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The role of I�B kinase (IKK)-induced proteolysis of NF-�B1 p105 in innate immune signaling was investigated using macro-
phages from Nfkb1SSAA/SSAA mice, in which the IKK target serines on p105 are mutated to alanines. We found that the IKK/p105
signaling pathway was essential for TPL-2 kinase activation of extracellular signal-regulated kinase (ERK) mitogen-activate pro-
tein (MAP) kinase and modulated the activation of NF-�B. The Nfkb1SSAA mutation prevented the agonist-induced release of
TPL-2 from its inhibitor p105, which blocked activation of ERK by lipopolysaccharide (LPS), tumor necrosis factor (TNF), CpG,
tripalmitoyl-Cys-Ser-Lys (Pam3CSK), poly(I · C), flagellin, and R848. The Nfkb1SSAA mutation also prevented LPS-induced pro-
cessing of p105 to p50 and reduced p50 levels, in addition to decreasing the nuclear translocation of RelA and cRel. Reduced p50
in Nfkb1SSAA/SSAA macrophages significantly decreased LPS induction of the I�B�-regulated Il6 and Csf2 genes. LPS upregulation
of Il12a and Il12b mRNAs was also impaired although specific blockade of TPL-2 signaling increased expression of these genes at
late time points. Activation of TPL-2/ERK signaling by IKK-induced p105 proteolysis, therefore, induced a negative feedback
loop to downregulate NF-�B-dependent expression of the proinflammatory cytokine interleukin-12 (IL-12). Unexpectedly,
TPL-2 promoted soluble TNF production independently of IKK-induced p105 phosphorylation and its ability to activate ERK,
which has important implications for the development of anti-inflammatory drugs targeting TPL-2.

Following infection, macrophages are rapidly activated by
pathogen-associated molecules, such as lipopolysaccharide

(LPS), a cell wall component of Gram-negative bacteria that binds
to Toll-like receptor 4 (TLR4) (23). The transcription of several
hundred genes is induced following LPS stimulation of macro-
phages, the gene products of which regulate multiple aspects of the
inflammatory and innate immune responses, including cell mi-
gration, phagocytosis, antimicrobial defense, tissue remodeling,
and the adaptive immune response (28, 39). LPS induction of
these genes involves activation of nuclear factor �B (NF-�B) tran-
scription factors, interferon-regulatory factors, and each of the
major mitogen-activated protein (MAP) kinase subtypes (extra-
cellular signal-regulated kinases 1 and 2 [ERK1/2], Jun amino-
terminal kinases [JNKs], and p38�/�) (23).

NF-�B transcription factors are composed of homo- and het-
erodimeric complexes of Rel proteins (16). This family of pro-
teins, which is characterized by the presence of an N-terminal Rel
homology domain (RHD), comprises NF-�B1 p50, NF-�B2 p52,
RelA (also called p65), cRel, and RelB. RelA, cRel, and RelB are
translated in their mature forms and contain C-terminal tran-
scription activation domains. In contrast, NF-�B1 and NF-�B2
are synthesized as large precursors of 105-kDa (p105) and 100-
kDa (p100) proteins, respectively (5). These are partially proteo-
lysed (processed) by the proteasome to produce smaller, mature
forms which lack transactivation domains and promote transcrip-
tion when complexed with transactivating Rel subunits or other
nuclear proteins (42). For example, p50 homodimers associated
with I�B� induce the transcription of a subset of NF-�B target
genes in LPS-stimulated macrophages (47).

NF-�B dimers are held in the cytoplasm of unstimulated cells
through their interaction with a family of inhibitory proteins
(termed I�Bs), which includes I�B�, I�B�, and I�Bε (16). In re-
sponse to stimulation with agonists such as LPS, I�B� is phos-
phorylated by the I�B kinase (IKK) complex, which is composed

of IKK1 (IKK�) and IKK2 (IKK�) kinase subunits and the ubiq-
uitin-binding adaptor NEMO (IKK�). This phosphorylation cre-
ates a binding site for the ubiquitin E3 ligase SCF�-TrCP, which
catalyzes I�B� K48-linked polyubiquitination and targets I�B�
for degradation by the proteasome, releasing associated p50-RelA
and p50-cRel heterodimers to translocate into the nucleus. Prote-
olysis of I�B� and I�Bε is controlled in a similar fashion (22).

NF-�B1 p105 also functions as a cytoplasmic I�B, binding to
preformed NF-�B dimers via its C-terminal ankyrin repeat region
and to Rel monomers via its N-terminal RHD (37). Following LPS
stimulation, the IKK complex phosphorylates p105 on serine res-
idues 927 and 932 (17, 26, 30). This creates a binding site for
SCF�-TrCP, which catalyzes the subsequent K48-linked polyubiq-
uitination of p105, triggering its proteolysis by the proteasome.
NF-�B1 p105 is also a precursor for p50, which is produced con-
stitutively from p105 by partial proteolysis (processing) by the
proteasome. Constitutive processing of NF-�B1 p105 to p50 re-
quires the monoubiquitination of p105 on multiple lysine resi-
dues (25). While in vitro experiments with recombinant p105 have
suggested that IKK can induce p105 processing to p50 (30), cellu-
lar analyses have indicated that IKK promotes the complete deg-
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radation of p105 (17, 26). Both outcomes potentially allow p105 to
regulate expression of NF-�B target genes.

In addition to its role in regulating the transcriptional activity
of NF-�B, p105 has been shown to be a major regulator of ERK
MAP kinase activity in innate immune responses. NF-�B1 p105
forms a high-affinity, stoichiometric complex with tumor pro-
gression locus 2 (TPL-2) (4, 7), a member of the MAP-3 kinase
family of proteins. TPL-2 functions as a MEK kinase, which me-
diates TLR activation of ERK MAP kinase in macrophages (13,
14). TPL-2 plays an important regulatory role in innate immune
responses and is essential for LPS induction of tumor necrosis
factor (TNF), interleukin-1� (IL-1�), and cyclo-oxygenase 2
(COX-2) in macrophages (10, 11, 29). Binding to p105 maintains
steady-state levels of TPL-2 protein, and LPS stimulation fails to
activate ERK in Nfkb1�/� macrophages due to the virtual absence
of TPL-2 (46).

Association with NF-�B1 p105 also negatively regulates TPL-2
activation of ERK by preventing TPL-2 phosphorylation of MEK (4,
46). LPS activation of TPL-2 MEK kinase activity in primary macro-
phages requires TPL-2 release from p105 (6, 45). Pharmacological
experiments have indicated that proteasome and IKK2 activity are
essential for LPS activation of TPL-2/ERK signaling. Analysis of
RAW264.7 macrophages stably expressing wild-type (WT) FLAG-
tagged p105 (FL-p105) or FL-p105S927A,S932A (FL-p105SSAA) (lacking
IKK phosphorylation sites in human p105) has suggested that maxi-
mal LPS activation of TPL-2 MEK kinase activity and release from
p105 require IKK phosphorylation of p105. Consistent with this, ret-
roviral overexpression of FL-p105S927A,S932A in Nfkb1�/� macro-
phages cannot rescue LPS activation of ERK, in contrast to WT FL-
p105 (6). Together, these results suggested a role for IKK
phosphorylation of p105 in regulating TPL-2 activation (6, 45). How-
ever, the physiological significance of these data has remained unclear
since the experiments involved overexpression of epitope-tagged
p105 proteins.

The potential role for NF-�B1 p105 to regulate both NF-�B
activity and TPL-2/ERK signaling suggests that p105 is a major
effector protein through which the IKK complex regulates im-
mune responses. However, the consequences of this regulation are
largely unknown. To investigate this, we previously generated
Nfkb1SSAA/SSAA knock-in mice (40), which express mutant
p105SSAA (S930A and S935A mutations in mouse p105) that can-
not be phosphorylated by IKK. In the present study, we used these
mice to investigate the function of IKK-induced NF-�B1 p105
proteolysis in NF-�B and TPL-2/ERK activation in macrophages
during an innate immune response. The Nfkb1SSAA mutation was
found to reduce LPS activation of NF-�B, both by inhibiting pro-
cessing of p105 to p50 and by p105SSAA-mediated retention of Rel
subunits in the cytoplasm. Consequently, LPS induction of a panel
of NF-�B target genes was reduced in Nfkb1SSAA/SSAA macro-
phages compared to induction in WT cells, with I�B�-p50-regu-
lated genes being particularly affected. The Nfkb1SSAA mutation
also completely blocked LPS-induced TPL-2 release from p105
and TPL-2 activation of MEK and ERK MAP kinase, providing
definitive genetic evidence that TLR4 activation of TPL-2/ERK
signaling is dependent on IKK-induced p105 proteolysis. Surpris-
ingly, the Nfkb1SSAA mutation did not affect TPL-2-dependent
induction of soluble TNF by LPS (33). Therefore, TPL-2 com-
plexed with p105 stimulated the production of soluble TNF inde-
pendently of ERK activation, which has important implications
for the development of anti-inflammatory drugs targeting TPL-2.

MATERIALS AND METHODS
Mouse strains. Mouse strains were bred in a specific-pathogen-free envi-
ronment at the National Institute for Medical Research (NIMR; London,
United Kingdom), and all experiments were done in accordance with
regulations of the Home Office of the United Kingdom. Nfkb1SSAA/SSAA,
Nfkb1�/�, and Map3k8�/� mouse strains have been described previously
(10, 31, 38, 40) and were all fully backcrossed on to a C57BL/6 back-
ground. Nfkb1SSAA/� and Nfkb1SSAA/SSAA Map3k8�/� mice were gener-
ated by intercrossing these strains. The generation of Map3k8D270A/D270A

mice, which express catalytically inactive TPL-2, will be described in a
separate study. These were intercrossed with Nfkb1SSAA/SSAA mice to gen-
erate the Nfkb1SSAA/SSAA Map3k8D270A/D270A mouse strain. Mice homozy-
gous for deletion of the C terminus coding sequence in Nfkb1 (Nfkb1�CT/�CT)
(19) were kindly provided by Bristol Meyers Squibb. After being backcrossed
eight times onto a C57BL/6 background, Nfkb1�CT/�CT mice were crossed
with Nfkb1SSAA/SSAA mice to generate Nfkb1SSAA/�CT experimental mice.

Antibodies. The p105C antibody was used for immunoprecipitation
of p105 (35), while anti-p50 (Delta Biolabs) was used for immunoblotting
NF-�B1 p50/p105. The ABIN-2 antibody used for detection of ABIN-2 on
immunoblots and the 70-mer TPL-2 antibody used for immunoprecipi-
tation of TPL-2 have been described previously (6, 27). Antibodies against
MEK-1 and MEK-2 (MEK-1/2), MEK-1/2 phosphorylated at S217 and
S221 [phospho(S217/S221)-MEK-1/2] activated MEK-1/2; phospho-
MEK), p38, phospho(T180/Y182)-p38 (activated p38; phospho-p38),
JNK, and phospho(T183/Y185)-JNK (phospho-JNK) were purchased
from Cell Signaling Technology. Antibodies to TPL-2 (M20; H-7), ERK-1
and ERK-2, Egr-1, and I�B� were obtained from Santa Cruz, and phos-
pho(T185/Y187)-ERK1/2 (activated ERK; phospho-ERK) antibody was
from Biosource. Antibodies to Rel family proteins were purchased from
Cell Signaling Technology while anti-TNF was purchased from R&D Sys-
tems. Tubulin was detected with TAT-1 �-tubulin monoclonal antibody
(MAb; kindly provided by Keith Gull, University of Oxford, United King-
dom) and used as a loading control protein for immunoblotting of total
cell lysates. Glutathione S-transferase (GST)–MEKK207A was generously
donated by Richard Marais (Cancer Research UK, London, United King-
dom). IL-10R antibody and control IgG were kindly provided by Anne
O’Garra (NIMR, London, United Kingdom).

In vitro generation and stimulation of macrophages. Bone marrow-
derived macrophages (BMDM) were prepared as described previously
(44). Briefly, bone marrow cells were plated in 10 ml of complete BMDM
medium (RPMI 1640 medium [Sigma] supplemented with 10% fetal bo-
vine serum [FBS], antibiotics, 20% L-cell conditioned medium, and 50
�M �-mercaptoethanol) at 5 	 106 cells per 90-mm bacterial petri dish
(Sterilin). After 4 days of culture, 10 ml of complete BMDM medium was
added, and cells were cultured a further 3 days. Nonadherent cells were
aspirated, and remaining adherent cells were harvested by incubation
with 5 ml of phosphate-buffered saline (PBS) supplemented with 5% FBS
and 2.5 mM EDTA. Flow cytometric analysis indicated that 
95% of
these cells were positive for the macrophage markers F4/80 and CD11b.
The levels of expression of F4/80, CD11b, major histocompatibility
complex (MHC) class II, CD86, and TLR4/MD2 were similar between
macrophages generated from WT, Nfkb1SSAA/SSAA, Nfkb1SSAA/SSAA

Map3k8�/�, and Nfkb1SSAA/SSAA Map3k8D270A/D270A mice (data not
shown). Resident peritoneal macrophages were obtained by intraperito-
neal injection of mice with 4 ml of RPMI medium supplemented with
10% FBS and aspiration. Macrophages were purified from the resulting
cell suspension by adherence after 3 h of culture at 37°C and removal of
nonadherent cells by washing with PBS. The cell populations produced
were 
95% F4/80�, as determined by flow cytometry (results not
shown).

For experiments, harvested BMDM were replated in Nunc tissue cul-
ture dishes (six-well plates, 1 	 106 cells/well; 60-mm dishes, 3 	 106 cells;
90-mm dishes, 8 	 106 cells) in BMDM medium plus 1% FBS minus
L-cell supplement. Peritoneal macrophages were replated in six-well
plates (1 	 106 cells/well) and cultured in RPMI medium supplemented
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with 1% FBS. BMDM and peritoneal macrophages were cultured over-
night prior to stimulation with LPS (Salmonella enterica serovar Minne-
sota R595; Alexis Biochemicals) at a final concentration of 10 ng/ml, un-
less otherwise indicated. Cells were stimulated with TNF (R&D Systems)
at 20 ng/ml, with CpG (InvivoGen) at 500 nM, with tripalmitoyl-Cys-Ser-
Lys (Pam3CSK; InvivoGen) at 1 �g/ml, with poly(I · C) (InvivoGen) at 10
�g/ml, with flagellin (InvivoGen) at 1 �g/ml, with R848 (InvivoGen) at 1
�g/ml, and with phorbol myristate acetate (PMA; Sigma) at 10 ng/ml.
Control cells were left untreated (time zero). For experiments in which
ERK activation was blocked pharmacologically, cells were preincubated
with 2 �M PD184352 for 1 h prior to LPS stimulation, unless specified
otherwise in figure legends.

Protein analyses. Cells were washed once in PBS before lysis. For
immunoblotting of total lysates, cells (3 	 106 cells per point) were lysed
in buffer A (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 50 mM NaF, 1 mM Na3VO4, 100 nM okadaic acid [Calbiochem],
and 2 mM Na4P2O7 plus protease inhibitors [Roche Molecular Biochem-
icals]) containing 1% Nonidet-P40 or in radioimmunoprecipitation assay
(RIPA) buffer, which additionally contained 0.5% deoxycholate and 0.1%
SDS. After centrifugation to remove particulate matter, lysates were
mixed with an equal volume of 2	 SDS-PAGE sample buffer and then
subjected to immunoblotting. For immunoprecipitations, lysis (2 	 107

to 4 	 107 cells per point) was carried out using buffer B (10 mM HEPES,
pH 7.6, 1 mM EGTA, 10 mM KCl, 1 mM dithiothreitol [DTT], 20 mM
NaF, and 1 mM Na4P2O7 plus a mixture of protease inhibitors [Roche
Molecular Biochemicals]) containing 0.5% Nonidet-P40. Covalent cou-
pling of antibodies to protein A-Sepharose (Amersham Biosciences) was
performed as described previously (20). To detect release of TPL-2 from
p105, BMDM lysates were precleared of p105 by immunodepletion with
p105C antibody coupled to protein A-Sepharose (6). Complete removal
of p105 from lysates was confirmed by immunoblotting.

TPL-2 MEK kinase activity was assayed using a modification of a pre-
viously published method (32). A total of 16 	 106 cells per point were
either stimulated for 15 min with LPS (100 ng/ml) or left unstimulated
and then lysed using kinase assay lysis buffer (buffer A containing 0.5%
NP-40, 5 mM �-glycerophosphate, 1 mM DTT). Immunoprecipitation
was carried out using a 1:1 mixture of 70-mer and M20 (Santa Cruz)
TPL-2 antisera. Immunoprecipitates were washed four times in kinase
assay lysis buffer, followed by two washes in kinase buffer (50 mM Tris,
pH 7.5, 150 mM NaCl, 5 mM �-glycerophosphate, 100 nM okadaic acid,
1 mM dithiothreitol, 0.1 mM sodium vanadate, 10 mM MgCl2, 1 mM
EGTA, 0.03% Brij 35). Beads were then resuspended in 50 �l of kinase
buffer plus 1 mM ATP and 1 �g of GST-MEK1K207A. Reaction mixtures
were incubated at 30°C for 30 min and terminated by the addition of 50 �l
of 2	 SDS sample buffer. Phosphorylation of GST-MEK1K207A was as-
sessed by immunoblotting using phospho-MEK antibody (166F8; Cell
Signaling). To measure p105-associated TPL-2 kinase activity (2, 32),
p105 was immunoprecipitated from cell lysates with p105C antibody cou-
pled to protein A-Sepharose for 3 h. After an extensive washing step, beads
were resuspended in 50 �l of kinase buffer plus 0.1 mM ATP and 2.5�Ci
of [�-32P]ATP (Amersham Biosciences) and incubated for 30 min at
30°C. Labeled protein was visualized by autoradiography after 10% SDS-
PAGE.

To analyze p105 processing, BMDM (1 	 106 cells per well; Nunc
12-well plate) were cultured in complete medium for 18 h. Cells were then
washed with methionine- and cysteine-free minimal essential Eagle’s me-
dium (Sigma) supplemented with 1% dialyzed FBS and cultured in the
same medium for 60 min to starve. Cells were pulse-labeled by addition of
100 �Ci/ml of [35S]methionine-cysteine (EasyTag Express Protein Label-
ing Mix; PerkinElmer) and culture for 60 min. Labeling was stopped by
the addition of complete medium (RPMI medium plus 10% FCS), sup-
plemented with LPS (100 ng/ml) to activate IKK. Triplicate cultures of
cells were lysed in RIPA buffer, pooled, and precleared three times with
protein A-Sepharose beads. p105 was immunoprecipitated with p50 an-
tibody (1263-TB4) obtained from the Biological Resources Branch of the

National Cancer Institute (Maryland). After an extensive washing step in
RIPA buffer, isolated proteins were eluted in sample buffer and resolved
by SDS-PAGE. Labeled bands were visualized by autoradiography.

To analyze nuclear translocation of Rel subunits, cells were washed in
PBS and then lysed on ice in a buffer containing 0.2% NP-40, 10 mM
HEPES, pH 7.6, 0.1 mM EGTA, 10 mM KCl, 1.5 mM MgCl2, 1 mM DTT,
20 mM NaF, 1 mM Na-pyrophosphate, and protease inhibitors. After 2
min, nuclei were pelleted by centrifugation, samples were washed twice in
lysis buffer, and nuclear proteins were extracted with RIPA buffer. Rel
proteins in extracts were quantified by immunoblotting and densitome-
try. Data were normalized against SAM68 content of nuclear extracts,
determined by immunoblotting with anti-SAM68 (Santa Cruz).

NF-�B activation assays. For enzyme-linked immunosorbent assay
(ELISA) of NF-�B activity, nuclear extracts were prepared using a com-
mercial kit (5 	 106 cells/point; Active Motif). For greater sensitivity, cRel
binding was assayed with anti-c-Rel (sc-70X; Santa Cruz). Five micro-
grams of extract per point was then assayed in duplicate, using a TransAm
NF-�B family kit (Active Motif). Data were normalized against the
SAM68 content of nuclear extracts.

qRT-PCR. Macrophages were plated in six-well plates (Nunc) at 5 	
105/ml in 2 ml of RPMI 1640 medium supplemented with 1% FBS, 50 �M
2-mercaptoethanol (2-ME), and antibiotics. After overnight culture, cells
were stimulated for the times indicated in the figures with 10 ng/ml LPS.
RNA from stimulated and unstimulated cells was isolated using an
RNeasy kit, and contaminating DNA was removed using an RNase-free
DNase set (Qiagen, Hilden, Germany), according to the manufacturer’s
instructions, and DNase treated (Roche, East Sussex, United Kingdom).
cDNA was produced using a SuperScript III First-Strand Synthesis Super-
Mix for quantitative real-time PCR (qRT-PCR) (Life Technologies) and
standard protocols. Expression of target genes was determined by real-
time PCR using a Perkin Elmer ABI Prism 7000 Sequence Detection Sys-
tem. Commercial 6-carboxyfluorescein (FAM)-labeled probes (Applied
Biosystems) were used with a TaqMan Gene Expression Master Mix (Ap-
plied Biosystems). Target gene mRNA levels were normalized against
Hprt mRNA levels.

ELISA of cytokines. Macrophages were plated either at 5 	 105/ml in
250 �l of RPMI 1640 medium supplemented with 1% FBS and antibiotics
in a 96-well plate (Nunc) or at 1 	 106 cells in 1 to 2 ml of RPMI 1640
medium in six-well plates (Nunc). After overnight culture, cells were
stimulated with 10 ng/ml LPS for the times indicated in the figures. Levels
of TNF and IL-12 p40 in culture supernatants were determined using
commercial enzyme-linked immunosorbent assay (ELISA) kits (eBiosci-
ence), according to the manufacturer’s instructions.

To measure cytokine production in vivo, 6- to 8-week-old mice were
injected intraperitoneally with 100 �g of LPS/mouse. Mice were sacrificed
after 1 h for TNF and after 6 h for IL-12 p40 determinations. Blood was
collected by cardiac puncture and allowed to clot at 4°C for 2 h. Resulting
sera were stored at �20°C until cytokine assay by ELISA.

Flow cytometric analyses. For analysis of ERK phosphorylation, peri-
toneal macrophages were aspirated 10 min after LPS injection (200 �g per
mouse) and fixed in an equal volume of Intracellular (IC) Fixation Buffer
(eBioscience) for 10 min on ice. Cells were then stained with F4/80-allo-
phycocyanin (APC) (BD Pharmingen), permeabilized with 90% metha-
nol, and sequentially stained with phospho-ERK antibody (4377; Signal
Transduction Laboratories) and anti-rabbit Ig–fluorescein isothiocyanate
(FITC). Labeled cells were detected by flow cytometry on a FACSCalibur
(BD) by standard methods, using FlowJo software (Treestar). Surface pre-
TNF was analyzed as previously described (33).

Statistical analysis. All data analyses were performed using GraphPad
software (GraphPad Software, Inc., San Diego, CA). Data were compared
using Student’s t test (two-tailed and unpaired test). P values of less than
0.05 or 0.005 were considered significant. Error bars represent standard
errors of the means (SEM).
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RESULTS
The Nfkb1SSAA mutation reduces TLR4 activation of NF-�B.
NF-�B p105 is the precursor of p50 and also functions as an I�B
(5), binding to NF-�B dimers and Rel monomers via its ankyrin
repeat region and RHD, respectively (37). Nfkb1SSAA/SSAA bone
marrow-derived macrophages (BMDM) were used to investigate
the extent to which IKK-induced p105 proteolysis contributes to
total NF-�B activity in macrophages. Immunoblotting demon-
strated that steady-state expression levels of RelA, cRel, RelB, and
NF-�B2 p100/p52 were similar between wild-type (WT) and
Nfkb1SSAA/SSAA BMDM (Fig. 1A). Surprisingly, p50 levels were
significantly reduced in Nfkb1SSAA/SSAA BMDM even though
steady-state levels of the p105 precursor were elevated (Fig. 1A and
B). A similar phenotype was detected in Nfkb1SSAA/SSAA peritoneal
macrophages (data not shown).

Pulse-chase metabolic labeling of BMDM with [35S]methio-
nine-cysteine was used to investigate the effect of the Nfkb1SSAA

mutation on p105 processing to p50. WT p105 and p105SSAA were
synthesized at similar rates during the 1-h pulse. In WT cells,
addition of LPS in the chase promoted a reduction in p105 levels
and the appearance of p50. The Nfkb1SSAA mutation blocked both
LPS-induced p105 proteolysis and p50 production (Fig. 1C). IKK
phosphorylation of p105, therefore, induced the processing of
p105 to p50 in LPS-stimulated macrophages. These data implied
that low levels of IKK activity induced p105 processing to p50 in
unstimulated WT BMDM. However, this was impaired in un-
stimulated Nfkb1SSAA/SSAA BMDM, resulting in reduced steady-
state levels of p50 and elevated p105.

LPS-induced I�B� degradation in Nfkb1SSAA/SSAA BMDM was
similar in extent to that in WT cells (Fig. 2A). Gel filtration of
BMDM lysates also showed that the gross distribution of Rel sub-
units between low-molecular-weight (MW) fractions containing
I�B� and high-MW fractions containing p105 (37) was not af-
fected by the Nfkb1SSAA mutation (data not shown). However, an
NF-�B ELISA demonstrated that LPS activation of p50 was sub-
stantially reduced in Nfkb1SSAA/SSAA BMDM while activation of
RelA and cRel was decreased to a lesser extent (Fig. 2B). Subcellu-
lar fractionation revealed that LPS-induced nuclear translocation
of p50, RelA, and cRel was significantly reduced in Nfkb1SSAA/SSAA

BMDM compared to levels in WT cells (Fig. 2C). Anti-p105 im-
munoprecipitates from WT BMDM lysates copurified with p50,

RelA, and cRel, and the amounts of RelA and cRel in complex with
p105 in Nfkb1SSAA/SSAA BMDM were higher than in WT cells due
to the increased steady-state levels of p105 (Fig. 2D). The
Nfkb1SSAA mutation, therefore, impaired LPS activation of NF-�B
by retention of Rel subunits in the cytoplasm, in addition to re-
duction of p50 production.

It was possible that the effect of the Nfkb1SSAA mutation on
nuclear translocation of RelA and cRel was primarily due to the
increased steady-state levels of p105 compared to levels in WT
control cells rather than to acute blockade of IKK-induced p105
proteolysis (Fig. 1A and B). To investigate this, Nfkb1SSAA/SSAA

mice were crossed with Nfkb1�/� mice. BMDM generated from
the resulting Nfkb1SSAA/� mice expressed levels of p105 compara-
ble to those of WT cells (Fig. 2E). LPS activation of p50 in
Nfkb1SSAA/� BMDM was reduced compared to WT BMDM levels
(Fig. 2B), at least partly due to the lower steady-state amounts of
p50 in Nfkb1SSAA/� BMDM (Fig. 2E). LPS-induced RelA and cRel
binding activities were also decreased in Nfkb1SSAA/� BMDM
compared to WT BMDM levels (Fig. 2B). Therefore, the inhibi-
tory effect of the Nfkb1SSAA mutation on the activation of RelA and
cRel did not result from p105SSAA overexpression.

The Nfkb1SSAA mutation reduces LPS-induced expression of
p50-dependent NF-�B target genes. Since the Nfkb1SSAA muta-
tion reduced NF-�B activation following LPS stimulation, it was
expected that expression of NF-�B target genes would also be
affected. To investigate this, Nfkb1SSAA/SSAA and WT BMDM were
stimulated with LPS at two different concentrations, and mRNA
levels of selected NF-�B target genes were measured by quantita-
tive real-time PCR (qRT-PCR). Upregulation of Nfkbia (encoding
I�B�), Tnfaip3 (encoding A20), and Cxcl2 mRNAs was partially
reduced by the Nfkb1SSAA mutation, while Nfkbiz (encoding I�B�)
mRNA was only decreased at the lower LPS dose (Fig. 3A). In
contrast, LPS upregulation of Il6 and Csf2 mRNAs, which are
dependent on I�B� and p50 for their induction (47), was essen-
tially blocked by the Nfkb1SSAA mutation at both LPS doses. Ex-
periments with Map3k8�/� BMDM, which do not express TPL-2
(10), revealed that LPS-induced mRNA expression of all of the
genes analyzed was unaffected by TPL-2 deficiency (data not
shown). Analysis of Nfkb1SSAA/� BMDM revealed that the inhib-
itory effects of the Nfkb1SSAA mutation on NF-�B target gene ex-
pression were not due to overexpression of p105SSAA (Fig. 3B).

FIG 1 Nfkb1SSAA mutation reduces LPS-induced p105 processing to p50. (A) Lysates from BMDM were immunoblotted. The Nfkb1SSAA/SSAA genotype is shown
in this figure and in subsequent figures as Nfkb1SSAA. (B) p105 and p50 levels in BMDM were assayed by immunoblotting. Bands were quantified by laser
densitometry and are expressed relative to tubulin loading control (error bars, SEM). (C) BMDM were metabolically pulse-labeled for 1 h with [35S]methionine-
cysteine (�) and then chased for 1 h with nonradioactive medium containing 100 ng/ml LPS (�). p105/p50 were immunoprecipitated from cell lysates with
p105N antibody and resolved by SDS-PAGE, and labeled bands were detected by autoradiography. In panels A and C, results are representative of three
independent experiments. In panel B, data were pooled from five independent experiments.
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Together, these results suggested that IKK-induced p105 proteol-
ysis was required for maximal expression of NF-�B-dependent
genes in macrophages and was particularly important for expres-
sion of genes regulated by I�B�-p50.

To investigate the role of reduced p50 in the induction of
p50-dependent gene expression in Nfkb1SSAA/SSAA BMDM,
Nfkb1SSAA/SSAA mice were crossed with Nfkb1�CT/�CT mice,
which express elevated amounts of p50 compared to WT cells
and no p105 (19). For comparison with these Nfkb1SSAA/�CT

mice, Nfkb1�/� and Nfkb1SSAA/� strains were also generated.
Nfkb1SSAA/�CT BMDM expressed steady-state levels of p50
equivalent to Nfkb1�/� cells, while p50 levels were very low in
Nfkb1SSAA/� BMDM (Fig. 3C). LPS activation levels of p50
DNA binding were similar between Nfkb1SSAA/�CT BMDM and
control Nfkb1�/� cells, while p50 activation was significantly
decreased in Nfkb1SSAA/� BMDM (Fig. 3D). LPS-induced ex-
pression of Il6 and Csf2 mRNAs was significantly reduced in
Nfkb1SSAA/� BMDM compared to Nfkb1�/� BMDM levels (Fig.
3E). However, expression of these genes was increased in
Nfkb1SSAA/�CT compared to Nfkb1SSAA/� BMDM, although not to
the same levels as that detected in Nfkb1�/� BMDM. The defects in
LPS-induced expression of Il6 and Csf2 in Nfkb1SSAA/SSAA macro-
phages were therefore principally due to defective p50 generation.

Nfkb1SSAA mutation blocks activation of ERK MAP kinase by
TNF receptor 1 (TNFR1) and multiple TLRs. Our earlier studies
overexpressing FL-p105 or FL-p105SSAA in RAW264.7 cells and
Nfkb1�/� macrophages suggested an important role for IKK-in-
duced p105 proteolysis in LPS activation of the MEK kinase activ-
ity of TPL-2 and subsequent activation of ERK (6). However, their
physiological relevance remained uncertain, and it was unclear

whether IKK-induced p105 proteolysis was essential for TPL-2
activation of ERK or simply modulated the amplitude of TPL-2
signaling.

The availability of Nfkb1SSAA/SSAA BMDM allowed us to inves-
tigate the effect of endogenous p105SSAA on TPL-2 activation of
ERK. LPS did not induce ERK phosphorylation in Nfkb1SSAA/SSAA

BMDM, while phosphorylation of p38 and JNK was similar to that
of WT cells (Fig. 4A). LPS activation of ERK was also ablated in
Nfkb1SSAA/� BMDM (Fig. 4B), demonstrating that the inhibitory
effects of Nfkb1SSAA mutation were not due to increased levels of
p105SSAA. Furthermore, the Nfkb1SSAA mutation blocked LPS-
stimulated upregulation of the transcription factor Egr-1 (Fig.
4C), which is positively regulated by TPL-2/ERK signaling (46).
To investigate whether the Nfkb1SSAA mutation was also required
for activation of ERK in macrophages in vivo, mice were injected
intraperitoneally with LPS, and peritoneal macrophages were as-
pirated after 10 min. Intracellular staining clearly detected phos-
pho-ERK in WT peritoneal macrophages after LPS injection (Fig.
4D). In contrast, no phospho-ERK signal was detected in
Map3k8�/� or Nfkb1SSAA/SSAA peritoneal macrophages, demon-
strating that IKK-induced p105 proteolysis was essential for TPL-
2-dependent activation of ERK in vivo.

The Nfkb1SSAA mutation additionally blocked induction of
ERK phosphorylation in BMDM by TNF, CpG (TLR9), Pam-3-
Cys (TLR2), poly(I · C) (TLR3), flagellin (TLR5), and R848
(TLR7/TLR8) (Fig. 5A to F), which all signal to ERK via TPL-2 (3,
12, 21, 29). However, activation of ERK by phorbol ester and
zymosan, which are both independent of TPL-2 (10, 29), was un-
affected by the Nfkb1SSAA mutation (data not shown). Together,
these data provided clear genetic evidence that TPL-2-dependent

FIG 2 Nfkb1SSAA mutation impairs LPS activation of NF-�B. (A) BMDM were stimulated for the indicated times with LPS. Cell lysates were immunoblotted. (B)
BMDM, cultured in triplicate, were stimulated with LPS (1 �g/ml) for 0.5 and 3 h. Binding of p50, RelA, and cRel to an NF-�B oligonucleotide was determined
by ELISA (error bars, SEM). (C) BMDM were cultured in triplicate and stimulated with LPS (1 �g/ml). The amounts of the indicated Rel subunits in nuclear
fractions were determined by immunoblotting and densitometry (error bars, SEM). (D) BMDM lysates were immunoprecipitated (IP) with p105C antiserum or
nonimmune (NI) serum. Isolated proteins were immunoblotted. (E) Lysates from BMDM were immunoblotted. In panels A, D, and E, results are representative
of at least three independent experiments. In panels B and C, results were pooled from five independent experiments.
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activation of ERK in macrophages required IKK-induced p105
proteolysis.

To determine whether the Nfkb1SSAA mutation prevented ERK
activation by affecting TPL-2 activation, TPL-2 was immunopre-
cipitated from BMDM lysates, using limiting amounts of antibody
to ensure that similar amounts of TPL-2 were isolated. MEK ki-
nase activity was measured in vitro using GST-MEK as the sub-
strate. LPS did not induce TPL-2 MEK kinase activity in
Nfkb1SSAA/SSAA BMDM, in contrast to WT cells (Fig. 6A). To de-
termine whether the Nfkb1SSAA mutation impaired the release of
TPL-2 from p105 as shown previously in RAW264.7 cells (6),
p105 was removed from BMDM lysates by anti-p105 immuno-
precipitation. LPS stimulated release of p105-free TPL-2 in WT
BMDM, but this was completely blocked by the Nfkb1SSAA muta-
tion (Fig. 6B). The Nfkb1SSAA mutation blocked TNF activation of
TPL-2 MEK kinase activity and the generation of p105-free TPL-2
in a similar fashion (Fig. 6C and D). Together, these data demon-
strated that IKK-induced p105 proteolysis was essential for LPS
and TNF to induce release of TPL-2 from p105 and activate TPL-2
MEK kinase activity in primary macrophages.

Steady-state levels of p105 were increased in Nfkb1SSAA/SSAA

BMDM compared to levels in WT cells (Fig. 1B and 6F). Resting
concentrations of TPL-2 and ABIN-2, which are both associated
with p105 (7, 27), were also elevated by the Nfkb1SSAA mutation
(Fig. 6E and F). These increases were not attributed to alterations
in the steady-state amounts of Nfkb1, Map3k8 (encoding TPL-2),
or Tnip2 (encoding ABIN-2) mRNAs (data not shown). Rather,
the Nfkb1SSAA mutation blocked “tonic” p105 turnover, as ob-
served previously in CD4� T cells (40). This could also explain the
increases in TPL-2 and ABIN-2 proteins in macrophages. The
Nfkb1SSAA mutation had comparable effects on steady-state levels
of p105, TPL-2, and ABIN-2 in ex vivo peritoneal macrophages
(data not shown), suggesting that tonic IKK signaling also oc-
curred in vivo.

LPS stimulated the proteolysis of p105 in WT BMDM, and
this was blocked in Nfkb1SSAA/SSAA cells, as expected (Fig. 6F).
LPS-induced proteolysis of TPL-2 and ABIN-2 by the protea-
some (6, 27) was also reduced by the Nfkb1SSAA mutation (Fig.
6F). IKK-induced p105 proteolysis therefore regulated steady-
state levels of TPL-2 and ABIN-2 in unstimulated BMDM and

FIG 3 Nfkb1SSAA mutation reduces LPS-induced expression of NF-�B-dependent genes. (A) Triplicate cultures of BMDM were stimulated for 1 h with LPS at
10 or 1000 ng/ml. Expression of the mRNAs shown was determined by quantitative RT-PCR (error bars, SEM). (B) BMDM were stimulated for 1 h with LPS at
10 ng/ml and analyzed as described in panel A. (C) Lysates of BMDM were immunoblotted. (D) BMDM were stimulated with LPS (1 �g/ml) for 3 h. Binding of
p50 to an NF-�B oligonucleotide was determined by ELISA (error bars, SEM). (E) Expression of the mRNAs shown was determined as described in panel A,
following stimulation of BMDM with 1 �g/ml LPS for 1 h. All results are representative of at least three independent experiments.
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the proteolysis of both of these proteins by the proteasome
after TLR4 stimulation.

Nfkb1SSAA mutation inhibits TLR4 induction of Il12a and
Il12b. Pathogen infection induces macrophage production of the
proinflammatory cytokine IL-12 (interleukin-12), a heterodimer
of IL-12� (p35) and IL-12� (p40) proteins (41), which promotes
differentiation of T helper 1 (Th1) effector cells. LPS induction of
Il12a and Il12b mRNAs in macrophages is positively regulated by
NF-�B and negatively regulated by TPL-2/ERK signaling (21, 24,
36). Since IKK-induced p105 proteolysis promoted nuclear trans-
location of Rel subunits and facilitated TPL-2 activation of ERK, it
was interesting to study the expression of Il12a and Il12b mRNAs.
Comparison of WT and Nfkb1SSAA/SSAA BMDM revealed that the
effect of the Nfkb1SSAA mutation on LPS upregulation of both
Il12a and Il12b mRNAs was inhibitory (Fig. 7A). In contrast, LPS-
induced mRNA expression of both genes was substantially in-
creased in Map3k8�/� BMDM relative to levels in WT controls, as
reported previously (21). Analysis of Nfkb1SSAA/SSAA Map3k8�/�

BMDM indicated that the inhibitory effect of the Nfkb1SSAA mu-
tation on LPS upregulation of Il12a and Il12b mRNAs was TPL-2
independent, ruling out a contribution of residual TPL-2 signal-
ing. Nfkb1SSAA mutation and TPL-2 deficiency had comparable
inhibitory and stimulatory effects, respectively, on the production
of IL-12 p40 protein by LPS-stimulated BMDM (Fig. 7B). Simi-
larly, the Nfkb1SSAA mutation reduced the production of IL-12
p40 in serum after intraperitoneal injection of LPS compared to
WT controls, while TPL-2 deficiency increased IL-12 p40 produc-
tion (Fig. 7C).

A time course experiment showed that the Nfkb1SSAA mutation
reduced LPS-induced Il12a and Il12b mRNA expression in BMDM at
all time points between 1 and 9 h (Fig. 7D). In contrast, TPL-2 defi-
ciency did not affect mRNA expression of these genes at 1 and 3 h
poststimulation, while expression of both genes was enhanced with

FIG 4 Nfkb1SSAA mutation blocks LPS activation of ERK. (A to C) BMDM
were stimulated for different times with LPS. Lysates were immunoblotted.
(D) WT, Map3k8�/�, and Nfkb1SSAA/SSAA mice were injected intraperitoneally
with LPS (200 �g) or PBS. Peritoneal cells were aspirated after 10 min, and
intracellular phospho-ERK (p-ERK) in F4/80� cells was monitored by flow
cytometry. All results are representative of at least three independent experi-
ments.

FIG 5 Nfkb1SSAA mutation blocks activation of ERK by TNFR1 and multiple TLRs. Lysates from BMDM, stimulated for the indicated times with TNF (A), CpG
(B), Pam3CSK (C), poly(I · C) (D), flagellin (E), or R848 (F) or left unstimulated (0 min), were immunoblotted. All results are representative of at least two
independent experiments.
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more prolonged stimulation. Comparison of Nfkb1�/�,
Nfkb1SSAA/�, and Nfkb1SSAA/�CT BMDM indicated that the
Nfkb1SSAA mutation decreased the early expression of Il12a and Il12b
mRNAs largely by reducing p50 levels (Fig. 7E). The addition of
blocking IL-10R antibodies to cultures demonstrated that the inhib-
itory effect of the Nfkb1SSAA mutation on Il12a and Il12b mRNA ex-
pression was IL-10 independent (data not shown). IKK-induced
p105 proteolysis, therefore, promoted the initial transcription of
Il12a and Il12b genes via activation of p50-containing NF-�B dimers,
while stimulation of TPL-2/ERK signaling downregulated their ex-
pression at later time points.

Nfkb1SSAA mutation does not affect TLR4 induction of sTNF.
Activation of the TPL-2/ERK signaling pathway is essential for the
posttranslational regulation of soluble TNF (sTNF) production in
LPS-stimulated macrophages (10, 33). In WT and Nfkb1SSAA/SSAA

BMDM, LPS induced comparable levels of Tnf mRNA and of pre-
TNF protein, the 26-kDa transmembrane precursor that is pro-
teolytically cleaved to produce the mature secreted 17-kDa form
of TNF (Fig. 8B and C). Surprisingly, however, LPS stimulation of
sTNF production was not blocked by the Nfkb1SSAA mutation
(Fig. 8A) although TPL-2 was not able to activate ERK (Fig. 4A).
In contrast, LPS stimulation induced very little detectable sTNF by
Nfkb1SSAA/SSAA Map3k8�/� BMDM (Fig. 8A) although LPS in-

duction of Tnf mRNA and pre-TNF protein in these cells was
comparable to levels in WT cells (Fig. 8B and C). LPS similarly
failed to induce detectable sTNF production by primary perito-
neal macrophages isolated from Nfkb1SSAA/SSAA Map3k8�/� mice,
whereas equivalent amounts of sTNF were produced by WT and
Nfkb1SSAA/SSAA peritoneal macrophages (data not shown). Further-
more, intraperitoneal LPS injection induced serum sTNF in WT and
Nfkb1SSAA/SSAA mice but no detectable TNF in Nfkb1SSAA/SSAA

Map3k8�/� mice (data not shown). The Nfkb1SSAA mutation, there-
fore, did not block the posttranslational stimulation of sTNF produc-
tion by TPL-2.

The role of TPL-2 kinase activity in regulating sTNF produc-
tion in Nfkb1SSAA/SSAA BMDM was investigated by intercrossing
Nfkb1SSAA/SSAA mice with Map3k8D270A/D270A mice, which ex-
pressed the catalytically inactive mutant TPL-2D270A (34). Stimu-
lation of Nfkb1SSAA/SSAA Map3k8D270A/D270A BMDM induced very
low levels of sTNF compared to those in WT and Nfkb1SSAA/SSAA

cells (Fig. 8A) and levels equivalent to those detected with
Nfkb1SSAA/SSAA Map3k8�/� BMDM. Tnf mRNA and pre-TNF
protein levels were similar between WT and Nfkb1SSAA/SSAA

Map3k8D270A/D270A BMDM (Fig. 8B and C). Posttranslational reg-
ulation of sTNF production in Nfkb1SSAA/SSAA BMDM, therefore,
required TPL-2 kinase activity.

FIG 6 Nfkb1SSAA mutation prevents activation of TPL-2 MEK kinase activity. (A and C) TPL-2 was immunoprecipitated (IP) from lysates of BMDM with or
without LPS (A) or TNF (C) stimulation and assayed for its ability to phosphorylate GST-MEKK207A (KA) in vitro. To ensure that equivalent amounts of TPL-2
were assayed for each condition, immunoprecipitations were carried out with cell lysates in excess. (B and D) Lysates of BMDM, stimulated with LPS (B) or TNF
(D), were depleted of p105 by immunoprecipitation and then immunoblotted. (E and F) Lysates of BMDM, unstimulated (E) or stimulated for the indicated
times with LPS (F), were immunoblotted. Due to alternative translational initiation on a second methionine (at residue 30), TPL-2 is expressed as two isoforms,
M1-TPL-2 and M30-TPL-2 (1). In panels A, B, C, D, and F, results are representative of three independent experiments. In panel E, data were pooled from six
independent experiments.
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The above data implied that TPL-2 catalytic activity was not
blocked by the Nfkb1SSAA mutation. To investigate this directly,
endogenous p105 was immunoprecipitated from Nfkb1SSAA/SSAA

BMDM, and the activity of associated TPL-2 was monitored by in
vitro kinase assay. TPL-2 phosphorylated associated p105 and also
autophosphorylated (Fig. 8D), consistent with previous experi-
ments with recombinant TPL-2 and p105 (2, 32). However, as
shown previously (2), LPS stimulation did not alter p105-associ-
ated TPL-2 catalytic activity. No 32P-labeled bands were detected

in anti-p105 immunoprecipitates from Map3k8�/� cells, demon-
strating that the kinase activity associated with p105 was due to
TPL-2 (Fig. 8D).

TPL-2 is required for LPS to induce the transport of pre-
TNF to the plasma membrane (33). Consistent with the normal
production of sTNF by Nfkb1SSAA/SSAA and WT BMDM, sur-
face expression levels of pre-TNF were similar between these
BMDM after 1 h of LPS stimulation (Fig. 8E). However, pre-
TNF was not detected at the cell surfaces of Nfkb1SSAA/SSAA

FIG 7 Nfkb1SSAA mutation reduces LPS induction of IL-12. (A and B) BMDM were stimulated for 6 h with LPS (10 ng/ml). In panel A, expression of Il12a and
Il12b mRNAs was determined by quantitative RT-PCR (error bars, SEM). In panel B, IL-12 p40 in culture supernatants was measured by ELISA (error bars,
SEM). (C) WT, Nfkb1SSAA/SSAA, Map3k8�/�, and Nfkb1SSAA/SSAA Map3k8�/� mice were injected intraperitoneally with LPS. After 6 h, IL-12 p40 in serum was
measured by ELISA (error bars, SEM of 6 mice). (D) Triplicate cultures of BMDM were stimulated with LPS for the times shown. Expression of Il12a and Il12b
mRNAs was determined by quantitative RT-PCR (error bars, SEM). (E) Levels of Il12a and Il12b mRNAs in LPS-stimulated BMDM were measured as described
in panel A (error bars, SEM). All results are representative of at least three independent experiments.
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Map3k8�/� and Nfkb1SSAA/SSAA Map3k8D270A/D270A BMDM al-
though the total levels of cellular pre-TNF were comparable
to those in Nfkb1SSAA/SSAA BMDM (Fig. 8C). Furthermore,
PD184352 did not affect detection of cell surface pre-TNF in
WT or Nfkb1SSAA/SSAA BMDM following LPS stimulation (Fig.
8F). TPL-2 therefore controlled the production of sTNF by
regulating the intracellular transport of pre-TNF to the cell
surface, and this was independent of IKK-induced p105 prote-
olysis and TPL-2 regulation of ERK activation but required the
kinase activity of TPL-2.

Distinct temporal regulation of sTNF production by TPL-2
and ERK. Pharmacological inhibition of MEK-1/2 and TPL-2 de-
ficiency correlates with inhibition of LPS-induced ERK phosphor-
ylation and sTNF production, supporting the hypothesis that
TPL-2 regulates sTNF production exclusively via activation of
ERK (10). However, our previous analyses demonstrated that
TPL-2 catalytic activity could stimulate sTNF production inde-
pendently of ERK activation. To further investigate the relevance
of ERK activation in TPL-2-dependent regulation of sTNF pro-
duction in primary macrophages, we initially compared the effects

of MEK inhibition and TPL-2 deficiency on LPS induction of
sTNF.

Pretreatment of BMDM with the MEK-1/2 inhibitor
PD184352 blocked LPS induction of ERK phosphorylation
(data not shown) but only partially reduced the abundance of
sTNF (Fig. 8G). However, TPL-2 deficiency had a significantly
more pronounced inhibitory effect on the production of sTNF
protein (
90% inhibition), than PD184352 treatment of WT
cells (40 to 50% inhibition) (Fig. 8G). Neither PD184352 nor
TPL-2 deficiency altered the level of Tnf mRNA or pre-TNF
protein induced by LPS (data not shown). These data suggested
that posttranslational regulation of sTNF production by TPL-2
was not solely mediated via activation of ERK.

A time course experiment showed that TPL-2 deficiency re-
duced TNF production at all the time points tested between 1 and
6 h (Fig. 8H). In contrast, MEK inhibition had no effect at earlier
time points and only started to reduce TNF production compared
to the vehicle control level at 2 to 4 h after LPS stimulation. These
results demonstrated that the major regulatory effect of TPL-2 on
TNF production was initiated early after LPS stimulation, whereas

FIG 8 Nfkb1SSAA mutation does not inhibit LPS induction of sTNF production. (A and B) BMDM were cultured in triplicates and stimulated with LPS for 6 h
(A) or 1 h (B). The Tpl2D270A/D270A genotype is shown here and subsequently as Tpl2D270A. In panel A, TNF in culture supernatants was assayed by ELISA (error
bars, SEM). In panel B, Tnf mRNA was quantified as described in the legend of Fig. 3A (error bars, SEM). (C) Lysates were prepared from unstimulated or
LPS-stimulated BMDM of the indicated genotypes and immunoblotted. (D) p105 was quantitatively immunoprecipitated from BMDM lysates of the indicated
genotypes with or without LPS stimulation (100 ng/ml) and subjected to an in vitro kinase assay (KA). 32P-labeled bands were revealed by autoradiography after
SDS-PAGE. The amounts of TPL-2 and p105 isolated were determined by immunoblotting. (E) BMDM were stimulated for 1 h with LPS (1 �g/ml) and fixed,
and surface pre-TNF expression was assayed by flow cytometry. The dotted line shows the mean fluorescence intensity (MFI) for negative-control antibody
staining. (F) WT or Nfkb1SSAA/SSAA BMDM were stimulated with LPS (1 �g/ml) with or without PD184352 (PD) for 1 h, and surface pre-TNF expression was
determined by flow cytometry. (G) BMDM were cultured for 6 h with LPS with or without PD184352 or with control medium (0). Culture supernatants were
assayed for TNF (triplicate cultures; error bars, SEM). (H) BMDM were stimulated for the indicated times with LPS with or without PD or with control medium
(0). PD was added 1 h before LPS stimulation. TNF in culture supernatants was assayed (error bars, SEM). All results are representative of at least three
independent experiments.
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ERK control of TNF production was a delayed, and possibly sec-
ondary, process.

TPL-2-independent, delayed activation of ERK stimulates
sTNF production. Prolonged time course experiments revealed
that LPS induced two waves of ERK phosphorylation in WT
BMDM (Fig. 9A). The first major wave was maximal at 15 min and
was absent in TPL-2-deficient cells. In contrast, the second minor
wave, which peaked at 2 h, was still evident in TPL-2-deficient
cells. Pretreatment of cells with cycloheximide revealed that the
second wave of ERK phosphorylation required protein synthesis
while early ERK phosphorylation did not (data not shown).

To investigate the contribution of the late phase of ERK acti-
vation to sTNF production, PD184352 was added to WT BMDM
30 min after LPS stimulation, thereby leaving the early TPL-2-
dependent phase of ERK activation unaffected. This treatment
reduced sTNF production by approximately 50% (Fig. 9B). Addi-
tion of PD184352 at 1 h prior to LPS stimulation (our normal
methodology) or at the same time as LPS had an equivalent inhib-
itory effect on sTNF production. These results indicated that
PD184352 predominantly mediated its inhibitory effect on sTNF

production by blocking the late-phase activation of ERK, which
was largely TPL-2 independent.

Analysis of lysates of Nfkb1SSAA/SSAA BMDM stimulated
with LPS over an extended time course revealed that the
Nfkb1SSAA mutation blocked the early TPL-2-dependent phase
of ERK activation while the late TPL-2-independent phase was
relatively unaffected (Fig. 9C). Pretreatment of Nfkb1SSAA/SSAA

BMDM with PD184352 had no effect on sTNF levels detected
at 1.5 h (Fig. 9D). However, the production of sTNF at 6 h was
reduced by approximately 60% compared to vehicle control.
Addition of PD184352 30 min after LPS stimulation inhibited
sTNF production by Nfkb1SSAA/SSAA BMDM to a similar degree
to addition 1 h prior to, or coincident with, LPS stimulation
(Fig. 9E). This ruled out the potential contribution of very low
(undetectable) levels of TPL-2-dependent ERK activation to
sTNF production by Nfkb1SSAA/SSAA BMDM. Similar to the
mechanism in WT cells, therefore, PD184352 mediated its in-
hibitory effect on sTNF production by Nfkb1SSAA/SSAA BMDM
by blocking the late, TPL-2-independent, activation of ERK. In
contrast, comparison of Nfkb1SSAA/SSAA and Nfkb1SSAA/SSAA

FIG 9 Delayed regulation of sTNF production by ERK following LPS stimulation. (A and C) BMDM were stimulated with LPS. Lysates were subjected to
immunoblotting. (B and E) WT or Nfkb1SSAA/SSAA BMDM were treated with PD184352 (PD) 1 h prior to LPS addition (�1), coincident with LPS addition (0),
or 0.5 h after LPS addition. Vehicle control (�) was added 1 h prior to LPS stimulation. After 6 h of culture, TNF in supernatants was assayed by ELISA (error
bars, SEM). (D) Nfkb1SSAA/SSAA BMDM were stimulated with LPS with or without PD184352. Supernatants were assayed for TNF (error bars, SEM). (F)
Nfkb1SSAA and Nfkb1SSAA/SSAA Tpl2D270A/D270A (labeled as Nfkb1SSAA Tpl2D270A) BMDM were stimulated with LPS, and supernatants were assayed for TNF (error
bars, SEM). All results are representative of at least three independent experiments.
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Map3k8D270A/D270A BMDM revealed that TPL-2 catalytic activ-
ity was required for optimal production of TNF at both 1.5 and
6 h (Fig. 9F). These data support the hypothesis that TPL-2
mainly induced sTNF production independently of its stimu-
latory effects on ERK activation.

DISCUSSION

Previous experiments comparing the effects of overexpression of
FL-p105 and FL-p105SSAA in RAW264.7 cells and Nfkb1�/� mac-
rophages have suggested that IKK-induced p105 proteolysis is an
important regulatory step in the activation of ERK by TPL-2 fol-
lowing LPS stimulation (6, 45). In the present study, we have
provided definitive genetic support for this model, showing that
the Nfkb1SSAA knock-in mutation completely prevented LPS acti-
vation of TPL-2 MEK kinase activity and consequently ERK. LPS
activation of ERK was also blocked in Nfkb1SSAA/� macrophages,
showing that the inhibitory effects of the mutation were not sim-
ply due to p105SSAA overexpression. Furthermore, the Nfkb1SSAA

mutation prevented activation of ERK in peritoneal macrophages
in vivo, following intraperitoneal LPS injection. IKK therefore di-
rectly regulates both NF-�B and ERK activation in inflammatory
responses of macrophages.

LPS-induced rapid degradation of the high-molecular-weight
M1 form of TPL-2 (M1-TPL-2) by the proteasome (5) was com-
pletely blocked by the Nfkb1SSAA mutation. Proteolysis of M1-
TPL-2 is therefore dependent on IKK-induced p105 degradation.
Since IKK-induced p105 proteolysis was required for release of
TPL-2 from p105, this may indicate that only p105-free TPL-2 is
susceptible to proteasome-mediated proteolysis, perhaps for
steric reasons. The Nfkb1SSAA mutation significantly increased the
steady-state levels of M1-TPL-2 and, to a lesser extent, M30-
TPL-2, expressed in macrophages, without affecting Map3k8
mRNA levels. Constitutive IKK phosphorylation of p105, there-
fore, controls steady-state levels of TPL-2 in macrophages and
consequently the amplitude of TPL-2 signaling following agonist
stimulation. Steady-state levels of ABIN-2 were also increased in
Nfkb1SSAA/SSAA macrophages compared to WT levels, suggesting
that constitutive IKK-induced p105 proteolysis may also control
the degree of signaling by ABIN-2, a ubiquitin-binding protein
(43).

Analyses of Nfkb1SSAA/SSAA mice have previously demonstrated
an essential role for IKK-induced p105 proteolysis for optimal
activation of NF-�B in CD4� T cells and mature CD4� T cell
helper function (40). The Nfkb1SSAA mutation does not affect
steady-state expression of p50 or other Rel subunits in periph-
eral CD4� T cells. However, the amplitude of NF-�B activation
after T-cell receptor (TCR)/CD28 costimulation is reduced due
to cytoplasmic retention of the major Rel dimers (p50/p50,
p50/RelA, and p50/cRel) by mutant p105SSAA, which is ex-
pressed in larger steady-state amounts than WT p105 and is
insensitive to IKK-induced proteolysis. Reduced nuclear trans-
location of Rel proteins due to cytoplasmic retention by
p105SSAA could also explain the impairment in TLR4 activation
of RelA and cRel in Nfkb1SSAA/SSAA macrophages. Moreover,
analysis of Nfkb1SSAA/� macrophages, which expressed p105 at
levels similar to WT cells, indicated that it was the blockade in
IKK-induced p105 proteolysis that reduced RelA and cRel ac-
tivation rather than simply p105SSAA overexpression. Since the
Nfkb1SSAA mutation did not affect LPS-induced I�B� degrada-
tion, this implies that IKK-induced p105 proteolysis contrib-

utes significantly to the degree of NF-�B activation in LPS-
stimulated macrophages by releasing associated Rel subunits.

Earlier experiments using cell lines have indicated that IKK
phosphorylation of p105 does not affect processing to p50 but
rather triggers the complete degradation of p105 (18, 26). How-
ever, in vitro experiments have suggested that IKK can induce
p105 degradation via SCF�-TrCP-mediated ubiquitination and
processing to p50 via an unknown E3 ligase (9). Analyses of cells
from Nfkb1SSAA/SSAA mice suggest that the effects of IKK phos-
phorylation on p105 proteolysis may be cell type specific. Thus,
the Nfkb1SSAA mutation does not affect p50 levels in CD4� T cells
(40). In contrast, in macrophages, the Nfkb1SSAA mutation sub-
stantially decreased steady-state p50 levels and blocked the pro-
cessing of p105 to p50 induced by LPS stimulation. IKK phos-
phorylation of p105, therefore, can stimulate the production of
p50 and facilitate the nuclear translocation of associated Rel sub-
units in macrophages during innate immune responses. Why the
Nfkb1SSAA mutation has different effects on p50 generation in T
cells and macrophages is not known. One possibility is that CD4�

T cells and macrophages express different amounts of the E3 ligase
that triggers IKK-dependent p105 processing. Identification of
this E3 ligase will be necessary to determine whether this explana-
tion is correct.

The Nfkb1SSAA mutation fractionally reduced the induction of
Nfkbia, Tnfaip3, Cxcl2, and Nfkbiz mRNAs after stimulation at a
low LPS dosage. After stimulation with a higher dose of LPS, the
inhibitory effect of the Nfkb1SSAA mutation on the expression of
the majority of these genes was less pronounced. The effect of
partial reduction in NF-�B activation in Nfkb1SSAA/SSAA macro-
phages on expression of these NF-�B target genes, therefore, was
largely overcome if the strength of stimulus was increased. In con-
trast, LPS upregulation of Il6 and Csf2 genes, which are positively
regulated by I�B�-p50 (47), was essentially blocked by the
Nfkb1SSAA mutation even at high-LPS dosing, which induced nor-
mal I�B� expression. Analysis of Nfkb1SSAA/�CT BMDM revealed
that the inhibitory effect of the Nfkb1SSAA mutation on the expres-
sion of Il6 and Csf2 genes following high-dose LPS stimulation was
largely caused by the reduction in p50 levels. The IKK/p105 path-
way is therefore critical for LPS induction of I�B�-p50-regulated
target genes.

Analysis of the effect of the Nfkb1SSAA mutation on LPS-in-
duced IL-12 expression in BMDM suggested that IKK-induced
p105 proteolysis facilitated the upregulation of Il12a and Il12b
mRNAs by controlling p50 production, consistent with the
known transcriptional regulation of these genes by NF-�B (24,
36). IKK-induced p105 proteolysis was also essential for activation
of the TPL-2/ERK signaling pathway, which inhibits the expres-
sion of these genes (21). An explanation for these apparently par-
adoxical effects was revealed in time course experiments. The neg-
ative regulatory effect of TPL-2 was only evident several hours
after LPS stimulation, and at early time points TPL-2 deficiency
had no effect on the abundance of Il12a and Il12b mRNAs. In
contrast, the stimulatory effect of NF-�B was observed early after
LPS addition. IKK activation of TPL-2/ERK signaling, therefore,
induced a negative feedback loop to switch off NF-�B-dependent
transcription of Il12a and Il12b genes. Consequently, linking the
activation of TPL-2 to NF-�B activation via IKK-induced p105
proteolysis limits the proinflammatory effects of IL-12.

TPL-2 expression in macrophages is essential for LPS activation
of ERK phosphorylation and for induction of sTNF (10, 33). How-
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ever, blockade of TPL-2-dependent activation of ERK by the
Nfkb1SSAA mutation did not prevent normal production of sTNF.
Only genetic ablation of TPL-2 or its kinase activity substantially re-
duced the production of sTNF by LPS-stimulated Nfkb1SSAA/SSAA

macrophages. Therefore, TPL-2 catalytic activity regulates TNF pro-
duction in macrophages independently of IKK-induced p105 prote-
olysis and activation of ERK. Consistent with this hypothesis, com-
parative analyses of the effects of TPL-2 deficiency with
pharmacological inhibition of ERK activation on LPS-induced
TNF induction revealed that the extent and timing of TPL-2 reg-
ulation could be clearly distinguished from that of ERK. Thus, the
effect of genetic ablation of TPL-2 on sTNF production was sig-
nificantly greater than the effect of pharmacological inhibition of
MEK. Furthermore, ERK activation regulated production of
sTNF by LPS-stimulated BMDM only at later time points and was
not required for the early transport of pre-TNF to the cell surface.
In contrast, TPL-2 was essential for cell surface expression of pre-
TNF at 1 h post-LPS stimulation and for sTNF production at both
early and late time points. Clearly, an important area of future
research will be the identification of substrates of the TPL-2/p105/
ABIN-2 complex which promote TNF production by controlling
the transport of pre-TNF to the cell surface. These studies may also
identify novel physiological processes that are regulated by TPL-2
independently of MEK/ERK activation.

Due to its critical role in regulating TNF production, TPL-2 is
regarded as a good anti-inflammatory drug target (15). Over the
last decade, several large pharmaceutical companies have carried
out high-throughput assays with a truncated recombinant form of
TPL-2 (M30-TPL-2�C) to identify and develop small-molecule
inhibitors. However, although inhibitors have been developed
that can block TPL-2 signaling in cultured cells, there are very few
data on whether these work in vivo, and no TPL-2 inhibitors have
yet been tested in clinical trials. The present study shows that
TPL-2 stimulates TNF production when it is still associated with
p105 and suggests that inhibitor screens formatted using TPL-2 in
complex with NF-�B1 p105 would be more physiologically rele-
vant. Assays using TPL-2/p105 complex may identify novel classes
of TPL-2 inhibitor since the TPL-2 kinase domain forms interac-
tions with both p105 and its own C terminus (4, 8), which is
lacking in M30-TPL-2�C used in earlier inhibitor screens and
therefore may be folded differently.

In conclusion, this study demonstrated that IKK-induced p105
proteolysis positively regulated NF-�B-dependent gene transcrip-
tion during an innate immune response and was particularly im-
portant for the upregulation of Il6 and Csf2 genes, whose expres-
sion required p50. The release of TPL-2 from its inhibitor p105
and, consequently, activation of MEK and ERK were also com-
pletely dependent on IKK-induced p105 proteolysis. However,
TPL-2 signaling was not completely blocked by its association
with p105 and induced the production of soluble TNF indepen-
dently of ERK activation.
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