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Abstract

The innate immunity signaling process is controlled by nu-
merous positive and negative regulators. The interleukin-1
receptor-associated kinase M (IRAK-M) is one of the negative
regulators that contribute to the attenuation of NFkB activa-
tion. The molecular mechanism involved, however, is poorly
defined. In this report, we observed that IRAK-M selectively
suppresses the NIK-IKKa-mediated alternative NFkB path-
way. Deletion of IRAK-M led to NIK stabilization, favored the
formation of the IKKa/IKKee homodimer instead of the IKKa/
IKKB heterodimer, and enhanced RelB nuclear distribution.
In contrast, p65 nuclear localization and phosphorylation
was not affected by IRAK-M deficiency. IRAK-M-deficient
cells exhibited increased expression of selected cytokines
such as IL-6 and GM-CSF, as well as quickened resynthesis of
IkBa. The increased expression of IL-6 and GM-CSF was ab-
lated when RelB expression was knocked down using spe-
cific siRNA. We also demonstrated that the observed inhibi-
tory effect of IRAK-M was primarily limited to the TLR2 ligand,
instead of TLR4. Taken together, our findings suggest that
IRAK-M negatively regulates the alternative NFkB pathway in

a ligand-specific manner. Copyright © 2008 S. Karger AG, Basel

Introduction

The Toll-like-receptor (TLR)-mediated signaling
pathway is essential for the regulation of the innate im-
munity signaling process. The TLR signaling pathway of-
ten leads to the activation of the NFkB family transcrip-
tion factors. NFkB family members (p65/RelA, c-Rel,
RelB, p100/p52, pl105/p50, inhibitory IkB-a, -B, -€, and
-{, and BCL3) are pivotal for the expression of immunity
genes, regulation of apoptosis, cancer biology, and devel-
opment [1, 2]. There are multiple pathways that can lead
to differential NFkB activation. The classical (canonical)
pathway involves the activation of IKKa/3 by TAK1, sub-
sequent phosphorylation and degradation of IkBa, and
release of p65/p50 from the cytoplasm into the nucleus
[3]. The classical pathway is responsible for the induction
of numerous cytokines and chemokines. The majority of
studies regarding TLR signaling have focused on defin-
ing the role and regulation of the classical NFk B pathway.
The ligation of TLRs has been shown to lead to the re-
cruitment of MyD88, TRAF6, and subsequent activation
of TAK1 mediated by TAB1/2 [4]. On the other hand, the
alternative (non-canonical) NFkB pathway involves
NFkB-inducing kinase (NIK)-mediated IKKa-depen-
dent p100 cleavage and nuclear translocation of RelB/p52.
The alternative pathway is thought to be limited to the
engagement of lymphotoxin 3 receptor (LTBR), a B-cell-
activating factor belonging to the TNF family (BAFF) re-
ceptor (BAFF-R) or CD40 [5]. The activation of the alter-
native pathway has been linked with the maturation of
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antigen-presenting cells and the development of lym-
phoid organs. Recently, the alternative pathway has at-
tracted attention due to its significance in regulating var-
ious inflammatory processes [6].

IRAK-M was initially cloned as a homologue of IRAK-
1 [7]. Earlier studies employing transient overexpression
of IRAK-M revealed that IRAK-M may activate NFkB
reporter activity [7]. Strikingly, later studies using IRAK-
M/~ cells indicate otherwise. IRAK-M~~ macrophages
exhibit enhanced NFkB activity and elevated expression
of various inflammatory cytokines upon stimulation
with several TLR ligands, indicating that IRAK-M may
actually inhibit NFkB activation [8]. We have generated
dataindicating that IRAK-M selectively attenuates TLR2-
ligand-mediated p38 activation [9]. Phenotypically,
IRAK-M~~ mice develop severe osteoporosis [10]. In a
recent study in humans, genetic variations in the IRAK-
M gene are highly correlated with the risk of acute asth-
ma [11]. Taken together, these studies indicate that IRAK-
M may attenuate TLR signaling and prevent excessive in-
flammation. However, the detailed molecular mechanism
for IRAK-M-mediated suppression of the NFkB signal-
ing network is not understood.

In this study, we examined the contribution of IRAK-
M to the regulation of NFkB signaling. Using wild-type
and IRAK-M™~ bone-marrow-derived macrophages
(BMDM), we have shown that IRAK-M disruption selec-
tively enhanced the alternative pathway, in place of the
classical NFkB pathway, in a ligand-specific manner. In
addition, we performed computational simulation of the
NFkB signaling network, which faithfully recapitulated
our experimental observation.

Materials and Methods

Mice

C57BL/6 wild-type mice were purchased from the Charles
River Laboratory. IRAK-1"~ mice were kindly provided by Dr.
James Thomas from the University of Texas Southwestern Medi-
cal School. IRAK-M ™"~ mice were kindly provided by Dr. Richard
A. Flavell from the Yale University School of Medicine. These
mice were bred and maintained in the animal facility at Virginia
Tech according to the approved Animal Care and Use Committee
protocol. All mice were 7-10 weeks of age when all experiments
were initiated.

Reagents

The synthetic TLR2 agonist tripalmitoylated lipopeptide (tri-
palmitoylated-cysteine-serine-lysine-lysine-lysine-lysine)
Pam;CSK, was purchased from EMC Microcollections (Tiibin-
gen, Germany). Escherichia coli 0114 lipopolysaccharide (LPS)
and anti-IRAK-M antibody were obtained from Sigma (St. Louis,
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Mo., USA). The anti-IRAK-1 antibody was from Upstate Biotech-
nology (Lake Placid, N.Y., USA). The polyclonal antibody against
IkBa, p65, p-p65, IKKa, IKKB, p-IKKa/B (Ser 176/180) and p-
IKKa/[ (Ser 180/181) were from Cell Signal Biotechnology (Dan-
vers, Mass., USA). The antibodies against TRAF6, RelB, p100/p52
and NIK were from Santa Cruz Biotechnology (Santa Cruz, Calif.,
USA). The NEMO monoclonal antibody was from BD Bioscienc-
es (San Jose, Calif., USA).

Isolation and Culture of Murine BMDM

Bone marrow from tibia and femur was obtained by flushing
with DMEM. Bone marrow cells were cultured ina 125 X 50 mm
Lab-Tek non-tissue-culture-treated dish with 50 ml of DMEM,
containing 30% L929 cell supernatant, 1 mM sodium pyruvate, 50
M 2-mercaptoethanol and 2 mM glutamine (Sigma). On the 3rd
day of culture, cells were fed with additional 20 ml fresh medium
and cultured for an additional 3 days. Cells were harvested and
washed with PBS, and resuspended in DMEM supplemented with
2 mM glutamine, 100 units/ml penicillin, 100 mg/ml streptomy-
cin (ICN, Aurora, Ohio, USA), and 10% fetal bovine serum (Sig-
ma). Cells were maintained at 37°C with 5% CQO,, and allowed to
rest overnight before further treatment.

Transfection of Small Interfering RNAs (siRNAs)

siRNA against RelB and scrambled control siRNA were ob-
tained from Santa Cruz Biotechnology and used to transfect
IRAK-M-deficient BMDM using the lipofectamine reagent, as
described by the manufacturer (Invitrogen, Carlsbad, Calif,,
USA). Transfected cells were incubated in DMEM with 10% fetal
bovine serum, supplemented with 30% 1929 cell supernatant,
1 mM sodium pyruvate, 50 .M 2-mercaptoethanol and 2 mm glu-
tamine for 72 h, and subsequently used for further studies as de-
scribed in the text.

Isolation of Cytoplasmic and Nuclear Extracts and

Western Blot

Cell lyses and isolation of total, cytoplasmic, and nuclear ex-
tracts were performed as described previously [12]. Briefly, vari-
ous cells (5 X 10%/ml) were washed in 10 mM HEPES, pH 7.9, and
subsequently lysed on ice in the lysis buffer (10 mM HEPES, pH
7.9, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM EDTA, 0.5 mM dithio-
threitol, 0.5 mM phenylmethylsulfonyl fluoride, 1 pg/ml leu-
peptin, and 1 wg/ml pepstatin). After centrifugation for 10 min at
3,500 rpm, the supernatant cytoplasmic fractions were trans-
ferred and saved as cytoplasmic extracts. Pellets containing intact
nuclei were lysed and solubilized with high salt buffer (20 mm
HEPES, pH 7.9, 1.5 mM MgCl,, 0.4 MNaCl, 0.2 mM EDTA, 0.5 mM
dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride) for 30
min and yielded the nuclear extracts. Western blot analyses were
performed as described [13].

Cytokine Assay from Macrophages

2 X 10° BMDM were seeded in 6-well plates in DMEM over-
night and cultured with Pam;CSK, or medium alone as indicated
for 12 h. An equal volume of RIPA buffer was added to the culture
medium, and used to measure IL-6 and GM-CSF levels using the
Bio-Plex Cytokine assay as specified by the manufacturer (Bio-
Rad, Hercules, Calif., USA).
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Fig. 1. IRAK-M selectively modulates the activation of RelB, not
RelA-p65. a RelB nuclear translocation is increased in IRAK-
M~ macrophages. BMDM from wild-type and IRAK-M~~ mice
were stimulated with 100 ng/ml of Pam;CSK, for the indicated
time periods. Cell nuclear extracts were prepared as described in
the Materials and Methods and blotted with anti-RelB or lamin-B
antibodies. Lamin-B was a nuclear specific protein, and its levels
served as a loading control. The relative levels of nuclear RelB ad-
justed with the loading controls were plotted in the right panel.
** p <0.05. b IRAK-M deficiency results in constitutive process-
ing of p100 in macrophages. BMDM from wild-type and IRAK-
M~/ mice were stimulated with 100 ng/ml of Pam;CSK, for the
indicated periods. Cell lysates were prepared and blotted with
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anti-p100/p52 antibody as well as the control GAPDH antibody.
The relative p52 intensities adjusted with loading controls were
plotted in the right panel. ** p < 0.05. ¢ Nuclear p65 levels are
similar in IRAK-M™, wild-type and IRAK1”~ BMDM. BMDM
were stimulated with 100 ng/ml of Pam;CSK, for the indicated
times. Cell nuclear extracts were prepared and blotted with anti-
p65 antibody. Lamin-B was used as a loading control. d A similar
pattern of p65 phosphorylation at Ser536 among wild-type, IRAK-
17, and IRAK-M™~ macrophages. BMDM from wild-type,
IRAK17-, and IRAK-M ™/~ mice were stimulated with 100 ng/ml
of Pam;CSK, for the indicated time periods. Cell lysates were pre-
pared and blotted with anti-p65phospho-Ser536 antibody.
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Table 1. Differential equations and parameters

The IKKa module
d[NIK k" . Signal
[ } = krsNIK + ’ SN’I,K g - deIK [NIK}
dt J gk +J" qux [IRAKm]
d[IKKaP] _ kaKKa [IKKa] _ kdeKKu [IKKaP]
dt J pIKKa T [IKKa] ] dplKKa T [IKKaP]
d[IMa] _ k. [TKKaP] [IMi] B ki [IMa]
dt Jaw +[IMi] Jun + [IMa]
d[PP2A] _ k.pp [IMa][PP2Ai] 7 kpp [PP2A]
dt Jop +[PP2Ai]  J,, +[PP2A]

[TKKa] = [TKKotor] - [TKKaP]
[IMl] = [IMtotal] - [IMa]
kprkka = k' pika + K" pixka [NTK]

kapixka = k' apikka + K" apixka [PP2A]
[PP2Ai] = [PP2A o] - [PP2A]

konik = 2, Kok = 16

kanik = 20, J' ik = 1, ik = 100

(IKK o] = 1, [PP2Asg11] = 1, [IMgra1] = 1
K pixca = 0.001, Kcia = 0.1, Jyrica = 0.1

K’ gpixka = 0.01, K" gpikxa = 0.1, Japixka = 0.1
kaIM = 0.1) ]aIM = 0.1) klIM = 0.03) ]1IM = 0.1
kapp = 01, ]app = 01, kipp = 005, ]ipp = 01

The IKKB module
d[PPX] _ kyppy Signal [PPX,, ] _ Kiuerx [PPX]
dt ]aPPX + [PPXm] ]inPPX + [PPX]
d[IKKB] K, Signal [IRAKm] [IKKB,, | _ Kixxp [PPX] [IKKp|

dt ]acIKKﬁ + [IKKBin}

[IKKBip] = TKKByoral] - IKKB]
[PPXiy] = [PPXoral] - [PPX]

]mIKKp + [IKKB]

[IKKBtotal] =2, [PPXtotal] =2, [IRAKIII] =1
kappx = 0.016, kinppx = 0.0008, J,ppx = 0.1, Jinppx = 0.1
kacxxp = 0.4, kinikkpg = 1.6, Jacikxp = 0.1, Jinkxg = 0.1

The NF-«kB module

d[RelB] — ksRelB _ deelB [RelB]
dt ],sReIB + ]”sReIB [IRAKITI]
d[am] k", [onf’
=k, e T
dt sam [nn]z + ]”mmz dam [am]
d[ac]
dt = ksac [am] - kasdca [I'IC] [ac} + kdsdcu [dca} - kui [ac] + kao [an] -

(K 4o + k", [IKK]) [ac]

dac

% =k, [ac] — k,, [an] — k,y,, [nn][an] + K, [dna]
% =k, [nc]—k,, [nn] — k,,,,, [nn][an] + k,,, [dna]
@ =k, [nn][an] — kg, [dna] + k,, [dca] — k,,, [dna]
% =k, [nc][ac] — k., [dca] — k,, [dca] + k,,, [dna] —

(k,ddm + K igea [IKKD [dea]

[IKK] = [IKKa] + [IKKPB]

[IKBoora1] = [ac] + [an] + [dca] + [dna]
[NFkBioa] = [RelA] + [RelB]

[nc] = [NFkByga1] - [nn] - [dna] - [dca]

[RelA] = 0.5, ksRelB =12, ],sRelB =1 ]"sRelB =100, greip = 20

k' sam = 0.1696, kK", = 0.4772, I sun = 0.1, kg = 0.12

Keae = 0.2896, kygea = 60, kgsgea = 0.0012, k,; = 0.036, k,, = 0.024,
k' 4oc = 0.024, k" 1, = 0.2

Kyia = 0.02, ko = 1.656, K ggon = 0.06, K 100 = 0.72

Ky = 10.8, kyo = 0.0096, Ky = 60, Kjsgng = 0.00012

Computational Modeling of NFkB Pathways

The model is composed of three modules, one for IKK«, one for
IKKP and the third for NFkB and IkBa. This modular approach
allows for easy analysis of individual parts of the complex system.
It also facilitates the inherence of previous models. Since the nega-
tive feedback between NFkB and IkBa has already been intensive-
ly studied, we can incorporate it as a module. All the equations and
parameters are listed in table 1. The model contains both dimen-
sional and dimensionless parameters. Since the time series data
and degradation rates are easiest to achieve experimentally, the
time unit is set in minutes and the degradation rates have the units
of min~!. All other parameters and variables are dimensionless;

IRAK-M Suppressing the Alternative
NFkB Pathway

they are combinations of several biological components. Values for
the rate constants were chosen by a trial-and-error method to pro-
vide simulations with other experimental observations. IRAK-M is
set to one and zero in wild-type and IRAK-M-deficient models,
respectively. The systems are allowed to reach steady states in the
absence of a signal. Their simulations begin from these steady
states. The signal is set to 0.5 to mimic the effect of Pam;CSK,. Nu-
merical integration of the ordinary differential equations is carried
out with XPPAUT, which is freely downloadable from http://www.
math.pitt.edu/~bard/xpp/xpp.html. Differential equations used to
generate the model are listed in table 1.
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Statistical Analyses

Statistical significance was determined using the unpaired 2-
tailed Student t test or 1-way ANOVA corrected for multiple com-
parisons where appropriate. p < 0.05 was considered statistically
significant. All calculations were performed using the Prism 4.03
software program for Windows (GraphPad Software).

Results

IRAK-M Selectively Modulates RelB, but Not p65,

Activity in BMDM

In order to explore how IRAK-M inhibits NFkB acti-
vation and negatively regulates TLR signaling, we stimu-
lated BMDM from wild-type and IRAK-M~/~ mice with
100 ng/ml Pam;CSK, for various time periods. Nuclear
lysates from treated cells were harvested, and equal
amounts of nuclear lysates were separated on SDS-PAGE.
As shown in figure la, nuclear RelB levels were low and
unaltered following Pam;CSK, challenge in wild-type
cells, indicating the lack of RelB activation. In contrast,
RelB levels were significantly increased in IRAK-M~~
cells. Since the nuclear translocation of RelB depends on
the cleavage of p100 to p52, we measured the processing
of p100 to p52 in whole-cell lysates. As shown in figure
1b, Pam;CSK, challenge induced a gradual cleavage of
p100 and an increased formation of p52 in IRAK-M~~
cells, but not in wild-type BMDM.

To clarify whether IRAK-M affects the classical NFkB
pathway leading to p65 activation, we further examined
nuclear p65 protein levels. As shown in figure Ic,
Pam;CSK, stimulation induced the nuclear translocation
of p65 to a similar extent among wild-type, IRAK1™~ or
IRAK-M~~ BMDM. Since the transcriptional activity of
p65 can be further influenced by phosphorylation, we
measured the levels of p65 Ser536 phosphorylation in
whole cell lysates. We observed that Pam;CSK, stimula-
tion induced a similar pattern of p65 Ser536 phosphory-
lation in wild-type and IRAK-M~~ BMDM. Intriguingly,
we found that the p65 phosphorylation was significantly
attenuated in IRAK1™/~ BMDM, indicating that IRAK-1
is involved in Pam3;CSK,-induced phosphorylation, but
not nuclear localization of p65.

IRAK-M Disruption Contributes to the

Stabilization of NIK

Since the alternative NFkB signaling pathway relies on
the NIK [14], we subsequently examined the status of NIK
in wild-type and IRAK-M~~ macrophages. Whole-cell
lysates from wild-type and IRAK-M~~ BMDM stimulat-
ed with Pam3;CSK, were prepared and blotted with NIK
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Fig. 2. IRAK-M disruption contributes to the stabilization of NIK.
Bone marrow-derived macrophages from wild-type and IRAK-
M/~ mice were stimulated with 100 ng/ml of Pam;CSK, for the
indicated time periods. Cell lysates were prepared and blotted
with anti-NIK antibody.

antibody. As shown in figure 2, NIK levels were not de-
tectable in wild-type BMDM, consistent with previous
findings [15]. In contrast, NIK levels were readily and
constitutively detected in IRAK-M~~ BMDM (fig. 2).

IRAK-M Disruption Leads to Elevated IKK«a

Phosphorylation at Ser176, but Not at Ser180

The activation of NIK was shown to selectively induce
IKKa phosphorylation and subsequent processing of
p100 [16]. We therefore examined the IKKa phosphory-
lation status using the phosphor-specific antibodies
against phosphorylated IKKo/(. First, we used the anti-
body that can recognize phosphorylated IKKa Ser180/
IKKB Ser181. As shown in figure 3, we found that
Pam;CSK}, stimulation induced similar levels of IKKa/
IKKp phosphorylation at Ser180/Ser181 sites compared
with wild-type and IRAK-M~~ BMDM. Subsequently,
we employed the antibody that recognizes phosphory-
lated IKK« Ser176/Ser180 and IKK[ Ser177/Ser181. Fol-
lowing Pam;CSK, stimulation, we observed significant-
ly increased bands representing phosphorylated IKKa
Ser176/Ser180 as well as IKK[3 Ser177/Ser181 in IRAK-
M- BMDM (fig. 3). Taken together, these results indi-
cate that IRAK-M specifically modulates phosphoryla-
tion of IKKa Ser176/TKKf Serl77 instead of IKKa Ser
180/IKKP Serl81.

IRAK-M Deficiency Leads to Preferential Interaction

of NEMO with IKKa Instead of IKK3

It has been shown that NIK activation favors the for-
mation of the IKKa/IKKa homodimer instead of the
IKKo/IKKP heterodimer. To explore whether IRAK-M
may affect the stoichiometry of the NEMO/ IKKa/IKK(
complex, we performed NEMO co-immunoprecipita-
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Fig. 3. IRAK-M disruption leads to elevated IKKa phosphoryla-
tion at Ser176. BMDM from wild-type and IRAK-M~~ mice were
stimulated with 100 ng/ml of Pam;CSK, for the indicated time
periods. Cell lysates were prepared and blotted with anti-phos-
pho-IKKa/B (Ser176/Ser180), and anti-phospho-IKKa (Ser180)/
IKK (Ser181) antibodies.

Fig. 4. IRAK-M disruption skews the IKK complex in favor of the
IKKa/IKKa homodimer. BMDM from wild-type, IRAK17/~ and
IRAK-M~'~ mice were stimulated with 100 ng/ml of Pam;CSK, for
the indicated time periods. Cell lysates were immunoprecipitated
with an anti-NEMO antibody. Immunoprecipitates were separat-
ed on SDS-PAGE, and probed with antibodies against either
IKKa, IKKB, or NEMO.
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Fig. 6. siRNA knockdown of RelB in IRAK-M-deficient
cells attenuates IL-6 and GM-CSF expression in IRAK-
M cells. BMDM from IRAK-M™~ mice were transfected
with control or RelB-specific siRNA as described in the
Materials and Methods. The transfected cells were sub-
sequently stimulated with 100 ng/ml of Pam;CSK, for
12 h. The expression levels of GM-CSF and IL-6 were
assayed and plotted. ** p < 0.05.

Control siRNA RelB siRNA
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3
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Control  RelB Control  RelB
siRNA  siRNA siRNA  siRNA
Wild-type IRAK-M~/~

tion assays using whole-cell lysates from wild-type,
IRAK-1"~ and IRAK-M~~ BMDM. The immunoprecip-
itated samples were blotted with IKKa or IKKf3 anti-
body. Comparing wild-type and IRAK-17~ samples, we
observed that the levels of IKKa and IKK@ proteins
within the co-immunoprecipitated NEMO complex
were similar and remained constant following stimula-
tion. In sharp contrast, we found that the levels of IKK(3
within the co-immunoprecipitated NEMO complex
dropped sharply in IRAK-M~'~ BMDM following 15 min
of stimulation, and returned back to normal levels 1 h
later. Thelevels of IKKa in the NEMO complex remained
constant throughout the stimulation period, indicating
that IRAK-M deficiency favors the formation of the
NEMO/IKKa/IKKa homodimer following challenge
with Pam;CSK, (fig. 4).
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Elevated Alternative NFkB Pathway in

IRAK-M-Deficient Cells Contributes to Quickened

Synthesis of IkBa, as well as Elevated Expression of

GM-CSF and IL-6

In wild-type cells, IkBa was quickly degraded follow-
ing Pam;CSK, stimulation, leading to the nuclear trans-
location and activation of p65. In turn, p65 contributed
to the transcription and synthesis of new IkBa, which
gradually increased back to the peak resting level 2 h after
the start of stimulation (fig. 5). We observed a similar
pattern of IkBa degradation and gradual resynthesis in
IRAK-17"--deficient cells. Intriguingly, we found that the
IkBa levels were resynthesized significantly quicker in
IRAK-M™" cells, presumably due to synergistic activa-
tion of both the classical and alternative pathways. As
shown in figure 5, IkBa returned back to the peak resting
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level 60 min after the start of stimulation in IRAK-M~/-
cells. Furthermore, IkBa underwent a second wave of
degradation in IRAK-M '~ cells. Correspondingly, we no-
ticed that there was a second wave of IKKa phosphoryla-
tion at Ser176/Ser180 60 min after Pam;CSK, stimulation
in IRAK-M~'~ cells. This phenomenon may be responsi-
ble for the subsequent phosphorylation and degradation
of newly synthesized IkBa (fig. 3).

We further measured the levels of selected cytokines
using the Bio-Plex Cytokine assay as described in the
Materials and Methods. The levels of IL-6 and GM-CSF
were very low in resting wild-type BMDM, and were in-
duced following Pam;CSK, stimulation. In contrast,
Pam;CSK, stimulation induced significantly higher
amounts of IL-6 and GM-CSF in IRAK-M~~ macro-
phages (fig. 5b). In order to determine whether the en-
hanced RelB activation in IRAK-M™~ BMDM was re-
sponsible for the elevated IL-6 and GM-CSF expression,
we performed the siRNA knockdown experiment. IRAK-
M~ BMDM were transfected with either control siRNA
or RelB-specific siRNA. Transfected cells were subse-
quently stimulated with Pam;CSK, for 16 h. As shown in
figure 6, IRAK-M~~ BMDM transfected with RelB-spe-
cific siRNA had significantly decreased expression of
IL-6 and GM-CSE.

IRAK-M Suppressing the Alternative
NFkB Pathway

The Effect of IRAK-M Is Ligand Specific

Because different TLRs may trigger distinct down-
stream signaling pathways, we examined the involve-
ment of IRAK-M in LPS-TLR4-mediated signaling.
BMDM isolated from wild-type, IRAK-17~ and IRAK-
M~ mice were stimulated with LPS for the indicated
time periods. In contrast to the phenomenon obtained
with Pam;CSK, stimulation, we observed a similar pat-
tern of IkBa degradation and resynthesis among wild-
type, IRAK-17~ and IRAK-M~~ BMDM following LPS
challenge (fig. 7). We further measured the expression
levels of IL-6 and GM-CSF by Bio-Plex cytokine assay.
Correspondingly, we observed that LPS induced similar
levels of IL-6 and GM-CSF among wild-type and IRAK-
M- BMDM (fig. 7).

Discussion

In this study, we have demonstrated that IRAK-M is
primarily involved in regulating the alternative, instead
of the canonical NFkB pathway. Several lines of evidence
support this conclusion. First, the patterns of p65/RelA
nuclear translocation and phosphorylation are identical
following Pam3;CSK, challenge between wild-type and
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Fig. 8. Computation simulation of IRAK-M-mediated NFkB reg-
ulation. a The wiring diagram regarding the function of IRAK-M.
Labeled boxes and ovals represent protein components of the
model. Solid lines indicate chemical transformations between ac-
tive (-a) and inactive (-i) forms of a protein. Dashed lines indicate
regulatory and catalytic effects. Arrow heads and cross bars on
the dashed lines indicate activation and inhibition, respectively.
Specifically, NIK-a represents the stabilized and activated form of
NIK; the dashed line with an arrow head shows that NIK stabili-
zation and activation are enhanced by the ‘signal’; the dashed line
with a cross bar indicates that the signal-induced stabilization
and activation of NIK are inhibited by IRAK-M. b The computa-
tional simulation of the IkBa degradation and re-occurrence. In

IRAK-M" cells. Second, IRAK-M~~ cells have elevated
levels of NIK protein, as well as an increased nuclear dis-
tribution of RelB. Third, IRAK-M~' cells favored the for-
mation of the IKKa/IKKa homodimer instead of the
IKKa/IKKB heterodimer. Consequently, IRAK-M defi-
ciency contributes to synergistic and overall activation of
the NFkB pathway, leading to elevated expression of cy-
tokines, such as IL-6 and GM-CSF.
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resting cells, IkBa level is high. In the wild-type cells with the
functional IRAK-M, the stimulus signal results in the activation
of the classical pathway and profound IKKf activation. In con-
trast, IKKa is kept inactive due to the lack of active NIK (a). IKK3
phosphorylates IkBa and enhances its degradation. Therefore,
the Ik Ba level decreases (solid line). Later on, IKK[ is inactivated
by an unknown mechanism (potentially through a phosphatase
as represented by PPX), and the IkBa level recovers. In the ab-
sence of IRAK-M, NIK protein is stabilized and activated which
contributes to the elevated IKKa activity (a). IKKa activity is like-
ly controlled by other negative feedback loops (e.g. protein phos-
phatase PP2A, a). Collectively, these give rise to the oscillating
levels of IkBa (dashed line).

Extensive studies regarding the regulation of the NFkB
pathway have revealed a complex network involving mul-
tiple positive and negative regulatory pathways and loops.
These intertwined signaling pathways help host cells to
elicit precise, complex, and subtle responses following di-
verse challenges [17]. However, further clarification re-
garding the fine regulation of the NFkB signaling net-
work is still required. Our current study reveals a novel
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mechanism for IRAK-M-mediated preferential suppres-
sion of the alternative NFkB signaling pathway. In the
absence of IRAK-M, the level of NIK is elevated, which
contributes to skewed IKK complex formation. The
skewed IKK complex favors the formation of the IKKa/
IKKa homodimer instead of the IKKat/IKK( heterodi-
mer. The elevated NIK-IKKa/IKKa pathway subsequent-
ly contributes to the overall perturbed NFkB network, as
reflected by quickened resynthesis of IkBa and a second
wave of IkBa degradation. By employing computational
simulation based upon existing NFkB signaling models
(18, 19], and considering our current findings, we have
recapitulated the IkBa pattern in IRAK-M™~ cells with a
computational model (fig. 8). Intriguingly, our modeling
work also projects that other critical downstream nega-
tive regulators (such as phosphatases) may be necessary
for the proper regulation of IKK activity. Limited work
has been done on the contribution of phosphatases to the
regulation of the NFkB network. For example, PP2A was
shown to dephosphorylate IKKs in addition to p65 [20].
Future studies are warranted to explore the function of
relevant phosphatases in the regulation of the complex
NFkB network.

The mechanism for IRAK-M-mediated NIK regula-
tion remains unresolved. Previous reports indicate that
NIK is extremely unstable and is barely detectable in wild-
type cells [21, 22]. The perturbation of TRAF molecules
such as TRAF3 renders NIK stable and active [21, 23]. It is
therefore likely that IRAK-M may be involved in the reg-
ulation of TRAF3 function, and should be tested in the
future. The downstream function of NIK also remains
less clearly defined. Besides p100 cleavage, recent studies
indicate that there are other targets of NIK including
IKKa and p65RelA [24, 25]. Depending upon the nature
of stimulants, NIK may activate distinct downstream mo-
lecular targets contributing to the NFkB activation. In-
deed, we found that IKKa phosphorylation was signifi-
cantly elevated in IRAK-M cells following TLR2 agonist
challenge. In contrast, even though we did observe p100
processing and elevated p52 levels in IRAK-M cells, the
absolute levels were relatively low. This may be due to the
fact that TLR2 agonist is not the optimum stimulant for
the activation of NIK-mediated p100 processing. Instead,
TLR2 agonist-induced NIK activation may selectively ac-
tivate other molecular events, such as IKKa phosphoryla-
tion, which then lead to elevated RelB transcription and
protein levels. The cross talk between NIK and various
downstream signaling components within the NFkB net-
work requires extensive future studies.

IRAK-M Suppressing the Alternative
NFkB Pathway

Although IRAK-M may play a pivotal role in prevent-
ing excessive activation of the NFkB network and subse-
quent inflammatory response, such mechanism may also
be exploited by tumor cells or bacteria to evade active im-
mune surveillance. The sepsis syndrome is initiated by
dissemination of bacteria or bacterial products (endotox-
in) in the blood circulation [26]. The host develops an
endotoxin-tolerant state in which blood leukocytes can
no longer exhibit inducible NFkB activation and expres-
sion of selected inflammatory cytokines, such as TNFa
and IL-6 [27]. Suppressed expression of inflammatory
cytokines places the host in danger of secondary infec-
tions. The suppressed state is caused by deactivation of
the innate immunity signaling process, including elevat-
ed IRAK-M protein levels in blood leukocytes [28-31].
Analogously, deactivation of innate immunity may also
tolerate tumor growth and progression. For example,
through a yet-to-be-determined mechanism, tumor-as-
sociated macrophages fail to express proinflammatory
cytokines, such as IL12p40 and TNFa, and not only tol-
erate, but also facilitate tumor growth [32-34]. A recent
study indicates that deactivated macrophages incubated
with tumor cells exhibit increased IRAK-M protein levels
[35]. Given the evidence indicating the role of IRAK-M in
deactivating innate immunity signaling, we hypothesize
that cancer cells may exploit the inhibitory function of
IRAK-M to evade host immune surveillance. Indeed, our
recent study indicates that IRAK-M disruption contrib-
utes to enhanced tumor rejection [36]. Our current report
provides a mechanistic explanation that the elevation in
the alternative NFkB pathway, caused by IRAK-M defi-
ciency, may contribute to enhanced host tumor surveil-
lance.

In summary, we have defined a novel mechanism for
IRAK-M-mediated suppression of the NFkB signaling
network. Furthermore, our work also reveals intriguing
new questions and hypotheses regarding the delicate reg-
ulation of this important signaling process.
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