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Inflammation and innate immunity involve signalling pathways
leading to the production of inflammatory mediators. Usually
such responses are self-limiting, but aberrant resolution of
inflammation results in chronic diseases'. Much attention has
focused on pro-inflammatory signalling but little is known about
the mechanisms that resolve inflammation. The IkB kinase (IKK)
complex contains two catalytic subunits, IKKa and IKK@8, and
controls the activation of NF-kB transcription factors, which play
a pivotal role in inflammation®>. Ample evidence indicates that
IKK@B mediates NF-kB activation in response to pro-inflamma-
tory cytokines and microbial products. IKKa regulates an
alternative pathway important for lymphoid organogenesis?,
but the role of IKKa in inflammation is unknown. Here we
describe a new role for IKKa in the negative regulation of
macrophage activation and inflammation. IKKa contributes to
suppression of NF-kB activity by accelerating both the turnover
of the NF-kB subunits RelA and c-Rel, and their removal from
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pro-inflammatory gene promoters. Inactivation of IKK« in mice
enhances inflammation and bacterial clearance. Hence, the two
IKK catalytic subunits have evolved opposing but complimentary
roles needed for the intricate control of inflammation and innate
immunity.

NF-kB transcription factors are pivotal regulators of inflam-
mation and immunity that control expression of important
immunoregulatory genes>’. NF-kB activation and activity are
tightly controlled by a number of endogenous mechanisms that
limit the excessive and prolonged production of pro-inflammatory
mediators, which can cause tissue damage during the inflammatory
response™. With the exception of autoregulated IkBet (inhibitor of
NF-kB alpha) expression* and induction of the de-ubiquitinating
enzyme A20 (ref. 5), the mechanisms that limit the duration and
magnitude of NF-kB signalling are poorly understood. It is likely
that IxBa and A20 are not the only physiologically relevant negative
regulators of this central signalling module. The activation of NF-kB
by pro-inflammatory stimuli depends on the classical IKK complex,
composed of two catalytic subunits (IKKa and IKK@), together
with a regulatory subunit IKKy/NEMO>®. IKK activation is
triggered by engagement of cytokine receptors as well as pattern
recognition receptors. Gene disruption studies revealed that in
addition to IKKy/NEMO, which is necessary for activation of the
classical IKK complex’, it is IKKB rather than IKKa that plays a
more critical role in activating inflammation®. IKKo forms an
alternative complex (without IKKB and IKKy)?, the function of
which is required for lymphoid organ development and B cell
maturation®. This alternative signalling pathway is activated by
certain members of the tumour necrosis factor (TNF) family, but
not by pattern recognition receptors such as Toll-like receptor 4
(TLR4) (ref. 2). The function of IKKa within the classical IKK
complex, however, is not entirely clear. Although a chromatin-
modifying function for IKKa required for TNFa-mediated gene
induction has been suggested'®"", targeting of the Ikko (also called
Chuk) gene in mice does not support this proposal’.

We investigated the role of IKKa in inflammation and innate
immunity in vivo, using mice that express the inactivatable variant
IKKa(AA) (ref. 9). Ikka** mice (which are homozygous for the
mutant allele) and littermate controls were challenged systemically
with the Gram-positive human pathogen group B Strepfococcus
(GBS)', and monitored for bacterial clearance and survival.
Although ITkka”*** mice showed significantly decreased blood
bacterial counts at 24 h (Fig. 1a), mortality was notably accelerated
relative to wild-type animals (Fig. 1b). This paradoxical result
suggested that Tkkar™**** mice have an exacerbated inflammatory
response to infection that enhances bacterial clearance but provokes
septic shock. To pursue this hypothesis further, we assessed the local
inflammatory response to bacterial infection in a non-lethal model.
When Tkka”*** mice and littermate controls were inoculated
intranasally with GBS, the mutants showed increased bacterial
clearance, associated with increased neutrophil recruitment and
local inflammation (Fig. 1c—e). Together, these studies indicate that
IKKa is somehow involved in limiting the inflammatory response
to Gram-positive infection.

We extended these studies to a model of Gram-negative septic
shock by using the TLR4 agonist lipopolysaccharide (LPS) from
Escherichia coli®. Ikka**** mice showed increased susceptibility
to LPS-induced septic shock (Fig. 2a). Real-time quantitative
polymerase chain reaction (PCR) analysis of liver and lung
RNA showed elevated expression of pro-inflammatory and anti-
apoptotic NF-kB target genes, including macrophage inflammatory
protein (MIP)-2, MIP-1«, interleukin (IL)-12p40, inhibitor of
apoptosis protein (IAP)-2 and inducible nitric oxide synthase
(INOS) (Fig. 2b). Local LPS administration to the lung also
resulted in elevated pulmonary leukocyte recruitment and pro-
inflammatory cytokine production in Ikka”*** mice relative to
wild-type littermates (see Supplementary Fig. 1). Neutrophil
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recruitment in zymosan A-induced peritonitis (a TLR2-dependent
stimulus'>'*) was similarly exacerbated in Ikka**** mice, in
association with increased chemokine and IL-12 release (see Sup-
plementary Fig. 2). These findings raised the possibility that IKKx
might serve to suppress or terminate activation of the classical
NF-kB pathway during TLR signalling.

Further experiments demonstrated that the exacerbated inflam-
matory phenotype was intrinsic to the haematopoietic system.
Lethally irradiated wild-type mice were reconstituted with bone
marrow from Ikko*** mice or littermate controls. Mice receiving
Tkka**** bone marrow were more susceptible to LPS-induced
septic shock (Fig. 2c). Radiation chimaeras were also infected with
GBS intranasally. Mice receiving Ikka™*** bone marrow showed
enhanced bacterial clearance (T. Lawrence, unpublished obser-
vations). These results are in contrast with the role of IKKa in
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Figure 1 IKKe limits the inflammatory response to Gram-positive infection. a, GBS titres
in blood were measured after intravenous inoculation with 5 x 10° ¢.f.u. bacteria. Data
are represented as mean c.f.u. from individual wild-type (WT, closed triangles) and
Ikko " (AA, open triangles) mice, median is indicated by a solid bar. b, Kaplan—Meier
survival plot of AAand WT littermates (7 = 11). ¢, GBS-induced pneumonia in WT and AA
mice, represented as bacterial titres in bronchial-alveolar lavage (BAL) (n = 6-8).

d, Differential cell counts of bronchial-alveolar lavage, with data showing percentages of
neutrophils (open bars) and macrophages (filled bars). e, Histopathology of GBS-induced
pneumonia in WT and AA mice. Gram and haematoxylin-eosin staining (H&E) of lung
tissue (original magnification x 400). Data in ¢ and d show mean = s.d. (1 = 6-8).
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lymphoid organogenesis, which is due to an intrinsic defect in
lymphotoxin-§ signalling in radiation-resistant stromal cells'®, and
suggest a distinct function for IKKa in the resolution of inflam-
mation in macrophages or other haematopoietic cells expressing
TLRs.

Macrophages have a key role in innate immunity and inflam-
mation'®. Considering that enhanced inflammation in Ikko*%44
mice was intrinsic to the haematopoietic compartment, we exam-
ined the response of primary macrophages to bacteria and TLR
agonists. Alveolar and peritoneal macrophages from Ikka 44
mice show dramatically increased bactericidal activity against GBS
in vitro (Fig. 3a). An important aspect of GBS evasion of the
immune system is the induction of macrophage apoptosis'?, a
response that is suppressed in similar models by IKK@-driven
NE-kB activation'’. We found that Ikka*** macrophages were
more resistant to GBS-induced apoptosis in vitro and in vivo
compared with their wild-type counterparts (Fig. 3b). Real-time
PCR analysis revealed increased induction of messenger RNAs for
NF-kB-dependent anti-apoptotic and pro-inflammatory genes in
GBS-infected Ikka***** macrophages (Fig. 3c). In vitro, Ikko "4
macrophage resistance to GBS-induced cell death was associated
with sustained iNOS expression and nitric oxide production (Sup-
plementary Fig. 3), which is an important antimicrobial mechanism
against GBS infection'®. These effects of IKKa inactivation were
mimicked by the addition of exogenous granulocyte—-macrophage
colony-stimulating factor (GM-CSF), a macrophage survival factor,
to wild-type cells (Supplementary Fig. 3). We suggest that aberrant
regulation of apoptotic pathways, leading to protracted survival of
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activated macrophages, may in part explain the phenotype of
enhanced inflammation and bactericidal function in Ikke*444
mice'”.

Further studies using real-time PCR showed increased pro-
inflammatory and anti-apoptotic gene expression in Ikko "4
macrophages challenged with LPS in vitro (Fig. 4a). Elevated
expression of such genes was confirmed by ribonuclease (RNase)
protection assays (Fig. 4b), indicating that the major effect of
the mutation was increased duration of NF-kB-dependent gene
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apoptosis in GBS-infected macrophages (WT, filled bars; AA, open bars). Data in a and b
show mean =+ s.d. (n = 3). ¢, RNA was isolated from GBS-infected peritoneal
macrophages, and gene expression was quantified by real-time PCR and normalized to
the level of cyclophilin mRNA. WT, filled squares; AA, open squares. KC, mouse
homologue of human melanoma growth stimulatory activity (MGSA); GADD4583, growth
arrest DNA damage-inducible gene 4583.
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IL-12p40 and iNOS gene promoters was extended in LPS-stimu-
lated Tkka**** macrophages relative to wild-type cells (Fig. 4d).
Collectively, these results suggest that IKKa activation might be
required for accelerated promoter clearance of RelA- or c-Rel-
containing NF-kB complexes during resolution of the inflammatory
response.

Despite the changes described above, the kinetics of IKK(3-
dependent IkBa phosphorylation and degradation in LPS-
stimulated macrophages were not affected by the Ikke:** mutation
(Fig. 5a). The IKK complex is suggested to phosphorylate the
carboxy-terminal activation domain of RelA", but the physiological
function of this phosphorylation and the IKK subunit that mediates
it are unknown. In contrast to the normal levels of IkBa kinase
activity, Tkko**** macrophages showed reduced activation of an
IKK~-associated RelA kinase (Fig. 5b). The amino acid target for
this kinase activity is likely to be serine 536, because a variant of RelA
in which this serine was replaced with alanine was phosphorylated
equally well by IKK complexes from wild-type or Ikka 44
macrophages (see Supplementary Fig. 4a). In similar experiments,
IKK complexes from LPS-stimulated macrophages did not phos-
phorylate an amino-terminal fragment of RelA (amino acids 1-305)
(data not shown). Immunoblot analysis with phospho-specific
antibodies that recognize RelA phosphorylated at either S536 or
S276 showed diminished S536 phosphorylation in LPS-stimulated
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Tkka:***** macrophages, but $276 phosphorylation remained intact
(Fig. 5¢). c-Rel is also subjected to C-terminal phosphorylation®*?!,
and the C-terminal kinase activity of c-Rel was also decreased in IKK
complexes from Ikka**** macrophages, provided that the c-Rel
fragment used in these assays was restricted to residues 422-540;
phosphorylation of a longer c-Rel substrate encompassing residues
422-588 was not as extensively reduced (see Supplementary Fig. 4b).

Promoter clearance of sequence-specific transcription factors is
suggested to be mediated by ubiquitin-dependent proteolysis®* >,
which is closely linked to inducible phosphorylation and ubiquiti-
nation of transcription factor trans-activation domains®*. We there-
fore examined whether IKKa was involved in Rel protein turnover
during the course of macrophage activation. Previous studies have
demonstrated ubiquitination and proteasomal degradation of
both RelA and c-Rel”** %, and it has been suggested that RelA
ubiquitination leads to recruitment of proteasome components to
target gene promoters and to RelA proteolysis*. This mechanism
was proposed to be involved in the termination of NF-kB activation.

We stimulated primary macrophages with LPS and followed the
kinetics of NF-kB activation in the absence or presence of a
proteasome inhibitor. Proteasome inhibition prolonged the LPS-
induced DNA-binding activity of NF-kB and increased the nuclear
abundance of RelA and c-Rel (see Supplementary Fig. 5). We
performed pulse-chase experiments using >>S-labelled amino
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AA macrophages after LPS stimulation. d, Chromatin immunoprecipitation assays.
Recruitment of RelA, c-Rel and RNA polymerase Il to the Bfl-1, iNOS and IL-12p40
promoters was assessed by immunoprecipitation and PCR amplification of promoter
sequences.
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acids to track the turnover of Rel proteins in LPS-stimulated wild-
type and Tkka™*** macrophages. These experiments revealed a
considerably increased half-life (¢,,,) for both RelA and c-Rel in
LPS-stimulated Tkka*** macrophages, whereas the turnover of
RelB (an NF-kB subunit associated with anti-inflammatory
activity”’) was only modestly affected (Fig. 5d). Transfection studies
revealed that replacing S536 of RelA with alanine abrogated
LPS-induced turnover, but mutation of S276 had no effect
(Fig. 5e). Furthermore, LPS-induced RelA turnover was abrogated
in Tkka ="~ cells (Fig. 5e). Thus, IKKa activation accelerates RelA
and c-Rel proteolysis and promotes their clearance from target
gene promoters through their C-terminal phosphorylation. This
mechanism may explain macrophage hyperactivity and increased
inflammation in ITkko**** mice.

The studies described above reveal opposing yet complimentary
roles for IKKo and IKK@ in the control of inflammation and innate
immunity. We demonstrate a previously unknown function for
IKKa in negative regulation of macrophage activation. This func-
tion might be mediated through IKKa-dependent phosphorylation
of RelA and c-Rel, which results in accelerated turnover of these
NEF-kB subunits, thereby facilitating their removal from target gene
promoters and terminating NF-kB-mediated gene induction.
This model is supported by the protracted induction of a number
of NF-kB target genes in Ikkor**"** macrophages and the extended
retention time of RelA and c-Rel at their promoters. In addition, the
half-life of RelA and c-Rel is significantly increased in Ikke**4*
macrophages, but the half-life of RelB associated with the termi-
nation of NF-kB-mediated gene induction®, is only modestly

affected. The connection between IKKa-dependent RelA C-term-
inal phosphorylation and stimulus-induced turnover is confirmed
in transfection experiments that reveal S536 as a target for IKKo-
dependent phosphorylation, showing that an S536A mutation
abrogates LPS-induced RelA turnover. It is therefore evident that
IKKa-dependent functions are associated with the termination of
NF-kB-dependent transcription of pro-inflammatory genes.
Impaired IKKo activation removes a ‘brake’ on macrophage acti-
vation and increases expression of pro-inflammatory genes, leading
to elevated local inflammation, enhanced macrophage resistance to
pathogen-induced apoptosis, and increased innate immunity to
bacterial pathogens.

It would appear that the IKK complex has evolved to promote
rapid but transient nuclear localization of Rel transcription factors
in response to pro-inflammatory stimuli. Given that the first step in
NF-kB activation, which depends on IKK@, involves irreversible
IkBa degradation’, a second step is necessary to ensure the transient
nature of this signalling response. Part of this depends on inducible
IkBa expression®*’, but that may not be sufficient. The IKKa-
dependent step may have evolved to ensure the rapid turnover of
pro-inflammatory RelA- and c-Rel-containing dimers and their
replacement with anti-inflammatory RelB-containing dimers®. The
cytoplasmic localization of the IKK complex would imply that
C-terminal phosphorylation of RelA and c-Rel occurs in this
compartment, while still associated with IkBs; this might involve
the newly discovered ELKS subunit®. However, the phosphorylated
proteins are probably degraded mostly in the nucleus, as suggested
by cell fractionation experiments (Fig. 4c). Selective inhibition of
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Figure 5 IKKa mediates C-terminal RelA phosphorylation and promotes its stimulus-
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(@) and GST-RelA(354-551) (b). ¢, Immunoblot (IB) analysis of RelA phosphorylation.
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in LPS-stimulated WT and AA macrophages. f, Top panel, transient transfection with
Flag-RelA, Flag-RelA(S276A) or Flag-RelA(S536A) mutants. Turnover of
immunoprecipitated Flag-tagged proteins was assessed as above. Bottom panel, WT and

Ikkee =/~ murine embryonic fibroblast cells were transfected with Flag-RelA and protein
turnover was assessed as above.
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IKKo activation, although having no effect on IkBa degradation,
has the unusual effect of enhancing innate immunity by preventing
RelA and c-Rel turnover, thereby causing protracted NF-kB
activation. This discovery may present new therapeutic oppor-
tunities for IKKa inhibitors in the treatment of complicated
infections involving antibiotic resistance or compromised host
immunity. |

Methods

Bacterial infections

The clinical GBS isolate, NCTC10/84 (serotype V)'> was grown in Todd Hewitt broth
(THB) without agitation at 37 °C to an absorbance at 600 nm of 0.4, equivalent to 1 X 10°
c.f.u. per ml. Bacteria collected by centrifugation were washed with sterile PBS. Mice were
inoculated via the tail vein with 5 X 107 c.fu. GBS in 0.3 ml PBS. Blood was collected from
mice after 24 h by retro-orbital bleed, serial dilutions were plated on Todd Hewitt agar
(THA) in triplicate and colonies were counted. Mice were also inoculated intranasally with
3 X 107 c.fu. NCTC in 30 pul PBS. These mice were killed at the indicated time points, and
their tracheas were cannulated for bronchial-alveolar lavage with 3 aliquots of 0.8 ml ice-
cold PBS. Serial dilutions of bronchial-alveolar lavage fluid were plated on THA in
triplicate and c.f.u. counts determined. Lung tissue was also prepared for routine
histological analysis.

LPS-induced septic shock

Mice were challenged by intraperitoneal injection of 25 mg kg ' LPS (from E. coli serotype
B5:055, Sigma) in pyrogen-free PBS. Chimaeric mice were generated using bone marrow
from Ikka**** and wild-type littermate controls. Bone marrow cells were isolated in
Hank’s balanced salt solution (HBSS) and within 6 h, 5 X 10° cells in 0.3 ml were injected
into the tail vein of 8-week-old lethally irradiated wild-type hosts’. From 2 days before
injection, host mice were housed under sterile conditions, using autoclaved cages, food,
and water containing 25mgl~' neomycin sulphate and 13 mg1~" polymyxin B sulphate.

Macrophage isolation and stimulation

Bone marrow-derived macrophages (BMDMs) were generated as described'”. Peritoneal
macrophages were elicited by intraperitoneal injection of 3 ml of 3% thioglycollate in
distilled water. After 3 days, cells were harvested and plated in RPMI 1640 medium
supplemented with 10% heat-inactivated FCS, 100 Uml ™" penicillin and streptomycin,
and 2mM glutamine. BMDMs were stimulated with 100 ngml ™' LPS for 30 min, after
which the cells were washed and incubated in LPS-free media. For infection experiments,
peritoneal macrophages were washed with antibiotic-free media and incubated with the
indicated MOI (multiplicity of infection) of GBS, prepared as described above. Culture
plates were centrifuged to bring bacteria into contact with macrophages and incubated for
2 h, after which cells were washed with media supplemented with 20 pg ml™" gentamicin
and incubated for a further 2 h. Macrophages were then washed and intracellular bacteria
were released with 0.02% Triton X-100. Surviving bacteria were counted by plating serial
dilutions in triplicate on THA. Apoptosis was measured by TUNEL assay using the
ApoAlert kit (BD Bioscience). Nuclear morphology was assessed by DAPI counter-stain.

Gene expression analysis and chromatin immunoprecipitation assays

Total cellular RNA was isolated using TRIzol (Invitrogen) and analysed by real-time PCR
with SyBr Green (PE Biosystems 5700 thermocycler) or RNase protection assay. Primer
sequences are available upon request. For real-time PCR analyses, all values were
normalized to the level of cyclophilin mRNA. For RNase protection assays, total RNA was
hybridized with RNA probes using a Riboquant Multiprobe RPA System (BD Bioscience),
following manufacturer’s instructions. ChIP assays were performed as described®* using
either anti-RelA (C-20), anti-c-Rel (C) or anti-Pol II (N-19) polyclonal antibodies (Santa
Cruz) for immunoprecipitation. Sequences of promoter-specific primers and a detailed
experimental protocol are available upon request.

Kinase assay, immunoblotting and pulse-chase

Whole-cell lysates were prepared and IKK kinase activity was measured after
immunoprecipitation with anti-IKKy (764) antibody (BD Pharmingen) as described’,
using the following substrates: GST-IkBo(1-54), GST-RelA(354-551), GST-RelA(354—
551; S536A), GST-c-Rel(422-588), GST-c-Rel(422-540). IKK recovery was determined by
immunoblotting with anti-IKKa (M280) antibody (Santa Cruz). Immunoblotting was
performed on gel-separated whole-cell lysates or on nuclear and cytoplasmic extracts’. For
pulse-chase analyses, macrophages were labelled for 1 h with 100 pCiml ™" [35S]-
methionine and [355]—cysteine (ICN Biomedicals). The cells were washed and chased for
the indicated time with fresh medium containing unlabelled amino acids. Cells were
collected, cell lysates were pre-cleared using protein G-Sepharose, and proteins were
immunoprecipitated with anti-RelA, anti-RelB, anti-cRel or anti-Flag antibodies.
Immune complexes were resolved by SDS—PAGE and the gels were dried and
autoradiographed. Radiolabelled protein bands were quantified using a phosphorimager.

Transfection

Murine embryonic fibroblast (MEF) cells from wild-type or Tkko ™'~ mice were cultured
in 60-mm dishes and transfected with plasmid DNAs encoding Flag-RelA, Flag-
RelA(S276A), or Flag-RelA(S536A) using LipofectAMINE Plus (Invitrogen, Gibco BRL)
following the manufacturer’s instructions.
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