessary component in host defense against
tuberculosis. Although the 5’-flanking region of the IRF-1 promoter contains an NF-kB-binding site and
ManLAM-induced NF-kB also binds to this site, ManLAM was unable to induce IRF-1 expression. The
influence of mitogen-activated protein kinases on IFN-y plus ManLAM induction of iNOS-NO' is not due to

any effects on ManLAM induction of NF-kB.

In response to cytokines or pathogen-derived molecules,
nitric oxide (NO’) and other reactive nitrogen intermediates
derived from the catalytic action of inducible nitric oxide syn-
thase (iNOS) play an important role against a variety of intra-
cellular microbes including Mycobacterium tuberculosis (1, 17,
26, 31, 43). In the murine model of tuberculosis (TB), NO" is
essential for the killing (or at least growth limitation) of the
tubercle bacilli by mononuclear phagocytes (16, 17, 46, 60).
Although the precise function of NO" in human TB is contro-
versial, there is a growing body of evidence that NO' and
related reactive nitrogen species are also important in humans
(33, 40, 51, 52, 57, 58, 68).

Innate immune cells can be activated through recognition of
pathogen-derived molecules such as lipopolysaccharide (LPS),
lipopeptides, lipoteichoic acid, and DNA CpG motifs (59). The
cell wall lipoglycan of M. tuberculosis, mannose-capped li-
poarabinomannan (ManLAM), has pleiotropic functions that
include promoting phagocytosis of M. tuberculosis (61), induc-
ing tumor necrosis factor alpha (TNF-«), interleukin 1o (IL-
la), IL-1B, granulocyte-macrophage colony-stimulating factor
(GM-CSF), and IL-8 production, and inhibiting antigen pro-
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cessing by antigen-presenting cells (2, 7, 18, 20, 25, 49, 61, 64,
74, 75). We previously showed that combined stimulation of a
murine macrophage cell line with gamma interferon (IFN-v)
and ManLLAM induced iNOS expression and NO' production
(13). The synergistic role of IFN-y is due to its ability to induce
the expression of Statla and IFN-y-response factor-1 (IRF-1),
transcriptional complexes that can also bind to the 5'-flanking
region of the iNOS promoter. Furthermore, the mitogen-acti-
vated protein kinase (MAPK) signaling pathways played im-
portant regulatory roles in this induction (13). Specifically, the
extracellular signal-regulated kinase (ERK) and c-Jun NH,-
terminal kinase (JNK) enhanced IFN-y-plus-ManLAM-stimu-
lated iINOS-NO' induction whereas p38™“* inhibited such in-
duction.

Another intracellular signaling cascade shown to regulate
many host inflammatory mediators is the nuclear factor kB
(NF-kB) pathway. NF-kB comprises a group of dimeric tran-
scription factors that belong to the Rel protein family, of which
there are five members (reviewed in reference 38): RelA, c-Rel
(p65), RelB, p50, and p52. Heterodimers that contain RelA or
c-Rel, of which c-Rel-p50 is the most illustrious, are basally
sequestered in the cytoplasm bound to the inhibitory molecule
IkBa. Following sequential activation of NF-kB-inducing ki-
nase (NIK) and the B subunit of the IkBa kinase (IKK) com-
plex (IKK is comprised of «, B, and -y subunits), IKKB phos-
phorylates serine 32 and 36 residues in the amino-terminal
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portion of IkBa, followed by ubiquitination and targeted deg-
radation of IkBa by proteosomes (5). Once liberated, activated
NF-«kB translocates into the nucleus, binds to specific target
DNA elements, and enhances gene expression (6). In contrast,
the RelB-p52 heterodimer is regulated differently in that its
RelB-p100 polypeptide precursor is degraded by IKKa, releas-
ing active RelB-p52, which translocates into the nucleus (38).
Although not as well characterized, translocated NF-kB may
undergo further modifications such as phosphorylation to fur-
ther enhance its frans-activating potential (38). The impor-
tance of NF-kB in host defense against microbial pathogens
was recently shown by Yamada and coworkers (71), in that
pSO0-NF-kB subunit knockout mice infected with aerosolized
M. tuberculosis had significantly decreased cytokine expression,
increased mycobacterial burdens in the lungs and spleen, and
a marked decrease in the survival rate compared to the
C57BL/6 wild-type mice. Since NF-«kB is essential in regulating
the expression of many genes that are relevant to host defense,
we consider it important to further characterize its role in the
regulation of iNOS-NO’ by IFN-y plus ManLAM.

Mice with a genetic disruption of the IRF-1 gene are also
more susceptible to TB (21, 36, 54). This may be due, in part,
to the requirement of IRF-1 in iNOS regulation (reviewed in
reference 54). Since the 5’'-flanking region of the IRF-1 pro-
moter also contains an NF-«kB-binding element, we queried
whether IRF-1 could also be regulated by ManLAM. We
hypothesized that NF-kB would directly regulate ManLAM-
induced iNOS and IRF-1 expression. Herein, we show that
ManLAM activates NF-«kB and that IKK-NF-kB and ubiquiti-
nation pathways regulate IFN-y plus ManLAM-induction of
iNOS-NO:'. In addition, we identified the specific NF-kB-bind-
ing cis-regulatory elements upstream of the iNOS promoter
that are responsible for this induction. In contrast, although
ManLAM-induced NF-kB was capable of binding to the B
element on the /RF-1 promoter region, it was unable to induce
IRF-1 protein expression.

MATERIALS AND METHODS

Materials. RAW 264.7yNO(—) macrophages were used for all of the studies
(50). Unlike parental RAW 264.7 cells, RAW 264.7yNO(—) cells do not respond
to IFN-y stimulation alone with regard to iNOS-NO" expression, which we
considered important in studying signaling pathways induced by ManLAM. Man-
LAM was isolated as previously described (19) and kindly provided by John
Belisle and Patrick Brennan, Colorado State University, Fort Collins. To remove
any potential LPS contamination, ManLLAM preparations were passed through a
Detoxi-Gel column by using sterile pyrogen-free water, stored in pyrogen-free
vials, and reconstituted with a sterile pyrogen-free phosphate buffer solution.
Evaluation of bacterial endotoxin was done with the amebocyte lysate assay (E.
toxate kit; Sigma). All plasmids used were isolated by an endotoxin-free plasmid
isolation kit (Qiagen, Valencia, Calif.). Fetal bovine serum (FBS) was purchased
from Atlanta Biologicals, Atlanta, Ga., and routinely tested for LPS contamina-
tion with levels consistently below 0.005 ng/ml. Enhanced chemiluminescence
assay kits were obtained from Amersham Life Sciences, Arlington Heights, Il1.
Mouse IFN-y was obtained from R & D Systems Inc, Minneapolis, Minn. A
rabbit anti-iNOS polyclonal antibody was purchased from Alexis Biochemicals,
San Diego, Calif. Anti-p50 NF-kB, anti-c-Jun, anti-c-Fos, and anti-IRF-1 anti-
bodies were purchased from Santa Cruz Biotechnology, Santa Cruz, Calif. The
MEKI1 inhibitor PD98059 was purchased from New England Biolabs, Beverly,
Mass. The p38™“’* inhibitor SB203580 was purchased from Calbiochem, San
Diego, Calif. The JNK inhibitor was purchased from the Alexis Corporation. The
NF-kB-secreted alkaline phosphatase (SEAP) plasmid was obtained from Clon-
tech Laboratories, Palo Alto, Calif. The full-length iNOS promoter cloned into
the pGL2 basic luciferase reporter gene vector was generously provided by
Charles Lowenstein, Johns Hopkins University School of Medicine, Baltimore,
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Md., and Robert Scheinman, University of Colorado Health Sciences Center,
Denver. The iNOS-luciferase reporter constructs with kB site mutations of either
the proximal region I (mut-kBI-iNOS-luc), the distal region II (mut-«xBII-iNOS-
luc), or both sites (mut-kBI-kBII-INOS-luc) were generously provided by Wil-
liam Murphy, University of Kansas School of Medicine, Kansas City, Kans. The
E1A-lacking adenovirus vector (AdV) cloned to a mutant (Ser32/36Ala) IkBa
construct (AdV-S32/36A-IkBa), a B-galactosidase construct (AdV-LacZ), or a
green fluorescent protein (GFP) construct (AdV-GFP) were gifts from Sonya
Flores and Jerry Schaak, University of Colorado Health Sciences Center. The
Lipofect AMINE reagent used for the transfection experiments was purchased
from Gibco BRL, Gaithersburg, Md. All other reagents were of the highest
purity.

Analysis of NO,™ accumulation. Accumulation of NO, ™ in culture superna-
tants was quantified by the method described by Ding et al. (24). Briefly, mac-
rophage monolayers were stimulated with 10 U of IFN-y/ml plus 10 pg of
ManLAM/ml for 18 h. One-hundred-microliter aliquots of the culture superna-
tants were dispensed in duplicate into 96-well plates and were mixed with 100 .l
of Greiss reagent composed of 1% (wt/vol) sulfanilamide, 0.1% (wt/vol) naph-
thylethylenediamine hydrochloride, and 2.5% (vol/vol) H;PO,. A standard curve
consisting of 0.1 to 5.0 nmol of NaNO, per 100-pl sample was prepared in growth
medium. After incubation at room temperature for 10 min, the absorbances of
the wells were quantified at 550 nm in a Biotek Instruments plate reader. The
number of cells per well was determined by lysing the cell monolayers with
Zapoglobin and quantifying the number of released nuclei with a model ZM
Coulter counter.

Western blot analysis. After nucleus-free lysates were normalized for protein
content, the samples were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes as
described previously (66). The blots were then washed in Tris-Tween-buffered
saline (TTBS; 20 mM Tris-HCI buffer [pH 7.6] containing 137 mM NaCl-0.05%
[volvol] Tween 20), blocked overnight with 5% (wt/vol) nonfat dry milk, and
probed by the method described by Towbin et al. (66) with a polyclonal iNOS or
IRF-1 antibody in 5% (wt/vol) bovine serum albumin (BSA) dissolved in TTBS.
By using a horseradish peroxidase-conjugated secondary anti-rabbit antibody,
the bound primary antibody was detected by enhanced chemiluminescence.

Electrophoretic mobility shift assay (EMSA). RAW 264.7yNO(—) cells were
cultured at 400,000 cells per ml (4 ml/well) in 6-well polystyrene tissue culture
plates. After 24 h of incubation (37°C, 5% CO,), the medium was replenished.
After another 24 h of growth, the cells were stimulated with 10 pg of Man-
LAM/mlI at various durations. The medium was then removed, and the cells were
resuspended in 2 ml of ice-cold phosphate-buffered saline (PBS)/well and trans-
ferred into 15-ml conical tubes. The sample-containing tubes were centrifuged at
500 X g for 5 min at 4°C. The cell pellets obtained were resuspended in 500 pl
of ice-cold buffer (10 mM HEPES [pH 7.80], 10 mM NaCl, 1.5 mM MgCl, 0.5
mM EDTA) containing an antiprotease cocktail [2 mM dithiothreitol (DTT), 1
mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM 4-(2-aminoethyl) benzene
sulfonyl fluoride (AEBSF), and aprotinin, leupeptin, and pepstatin A (each at 10
pg/ml)]. Following a 10-min incubation on ice, 500 ul of additional ice-cold
buffer containing 1.2% NP-40 was added to each sample, and the samples were
vortexed briefly and centrifuged at 1,500 X g for 10 min at 4°C. The supernatants
were discarded, and the pellets (containing nuclear protein) were washed twice
in the lysis buffer containing the antiprotease cocktail and transferred into mi-
crocentrifuge tubes. The pellets were resuspended in an extraction buffer con-
taining 10 mM HEPES (pH 7.8), 1.5 mM MgCl,, 0.5 mM EDTA, 5 mM DTT, 1
mM PMSF, 0.5 mM AEBSF, 10 pg (each) of aprotinin, leupeptin, and pepstatin
A/ml, and 0.4 M NaCl. The samples were incubated on ice with gentle mixing for
30 min, followed by centrifugation at 14,000 X g for 10 min at 4°C. The nuclear
protein-containing supernatants were removed, the nuclear protein concentra-
tion in each sample was measured by the Bradford protein assay (Bio-Rad
Laboratories, Hercules, Calif.), and the samples were frozen at —70°C until use.

A double-stranded oligonucleotide probe (Promega, Madison, WI) containing
an NF-kB-binding region, two separate oligonucleotides corresponding to each
of the two NF-kB-binding sites present on the 5'-flanking region of the iNOS
promoter, and an oligonucleotide spanning an NF-kB-binding site on the IRF-1
promoter were end labeled with [y-*2P]ATP according to the manufacturer’s
protocol. For each condition, 2 pg of nuclear protein was incubated at room
temperature with 10 fmol of labeled probe in a 20-pl binding reaction mixture
containing 20 mM Tris base (pH 7.5), 50 mM KCI, 1 mM EDTA, 1 mM DTT,
0.1% NP-40, 5% glycerol, and 0.8 pg of poly(dI-dC). Supershift experiments
were also performed using antibodies specific for the p65 and p50 subunits. After
incubation at room temperature for 15 min, all samples were separated in a 6%
polyacrylamide gel (acrylamide to bisacrylamide, 29:1) using 250 V of electrical
potential. The gel was dried onto Whatman paper and exposed to X-ray film.
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Immunocytochemistry. RAW 264.7yNO(—) cells were plated onto baked glass
coverslips in 24-well plates at a density of 5 X 10° cells per plate. After 24 h of
growth, the cells were stimulated with 10 pg of ManLAM/ml. After 2 h, the cells
were washed twice with PBS and then fixed with 3% formaldehyde (vol/vol) in
PBS for 20 min at room temperature. The cells were subsequently washed twice
with PBS, and 200 wl of 1:50-diluted anti-p50 antibody in PBS containing 10%
(vol/vol) donkey serum and 0.075% (wt/vol) saponin was added. After 30 min at
room temperature, the cells were washed twice in PBS containing donkey serum
and saponin. A 200-pl volume of fluorescein isothiocyanate-conjugated anti-goat
antibody (1:100) in PBS-donkey serum-saponin was added to the well and incu-
bated for 30 min at room temperature, followed by two washes with PBS-donkey
serum-saponin and two washes with PBS. Coverslips were mounted onto slides
by using a mounting medium containing 1.5 pg of 4’,6’-diamidino-2-phenylin-
dole (DAPI; Vectashield)/ml to counterstain the nuclei.

SEAP assay. RAW 264.7yNO(—) cells were transfected with 2 pg of SEAP
plasmid and assayed according to the manufacturer’s instructions (Clontech
Laboratories). Forty-eight hours after transfection, the cells were either left
unstimulated or stimulated with 10 wg of ManLAM/ml for 24 h. At 0 and 24 h,
65 pl of the supernatant from each condition was added to 30 pl of 0.5 M
Tris-HCI-0.1% BSA in a 96-well plate and incubated at 65°C for 30 min to
inactivate non-SEAP alkaline phosphatases. After the plate was allowed to cool
for 2 min, 50 ul of 5 mM p-nitrophenyl phosphate (PNPP) was added as a
substrate and incubated at 37°C for 30 min to 1 h. The plate was then read at 405
nm.

Transduction of at ted adenovirus-superrepressor IkBa. RAW 264.7y
NO(—) cells were plated at a density of 5 X 10° cells per 24-well plate in RPMI
containing 100 U of penicillin/ml, 100 pg of streptomycin/ml, and 10% (vol/vol)
FBS. After 24 h of growth to ~30 to 40% confluence, AdV-S32/36A-IkBa was
added at a multiplicity of infection (MOI) of 30:1. As controls, AdV-GFP and
AdV-LacZ were also transduced in other cell samples. After 6 h, the supernatant
was removed, and the cells were costimulated with 10 U of IFN-y/ml plus 10 pg
of ManLAM/ml for 18 h. The cell culture supernatants were assayed for NO, ™
accumulation as described above.

Transient transfection and luciferase assay. RAW 264.7yNO(—) cells were
plated at a density of 5 X 10° per 6-well plate in RPMI containing 100 U of
penicillin/ml, 100 g of streptomycin/ml, and 10% (vol/vol) heat-inactivated FBS.
After 24 h of growth to ~30 to 40% confluence, the cells were transfected with
plasmids by using Lipofect AMINE as described by the manufacturer’s protocol
(Gibco BRL) and as previously described (15). Briefly, 0.3 pg of either the wild
type iNOS promoter-luciferase (iNOS-luc) plasmid, mut-kBI-INOS-luc, mut-
kBII-INOS-luc, or mut-kBl-mut-«BII-INOS-luc was combined with 10 wl of
Lipofect AMINE reagent and 100 pl of Optimem serum-free medium. The Li-
pofect AMINE-DNA mixture was incubated for 30 min at room temperature.
Each well was then washed with 2 ml of Optimem serum-free medium and
replaced with 1 ml of the Lipofect AMINE-DNA mixture. After 5 h of incuba-
tion, 1 ml of RPMI containing 20% (vol/vol) FBS, and 1% penicillin-streptomy-
cin-L-glutamine, were added to each well. The medium was changed 24 h after
transfection, and after an additional 48 h, the cells were stimulated with 10 U of
IFN-y/ml plus 10 pg of ManLAM/ml for 8 h. The cells were then washed with
PBS, lysed in a luciferase lysis buffer, and assayed for luciferase activity according
to the manufacturer’s instructions (Promega Inc.). The amount of luciferase
activity was normalized to protein concentration and reported as fold increase in
activity.

Statistical analysis. Replicate experiments were independent, and summary
results presented as means * standard deviations (SD). Differences were con-
sidered significant for P < 0.05. Group means were compared by repeated
measures of analysis of variance (ANOVA) using Fisher’s least significant dif-
ference.

RESULTS

IFN-y plus ManLAM induction of NO' is not due to LPS
contamination. IFN-y synergizes with ManLAM to induce
iNOS expression and NO' production (Fig. 1A) (13). Although
great care was taken to ensure that all the reagents used were
LPS free (13), including purification of ManLAM with a poly-
myxin B-containing column, the addition of 5 pg of polymyxin
B/ml to the cell cultures did not affect IFN-y plus ManLAM-
induction of NO,  (data not shown). Nevertheless, since LPS
is a potent inducer of NO', the following confirmatory exper-
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iments were performed. First, stimulation of RAW
264.7yNO(—) cells with 10 U of IFN-y/ml plus 0.009 ng of
LPS/ml, an amount of LPS contained in 10 g of ManLAM/ml,
produced no detectable NO,~ (Fig. 1B). Second, because
binding by LPS to its receptor requires LPS-binding protein
present in serum, we compared the ability of IFN-y plus
ManLAM versus IFN-y plus LPS to induce NO, ™ expression
in 10% FBS versus 0.1% FBS. As expected, there was substan-
tial reduction of NO, ™ production induced by IFN-v plus LPS
under serum-deprived (0.1% FBS) conditions (Fig. 1C). In
contrast, there was abundant expression of NO,  with
ManLAM plus IFN-y stimulation in the presence of either
10% or 0.1% FBS (Fig. 1C). These findings provide evidence
that the effects of ManLLAM are not due to contaminating LPS.

ManLAM activates functional NF-kB. Three independent
approaches were used to determine whether ManLAM was
capable of activating NF-kB and whether the induced NF-«B
was functional. First, an EMSA was used to detect activated
NF-«B by using a **P-labeled oligonucleotide probe that cor-
responds to the consensus binding site for NF-kB. As shown in
Fig. 2A, there was increased NF-kB activation upon stimula-
tion with 10 wg of ManLAM/ml compared to that in unstimu-
lated cells. Peak activation occurred after 30 min of stimulation
(Fig. 2A), although activation was still sustained slightly above
basal levels even after 6 h of stimulation (data not shown). The
identity of NF-kB was confirmed by the presence of a super-
shifted NF-kB complex with the addition of a p50 subunit
antibody (a-p50).

In the second approach, immunofluorescence of NF-kB in
intact unstimulated and ManLAM-stimulated macrophages
was examined. As shown in Fig. 2Bi and 2Biv, the nuclei
were readily identified with DAPI. In both unstimulated and
ManLAM-stimulated cells, pS0-NF-kB was detected in the
cytoplasm (Fig. 2Bii and 2Bv). In contrast, cells stimulated with
ManLAM had increased nuclear localization of pS0-NF-«B
(Fig. 2B; compare panel ii with panel v and panel iii with panel
vi). Quantitatively, the percentages of cells with positive nu-
clear staining for p5S0-NF-kB were 12.5% for unstimulated
cells and 46.3% for ManLAM-stimulated cells.

To validate that the ManLAM-activated NF-xB was func-
tional, we transiently transfected RAW264.7yNO(—) cells with
a SEAP reporter gene (23) that is cloned downstream of four
NF-kB-binding cis elements and then stimulated the cells with
10 pg of ManLAM/ml. After an overnight incubation, the
supernatants of the cells were measured for alkaline phospha-
tase activity in a colorimetric assay using PNPP as a substrate
(23). As shown in Fig. 2C, there was a modest increase in
alkaline phosphatase activity even in unstimulated cells after
an overnight incubation. However, in cells stimulated with 10
g of ManLAM/ml, there was a significant increase in NF-«B-
induced alkaline phosphatase activity compared to that in un-
stimulated cells (**, P < 0.01).

Mutant-IkBa (Ser32/36Ala) inhibits induction of NO pro-
duction by IFN-y plus ManLAM. Since phosphorylation of
IkBa is a prerequisite for NF-«kB activation, a dominant-neg-
ative IkBa was used to competitively inhibit IkBa phosphory-
lation and assess its effect on induction of NO" production by
IFN-y plus ManLAM. RAW 264.7yNO(—) cells were trans-
duced with an E1A-lacking AdV construct containing a mutant
(serine 32/36 alanine) IkBa (S32/36A-IkBa) (22, 34). Due to
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FIG. 1. Effects of IFN-y plus ManLAM induction of NO" are not due to LPS contamination. (A) (Top) RAW264.7yNO(—) cells were either
left unstimulated or stimulated with either 10 U of IFN-y/ml, 10 pg of ManLAM/ml, or both for 18 h, followed by an assay for NO,™ in the
supernatant. (Bottom) Corresponding immunoblot of the whole-cell lysate for iNOS protein. (B) RAW264.7yNO(—) cells were stimulated with
10 U of IFN-y/ml plus 1 ng of LPS/ml or 10 U of IFN-y/ml plus 0.009 ng of LPS/ml (the latter being the concentration of LPS contained in 10
ng of ManLAM/ml), followed by an NO, ™ assay. (C) RAW 264.7yNO(—) cells were stimulated with either IFN-y (10 U/ml) plus LPS (1 ng/ml)
or IFN-y (10 U/ml) plus ManLAM (10 pg/ml) in the presence of either 10% FBS or 0.1% FBS in the culture medium. Data shown are means *

SD from three independent experiments.

the lack of E1A, this attenuated AdV-AlkBa vector is unable
to replicate but remains a potent specific inhibitor of NF-«B
activation. Six hours after transduction with AdV-S32/36A-
IkBa, or with the control AdV-GFP or AdV-LacZ, the cells
were stimulated with IFN-y (10 U/ml) plus ManLAM (10
pg/ml) for 18 h, followed by an assay of the supernatant for
NO, . As shown in Fig. 3, AdV-S32/36A-IkBa modestly but
significantly inhibited the level of NO,  accumulation com-
pared to those in the controls AdV-GFP (Fig. 3, inset) and
AdV-LacZ.

A dominant-negative protein of Ubcl2, an E2 NEDDS§-
conjugating enzyme, inhibits IFN-y-plus-ManLAM-induced
iNOS promoter activity. Ubiquitination of IkBa is catalyzed by
an E3 ubiquitin ligase called SCF complex, comprising Skpl,
Cul-1, B-TrCP (F-box protein), and ROC1 (73). The ubiquiti-
nated IkBa is targeted for proteosome degradation. Impor-
tantly, this ubiquitination is regulated by NEDDS conjugation
to Cul-1, a component of the SCF complex. Several groups
have shown that the NEDDS conjugation by the Ubcl2 en-
zyme is essential for the E3 ubiquitin ligase activity of the SCF

complex (56). To verify whether SCF complex activation is
required for activation of iNOS promoter activity by IFN-y
plus ManLAM, we cotransfected the full-length iNOS promot-
er-luciferase reporter gene (iINOS-luc) with a dominant-nega-
tive (cysteine-111 to serine) Ubcl2 (C111S-Ubc12) which in-
hibits NEDDS8 conjugation to the Cul-1 subunit (67). RAW
264.7yNO(—) cells were cotransfected with 0.3 pg of the
iNOS-luc plasmid and either 2 wg of C111S-Ubcl2 or 2 pg of
the empty expression vector pcDNA3. After 48 h of growth,
the cells were stimulated with IFN-y (10 U/ml) plus ManLAM
(10 pg/ml) for 8 h, followed by measurement of luciferase
activity in cell lysates and normalization for protein content. As
shown in Fig. 4, IFN-y plus ManLAM stimulation resulted in
~5-fold induction of luciferase activity in cells transfected with
iNOS-luc and the empty vector pcDNA3 (compare first and
second bars). Cotransfection of C111S-Ubc12 significantly in-
hibited induction of iNOS promoter activity by IFN-y plus
ManLAM (Fig. 4, fourth versus second bar; **, P < 0.01).
Effects of mut-kBI- and mut-kBII cis-regulatory elements
on iNOS promoter activity induced by IFN-y plus ManLAM.
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FIG. 2. ManLAM activates functional NF-«kB. (A) RAW 264.7yNO(—) cells were stimulated with ManLAM (10 pg/ml) for 30 min, and nuclear
proteins were isolated, followed by an EMSA with a 3?P-labeled NF-«kB consensus oligonucleotide. Compared to unstimulated cells, ManLAM
induced NF-«B activation. The specificity of the NF-kB complex was verified by coincubation of the nuclear extract-oligonucleotide mixture with
an anti-p50 antibody (a-p50). The nonspecific (NS) band was present in both unstimulated and ManLAM-stimulated cells and did not supershift
with the anti-p50 antibody. (B) Unstimulated and ManLAM-stimulated RAW 264.7yNO(—) cells were stained with DAPI for nuclear detection
and immunostained with an anti-p5S0-NF-«kB antibody. The cells were then viewed under a fluorescent microscope at selective wavelengths to
detect nuclear staining (i and iv), pSO0-NF-«B staining (ii and v), or both (iii and vi). After counting of 200 cells in random fields, the percentage
of cells with positive nuclear staining for pS0-NF-kB was 12.5% for unstimulated cells and 46.3% for ManLAM-stimulated cells. (C) RAW
264.7yNO(—) cells were transfected with 2 ug of the kB-SEAP plasmid. At 0 and 24 h after stimulation with) ManLAM (10 pg/ml), the
supernatant was assayed for alkaline phosphatase activity (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Data shown in panels A and B are
representative of three independent experiments. Data shown in panel C are means * SD from three independent experiments.

The 5'-flanking region of the murine iINOS promoter contains
two NF-kB-binding sites: an enhancer kB site (kBII) located at
—961 to —971 from the transcriptional start site and a basal kB
site (kBI) located at —76 to —85 from the start site. In order
to determine if one or both of these sites mediate iNOS in-
duction by IFN-vy plus ManLAM, we first examined by EMSA
the relative affinity of ManLAM-induced NF-kB for binding
each of the NF-kB-binding sites. In an EMSA using **P-end-
labeled oligonucleotides that span each of the sites (CAACT
GGGGACTCTCCCTTTGGG for kBI and GCTAGGGGGA
TTTTCCCTCTCTC for kBII), ManLAM-induced NF-xB
bound to each of these sites (Fig. SA and B).

Since it was shown that IFN-y alone may induce NF-«B
activation (55), we sought to determine whether IFN-y can
induce NF-«B binding to the kBI and kBII sites contained in
the iNOS promoter region. RAW 264.7 cells were stimulated
with IFN-y (10 U/ml) for 0.5 to 2 h and probed with 3?P-
labeled oligonucleotides containing either the kBI or the kBII
site. As shown in Fig. 5C, whereas ManLAM-induced NF-«B

bound to these sites, IFN-y did not induce significant NF-xkB
binding over basal unstimulated levels (data shown are for the
2-h IFN-y stimulation). Moreover, neither IFN-y-induced
Statla nor IRF-1 bound to the «BI or kBII site (Fig. 5C),
whereas, as predicted, Statla and IRF-1 bound to IFN-vy-
activating sequence(GAS)- and ISRE-containing sequences,
respectively (Fig. 5D). The specificity of the Statla-GAS oli-
gonucleotide and IRF-1-ISRE complexes were confirmed by
supershifting of the respective complexes with an anti-Statlo
antibody (a-Statla) and an anti-IFN-stimulated response ele-
ment (IRF-1) antibody («a-IRF-1), but not with an anti-Stat6
antibody (a-Stat6) (Fig. 5D).

To elucidate the functional significance of each of the xBI
and kBII sites, we utilized three distinct mutants of the iNOS-
luc reporter construct (50). By site-directed mutagenesis, these
constructs have a triplet base substitution of CTC for the
wild-type GGG in either one (mut-kBI-INOS-luc and mut-
kBII-INOS-luc) or both (mut-kBI-mut-kBII-INOS-luc) of the
NF-kB-binding sites (50). We transfected 0.3 pg of either
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FIG. 3. Mutant IkBa inhibits NO™ expression. RAW 264.7yNO(—)

were transduced with AdV-S32/36A-IkBa, AdV-GFP, or AdV-LacZ

at an MOI ratio of 30:1. After 6 h of incubation, the cells were

stimulated with IFN-y (10 U/ml) plus ManLAM (10 pg/ml) for 18 h,

followed by an assay of the cell supernatant for NO,™ (*, P < 0.05).

Data are means * SD from three independent experiments. (Inset)
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wild-type iNOS-luc (WT-iNOS-luc), mut-k BI-iNOS-luc, mut-
kBII-iINOS-luc, or mut-k BI-mut-k BII-iINOS-luc into RAW
264.7yNO(—) cells, followed by stimulation with IFN-y (10
U/ml) plus ManLAM (10 pg/ml) for 8 h. As shown in Fig. 6,

iNOS-luciferase
(Fold RLU)

ek

E
o 7.7

1 1 1 1

IFNy + ManLAM - + - +
pcDNA3 C111S-Ubc12

FIG. 4. NEDDS conjugation to Cul-1 is required for IFN-y plus
ManLAM induction of iNOS promoter activity. RAW 264.7yNO(—)
cells were cotransfected with 0.3 pg of the iNOS-luc plasmid and 2 pg
of the mutant Ubcl2 (C111S-Ubc12) plasmid or the empty vector
pcDNA3, followed by stimulation with IFN-y (10 U/ml) plus Man-
LAM (10 pg/ml). After 8 h of stimulation, nucleus-free lysates were
assayed for luciferase activity. Results are reported as fold increase in
relative light units (Fold RLU) and normalized for protein concentra-
tion. Data are means = SD from three independent experiments (**,
P < 0.01 for comparison to second bar from left).

N
1

ROLE OF NF-kB IN ManLAM INDUCTION OF iNOS-NO' 1447

A) iINOS-«BI B) iINOS-«BIl

a-p50 a-p50
ManLAM - 4+ + | ManLAM - +

+
e ol
.
' NFxB -9 .

a-pS0 a-p50
IFNy = - = + - - - %
ManLAM - + <+ - -+ + -

e .

iNdS-xBI

NFxB -

C) kBl and «BII

NFB >

iNOS-«BII
D) iNOS-GAS and iNOS-ISRE
a-Ststla a-Staté
IFNy(hrs) 9 - 2 4 6 2 2
swiecrs - RN
odRF-1 a-Stat6
IFNy(hrs) & - 2 4 6 2 2

IRF-1-ISRE 9> “ ks

FIG. 5. (A and B) Both the basal kBI and the enhancer BII site on
the 5'-flanking region of the iNOS promoter bind ManLAM-induced
NF-«kB. Macrophages were stimulated with ManLAM (10 pg/ml) for
30 min, and nuclear protein was isolated and probed with 3*P-labeled
oligonucleotides containing either the kBI (A) or the kBII (B) site. As
shown, both the «BI and «BII sites bind NF-kB, as confirmed by
supershift of the NF-kB-containing complexes with the anti-pS0 anti-
body (a-p50). (C) Stimulation with IFN-y (10 U/ml) did not induce
NF-kB binding to either the «BI or the kBII site. (D) Moreover,
neither IFN-y-induced Statla nor IFN-y-induced IRF-1 bound either
NF-«B-binding site, although, as expected, there was binding to GAS
and ISRE sites, respectively. Data shown are representative of two
independent experiments. Slashed circles indicate no nuclear extract in
the binding reaction; minus signs indicate unstimulated cells.

there was a ~5- to 6-fold increase in luciferase activity with
IFN-vy plus ManLAM stimulation and WT-iNOS-luc. By con-
trast, there was significantly less activity with either the mut-
kBI-INOS-luc or the mut-kBII-INOS-luc construct (Fig. 6,
third versus second bar [**, P < 0.01] and fourth versus second
bar [***, P < 0.001]). There was no difference in luciferase
activity between the mut-kBI-INOS-luc and mut-kBII-INOS-
luc constructs (Fig. 6; compare third and fourth bars [P >
0.05]). In addition, there was no further decrease in iNOS
promoter activity when both NF-«kB-binding sites were mu-
tated (mut-k BI-mut-kBII-INOS-luc) compared to the individ-
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FIG. 6. Both the basal and enhancer NF-«kB-binding sites on the
5’-flanking region of the iNOS promoter are required for IFN-y plus
ManLAM-induction of iNOS. RAW 264.7yNO(—) cells were trans-
fected with 0.3 g of either the iNOS-luc plasmid, the mut-kBI-iNOS-
luc plasmid, the mut-kBII-INOS-luc plasmid, or the mut-xBI-mut-
kBII-INOS-luc plasmid. After 8 h of stimulation with IFN-y (10 U/ml)
plus ManLAM (10 pg/ml), nucleus-free lysates were assayed for lucif-
erase activity. Results are reported as fold-increase in relative light
units (Fold RLU) and normalized for protein concentration. Data are
means = SD from three independent experiments. **, P < 0.01; ***,
P < 0.001 (comparisons to second bar from left).

ual-site mutations (Fig. 6; compare fifth bar with third or
fourth bar [P > 0.05]).

ManLAM-induced NF-kB binds to the 5’'-flanking region of
the IRF-1 promoter but appears nonfunctional. Although
IFN-y is the major inducer of IRF-1, a transactivating factor
that plays a synergistic role in iNOS gene transcription, this
induction is dependent on IFN-y-induced Statla binding to
the IRF-1 promoter region. However, Liu and coworkers (44)
showed that in human umbilican vein endothelial cells, LPS
was also capable of inducing IRF-1 expression in an NF-kB-
dependent fashion. First, to assess whether ManLAM-induced
NF-kB can bind to the «kB-cis element present on the 5'-
flanking region of the IRF-1 promoter, an oligonucleotide (CC
TGATTTCCCCGAAATGA) which spans that element was
used in an EMSA. As shown in Fig. 7A, ManLAM-induced
NF-«kB was able to bind to this site on the IRF-1 promoter
region, although the binding was significantly less than that to
the «BI and «BII sites on the iNOS promoter (Fig. 5). Second,
to ascertain whether ManLAM alone was capable of inducing
IRF-1 protein expression, the cells were stimulated with
ManLAM (10 pg/ml) at various time points and immunoblot-
ted for IRF-1; as a control, some cells were also stimulated
with IFN-y (10 U/ml), a known potent inducer of IRF-1 ex-
pression. As demonstrated in Fig. 7B, compared to that in
unstimulated cells, IFN-y (10 U/ml) induced IRF-1 protein
expression as early as 2 h, but expression was sustained even at
18 h. In contrast, no IRF-1 protein was detectable in cells
stimulated with either 10 or 50 pg of ManLAM/ml for 2 or
18 h. Additionally, cells stimulated with ManLLAM at interven-
ing time intervals of 4, 6, 8, and 12 h did not induce IRF-1 (data
not shown). Since these RAW 264.7yNO(—) cells are very
sensitive to LPS, a potent inducer of NF-kB, we determined
whether IRF-1 protein expression in these cells could be in-
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FIG. 7. ManLAM-induced NF-«kB binds to the 5'-flanking region
of the IRF-1 promoter but does not induce IRF-1 expression.
(A) RAW 264.7yNO(—) cells were stimulated with ManLAM for 30
min, and nuclear extracts were probed with a *?P-labeled oligonucle-
otide that spans the NF-kB-binding site on the 5'-flanking region of
the IRF-1 promoter. As shown, ManLAM-induced NF-«B binds to this
site and was supershifted with the anti-p50 antibody (a-p50). (B) To
determine if ManLAM is capable of inducing IRF-1 expression, the
cells were stimulated with either 10 or 50 pug of ManLAM/ml for 2 or
18 h, followed by Western blotting for IRF-1 (lanes 8 to 11). For
positive controls, the cells were stimulated with IFN-y (10 U/ml) for 2
and 18 h (lanes 2 and 3). Since RAW 264.7 cells are quite sensitive to
LPS, they were also stimulated with 1 and 100 ng of LPS/ml for 2 and
18 h (lanes 4 to 7). Whereas IFN-y induced IRF-1 protein expression,
neither ManLAM nor LPS did, even at relatively high concentrations.
(C) RAW264.7yNO(—) cells stimulated with IFN-y or ManLAM at
the indicated concentrations and times were lysed with Laemmli sam-
ple buffer containing 2.5% SDS, which lyses both plasma and nuclear
membranes; the lysates were then sonicated for 2 s with a probe
sonicator, separated by SDS-PAGE, and immunoblotted for IRF-1.
(D) Nuclear proteins were isolated from unstimulated cells and from
cells stimulated with IFN-y, LPS, or ManLAM at the indicated con-
centrations and times. The nuclear proteins were then separated by
SDS-PAGE and immunoblotted for IRF-1.
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duced by LPS. As shown in Fig. 7B, cells stimulated for 2 or
18 h with LPS at concentrations of 1 or 100 ng/ml also could
not induce IRF-1 protein expression.

Since the previously shown immunoblots for IRF-1 were
produced with lysates prepared by use of a lysis buffer that did
not disrupt the nuclear membranes, and thus would not con-
tain nuclear proteins, we employed two approaches to address
the possibility that ManLAM-induced IRF-1 protein may have
translocated into the nuclei. In the first approach, unstimulated
cells or cells stimulated with IFN-y or ManLAM were lysed
with 1X Laemmli sample buffer containing 2.5% SDS, a de-
tergent which also lyses the nuclear membrane. The resultant
DNA-containing tenacious lysates were sonicated for 2 s with
a probe sonicator (Sonifier Cell Disruptor; output control set-
ting 6; Heat Systems-Ultronics, Inc., Plainview, N.Y.), and the
proteins were separated by SDS-PAGE and immunoblotted
for IRF-1. As shown in Fig. 7C, there was robust IRF-1 protein
expression with IFN-y stimulation at either 2 or 18 h. The
amount of IRF-1 protein induced by ManLLAM was signifi-
cantly less than that with IFN-y stimulation—slightly above the
basal level at 2 h and comparable to unstimulated levels at 18 h
of stimulation. In the second approach, nuclear proteins were
isolated from unstimulated and IFN-y- or ManLAM-stimu-
lated cells. The nuclear proteins were then immunoblotted
with an anti-IRF-1 antibody. As shown in Fig. 7D, there was
minimal IRF-1 protein in unstimulated, LPS-treated, or Man-
LAM-treated cells at both 2 and 18 h of stimulation; in con-
trast, there was increased IRF-1 protein expression in the nu-
clei of IFN-y-stimulated cells. These experiments confirm that
neither LPS nor ManLAM induces much, if any, IRF-1 protein
expression over baseline in RAW 264.7yNO(—) cells and that
IFN-vy is responsible for the vast majority of IRF-1 induced.

ManLAM activation of NF-kB is unaffected by the MAPKs.
We previously demonstrated that p38™“’* inhibited, and ERK
enhanced, IFN-y-plus-ManLAM induction of iNOS-NO" by
using the pharmacologic inhibitors MEK1-ERK (PD98059)
and p387“P* (SB203580) (13). Since others have shown that
various MAPK members may either enhance (8, 10, 32, 37, 72)
or inhibit (8, 10, 11, 32) 78 NF-«B activation, we sought to
determine whether inhibition of p38m“”", JNK, or MEK1-ERK
influenced NF-kB activation. RAW 264.7yNO(—) cells were
pretreated with either 30 uM PD98059, 30 uM SB203580, the
JNK inhibitor at 10 pM, or 0.06% of the vehicle dimethyl
sulfoxide for 1 h, followed by stimulation with ManLAM (10
pg/ml) for 2 h. An EMSA of the isolated nuclear extracts was
performed with a **P-end-labeled oligonucleotide probe that
corresponds to the consensus binding site for NF-kB. As
shown in Fig. 8A, compared to that in unstimulated cells, there
was an increase in NF-«kB activation upon stimulation with
ManLAM (10 pg/ml) (second versus first lane). In the pres-
ence of each of the three MAPK inhibitors, there was no
profound difference in ManLAM-induced NF-kB activation
(second lane versus third, fourth, and fifth lanes). Each of the
MAPK inhibitors was confirmed to inhibit the activity or phos-
phorylation of its respective MAPK (data not shown).

Stein et al. (63) previously showed that c-Jun was able to
bind to the p65 component of NF-kB, facilitating binding to
the cis-regulatory elements for NF-«kB. Since the MAPKs can
activate the AP-1 transcriptional complex, typically comprising
either a c-Jun homodimer or a c-Jun—c-Fos heterodimer, per-
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FIG. 8. ManLAM-induced NF-«B is unaffected by the MAPKs and
does not appear to associate with c-Jun or c-Fos. (A) RAW
264.7yNO(—) cells were either left unstimulated, stimulated with
ManLAM (10 pg/ml), or pretreated with PD98059, SB203580, or the
JNK inhibitor (JNKi), followed by stimulation with ManLAM (10
pg/ml) for 2 h. Nuclear proteins were isolated, and EMSA was per-
formed on the nuclear extracts by using a >?P-end-labeled NF-«B
oligonucleotide. (B) The ManLAM-stimulated NF-«kB-oligonucleotide
complex is supershifted with the p50 antibody but not with either a
c-Jun or a c-Fos antibody.

haps c-Jun or c-Fos is bound to the NF-kB complex. However,
as shown in Fig. 8B, ManLAM-stimulated NF-kB complexes
did not supershift with either a c-Fos or a c-Jun antibody,
although the antibodies recognized AP-1 complexes (data not
shown).

DISCUSSION

The NF-kB signaling pathway has been implicated in the
pathogenesis of a variety of human diseases (6). On the other
hand, it is also one of the more ubiquitous transcriptional
regulatory pathways required for promoting favorable immune
and inflammatory responses, particularly in the context of mi-
crobial host defense (30). For example, NF-«kB has been shown
to enhance the expression of molecules that may assist in host
defenses, including TNF-«, adhesion molecules (E-selectin,
ICAM-1, VCAM-1), IL-8, macrophage metalloproteinase 9
(MMP-9), cyclooxygenase-2 (COX-2), monocyte chemoattrac-
tant protein-1 (MCP-1), the IL-2 receptor, the IL-12 p40 sub-
unit, and iNOS (6, 9, 50, 69). More recently, it was demon-
strated that the proinflammatory activity of NF-kB is tightly
linked to its ability to prevent the induction of apoptosis initi-
ated by many of the same molecules—such as TNF-a—that it
also helps to induce (reviewed in reference 39). This beneficial
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FIG. 9. Cartoon diagram of the transcriptional regulation of iNOS by IFN-y and ManLAM. The relative positions of the kBI, kBII, GAS, and
ISRE sites in the drawing, as portrayed for simplicity’s sake, do not accurately reflect their actual locations.

role of NF-«kB in host defense against microbial pathogens is
best evinced by the fact that mice with genetic disruption of
several of the NF-kB subunits display defects in bacterial and
mycobacterial clearance (6, 71). Furthermore, NF-kB is acti-
vated in monocytes of tuberculous patients, and purified pro-
tein derivative, the tuberculin of M. tuberculosis, induced acti-
vation of NF-kB in monocytes in vitro (65).

In this study, we demonstrated by several methods that the
IKK-NF-kB pathway was activated by ManLAM and that it
was functional. Additionally, NF-kB is essential for IFN-vy-
plus-ManLLAM-stimulated iNOS induction and NO, ™~ accumu-
lation. Based on experiments with iNOS promoter-luciferase
reporter constructs with site-directed mutagenesis of either
one or both of the NF-kB-binding sites, both sites were equal
requisites for induction of iNOS by IFN-y plus ManLAM. On
the other hand, Murphy and colleagues (50) showed that mu-
tation of the basal kBI element had a quantitatively less dra-
matic negative effect (~39% inhibition) on LPS responsiveness
than mutation of the enhancer kBII element (~81% inhibi-
tion). Moreover, we found that although ManLAM-activated
NF-«B bound to an NF-«B binding site present on the IRF-/
promoter region, it did not induce IRF-1 expression. In our
system, the effects of NF-kB were solely mediated by ManL.AM,
because IFN-y alone did not induce NF-kB binding to either
kBI or «BII elements.

We previously showed that ERK and JNK positively regu-
lated, and p38™“’* inhibited, IFN-y-plus-ManLLAM induction
of iNOS-NO' (13). Since ERK can increase c-Fos expression
and JNK can activate c-Jun, this would appear to suggest a role
for AP-1, especially in light of the fact that there are three
nonconsensus AP-1 binding sites present on the 5'-flanking
region of the iINOS promoter. However, previous studies have
shown that AP-1 is not involved in iINOS gene regulation with
various stimuli (14, 45, 70). The inability of a dominant-nega-
tive c-Jun to affect iNOS induction would also not favor a role
for AP-1 (14). Furthermore, the lack of supershifting of
ManLAM-induced NF-«kB with either a c-Fos or a c-Jun anti-
body would argue against a cooperative interaction between
NF-kB and AP-1 components in this in vitro system, contrary
to what has been previously described (63).

What then is the mechanism by which the MAPKs affect
iNOS induction? Although MAPKSs themselves are not gener-
ally considered to be components of the IKK-IkBa—NF-«kB
signaling pathway per se, they may directly or indirectly influ-
ence NF-kB activity (37, 48, 53, 62). However, using specific
inhibitors of the individual MAPKSs, we found that the MAPKSs
did not significantly affect ManLAM-induced NF-«kB activa-
tion. Although NF-«kB activation may be enhanced by direct
phosphorylation of p5S0 or p65 subunits (41, 76), this unique
mechanism has not been attributed to the MAPKs. Moreover,
the effects of MAPKs on NF-kB activation are likely to be cell
and/or stimulus specific (47). For example, p38™“’* may either
inhibit (4, 8, 10, 32), augment (11, 12), or have no effect on (27,
28) NF-«B activation.

Other novel and more complex MAPK-NF-«B interactions
have been reported that could still account for a MAPK-
NF-kB cooperation or antagonism. First, Carter and col-
leagues (11, 12) demonstrated that in LPS-stimulated THP-1
cells, p38™“* augmented NF-kB-dependent gene expression
by phosphorylating the TATA-binding protein (TBP), enhanc-
ing the binding of TBP to the TATA box (12). Conversely,
ERK negatively regulated NF-kB-dependent gene expression
by inhibiting TBP binding to the TATA box (11). The inverse
roles we found with ERK and p387“7* in the context of NF-xkB
activation and iNOS-NO’ expression (13) would argue against
such a mechanism in our system. Second, Li and colleagues
(42) showed that protein kinase C-epsilon (PKCeg) activation of
NF-«kB was completely abolished when either ERK or JNK,
both of which were activated by PKCe, was inhibited. Third,
MAPKSs may also influence one another; e.g., p38”“* may
inhibit JNK or ERK activation (8, 14, 35), potentially further
complicating the network of signaling pathways with NF-«B.
Fourth, Alepuz and coworkers (3) recently showed a novel role
for HOG1, a yeast equivalent of p38”“*. In Saccharomyces
cerevisiae, HOGI itself was found to be intimately linked with
promoter regions during stress responses, essentially behaving
as part of a transcription activation complex (3). Although the
general applicability of this phenomenon to mammalian
MAPKSs is not known, Meyer et al. (48) showed that JNK may
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directly interact with c-Rel to enhance NF-kB binding to its
cis-regulatory element.

In summary, we demonstrated that ManLAM induction of
iNOS and NO' in murine macrophages is dependent on the
IKK-NF-kB signaling pathway (Fig. 9). We further showed
that although ManLLAM induced NF-«B binding to the IRF-1
promoter region, this was insufficient for IRF-1 expression,
perhaps accounting for the inability of ManLAM alone to
induce iNOS-NO' expression (Fig. 1A). The roles MAPKs play
in influencing iINOS gene expression are complex and have yet
to be fully elucidated. The biological significance of these sig-
naling pathways in human TB remains unknown, although in
the human iNOS gene, four NF-«B binding sites were shown to
regulate transcription (29). Furthermore, since NF-kB has
been shown to activate genes that may either enhance (e.g.,
iNOS) or attenuate (e.g., COX-2) microbial host defense, and
NF-kB may be potentially activated by a variety of mycobac-
terial antigens, the role of NF-kB in toto in host defense in M.
tuberculosis-infected human cells remains to be defined.
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