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Background: The molecular mechanisms of endotoxin tolerance remain not well elucidated.

Results: IRG1, up-regulated by LPS and during sepsis, can feedback suppress the Toll-like receptor-triggered inflammatory
response by increasing A20 expression via reactive oxygen species (ROS) in LPS-tolerized macrophages.

Conclusion: Inducible IRG1 promotes endotoxin tolerance by increasing A20 expression through ROS.

Significance: Providing new molecular mechanisms regulating hypoinflammation of sepsis and endotoxin tolerance.

Sepsis-associated immunosuppression (SAIS) is regarded as
one of main causes for the death of septic patients at the late
stage because of the decreased innate immunity with a more
opportunistic infection. LPS-tolerized macrophages, which are
re-challenged by LPS after prior exposure to LPS, are regarded
as the common model of hypo-responsiveness for SAIS. How-
ever, the molecular mechanisms of endotoxin tolerance and
SAIS remain to be fully elucidated. In addition, negative regula-
tion of the Toll-like receptor (TLR)-triggered innate inflamma-
tory response needs further investigation. Here we show that
expression of immune responsive gene 1 (IRG1) was highly up-
regulated in the peripheral blood mononuclear cells of septic
patients and in LPS-tolerized mouse macrophages. IRG1 signif-
icantly suppressed TLR-triggered production of proinflamma-
tory cytokines TNF-q, IL-6, and IFN-f3 in LPS-tolerized macro-
phages, with the elevated expression of reactive oxygen species
(ROS) and A20. Moreover, ROS enhanced A20 expression by
increasing the H3K4me3 modification of histone on the A20
promoter domain, and supplement of the ROS abrogated the
IRG1 knockdown function in breaking endotoxin tolerance by
increasing A20 expression. Our results demonstrate that induc-
ible IRG1 promotes endotoxin tolerance by increasing A20
expression through ROS, indicating a new molecular mecha-
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nism regulating hypoinflammation of sepsis and endotoxin
tolerance.

Sepsis, sepsis-induced hyperinflammation, and subsequent
sepsis-associated immunosuppression (SAIS)* are important
causes of death worldwide. During sepsis, patients may die early
from bacteremia or hyperinflammation, an uncontrolled over-
activation of the innate immune system with high amounts of
circulating proinflammatory cytokines, or from sepsis-associ-
ated multiorgan failure (1-3). Meanwhile, in addition to elicit-
ing a robust inflammatory response, sepsis also paradoxically
renders the host an immunocompromised state at the late
stage, which is named SAIS. SAIS often leads many septic
patients to die from secondary infections, which is character-
ized by neutrophil paralysis and lymphopenia. However, the
molecular mechanisms for the SAIS remain to be fully investi-
gated. Therefore, better understanding of the precise mecha-
nism of SAIS is of important significance to the development of
new approaches to prevent and treat this life threatening
disease.

Toll-like receptors (TLRs) are one of the most important
sensors of the innate immune system by detecting the con-
served pathogen-associated molecular pattern in host defense
against infection (4, 5). TLRs induce production of proinflam-
matory cytokines and type I interferon through MyD88 and
TRIF by activating MAPK, NF-«B, and IRF3 pathways (6). It is
now known that full activation of TLRs is essential for initi-

“The abbreviations used are: SAIS, sepsis-associated immunosuppression;
IKK, 1B kinase; IRAK, interleukin 1-associated kinase; IRF, IFN regulatory
factor; IRG1, immune responsive gene 1; NAC, N-acetylcysteine; ROS, reac-
tive oxygen species; SOCST1, suppressor of cytokine signaling 1; TAKT,
TGF-B activated kinase 1; TRIF, TIR-domain-containing adaptor protein
inducing IFN-B; PBMC, peripheral blood mononuclear cell; Q-PCR, quanti-
tative real-time PCR; TLR, Toll-like receptor; DCFDA, 2’,7’-dichlorodihydro-
fluorescein diacetate.

JOURNAL OF BIOLOGICAL CHEMISTRY 16225



IRG1 Feedback Promotes Endotoxin Tolerance

ating the innate immune response and enhancing adaptive
immunity to eliminate invading pathogens. However, TLR
signaling must be precisely controlled to avoid inappropriate
activation or overactivation of TLR-triggered inflammatory
innate responses, which may cause immune disorders such as
septic shock and autoimmune diseases. Up to now, some
negative regulators of TLR-triggered inflammatory innate
response have been identified, which contribute to maintain
the immunological balance (7-9). However, new negative reg-
ulators of the TLR-triggered inflammatory innate response
should be further identified in the innate cells, especially at the
late stage of the inflammatory innate response and even in sep-
sis, as some molecules may be induced to be up-regulated to
feedback inhibit the inflammatory response or sepsis.

It has been shown that suppression of proinflammatory cyto-
kine production in endotoxin-tolerized macrophages closely
resembles the phenotype of monocytes from immunocompro-
mised septic patients, which is the well established animal
model of human SAIS (10-12). LPS-tolerized macrophages,
which are re-challenged by LPS after prior exposure to LPS, are
regarded as the common model of hypo-responsiveness for
SAIS (13-15). The studies showed that endotoxin tolerance
reprograms TLR4 signaling with decreased proinflammatory
cytokine production but increased anti-proinflammatory cyto-
kine production by decreasing TLR4 expression, blocking tyro-
sine phosphorylation of TLR4 and TIRAP, TLR4-MyD88, and
IRAK1-MyD88 assemblies, attenuating activation of IRAK4
and IRAKI, inhibiting K63-linked ubiquitination of IRAK1
and TRAF6, or increasing expression of negative regulators
IRAK-M, SHIP-1, suppressor of cytokine signaling 1 (SOCS1),
and A20 (13, 16 —18). Recently, ROS-induced ATF3 expression
and TNF-activated GSK3 were found to be related with SAIS by
mediating chromatin remodeling (19, 20). However, the molec-
ular mechanisms for endotoxin tolerance such as identification
of epigenetic regulation needs to be further investigated.

Immune responsive gene 1 (IRG1), cloned as a LPS-inducible
gene in 1994, was found to play important roles in embryonic
implantation and neurodegeneration (21, 22). Its biological
function in innate immune response remains largely unknown
except reports about its inducible expression by stimulation
with LPS, infections with Mycobacterium avium subspecies
paratuberculosis (23, 24), Chlamydia pneumoniae (GEO
microarray data, GDS2651, 25), zymosan (GEO microarray
data, GSM147169, 26) or active virus compared with inactive
virus (GEO microarray data, GDS1271, 27). IRG1 expression is
also found to be dysregulated in autoimmune or inflammatory
diseases. According to a set of gene profiling data of spinal cords
from EAE mice (GEO microarray data, GSM13053, 28), IRG1
was significantly up-regulated in EAE spinal cords (6-fold in
EAE spinal cords relative to control; p < 0.01 by Welch’s ¢ test).
Therefore, IRG1 is predicated to be involved in pathogenesis of
the inflammatory autoimmune diseases. In this study, we found
that IRG1 expression was highly up-regulated in peripheral
blood mononuclear cells (PBMC) of patients with sepsis.
Accordingly, mRNA and protein expression of IRG1 was signif-
icantly up-regulated in LPS-tolerized mouse macrophages.
Furthermore, we found that knockdown of IRG1 by small inter-
fering RNA (siRNA) did not affect TLR-induced production of
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proinflammatory cytokines (TNF-« and IL-6) and IFN-8 in
wild-type macrophages, but could significantly increase the
production of these cytokines in LPS-tolerized macrophages.
Mechanically, we found that knockdown of IRG1 increased
activation of NF-«B and IRF3 accompanied with decreased A20
expression and ROS production. Importantly, increased ROS
by H,O, abrogated the role of IRG1 knockdown in LPS-toler-
ized macrophages, as evidenced with decreased activation of
NF-kB and IRF3, and reduced production of proinflammatory
cytokines and IFN-B. ROS was found to increase A20 expres-
sion by increasing the H3K4me3 modification of histone on the
A20 promoter domain. Therefore, our results provide new
mechanistic insight to endotoxin tolerance by demonstrating
that IRG1, up-regulated significantly by LPS and during sepsis,
can feedback suppress the TLR-triggered inflammatory
response by increasing A20 expression via ROS in LPS-toler-
ized macrophages. Also, our study outlines a potential target to
be possibly manipulated to prevent SAIS in clinics.

EXPERIMENTAL PROCEDURES

Subjects—We included 9 subjects with sepsis from the surgi-
cal ICU, Changhai Hospital (Shanghai, China), after the study
was approved by the local ethics committee of Second Military
Medical University, Shanghai, China. The preliminary diagno-
sis of sepsis was made with well accepted guidelines (29). Ther-
apeutic strategy was carried out according to the standard pro-
tocol for sepsis (30, 31). Exclusion criteria included pregnancy,
age <18 years, a history of chronic heart failure, or chronic
renal failure. On ICU admission, the mean SOFA scores were
7.8. Ten ml of whole blood was collected from subjects within
24 h after the diagnosis of sepsis (acute sepsis group), or 1 day
after leaving the ICU with body recovery (after sepsis group).
Whole blood from five healthy volunteers served as controls.

Mice and Cell Culture—C57BL/6] mice were from Joint Ven-
tures Sipper BK Experimental Animals Co. (Shanghai, China).
All mice were bred in specific pathogen-free conditions. All
animal experiments were performed in accordance with the
National Institute of Health Guide for the Care and Use of Lab-
oratory Animals, with the approval of the Scientific Investiga-
tion Board of Second Military Medical University, Shanghai.
Thioglycollate-elicited mouse peritoneal macrophages were
prepared and cultured in endotoxin-free RPMI1640 medium
with 10% FCS as described previously (32).

Plasmids Construction and Stable Transfection—Recombi-
nant vectors encoding murine Irgl (NM_008392) was con-
structed by PCR-based amplification of cDNA from primary
peritoneal macrophages of C57BL/6] mice, and then subcloned
into the pcDNA3.1 eukaryotic expression vector (Invitrogen).
The RAW?264.7 cells with IRG1 stable overexpression were
selected as previously reported (33).

Reagents—LPS (0111:B4), Pam3Cys4, and N-acetylcysteine
(NAC) were from Sigma. Antibodies specific to anti-IRG1
(ab122624), anti-TAK1 phosphorylated at Tyr-187 (ab79583)
were from Abcam. Antibodies against Erk phosphorylated at
Thr-202/Tyr-204 (E10), Jnk phosphorylated at Thr-183/Tyr-
185 (G9), p38 phosphorylated at Thr-180/Tyr-182 (9211), IRF3
phosphorylated at Ser-396 (4D4G), IKK«/B phosphorylated at
Ser-176/Ser-180 (16A6), IxBa (4812), A20 (4625), and IRAK-M
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(4369) were from Cell Signaling Technology. Antibodies spe-
cific to SOCS1 (N-18), p65 (sc372), SHIP (sc-8425), and B-actin
(sc-130656) were from Santa Cruz.

RNA Interference—Small interfering RNA targeting Irgl and
A20 were from Dharmacon. siRNA duplexes were transfected
into primary peritoneal macrophages or RAW?264.7 cells using
INTERFERin Reagent from Polyplus as described previously
(34). Cells were cultured for an additional 36 h before LPS
stimulation.

RNA Quantification and Quantitative Real-time PCR—Total
RNA was extracted with TRIzol reagent (Invitrogen) following
the manufacturer’s instructions. RNA concentrations were
determined with a NanoDrop instrument (NanoDrop Technol-
ogies). Quantitative real-time PCR (Q-PCR) analysis was per-
formed by Light Cycler (Roche Applied Science) and the SYBR
RT-PCR kit (Takara) as described previously (33). The primers
used for IRGI1 were: hIRGI forward, 5'-CGTGTTATTCA-
GAGGAGCAAGAG-3/, reverse, 5'-AGCATATGTGGGCG-
GGAG-3’; mouse Irgl forward, 5'-GCGAACGCTGCCAC-
TCA-3’, reverse, 5'-ATCCCAGGCTTGGAAGGTC-3". The
relative expression level of mRNAs was normalized by the level
of B-actin expression in each sample.

Immunoblot—Cells were lysed with cell lysis buffer supple-
mented with protease inhibitor mixture (Calbiochem). Protein
concentrations of the extracts were measured with BCA assay
(Pierce). The isolation of nuclear proteins and immunoblot
analysis were performed as described previously (34).

Cytokine Detection—TNF-q, IL-6, and IFN- in the superna-
tants and serum were measured with ELISA kits (R&D
Systems).

ROS Measurement—Peritoneal macrophages (1 X 10° cell/
assay) were incubated with 2',7’-dichlorodihydrofluorescein
diacetate (DCFDA) (Invitrogen, 10 pg/ml) for 30 min, and then
stimulated with LPS for the indicated times. The fluorescence
intensity, reflecting intracellular ROS levels, was immediately
measured using LSR II (BD Biosciences). The level of ROS was
expressed as mean fluorescence intensities generated by count-
ing 10,000 cells.

Chromatin Immunoprecipitation Assay (ChIP)—A ChIP
assay kit was used according to the manufacturer’s instructions
(Millipore) for these assays. Macrophages (2 X 107 cells) were
fixed with 1% (v/v) formaldehyde and incubated for 5 min at
37 °C. Cells were lysed and chromatin was sheared by liquid
phase sonication of samples in Eppendorf tubes immersed in
ice-cold water as described previously (35). H3K4me3 antibod-
ies to precipitate the chromatin fragments were prebound to
Invitrogen Dynabeads in 0.5% BSA in PBS. Diluted chromatin
preparations were incubated overnight with Dynabeads-anti-
body complexes. Immunoprecipitated DNA and input DNA
were analyzed by quantitative real-time PCR and results are
presented as percent of input. The following primers were
used for amplification of A20 promoters: 5'-GATCTCACTC-
TGCACTGCATCC-3' and 5'-GGCTTTGAAGTCTGGGC-
TGT-3'.

Statistical Analysis—The statistical significance of compari-
sons between two groups was determined with Student’s £ test.
A p value < 0.05 was considered statistically significant.
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FIGURE 1. IRG1 expression is significantly up-regulated in LPS-tolerized
mouse macrophages and PBMCs from septic patients. A, macrophages
were left untreated (untolerized) or treated with LPS (100 ng/ml) for 12 h
(tolerized), and then challenged with a second round of LPS stimulation (100
ng/ml) asindicated. The mRNA expression levels of Irg 7 in macrophages were
analyzed by Q-PCR. Data were normalized to the relative expression of the
B-actin. B, Western blot of IRG1 protein expression in macrophages as in A,
with B-actin as a loading control. C, Q-PCR analysis of the mRNA expression of
IRGT in PBMCs of subjects within 24 h after the diagnosis of sepsis (acute
sepsis group), or 1 day after leaving the ICU with body recovery (after sepsis
group), as well as healthy donors. Data were normalized to the relative
expression of the B-actin reference gene. Data are shown as mean = S.E. of
three independent experiments (A and C) or are representative of three inde-
pendent experiments with similar results (B). **, p < 0.01; ***, p < 0.001.

RESULTS

High Inducible Expression of IRG1 in LPS-tolerized Mouse
Macrophages and PBMCs of Septic Patients—W e first explored
IRG1 expression in LPS-tolerized mouse macrophages. Con-
sistent with previous reports, LPS stimulation vigorously
induced up-regulation of IrgI (Fig. 1A). The mRNA level of Irgl
reached the peak (866-fold of unstimulated control) at 6 h and
decreased gradually at 12 h after LPS stimulation. After stimu-
lating with LPS for 12 h, the culture medium was removed and
macrophages were re-stimulated with the second round of LPS.
The mRNA level of Irgl was significantly induced, with even
higher expression, in similar kinetics as the first round of stim-
ulation (Fig. 1A4). The LPS-induced protein level of IRG1
showed the same pattern in LPS-untolerized and -tolerized
mouse macrophages (Fig. 1B). To investigate whether IRG1 is
related to sepsis, we collected the PBMCs from patients during
and after acute sepsis. The mRNA expression level of IRGI was
much higher in the PBMCs from patients with acute sepsis, and
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FIGURE 2. Knockdown of IRG1 increases production of proinflammatory cytokines and IFN-£ in LPS-tolerized macrophages. A, Q-PCR of Irg7 mRNA
expression orimmunoblot assay of the IRG1 protein expression level in macrophages transfected with Irg 7-specific siRNA (IRG1-Si) or scramble control (Ctrl-Si).
B, ELISA of cytokine production in supernatants from LPS-tolerized (100 ng/ml) or -untolerized macrophages with IRG1 silencing or non-silencing, and
re-stimulated with a secondary round of LPS (100 ng/ml) as indicated. C, ELISA of cytokine production in supernatants from LPS-tolerized (100 ng/ml) or
-untolerized macrophages with IRG1 silencing or non-silencing, and re-stimulated with Pam3Cys4 (1 wg/ml) as indicated. D, ELISA of cytokine production in
supernatants from LPS-tolerized (100 ng/ml) or -untolerized RAW264.7 cells stably transfected with Myc-tagged IRG-1, and re-stimulated with secondary LPS
(100 ng/ml) as indicated. Data are representative of three independent experiments with similar results or are shown as mean = S.D. of three independent

experiments. ¥, p < 0.05; **, p < 0.01.

IRG1 expression also remained at a higher level in these septic
patients even after recovery (Fig. 1C). The inducible expression
pattern of IRG1 in LPS-tolerized mouse macrophages and
PBMCs of septic patients indicated that IRG1 may function in a
hypoinflammation state of sepsis and in the LPS-tolerized
model.

IRG1 Suppresses Proinflammatory Cytokines and IFN-[3 Pro-
duction in LPS-tolerized Macrophages—Taking into account
the vigorously inducible expression of IRG1, we next deter-
mined whether knockdown of IRG1 expression by siRNA could
affect the TLR-triggered production of proinflammatory cyto-
kines and IFN- B in both LPS-untolerized and -tolerized macro-
phages. The knockdown efficiency of IRG1 was determined 6 h
after the secondary LPS challenge, at which time point the
induction of IRG1 expression was usually most vigorous. The
endogenous Irgl mRNA expression level in macrophages was
decreased to 15% of control by siRNA, which was consistent
with the substantially decreased protein level confirmed by
Western blot analysis (Fig. 24). Knockdown of IRG1 did not
significantly affect the TLR4-induced production of proinflam-
matory cytokines (TNF-« and IL-6) and IEN- 8 in LPS-untoler-
ized macrophages with the first round of LPS stimulation (Fig.
2B). However, knockdown of IRG1 increased TLR4-induced
production of proinflammatory cytokines and IFN-B in LPS-
tolerized macrophages after the second LPS stimulation (Fig.
2B). The mRNA level of proinflammatory cytokines (TNF-«
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and IL-6) and IFN- in LPS-tolerized macrophages re-chal-
lenged with LPS were also increased by knockdown of IRG1
(data not shown).

We further observed whether knockdown of IRG1
affected TLR2-triggered production of proinflammatory
cytokines and IFN-$ in LPS-tolerized macrophages, which
were tolerized with LPS for 12 h and re-challenged with the
TLR2 ligand Pam3Cys4. Similarly, knockdown of IRG1 did
not affect the TLR2-triggered production of proinflamma-
tory cytokines in LPS-untolerized macrophages stimulated
directly with Pam3Cys4, but significantly increased the pro-
duction of proinflammatory cytokines in LPS-tolerized macro-
phages (Fig. 2C).

We next investigated whether overexpression of IRG1 could
inhibit TLR4-induced proinflammatory cytokine production.
The Myc-tagged IRG-1 was stably overexpressed in macro-
phage cell line RAW264.7, and overexpression of IRG-1 was
confirmed by Western blot analysis (data not shown). Overex-
pression of IRG1 inhibited TLR4-induced production of proin-
flammatory cytokines and IFN-B in LPS-tolerized macro-
phages, whereas not in untolerized macrophages (Fig. 2D).
These results indicated that IRG1 might suppress proinflam-
matory cytokine and IFN-B production in LPS-tolerized
macrophages, thus possibly promoting immune suppressive-
ness or hypo-responsiveness in septic patients.
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FIGURE 3.Knockdown of IRG1 increases NF-«B and IRF3 activation in LPS-
tolerized macrophages. A, immunoblot analysis with the indicated antibod-
ies of cell lysis from macrophages transfected with Irg1-specific siRNA (IRG1-
Si) or scramble control (Ctrl-Si), tolerized with LPS (100 ng/ml), and
re-stimulated with a second round of LPS (100 ng/ml) as indicated. B, immu-
noblot analysis with the indicated antibodies of nuclear proteins from macro-
phages as in A. C, immunoblot analysis with the indicated antibodies of cell
lysis from RAW264.7 cells stably transfected with Myc-tagged IRG1, tolerized
with LPS, and re-stimulated with a second round of LPS as indicated. Data are
representative of three independent experiments with similar results.

IRG1 Suppresses NF-kB and IRF3 Activation in LPS-tolerized
Macrophages—To further confirm the function of inducible
IRGI in a LPS-tolerized macrophage model, we observed the
effects of IRG1 silencing on TLR4-triggered activation of
MAPK, NF-«B, and IRF3 pathways in LPS-tolerized macro-
phages. Knockdown of IRG1 did not affect the activation of
TAK1, JNK, and p38, but increased activation of IKK«/3, p65,
ERK, and IRF3 (Fig. 3A). The degradation of IkBa was also
more vigorous in IRG1-silenced macrophages, which led to
more activation of the transcription factor NF-«B. Knockdown
of IRG1 increased nuclear translocation of transcriptors p65
and IRF3 (Fig. 3B). Accordingly, overexpression of IRG1 inhib-
ited nuclear translocation of p65, AP-1, and IRF3 in LPS-toler-
ized macrophages (Fig. 3C). These results indicated that IRG1
might suppress p65 and IRF3 activation in LPS-tolerized
macrophages, thus contributing to suppression of TLR4-trig-
gered production of proinflammatory cytokines and IFN-f.

IRG1 Promotes A20 Expression and ROS Production in LPS-
tolerized Macrophages—The above data suggested that knock-
down of IRG1 did not affect TAK1 activation, but enhanced
downstream IKKa/f3 activation, indicating that IRG1 might
function downstream of TAK1 and upstream of IKKa/. A20,
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SOCS1, IRAK-M, and SHIP were identified as major inhibitors
in endotoxin tolerance (13). We then observed whether knock-
down of IRG1 affected the expression of A20, SOCS1, IRAK-M,
and SHIP in LPS-tolerized macrophages. Interestingly, we
found that expression of A20 was potently decreased in LPS-
tolerized macrophages by knockdown of IRG1, whereas the
expression of SOCS1, IRAK-M, and SHIP were not affected,
suggesting a nonredundant role of A20 in IRG1-mediated
endotoxin tolerance (Fig. 4A). Overexpression of IRG1
increased TLR-4-induced expression of A20 in LPS-tolerized
macrophages (Fig. 4B). Considering that A20 negatively regu-
lates NF-kB activation by deubiquitinating the K63-linked
chain of NEMO, which is the indispensible molecule for
IKKe/B activation (36, 37), we proposed that regulation of A20
expression by IRG-1 might be important in the LPS-tolerized
macrophage model.

Novel insights have led to the suggestion that ROS and ROS-
induced genes are important regulators of inflammation and
are also involved in endotoxin tolerance (18). Whether IRG1
knockdown could affect ROS production was determined by
FACS analysis. IRG1 knockdown decreased LPS-induced ROS
production in LPS-untolerized macrophages, and the decrease
of ROS production by IRG1 knockdown was much more
remarkable in LPS-tolerized macrophages (Fig. 4C). Accord-
ingly, IRG1 overexpression increased LPS-induced ROS pro-
duction in LPS-untolerized macrophages, and the increase of
ROS production by IRG1 overexpression was much more
remarkable in LPS-tolerized macrophages (Fig. 4D). These
results indicated that IRG1 might function in LPS-tolerized
macrophages through up-regulation of A20 expression and
ROS production.

A20 and ROS Production Is Critical for IRGI Function in
LPS-tolerized Macrophages—We next investigated the rela-
tionship between A20 and ROS in the function of IRG1 in an
endotoxin-tolerized model. A20 expression was silenced in
RAW?264.7 cells by specific siRNA (Fig. 54). Consistent with
previous reports (13), knockdown of A20 expression increased
LPS-induced production of proinflammatory cytokines and
IFN-B in LPS-tolerized macrophages (Fig. 5B). To further
explore the role of A20 in IRG1-induced endotoxin tolerance,
we silenced A20 expression in IRG1-overexpressing RAW?264.7
cells, and found that overexpression of IRG1 significantly inhib-
ited LPS-induced production of proinflammatory cytokines
and IFN-B in LPS-tolerized macrophages. However, the inhib-
itory effect was abolished when A20 was silenced. The data
indicate the increased A20 expression is crucial for IRG1 func-
tion in LPS-tolerized macrophages (Fig. 5C). Taking into
account that IRG1 knockdown led to decreased ROS produc-
tion in LPS-tolerized macrophages, we supplemented hydro-
gen peroxide (H,O,, 20 um) into macrophages before the
second round of LPS challenge. The H,O, supplement signifi-
cantly decreased the production of TNF-« and IFN-S in IRG1-
silenced macrophages, but did not significantly affect TNF-«
production in control macrophages, in which IRG1 was highly
expressed (Fig. 64), suggesting the role of ROS in IRG1-pro-
moted endotoxin tolerance. The supplement of H,O, also
abrogated the decrease of A20 expression in IRG1-silenced
macrophages (Fig. 6B). Accordingly, increased A20 expression
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in IRG1-overexpressing RAW?264.7 cells was abrogated by the
ROS scavenger NAC (Fig. 6C), indicating that ROS is indispen-
sable for IRG1l-induced up-regulation of A20 expression.
Moreover, the increased activation and nuclear translocation of
p65 and IRF3 in IRG1-silenced macrophages were also abro-
gated with the supplement of H,O, (Fig. 6, D and E). These
results indicate that IRG1 might up-regulate A20 expression by
LPS-tolerized macrophages increasing ROS production.

ROS Production Increases A20 Transcription in LPS-tolerized
Macrophages by Mediating Histone Modification—We next
addressed how ROS could up-regulate A20 expression. We first
observed whether the mRNA of A20 is affected by ROS. Con-
sistent with the above results, the supplement of H,O, up-reg-
ulated mRNA expression of A20 in IRG1-silenced macro-
phages (Fig. 7A), whereas the addition of the ROS scavenger
NAC decreased A20 mRNA expression in IRG1-overexpress-
ing macrophages (Fig. 7B), indicating that ROS increases A20
transcription. Taking into account that NF-«B is an important
transcriptor of A20 (37, 38), and IRG1 knockdown leads to
increased NF-«B activation (Fig. 3) but decreased A20 expres-
sion (Fig. 4), we thus excluded the possibility that NF-«B is
responsible for A20 transcription. We next determined
whether alternated chromatin histone modification is respon-
sible for increased A20 transcription by the ChIP assay. The
methylated H3K4me3 of chromatin histone was pulled down
following quantization of the A20 promoter domain by Q-PCR.
IRG1 knockdown decreased methylation of H3K4, whereas
supplement of H,O, abrogated the phenomena in LPS-toler-
ized macrophages (Fig. 7C). Accordingly, the increased methyl-
ation of H3K4 in IRG1-overexpressing RAW264.7 cells was
abolished in the presence of NAC (Fig. 7D). These results indi-
cate that IRG1 increased A20 expression through ROS-medi-
cated histone modification of the A20 promoter domain in an
epigenetic level.
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DISCUSSION

Sepsis is a life threatening problem worldwide. In the early
period, patients may die from hyperinflammation with cyto-
kine storm induced by bacteria, which emphasize the impor-
tance of negative regulation of the innate system (9, 16, 17, 32,
34). Numerous agents aimed to suppress hyperinflammation
with the cytokine storm in this initial phase have improved
clinical outcome and increased survival of the majority of
patients during this early period (39). However, in the late
period of sepsis, the foregoing hypoinflammation status of the
innate immune system often leads to SAIS and secondary infec-
tion with organisms not typically pathogenic in the immuno-
competent host (1, 2), indicating the importance of an endotox-
in-tolerant mechanism. Up to now, there are very few effective
approaches verified to address this problem at late stage of sep-
sis with hypoinflammation or endotoxin tolerance. In this
study, we investigated whether Irgl, one of the LPS-inducible
genes, was involved in sepsis, sepsis-associated immunosup-
pression, and endotoxin tolerance. We have demonstrated that
IRGI is important in the maintenance of the reduced inflam-
matory cytokine production in LPS-tolerized macrophages by
promoting A20 expression through a ROS-dependent manner.

IRG1 was highly up-regulated in PBMCs from patients dur-
ing sepsis and gradually decreased after recovery from sepsis.
The significant up-regulation of IRG1 was also observed in
LPS-stimulated mouse macrophages, which indicated that
IRG1 might be involved in sepsis, SAIS, and endotoxin toler-
ance. However, how TLR signals triggered Irg! transcription or
up-regulation remains controversial. Several previous studies
about mouse dendritic cells and macrophages have shown that
LPS-induced Irgl transcription was dependent via TLR4 in
MyD88-dependent and IFN-B-independent manners (40 —42).
More recently, using LPS-stimulated macrophages as a cell
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model, the Irg] gene was found to be induced in MyD88 '~ and  macrophages, other than in LPS-untolerized macrophages,
TRIF/~ macrophages but not in MyD88 /~ TRIF /™ macro- suggesting a selective role of IRG1 in endotoxin tolerance but
phages, indicating that both MyD88 and TRIF signal pathways not the regulation of TLR signaling. Accordingly, the increased
that can lead to IRG1 expression (43). However, most recently, cytokines was further confirmed by the observation of the
Shi et al. (44) found that M. tuberculosis-induced IRG1 expres- increased p65 and IRF3 activation in LPS-tolerized macro-
sion was TLR2 and TLR4 independent, but required IFNaBR  phages once silenced of IRG1. Thus, we hypothesized that the
and STATI. Furthermore, with its AU-rich element in the induction of IRG1 expression during sepsis may not contribute
3'-UTR, Irgl expression was also shown to be modulated by a  to the host from excessive inflammatory responses (“cytokines
post-transcriptional mechanism (23). None of these studies, storm”)in the early phase hyper-responsive period by suppress-
however, investigated the downstream molecular mechanisms ing cytokines production, but importantly, inducible IRG1 may
and transcription factors that lead directly to the induced Irgl  function in the late hypo-responsive period, causing decreased

mRNA expression, which needs further investigation. antibacterial immunity and leading to opportunistic infection
The extremely high expression of IRG1 draws us to choose  of the survivors from sepsis.
knockdown of IRG1 to observe its function in endotoxin toler- Although the molecular mechanism of negative regulation of

ance. Until now, to our knowledge, no exact function of IRG1in  TLR signaling has been intensively investigated, the molecular
the regulation of innate immune responses has been reported, mechanism of endotoxin tolerance remains to be further illu-
although many previous reports declared increased IRG1 minated. SOCS1, IRAK-M, SHIP, and A20 have been linked to
expression during various infections and TLR ligand stimula- ~LPS-induced tolerance (13, 16, 17). A20 is an early NF-«B-re-
tion (23, 24). Our data revealed that IRG1 knockdown increased ~ sponsive gene that encodes a ubiquitin-editing protein that
both TLR4- and TLR2-triggered production of proinflamma- deubiquitinating K63-lined and ubiquitinating K48-linked
tory cytokines (TNF-« and IL-6) and IFN-B in LPS-tolerized chains onto substrate proteins (36, 45). A20 is involved in the
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negative feedback regulation of NF-«B and IRF3 activation in
TLR signaling. Moreover, A20 is not only indispensable for
restricting inflammation in response to bacterial infection but
also seems to control the immune response to viral infection
(46). In our data, silence of IRG1 increases cytokine production
in LPS-tolerized macrophages and thus disrupts endotoxin tol-
erance, with increased A20 production, but did not interfere
with the expression of SOCS1, IRAK-M, or SHIP, suggesting a
nonredundant role of A20 in IRG1-mediated LPS tolerance.

As NF-kB triggers de novo transcription of A20 mRNA (37,
38), and NF-«B activation was decreased with up-regulation of
IRG1 expression in LPS-tolerized macrophages, thus IRG1 may
not up-regulate A20 expression through NF-«B activation. Fur-
thermore, the hypo-responsiveness to the secondary LPS chal-
lenge in LPS-tolerized macrophages was mediated by the coor-
dinated action of two inhibitory mechanisms: the suppression
of the TLR-triggered signaling pathways and the modulation of
chromatin remodeling (13, 47, 48). We further found that
decreased ROS production is responsible for decreased
H3K4me3 modification and A20 expression in this model. Sup-
plement of ROS production abrogated the IRG1 knockdown
function in breaking endotoxin tolerance by increasing A20
transcription through H3K4 methylation of histone on the A20
promoter domain.

In conclusion, our present work demonstrates that the highly
inducible expression of IRG1 feedback promotes endotoxin tol-
erance by increasing A20 expression at the epigenetic level
through ROS production. Our study provides IRG1 as a new

VOLUME 288-NUMBER 23+JUNE 7, 2013



molecule involved in sepsis and endotoxin tolerance, which
throws new lights on the molecular mechanism for hypoinflam-
mation of sepsis and endotoxin tolerance. Also, these results
suggest a new mechanism of A20 expression at the epigenetic
level, and also suggest ROS as a novel drug-targeting substrate
to treat the hypo-responsiveness in sepsis.
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