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Rationale: Sepsis syndrome is characterized by inappropriate ampli-
fied systemic inflammatory response and bacteremia that promote
multiorgan failure and mortality. Nuclear factor-erythroid 2 p45-
related factor 2 (Nrf2) regulates a pleiotropic cytoprotective defense
program including antioxidants and protects against several inflam-
matory disorders by inhibiting oxidative tissue injuries. However, the
role of enhanced Nrf2 activity in modulating innateimmune responses
to microbial infection and pathogenesis of sepsis is unclear.
Objectives: To determine whether Nrf2 in myeloid leukocytes alters
inflammatory response and protects against sepsis.

Methods: Mice with deletion of Nrf2 or kelch-like ECH-associated pro-
tein (Keap1) in myeloid leukocyte cells and respective floxed controls
were subjected to cecal ligation and puncture-induced sepsis and
were assessed for survival, organ injury, systemic inflammation, and
bacteremia. Using LPS-stimulated peritoneal macrophages, Toll-like
receptor (TLR) 4 surface trafficking and downstream signaling
events were analyzed.

Measurements and Main Results: Mortality, organ injury, circulating
levels of inflammatory mediators, and bacteremia were markedly
reduced in LysM-Keap1~/~ compared with respective floxed controls
(Keap1”f or Nrf2/f) and significantly elevated in LysM-Nrf2~/~ mice
after cecal ligation and puncture. Peritoneal macrophages from septic
LysM-Keap1~/~ mice showed a greater bacterial phagocytic activity
compared with LysM-Nrf2~/~ and floxed controls. LPS stimulation
resulted in greater reactive oxygen species-induced cell surface
transport of TLR4 from trans-Golgi network and subsequent TLR4
downstream signaling (recruitment of MYD88 and TRIF, phosphory-
lation of kB and IRF3, and cytokine expression) in macrophages
of LysM-Nrf2~/~ compared with LysM-Keap1~/~ mice and floxed
controls.

Conclusions: Our study shows that Nrf2 acts as a criticalimmunomod-
ulator in leukocytes, controls host inflammatory response to bacte-
rial infection, and protects against sepsis.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Host factors that control innate immune-inflammatory re-
sponses during sepsis are less understood. Nuclear factor—
erythroid 2 p45-related factor 2 (Nrf2) regulates antioxidant
defenses that protect against inflammation by inhibiting ox-
idative tissue injuries. However, whether enhancing Nrf2 in
leukocytes affects innate immune-inflammatory responses to
microbial infection and modulates the pathogenesis of sepsis
is unclear.

What This Study Adds to the Field

Enhancing Nrf2 signaling in macrophages and neutrophils
improves host survival by increasing antibacterial and
antiinflammatory defenses during sepsis.
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Sepsis is a complex syndrome characterized by infection and sys-
temic inflammatory response (1). It is a leading cause of death in
intensive care units with mortality rates that range from 30-
70%, and the mortality rate is especially high in patients with
nosocomial infections (1-3). Other than supportive care, there
are no effective therapies to improve survival in patients with
sepsis (1). Recombinant activated protein C is the only ap-
proved therapy for the treatment of patients with severe form
of sepsis (4). Recent advancement in research in sepsis has
indicated that the pathogenesis of sepsis is mediated by dysreg-
ulated host inflammatory response that involves amplified in-
nate inflammatory response along with complement activation
against infection followed by immune suppression (5). Dysreg-
ulated host inflammatory response results in persistent infection
and excess cytokines and secondary mediators, such as lipid
mediators, reactive oxygen species (ROS), and reactive nitro-
gen species, which cause tissue damage (1). Pathologic sequelae
of sepsis include vascular injury, apoptosis, tissue injury, and
ultimately multiorgan failure.

Toll-like receptors (TLRs) in phagocytes (macrophages and
neutrophils) mediate immune recognition of pathogens by detect-
ing conserved pathogen-associated molecular patterns (5). They
play a crucial role in modulating innate immune-inflammatory
response and outcome of sepsis. Disruption or antibody neu-
tralization of specific TLRs including TLR2, TLR3, TLR4, and
TLR9Y has been shown to improve survival in a polymicrobial
mice model of sepsis (6-8). Further, a recent study has reported
cross-talk between TLR4 and TLR2 signaling pathways in aug-
menting proinflammatory response and mortality in sepsis (9).
Overall, there is an imbalance of regulatory inflammatory net-
works resulting in inappropriate host immune response in sepsis
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(5). However, the role of host factors that modulate inflamma-
tory signaling pathways and determine severity of sepsis or de-
crease mortality is less clear.

Nuclear factor-erythroid 2 p45-related factor 2 (Nrf2), a
bZIP transcription factor, regulates cellular redox homeostasis
by mounting a coordinated induction of antioxidants and other
associated defenses (glutathione biosynthesis, NADP reduced
regeneration, and heme oxygenase-1) (10-12). In response to
inflammatory or oxidative stress, Nrf2 dissociates from its cyto-
solic inhibitor, kelch-like ECH-associated protein (Keapl),
translocates to the nucleus, binds to a cis-element referred to
as “antioxidant response element,” and transcribes its target
genes (10). Global deletion of Nrf2 in mice impairs induction
of cellular antioxidant defenses, lowers redox potential, and
enhances susceptibility and severity to several inflammatory dis-
orders including asthma, fibrosis, emphysema, and colitis (10,
11, 13). Clinical studies support inverse correlation between
Nrf2 activity and severity of inflammatory disorders, such as
chronic obstructive pulmonary disease and Friedreich ataxia
(14, 15). Previously, we reported that global disruption of Nrf2
enhances LPS- and cecal ligation and puncture (CLP)-induced
mortality (16). However, it remained unclear whether increasing
Nrf2 activity alters innate-inflammatory responses and protects
against sepsis pathogenesis. Here, we report that enhancement of
Nrf2 activity in effector cells of innate immunity, macrophages
and neutrophils, by myeloid cell-specific deletion of Keapl mark-
edly improves survival, whereas the deletion of Nrf2 augments
mortality because of dysregulated inflammatory response in an
experimental model of sepsis.

METHODS

Generation of Lineage-specific Deletion of Keap1 and Nrf2
Genes in the Myeloid Cells of Mice

We generated mice for conditional deletion of Keapl and Nrf2 in
myeloid cells. A targeting vector for Keapl was constructed by insert-
ing LoxP sites flanking Exons 2 and 3. A neomycin cassette flanked by
flippase recognition target (FRT) sites was used for the selection of
positive clones. The vector was linearized by Notl and transfected
by electroporation into C57BL/6] embryonic stem cells. After selec-
tion of clones with neomycin, surviving clones were expanded for re-
verse transcription polymerase chain reaction (PCR) analysis to
identify ES clones with homologous recombination at Keapl locus.
Two recombinant clones were identified and injected into recipient
female mice. Chimeras with the targeted allele were backcrossed with
C57BL/6 mice to generate Keap1™™T Neo™ mice. Keap1?™VT Neo™
mice were subsequently crossed with mice carrying the flippase
(FLP) recombinase (FLP" mice on the C57BL/6 background), which
targets the FRT sequence flanking the neomycin cassette to gener-
ate Keap1™™.Neo™-FLP" mice. The presence of the FLP trans-
gene was segregated by backcrossing with C57/BL6J mice to
generate the Keap1"®*' FLP™ mice. The confirmation of the floxed allele
without the FLP transgene was done by PCR analysis. Keaplﬂ‘”‘/Wt FLP™
mice were further inbred to generate Keapl1™¥°* mice, which are aphe-
notypic. Myeloid cell-specific Keapl-deficient (LysM-Keapl ") mice
were generated by breeding Keapl™¥* mice with LysM-Cre™ mice
(Jackson Laboratories, Bar Harbor, ME), which express Cre recombinase
only in the myeloid cells including macrophages and granulocytes (17).
Initial experiments have revealed no reduction in survival or fertility of
conditionally targeted mice. The deletion of Exons 2 and 3 of the Keapl
gene resulted in the loss of most of the intervening region domain and
four of six of the Kelch domains in the truncated Keapl protein. The
predicted size of the truncated Keapl protein is 25 kD.

To delete the Nrf2 gene in cells from the myeloid lineage, a targeting
vector was generated by inserting LoxP sites flanking the DNA-binding
domain (Exon 5) of the Nrf2 gene and a neomycin cassette flanked
by FRT sites for the selection of positive clones. The linearized vector
was transfected into C57BL/6J embryonic stem cells. After selection
with neomycin, surviving clones were expanded for PCR analysis to

identify ES clones with homologous recombination at Nrf2 locus.
Two recombinant clones were identified and used for injection into re-
cipient female mice. Chimeras with the targeted allele were backcrossed
with C57BL/6 mice to generate the Nrf21°1°* and Neo™ mice. The
crossing strategy to generate LysM-Nrf2 ™/~ was the same as described
previously for LysM-Keapl ™'~ mice.

Microarray Analysis

The mRNA isolated from bone marrow—derived macrophages (BMDM)
was applied to Murine Genome MOE 430 2.0 GeneChip arrays (Affy-
metrix, Santa Clara, CA) according to procedures described previously
(16). Intensity of hybridization for each probe pair was computed
by Command Console software (Affymetrix). Genes differentially
expressed were defined as significant with P less than or equal to 0.01
with a fold change greater than 1.5-fold.

CLP Model

Sepsis was induced by CLP using methods described previously (16, 18).
The distal 50% of exposed cecum was ligated with 3-0 silk suture and
punctured with one pass of a 21-gauge needle. For serum cytokine
analysis, a less severe CLP model (one pass of a 22-gauge needle)
was used. Postoperatively, the animals were resuscitated with subcuta-
neous injection of 1 ml sterile 0.9% NaCl.

Microarray Immunoassay

The microarray immunoassay was performed using standard spotting
equipment and fluorescence slide readers as described previously (18).

Peritoneal Macrophages

Thioglycollate-elicited peritoneal macrophages were isolated from mice
using methods described previously (16, 19).

Phagocytosis Assay

Peritoneal macrophages were isolated from healthy or CLP- treated
mice and cocultured with fluorescent-labeled (fluorescein isothiocya-
nate) Pseudomonas aeruginosa (ATCC) in phosphate-buffered saline
at 37°C for 1 hour. Bacterial phagocytosis was analyzed by flow cytom-
etry as described previously (20). For analyzing bactericidal activity,
macrophages were incubated with P. aeruginosa for 4 hours and bac-
terial growth was assessed in cell-free culture medium as described
previously (20).

Quantitative Real-time PCR

Quantitative real-time PCR analyses were performed by using probe
sets commercially available from Applied Biosystems (Foster City,
CA) as described previously (19). Assays were performed by using
the ABI 7000 Tagman system (Applied Biosystems).

Flow Cytometry Analysis of TLR4 Surface Expression

Cell surface expression of TLR4 was detected by flow cytometry with
fluorescein isothiocyanate—conjugated anti-TLR4 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) as described elsewhere (18).

Measurement of ROS

Intracellular levels of ROS were determined using the redox-sensitive
probes DCFH-DA in conjunction with flow cytometry as described pre-
viously (18).

Immunoblot Analysis

Antibodies (anti-TLR4, anti-MYD88, anti-IkB, and antiphosphorylated
IkB) were obtained from Santa Cruz Biotechnology. Anti-IRF3 and
antiphosphorylated IRF3 were obtained from Cell Signaling Technol-
ogy (Danvers, MA). Anti-high mobility group 1 (HMGB1) and anti-
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toll-interleukin-1 receptor domain-containing adapter protein inducing
interferon beta (TRIF) were procured from Abcam (Cambridge, MA).
Immunoprecipitation and immunoblot analysis was performed as de-
scribed previously (15).

Statistical Analysis

Survival studies were analyzed by using the log-rank test. All other data
were analyzed with the unpaired Student ¢ test or U test. Statistical
significance was accepted at P less than 0.05.

RESULTS

Generation and Characterization of Mice with Myeloid
Cell-Specific Deletion of Keap1 or Nrf2

To examine the specific role of Nrf2 in regulation of innate im-
mune responses in sepsis, we generated mice with deletion of
Keapl or Nrf2 specifically in myeloid cells (macrophages and
neutrophils) using the cre-loxP recombination approach. We first
generated Nrf21¥1°% (Nrf2f) and Keap1°¥1°* (Keap1”) mice
by the insertion of two loxP sites flanking Exon 5 and Exons 2
and 3, respectively, (Figures 1A and 1D). Next, we analyzed the
expression of Nrf2-regulated transcriptional targets in different
organs and confirmed that insertion of loxP sites in Nrf2 or
Keapl gene did not alter the wild-type phenotype of Nrf2"”f
and Keap1”'. The level of the expression of Nrf2-regulated tar-
get genes NQO1 and GCLM was similar in BMDM, liver, kid-
ney, and lungs of Nrf2”, Keap1?f, and wild-type mice (data not
shown).

Myeloid cell-specific deletion of Nrf2 or Keapl was gener-
ated by crossing Nrf2”* and Keap1”' mice with mice bearing Cre
recombinase under the control of lysozyme M promoter (LysM-
N2/~ and LysM-Keapl™"). Lysozyme M has been shown to
be exclusively expressed in cells of the monocyte-macrophages
and granulocyte lineages of hematopoietic differentiation (21,
22). The deletion of Exon 5 of the Nrf2 gene results in the loss
of DNA-binding domain, whereas the deletion of Exons 2 and 3
of the Keapl gene results in the loss of most of IVR domain
(four of six of the kelch domains). PCR analysis of genomic
DNA from LysM-Nrf2™/~ or LysM-Keapl '~ BMDM, perito-
neal neutrophils, and other vital organs revealed amplification
of floxed allele (2,600 bp and 2,954 bp) and deleted allele (467
bp and 288 bp) (Figures 1B and 1E). The extent of deletion of
Nrf2 or Keapl floxed allele was complete in BMDM and neu-
trophils. The amplification of the deleted floxed allele was
higher in spleen and lower in liver, kidney, and lung indicating
the degree of presence of macrophages or neutrophils in these
tissues, but there were no deleted floxed alleles in the flox mice
(Figures 1B and 1E). LysM-Nrf2™'~ or LysM-Keapl ™~ mice
were healthy and fertile. Basal mRNA levels of Keapl were
significantly reduced, whereas Nrf2-regulated genes NQOI1
and GCLM were significantly up-regulated in peritoneal macro-
phages and peritoneal neutrophils from LysM-Keapl ™~ mice
compared with Keap1™. No significant difference was detected
in Nrf2 mRNA expression between LysM-Keapl™~ and
Keapl™ (data not shown). However, the levels of nuclear
Nrf2 protein were markedly higher in peritoneal macrophages
of LysM-Keapl '~ compared with Keapl”" (see Figure E1 in
the online supplement). On the contrary, in LysM-Nrf2 ™/~
mice, mRNA levels of Nrf2 and Nrf2-regulated genes (Nqol
and Gclm) were markedly reduced constitutively (Figures 1C
and 1F).

To gain a comprehensive view of Nrf2-regulated cytoprotec-
tive genes in response to Keapl disruption in the macrophages,
we performed microarray analysis in BMDM isolated from
LysM-Keapl '~ and Keap1” mice. The level of Nrf2 regulated
antioxidant and phase II genes including GSH-biosynthesizing

enzymes, glutathione reductase, catalase, NQO1, peroxire-
doxin, and thioredoxin reductase was signiﬁcantl/y higher in
macrophages from Lysm-Keapl™~ than in Keap1®! (see Table
E1l). Concurrently, we also performed microarray analysis in
BMDM isolated from wild-type and global Nrf2-knockout mice.
The constitutive expression levels of these antioxidant genes
were significantly lower in BMDM isolated from Nrf2-
knockout mice compared with wild-type (see Table E1). Vali-
dation by quantitative PCR analysis showed similar but higher
degree of up-regulation of selected Nrf2-regulated antioxidant
genes (Nqol, Gelm, and Gelc) (see Figure E2). Likewise, the
level of these antioxidant genes was significantly lower in mac-
rophages isolated from LysM-Nrf2™'~ mice than in Nrf2"f as
analyzed by quantitative PCR (data not shown).

Myeloid Cell-Specific Deletion of Keap1 Protects against
Mortality, whereas Deletion of Nrf2 Augments Mortality
in Polymicrobial Sepsis

To determine whether disruption or enhancing Nrf2 pathway in
myeloid cells (macrophages and neutrophils) affects mortality
after sepsis, we subjected LysM-Keapl™~, LysM-Nrf2~'~,
Keaplf/ f, and Nrf2”" mice to CLP and monitored survival for
7 days. After CLP, no significant difference in the mortality
between the Keap1”f and Nrf2”f mice groups was observed sug-
gesting no change in phenotypes as a result of the insertion of
loxP sites. LysM-Keapl '~ mice showed a dramatic improve-
ment in the survival compared with Keap1”' mice (P < 0.01). In
contrast, LysM-Nrf2 '~ mice showed poor survival compared
with Nrf2”" mice (P < 0.01). On Day 7, survival in LysM-
Keaplfl -, LysM-Nerf/ -, Keaplf/ T and Nrf2”" mice was 75%,
15%, 30%, and 30%, respectively (Figure 2A). Sham surgery
caused no death in any of the genotypes (data not shown).
These data demonstrate that Nrf2 pathway plays a critical role
in myeloid cells in regulating mortality after polymicrobial sep-
sis.

Lethality in sepsis is associated with vital organ failure. There-
fore, we next examined pathology or function of major organs
(lung, liver, and kidney) often injured in patients with sepsis. Se-
rum levels of blood urea nitrogen, an indicator of renal dysfunc-
tion, was significantly elevated in LysM-Nrf2 ™'~ compared with
floxed controls and LysM-Keapl™'~ mice (Figure 2B). Serum
levels of aspartate aminotransferase, an indicator of liver injury,
were significantly higher in LysM-Nrf2™/~ mice compared with
LysM-Keapl '~ mice (Figure 2C). The serum level of aspartate
aminotransferase was high but not significant in the LysM-
N2/~ mice compared with floxed control (Figure 2C). Histo-
pathologic analysis revealed greater lung injury as indicated by
infiltration of inflammatory cells into lung parenchyma in LysM-
Nrf2™/~ compared with floxed controls and LysM-Keapl ™~
mice (Figure 2D). Sham surgery showed no signs of organ injury
in any of the genotypes (data not shown). Taken together, the
results indicate that higher mortality in LysM-Nrf2 ™/~ mice was
associated with multiple organ failure.

LysM-Nrf2~/~ Mice Showed Dysregulated Inflammatory
Response Compared with LysM-Keap1~/~ Mice

One of the hallmarks of sepsis pathogenesis is dysregulated host
inflammatory response to infection that is reflected in circulating
levels of proinflammatory and antiinflammatory cytokines. In
a model of polymicrobial sepsis, high levels of proinflammatory
mediators correlate with poor prognosis (23). Clinical and pre-
clinical studies have reported a strong correlation between
sepsis mortality and serum inflammatory mediators including
IL-6, IL-1B3, IL-10, HMGBI, and IL1-ra. Therefore, we analyzed
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Figure 1. Generation and characterization of conditional knockout mice. (A) Schematic representation of kelch-like ECH-associated protein (Keap1)
gene targeting vector for tissue-specific deletion of Exons 2 and 3. LA = long arm; SA = short arm. (B) Specific recombination of the conditional
Keap1 allele in the LysM-Keap1~/~ mice lungs, liver, kidney, spleen, bone marrow-derived macrophages, and neutrophils. The 288-bp band
represents Exons 2 and 3 deleted Keap1 allele and 2,954-bp band represents the floxed or the wild-type allele. No deletion was detected in the
macrophages and neutrophils from Keap1”* mice. (C) mRNA expression by quantitative polymerase chain reaction (PCR) of Keap1, Gclm, and Ngo'1
genes in bone marrow—derived macrophages and peritoneal neutrophils from Keap1 ™/~ and Keap1”" mice. P < 0.05. (D) Schematic representation
of nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) gene targeting vector for tissue-specific deletion of Exon 5. LA = long arm; SA = short arm.
(E) Specific recombination of the conditional Nrf2 allele in the LysM-Ner’/’ lungs, liver, kidney, spleen, bone marrow—derived macrophages, and
neutrophils. PCR-based genotyping of the DNA revealed a 2,600-bp band of wild-type or the floxed allele and a 467-bp band representing the Exon
5 deleted allele. No deletion was detected in the macrophages and neutrophils from Nrf2”" mice. (F) mRNA expression by reverse transcriptase PCR
of Nrf2, Gclm, and Ngol genes in bone marrow—derived macrophages and peritoneal neutrophils from Nrf2™/~ and Nrf2”" mice. *Significant
compared with respective flox control mice. P < 0.05. Data were analyzed by Student t test. BMDM = bone marrow-derived macrophages; RFC =

relative fold change.

the serum levels of proinflammatory and antiinflammatory medi- 24-hour after CLP (Figure 3A and Table 1). In contrast, these
ators (IL-1B, IL-6, IL-12, IL-17, tumor necrosis factor [TNF]-a, inflammatory mediators were significantly lower in the serum
IFN-y, IL-1ra, IL-13, IL-4, IL-5, macrophage inflammatory pro- of LysM-Keapl ™~ compared with LysM-Nrf2~'~ or Keap1™
tein [MIP]-2, MIP-la, monocyte chemoattractant protein mice. We also confirmed higher IL-6 levels in the serum
[MCP]-1, TNF-SRI, and TNF-SRII) that have been previ- of LysM-Nrf2™/~ mice compared with LysM-Keapl™~ and
ously implicated in the pathogenesis of sepsis by microarray im- floxed control at 6 hours in a severe CLP model by ELISA
munoassay. For assessing serum cytokines, we used a less severe (see Figure E3). Immunoblot analysis showed that serum levels
CLP (22-gauge needle) model that produced approximately 20% of HMGBI1 were significantly higher in LysM-Nrf2 ™/~ than in
mortality in LysM-Nrf2™/~ mice but no mortality in LysM- Nrf2"" mice 24-hours after CLP. Serum levels of HMGBI in
Keapl ™~ mice at 48 hours (data not shown). Sham surgery did LysM-Keapl ™~ mice were markedly reduced compared with
not lead to any significant increase in cytokine levels in mice of Keapl™ and were lowest among all genotypes (Figure 3B).
all genotypes. Interestingly, the levels of proinflammatory and These data suggest that Nrf2 activity in macrophages and neu-
antiinflammatory mediators were markedly higher (~ 5- to 10- trophils is crucial in controlling lethal systemic inflammation in
fold) in LysM-Nrf2/~ mice compared with Nrf2”" mice sepsis.
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Figure 2. Myeloid cell-specific deletion of Keap1 protects against cecal ligation and puncture (CLP)-induced sepsis pathogenesis. (A) Survival curves
of mice (LysM-Nrf27/~, Keap1™', Nrf2"/, and LysM-Keap1~/") after CLP (n = 10/gp); details are provided in the MeTHoDs section. Data were
analyzed using log-rank test. *Significant compared with respective flox control mice; P < 0.01. (B and C) Serum level of blood urea nitrogen (BUN)
and aspartate aminotransferase (AST) in LysM-Nrf2~/~, Keap1™", Nrf2”', and LysM-Keap1~/~ mice 24 hours after CLP (n = 5/gp). (D) Histopath-
ologic analysis of lung from Nrf2"”", LysM-Nrf2~/~, Keap1™', and LysM-Keap1~/~ mice 24 hours after CLP (n = 5/gp). Images (xX40) from lung
sections of three different mice are shown. Data were analyzed using Student t test. *Significant compared with respective flox control mice;

tSignificant compared with LysM-Nrf2~/~ P < 0.05.

Nrf2 Activation in Innate Immune Cells Preserves
Antibacterial Defenses

Inadequate immune-inflammatory response may impair anti-
bacterial defenses and enhance risk to bacteremia. To address
whether Nrf2 pathway in innate immune cells alters effec-
tive antibacterial defenses, bacterial burden was measured in
LysM-Keapl ', LysM-Nrf2™/~, Keap1”, and Nrf2?" mice
24-hours after CLP. Blood bacteremia (systemic bacterial bur-
den) was significantly lower in LysM-Keapl '~ than in Keap1™,
whereas it was higher in LysM-Nrf2™'~ than in Nrf2”" and
LysM-Keapl ™'~ mice (Figure 4A). Bacterial burden between
Keapl™ and Nrf2”" was not significant after CLP. Similarly,
bacterial burden in peritoneal cavity (local bacterial burden)
was markedly lower in LysM-Keapl '~ than in Keap1™ and
it was higher in LysM-Nrf2~/~ than in Nrf2”" and LysM-
Keapl ™'~ mice (Figure 4B). These results demonstrate that
LysM-Keapl ™'~ mice showed improved ability to counter
bacteremia.

To address whether greater bacterial burden in LysM-
N1f2™/~ mice is caused by defective leukocyte migration, we
analyzed inflammatory cells in the peritoneal cavity of mice of
all genotypes after CLP. Leukocyte cell number (macrophages,
neutrophils, and lymphocytes) was markedly higher in LysM-
N1f2™/~ mice than in mice of flox control groups and LysM-
Keapl™'~. No significant difference in the leukocyte cell
number between LysM-Keapl ™'~ and floxed control groups was
noted (Figure 4C). Macrophages from septic mice show im-
paired bacterial phagocytosis and are well correlated with bac-
terial burden and mortality (24). To determine whether Nrf2
signaling effects bacterial phagocytosis, we analyzed ex vivo
bacterial phagocytic activity in peritoneal macrophages isolated
from LysM-Keapl ~'~, LysM-Nrf2 '~ Keap1”, and Nrf2"" mice

24-hours after CLP. Macrophages from LysM-Keapl ™~ mice
showed greater phagocytosis of opsonized fluorescent-labeled
(fluorescein isothiocyanate) P. aeruginosa, whereas macrophages
from LysM-Nrf2~/~ mice showed impaired phagocytosis (Figure
4D). Phagocytic ability was similar in Keap1”" and Nrf2" (Figure
4D). We also examined bactericidal activity by peritoneal mac-
rophages isolated from healthy mice. LysM-Keapl ™~ mac-
rophages showed enhanced bacterial phagocytosis and
bactericidal activity compared with LysM-Nrf2 ™/~ mice (Figures
4E and 4F) and floxed controls. The bactericidal activity was
comparable among LysM-Nrf2~/~, Keap1™, and Nrf2"f macro-
phages. These results suggest that enhancing Nrf2 activity in
macrophages improves bactericidal activity and mediates ap-
propriate innate immune-inflammatory response during sepsis.

Nrf2 Modulates Inflammatory Response by Redox Regulation
of TLR4 Signaling

Several studies have shown that ROS modulates TLR signaling
(25, 26). Because Nrf2 regulates several antioxidant defenses
(see Table E1), we investigated inflammatory response in peri-
toneal macrophages isolated from LysM-Keapl '~, LysM-
Nrf2 ™/~ Keaplf/f, and Nrf2” toward different TLR ligands
(TLR4-LPS, TLR3-Poly[I:C], TLR9-CpG, TLR2-LTA) and
H,0,. The mRNA expression levels of IL-6, TNF-a, and IFN-
were significantly reduced in LysM-Keapl '~ macrophages,
whereas the expression of these cytokines was highest in
LysM-Nrf2 ™/~ macrophages (Figure 5A; see Figure E4). We
have previously shown that enhancing Nrf2 activity by disrup-
tion of Keapl in lung epithelial cells dampens H,O,-induced
ROS levels (27). As expected, higher antioxidant defenses
attenuated H,O,-induced inflammatory response in LysM-
Keapl ™~ macrophages. On the contrary, H,O, treatment
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augmented inflammatory response in LysM-Nrf2~'~ macro-
phages compared with Nrf2"",

LPS responsiveness is partly regulated by the levels of TLR4
present on the plasma membrane. Recent studies have indicated
that LPS stimulation increases surface expression of TLR4 on
macrophages, which is mainly mediated by ROS (28). We hy-
pothesize that Nrf2 modulates innate immune response by
redox regulation of TLR signaling. In response to LPS, we found
a time-dependent increase in intracellular ROS levels in peri-
toneal macrophages. The intracellular levels of ROS were quan-
tified through dichlorofluorescin diacetate staining followed by
flow cytometry analysis. The levels of intracellular ROS in LPS-
stimulated macrophages from Keap1”" and Nrf2”" were similar.
However, ROS levels in macrophages of LysM-Nrf2~'~ were
significantly elevated, whereas they were markedly reduced in
LysM-Keapl '~ compared with floxed control (Figure 5B) at
all the time-points tested. Concurrently, next we investigated
TLR4 surface expression in peritoneal macrophages after LPS
stimulation. Flow cytometry analysis revealed a significant in-
crease in TLR4 surface trafficking after LPS stimulation in mac-
rophages of all the genotypes. Constitutively, surface TLR4
expression in macrophages was comparable among the geno-
types. However, macrophages from LysM-Nrf2 ™'~ mice showed
significantly higher surface expression of TLR4 compared with
LysM-Keapl '~ and flox control 20 and 45 minutes after LPS
stimulation. The TLR4 surface expression was comparable be-
tween Keap1” and Nrf2” after LPS stimulation (Figure 5C).
No significant differences were observed in total TLR4 protein

in vehicle- and LPS-treated macrophages from mice of all gen-
otypes as revealed by immunoblot analysis (see Figure E5A).
Similar results were obtained using immunocytochemistry anal-
ysis (see Figure E5B). To address that higher ROS levels in
LysM-Nrf2 '~ macrophages caused elevated TLR4 surface ex-
pression, we assessed TLR4 surface trafficking in presence of
exogenous antioxidant scavenger, N-acetylcysteine. N-acetylcys-
teine significantly dampened LPS-induced TLR4 surface expres-
sion (Figure 5D) in LysM-Nrf2 ™/~ macrophages and the levels
were comparable with Nrf2”f macrophages.

The cell surface level of TLR4 is determined by the amount
of TLR4 trafficking from the Golgi to the plasma membrane
and the amount of TLR4 internalized into endosomes (29).
To determine whether LPS stimulation increases TLR4 traf-
ficking from Golgi to plasma membrane, we examined the
TLR4 surface expression and IL-6 levels (as a downstream
indicator of TLR4 signaling) in macrophages from Nrf2"f
and LysM-Nrf2~'~ mice in the presence of monensin (30),
a specific inhibitor of trans-Golgi transport, after LPS stimu-
lation. LPS stimulation induced approximately threefold in-
crease in the surface expression of TLR4 in macrophages
from LysMsM-Nrf2~/~ compared with Nrf2”f, However, in
the presence of monensin, the surface expression of TLR4
was significantly reduced in macrophages from LysM-
Nrf2 '~ and was comparable with Nrf2”" after LPS stimulation
(Figure S5E). Concomitantly, the IL-6 levels were also signifi-
cantly reduced in the presence of monensin after LPS
stimulation (see Figures E6A and E6B).
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TABLE 1. LEVELS OF INFLAMMATORY MEDIATORS IN THE SERUM OF LysM-Nrf2™/~, LysM-Keap1~/~, Nrf2”f, AND Keap1"f MICE 24

HOURS AFTER CLP

Sham CLP
Inflammatory
mediators Nrf2"f LysM-Nrf2~/~ Keap1”f LysM-Keap1~/~ Nrf2"f LysM-Nrf2~/~ Keap1”f LysM-Keap1~/~
IL-18 BDL BDL BDL BDL 128 = 166 294* + 261 89 + 47 45 = 23
IL-2 30 £ 14 BDL BDL 3216 254 * 124 333 + 286 117 =194 66 = 76
L-4 BDL BDL BDL BDL 59 = 45 126* = 70 BDL BDL
IL-5 11 +5 25 + 25 19 = 14 20 =12 31 £ 22 69 * 35 27 £ 13 12F + 7
IL-1ra BDL 186 = 69 BDL 198 + 86 1,602 = 947 8,337+ 8,133 3,224 = 2,312 566" + 563
IL-12p70 BDL BDL BDL BDL 64 = 32 195* = 115 BDL BDL
IL-13 BDL BDL BDL BDL 111 £ 70 350* = 283 72 £ 27 BDLT
IFN-y BDL BDL BDL BDL 58 + 27 1,487F £ 1,136 190 + 255 BDL
MIP-2 BDL BDL BDL BDL 822 + 477 95,704 + 54,811 1,662 + 2,043 265" + 182
MIP-Ta BDL BDL BDL BDL 1,008 + 442 26,835t + 16,358 1,348 = 1,076 BDL
Eotaxin 623 + 596 4,310 = 1,615 2,155 + 1,443 2,216 + 1,687 1,1432 + 5812 30,058 + 14,467 6,957 + 6,604 4,229 + 3,875
mEotaxin2 453 = 275 905 = 99 982 £ 179 513 =133 1,901 = 1,395 3,510* = 1,301 1,450 = 1,066 989 *= 550
mTNFsrl 837 £ 130 735 £ 115 823 £ 118 744 = 75 1,527 =110 7,987 + 2,020 2,835 + 1,428 11,6307 + 525
mTNFsrll 215 =105 303 £ 65 279 = 55 209 = 92 520 = 83 4,486% = 2,047 1,089 = 551 479" + 302
mliL-17 BDL BDL BDL BDL 12 10 59% + 34 7.1 8.7 BDLY
mICAM1 1,498 =393 1,575 * 669 2,058 + 581 2,311 £ 392 3,749 = 1,712 5,742* £ 1,589 3,764 = 914 4,239 £ 1,211

Definition of abbreviations: BDL = below detection limit; CLP = cecal ligation and puncture; ICAM = intercellular adhesion molecule; Keap1 = kelch-like ECH-
associated protein; MIP = macrophage inflammatory protein; Nrf2 = nuclear factor-erythroid 2 p45-related factor 2; TNF = tumor necrosis factor.

* Significant compared with Nrf2”" at P < 0.05.
* Significant compared with Keap1”" at P < 0.05.
* Significant compared with Nrf2”* at P < 0.01.

Next, we examined whether higher surface levels of TLR4 led
to increase in the recruitment of downstream adapter molecules
and signaling pathway. We found greater recruitment of Myd88
and TRIF to TLR4 and activation of Nf-kB pathway (as indi-
cated by phosphorylation of IkB and degradation of IkB) and
IRF3 pathway (phosphorylated-IRF3) in peritoneal macrophages
from LysM-Nrf2~'~ mice compared with LysM-Keapl™'~ mice
(Figures 6A and 6B). In agreement, we observed significantly
higher expression of Myd88-dependent cytokine, TNF-a and
TRIF-dependent cytokine, IFN-B in LPS-treated LysM-Nrf2 ™/~
macrophages compared with LysM-Keapl ™~ macrophages (Fig-
ure 5A). Taken together, these results suggest that the amplified
inflammatory response in Nrf2-deficient macrophages is medi-
ated by ROS-dependent regulation of TLR4 signaling partly by
controlling the translocation of TLR4 from trans-Golgi network
to plasma membrane.

DISCUSSION

Myeloid lineage phagocytic leukocytes, macrophages, and neu-
trophils are essential for host defenses against bacterial infection
and play an important role in the pathogenesis of sepsis. Aber-
rant activation and impaired bacterial killing ability of macro-
phage and neutrophils is well correlated with severity and
poor outcome in patients with sepsis. ROS may play a pivotal
role in aberrant functions of macrophages and neutrophils and
pathogenesis of sepsis. Excess intracellular ROS function as a sig-
nal messenger and may mediate hyperactivation of innate
immune cells by affecting signal transduction. Extracellular
ROS released from leukocytes (hypochloric acid, superoxide,
hydrogen peroxide, and peroxynitrate) mediates tissue injury
subsequent to activation of innate immune responses. Nrf2 is
a ubiquitous transcription factor that regulates pleiotropic cyto-
protective defenses including several antioxidants and electro-
phile detoxification proteins, which collectively protect against
oxidative-mediated inflammatory process and tissue injury.
We report that increasing Nrf2 regulated antioxidants in myeloid
leukocytes improves septic survival by balancing inflammatory
responses via redox regulation of TLR4-nuclear factor-xB
(NF-«B) signaling while preserving antibacterial defenses.

We previously reported that Nrf2 is essential for survival in
LPS shock- and CLP-induced sepsis using Nrf2~/~ global knock-
out mice (16). However, it was unclear whether Nrf2 affected
immune-inflammatory response or tissue injury that helped in
survival of mice after sepsis and whether increasing Nrf2-
regulated endogenous antioxidants in macrophages and neutro-
phils would be protective or detrimental in sepsis. To address
these questions, we used mice with deletion of Nrf2 or Nrf2
inhibitor, Keap1 specifically in myeloid lineage leukocytes (mac-
rophages and neutrophils). The constitutive expression of Nrf2-
regulated antioxidant genes (GSH biosynthesizing enzymes and
GSH [data not shown]) was significantly higher in macrophages
and neutrophils from LysM-Keapl '~ compared with LysM-
Nrf2 ™/~ mice, whereas the expression of these genes was compa-
rable between Nrf2”f and Keap1”t, We found that the deletion of
Nrf2 in myeloid leukocytes augmented mortality, whereas the
deletion of Keapl dramatically protected against CLP-induced
mortality. The mortality between Nrf2”" and Keap1® after CLP
was not significant. In agreement with mortality data, the cyto-
kine array data showed that the levels of both the proinflamma-
tory (e.g., IL-6, TNF, and MIP-2) and antiinflammatory (e.g.,
IL-10 and IL-1ra) cytokines were markedly higher in serum
from LysM-Nrf2~/~ compared with LysM-Keapl '~ mice after
CLP. In a recent study, IL-17 has been demonstrated to promote
mortality in sepsis by increasing proinflammatory response, neu-
trophil mobilizing cytokines, and bacteremia (31). The level of
IL-17 was significantly higher in LysM-Nrf2™/~ mice than in
LysM-Keapl '~ mice. HMGBI, a well-characterized cytokine
with pleiotropic function, is a crucial late mediator of mortality
in sepsis (32). Secretory HMGB1 augments proinflammatory re-
sponse and promotes inflammation and tissue injury (33).The
level of HMGB-1, was also significantly higher in LysM-
Nrf2~'~ compared with LysM-Keap1~'~. Both mice and clinical
studies have documented that the balance of proinflammatory
and antiinflammatory cytokines is a better predictive marker of
severity and mortality in sepsis rather than a single mediator (23,
34). The analysis of proinflammatory and antiinflammatory cyto-
kines after increasing severity of CLP in mice models showed
that the higher expression of antiinflammatory cytokine, such
as IL-10, restrains the proinflammatory responses and improves



Kong, Thimmulappa, Craciun, et al.: Enhancing Nrf2 Pathway Inhibits Sepsis

935

2000 400
1500 1 u® E 300 d
® 200
1000 —— &~
= g% 100 —t rt
ES 140 ] 8 1 e .
5 X 120 1 a TS5 40
g5 100 4 " N .
oo £7 5 .
40 [ = o . .
20 | 8, - 10 . . . "
0 ae A e * 0 v v . N
T T w 'r_ z - P -
= z 2 X z = P
C 14 - ' D Figure 4. Keap1 deletion in myeloid cells augments anti-
* 35 . . ;

12 T 3 . bacterial defenses, whereas Nrf2 deletion disposes to
%'é 14 g 25 greater bacterial burden. (A) Blood CFUs in mice 24 hours
$X 484 @ 20 after CLP. No blood CFU was detected in sham surgery
%E 06 4 § 15 group (data not shown); (B) Bacterial burden in peritoneal
22 4, § 10 activity 24 hours after CLP; (C) Inflammatory cells in the
§3 0'2 | E’ 5 peritoneal cavity 24 hours after CLP; (D) Bacterial phago-
SZ 'o | - cytic activity of peritoneal macrophages isolated 24 hours

£ z oy z oy Z < x < after CLP. (E and F) Phagocytosis and killing of bacteria by

N Z =] % E = =t =< peritoneal macrophages isolated from healthy mice. Data
z = S % - § were analyzed by Student t test; *Significant compared
N g v 2 with flox control group; P < 0.05, Significant compared
D ‘ with LysM-Keap1~/~ group; P < 0.01.
cLp Yy p group;
E F 60
__ 40 © %
™ 3~
% 30 z 28 “©
2 2X 30
2 20 52
) Te 20
g Q
ol m © *
©
g, -
3 2 8 2 5 S 3 S
= % 3 E : 2 T
3 B § S s 2
+ ES N 3

the survival of septic mice (23). In this study, the ratio of antiin-
flammatory cytokine (IL-10 or IL-1ra) versus proinflammatory
cytokine (IL-6, TNF, or MIP2) was markedly higher (greater than
fivefold) in LysM-Keapl ™'~ compared with LysM-Nrf2~/~.
Taken together, these data suggest that inadequate antiinflamma-
tory responses may be partly responsible for severe systemic in-
flammatory response syndrome and mortality of LysM-Nrf2 ™/~
mice. On the contrary, robust antiinflammatory defenses im-
proved survival of LysM-Keapl '~ mice after CLP.

Excess ROS production in leukocytes in response to bacterial
pathogen can alter redox signaling cascade affecting membrane
receptors, protein kinases, phosphatases, and transcription fac-
tors resulting in aberrant inflammatory responses and phagocytic
activity (35). ROS augment onset of inflammatory response by
effecting NF-«B signaling (36, 37). Conversely, inhibition of ROS
using exogenous antioxidant scavengers, such as N-acetylcysteine
and vitamin E, attenuates inflammation (36, 37). Therefore,
antioxidant defenses are critical to leash inflammatory response;
however, it could be hypothesized that excess antioxidants may
predispose to immune suppression. The fact that patients with
sepsis are associated with immune suppression rather than
immune activation further raises this skepticism (38). In this
study, we found that increasing endogenous antioxidant de-
fenses regulated by Nrf2 in effector cells of innate immunity,
macrophages, and neutrophil attenuated inflammation without
compromising host antibacterial defense mechanisms. In in vitro

studies, we found that Keapl ™'~ macrophages showed a dimin-
ished inflammatory response after stimulation by a variety of
TLR agonists (TLR2, TLR3, TLR4, and TLRY) compared with
wild-type macrophages. On the contrary, deficiency of Nrf2 en-
hanced inflammatory response after stimulation with these TLR
agonists. In in vivo studies, we found a markedly lower number of
leukocytes in the peritoneum of LysM-Keapl ™'~ compared with
LysM-Nrf2 ™'~ or Keap1™ after CLP. Concomitantly, the bacte-
rial colonization was significantly lower in the peritoneal cavity
and blood of LysM-Keapl '~ mice compared with LysM-
Nif2~/~ or Keapl™. Peritoneal macrophages from septic mice
are associated with impaired bacterial phagocytic ability (24).
We found greater bacterial phagocytic ability of peritoneal mac-
rophages isolated from LysM-Keapl '~ compared with LysM-
Nrf2™"~ or Keapl” after CLP. At present, the underlying
molecular mechanisms responsible for improved bacterial phago-
cytic ability by Keapl ™~ macrophages after CLP are unclear
and further investigations are needed. Lower peritoneal and sys-
temic inflammation in LysM-Keapl '~ mice compared with
LysM-Nrf2 ™~ or Keapl™ after CLP may be partly caused by
the lower bacterial colonization and a diminished inflammatory
response.

LPS, a constituent of outer membrane of gram-negative bac-
teria, is recognized by the surface receptor TLR4. On recogni-
tion, TLR4 dimerizes and activates two downstream signaling
pathway mediated by MYDS88 and TRIF. Through cascade of



936

A
8000 120 1Oveh 1

BLPS

OVeh

—_ [ ] 1
G 6000 LPS

€ 4000
©0

o]
o

TNFa (RFC)
N
o

IFN-B (RFC)

= 2000

o
o

wCHN
pidesy|
wCHN

uldeay

=
<
@
:
z
3
N

—— Nrf2ff
—— Keap1™

.-Ldeay-NsA
+ZHN-INSAT

=

<
@
<
~
)
o}

o
=

—o— Nrf2ff
—— Keap1™f

O

=0~ LysM-Nrf2/-
—Oo— LysM-Keap1”/-

o
S

ROS (MCF)
Surface TLR4 (MCF)

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 184 2011

o Veh L)
mLPS ,
Figure 5. Nrf2-dependent redox regula-

tion of Toll-like receptor (TLR)4 surface
expression in macrophages. (A) mRNA
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activated cell sorter (FACS) analysis. (C)
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events, Myd88 and TRIF signaling pathway leads to the activa-
tion of NF-kB and IRF3 (39). Disruption or defective TLR4
dampens LPS-induced inflammation in mice (40). Similarly,
a weak surface expression of TLR4 on phagocytes suppresses
inflammatory response. Several studies have suggested that
ROS modulate TLR4 activation by augmenting TLR4 trafficking
to surface (28, 41). Inhibition of ROS generation by disruption
of NADP reduced oxidase activity dampens TLR4 activation
partly by reducing TLR4 surface trafficking. Previously, we
reported that excess ROS generation caused by NADP reduced
oxidase activity augments TLR4 surface trafficking and down-
stream signaling in Nrf2 ™/~ macrophages resulting in enhanced
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group; *Significant compared with LPS
alone; P < 0.05.

inflammatory response (18). In agreement with the previous
study, we found greater intracellular ROS levels and concur-
rent TLR4 surface expression and activation of downstream
signal transducers (Myd88, TRIF, phosphorylated-IkB, and
phosphorylated-IRF3) in peritoneal macrophages isolated from
LysM-Nrf2™'~ compared with Nrf2”" after LPS stimulation. In
contrast, Keapl ™'~ macrophages (high Nrf2 activity) were asso-
ciated with reduced ROS and TLR4 signaling compared with
Keap1” or LysM-Nrf2 '~ after LPS challenge. These results sug-
gest that Nrf2 modulates TLR4 activation by regulating intracel-
lular ROS levels. Although ROS affect TLR4 surface trafficking,
the underlying molecular regulators are unknown. In normal
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unstimulated cells, TLR4 is primarily located in the Golgi and
plasma membrane (42). Using a specific inhibitor of trans-Golgi
transport, we demonstrated that Nrf2 deficiency augments TLR4
surface expression partly by increasing TLR4 trans-Golgi trans-
port to cell surface.

Because of the dynamics and complexity of the sepsis syn-
drome, clinical trials designed to limit inflammation either by
specific anticytokine therapy, antiinflammatory drugs, or antiox-
idant therapy have failed (1, 5). Our data suggest that the Nrf2
pathway functions as a critical nodal point in redox modulation
of TLR signaling in innate immune cells, limits dysregulation of
inflammatory response, and preserves host antibacterial defenses
in sepsis. Pharmacologic activators of Nrf2 may function as an
“immunomodulator” for therapeutic intervention in sepsis.
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