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Our understanding of the role that host genetic factors play in the
initiation and severity of infections caused by gram-negative bacte-
ria is incomplete. To identify novel regulators of the host response to
lipopolysaccharide (LPS), 11 inbred murine strains were challenged
with LPS systemically. In addition to two strains lacking functional
TLR4 (C3H/HeJ and C57BL/6JTLR42/2), three murine strains with
functional TLR4 (C57BL/6J, 129/SvImJ, and NZW/LacJ) were found
to be relatively resistant to systemic LPS challenge; the other six
strains were classified as sensitive. RNA from lung, liver, and spleen
tissue was profiled on oligonucleotide microarrays to determine if
unique transcripts differentiate susceptible and resistant strains.
Gene expression analysis identified the Hedgehog signaling path-
way and a number of transcription factors (TFs) involved in the
response to LPS. RNA interference–mediated inhibition of six TFs
(C/EBP, Cdx-2, E2F1, Hoxa4, Nhlh1, and Tead2) was found to
diminish IL-6 and TNF-a production by murine macrophages. Mouse
lines with targeted mutations were used to verify the involvement
of two novel genes in innate immunity. Compared with wild-type
control mice, mice deficient in the E2F1 transcription factor were
found to have a reduced inflammatory response to systemic LPS, and
mice heterozygote for Ptch, a gene involved in Hedgehog signaling,
were found to be more responsive to systemic LPS. Our analysis of
gene expression data identified novel pathways and transcription
factors that regulate the host response to systemic LPS. Our results
provide potential sepsis biomarkers and therapeutic targets that
should be further investigated in human populations.
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Sepsis is the most common cause of death in intensive care units
(750,000 cases in the United States in 1995), with a mortality rate
of 28 to 40% (1). The sepsis cascade is initiated by the release of
bacterial toxins, which leads to an unregulated inflammatory
response, systemic inflammatory response syndrome, and ulti-
mately to multiple organ failure. However, antiinflammatory
agents have failed in the treatment of sepsis due to the patho-
physiologic complexity of the syndrome, which involves cardio-
vascular, immunological, and endocrine systems. It is therefore
important to identify novel therapeutic targets for sepsis and to
identify individuals at highest risk for complications from sepsis.

Endotoxin or lipopolysacharide (LPS) on the surface of
gram-negative (GN) bacteria activates biologic mediators of
shock even at low concentrations. Intravenous LPS induces all

of the clinical features of GN sepsis, including fever, shock,
leukopenia followed by leukocytosis, disseminated intravascular
coagulation, and death (2). These changes can be elicited with
LPS from GN bacteria or the intact organisms. Analogous to
the ‘‘cytokine storm’’ in systemic inflammatory response syn-
drome in humans, high doses of LPS given to mice result in the
production of proinflammatory cytokines and lead to endotoxic
shock (3).

The ability of the host to respond to endotoxin may play an
important role in determining the severity of the physiologic
and biologic response to this frequently encountered toxin. We
have previously shown that polymorphisms in TLR4, the re-
ceptor for LPS, predispose humans to GN sepsis (4). However,
our previous findings also demonstrate that sequence variants of
TLR4 account for only a portion of the LPS phenotype in mice
or humans and that other genes are involved in regulating the
response to LPS (5, 6). Other researchers have demonstrated that
host genetics play a role in the response to bacterial infections (7–
9), but the role of host susceptibility in the initiation and severity
of infections caused by GN bacteria is incompletely understood.

Genome-wide transcriptional profiling of host cells stimu-
lated with LPS or live bacteria should identify novel candidate
genes and pathways involved in innate immunity. Previous
genomic studies have identified differentially regulated tran-
scripts in response to purified LPS in peripheral blood of human
subjects with severe sepsis (10) and healthy volunteers in re-
sponse to in vivo or ex vivo stimulation with LPS (11–14).
Additionally, Abraham and colleagues found a wide range of
sensitivity to LPS in human subjects when they studied neutro-
phil activation in whole blood, and these differences correlated
with differences in neutrophil recruitment to the lungs in re-
sponse to endobronchial LPS challenge (15). In aggregate, these
studies point to the importance of genetic factors in an in-
dividual’s response to LPS. Transcriptional profiles of multiple
organs from mice or rats after systemic administration of LPS
(16), intact bacteria (17), or cecal ligation and puncture (18, 19)
have also provided insight into the biology of the host gene
expression program in response to bacterial pathogens. How-
ever, no study to date has combined genetic susceptibility with
the gene expression response to LPS to discover novel regula-
tors of the host response to LPS.

In this study, we demonstrated differential susceptibility to
systemic LPS among 11 inbred strains of mice. In addition to
two strains lacking functional TLR4 (C57BL/6JTLR42/2 and

CLINICAL RELEVANCE

We have identified novel genetic factors (genes, pathways
and transcription factors) that regulate host response to
systemic lipopolysaccharide in mice. Our results provide
potential sepsis biomarkers and therapeutic targets that
should be further investigated in human populations.
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C3H/HeJ), we identified three murine strains with functional
TLR4 (C57BL/6J, 129/SvImJ, and NZW/LacJ) that are relatively
resistant to systemic administration of LPS. We hypothesized that
gene expression profiling of multiple organs from sensitive and
resistant strains of mice would lead to identification of novel
genetic factors that contribute to differential susceptibility of these
strains to systemic LPS. The transcriptional response to LPS in
liver, lung, and spleen of the 11 strains was studied, and genes,
pathways, and transcription factors that differentiate sensitive
from resistant strains in response to systemic LPS were identified.
Roles of novel candidate innate immune genes were examined
using RNA interference in cultured macrophages and were
further evaluated using mouse lines with targeted mutations.

MATERIALS AND METHODS

Ethics Statement

Animal work was approved by Institutional Animal Care and Use
Committees at Duke University Medical Center and NIEHS. Every
effort was made to ensure that discomfort, distress, and pained injury
to animals were limited to that which is unavoidable in the conduct of
scientifically sound research. Animals were monitored and cared for by
veterinarians at the two institutions.

Animal Model

Male mice (6–8 wk old) from each strain except for the C57BL/
6JTLR42/2 strain, were obtained from Jackson Laboratories (Bar Harbor,
ME). TLR4-deficient mice were obtained from S. Akira, Osaka Univer-
sity and backcrossed to C57BL/6J mice for 10 generations.

We used an established model of endotoxic shock in which mice are
injected with a high dose of LPS with no D-galactosamine sensitization
(3). All mice were injected intraperitoneally with 125,000 EU/g, as
assessed by the chromogenic Limulus amebocyte lysate kit (Cambrex,
East Rutherford, NJ) (range, 15–20 mg/kg body weight of Escherichia
coli 0111:B4 LPS) (Sigma Chemical Co., St. Louis, MO) or sterile saline
as control. Experimental groups are described in the online supplement.

Statistical Analysis of Morbidity and Cytokine Production

All basic statistical analyses were performed in GraphPad Prism.
P values for the comparison of Kaplan-Meier survival curves were
calculated using the Mantel-Cox test. P values for cytokine concentra-
tion differences were calculated using the two-tailed Student’s t test.

Gene Expression Profiling

From the mice killed at 6 hours, total RNA from livers, lungs, or
spleens of three animals in each strain/condition was combined in equal
amounts to create a pooled RNA sample. Two independent pools were
created for each of the 11 murine strains and two conditions (saline and
LPS) for all three organs (liver, lung, and spleen) (132 total specimens).
Labeling, hybridization, and array scanning were performed according
to protocols supplied by Agilent (Santa Clara, CA) and are briefly
described in the online supplement (Gene Expression Profiling section).

Microarray Analysis

All primary data have been deposited to the Gene Expression
Omnibus database under accession number GSE14675. Data prepro-
cessing is described in the online supplement. Differentially expressed
genes between sensitive and resistant strains in response to systemic
LPS were identified using two-factor ANOVA with 100 permutations
to assess significance. Reported P values were adjusted for multiple
comparisons using the false discovery rate approach.

For each organ, two analyses were performed: sensitive strains
versus resistant strains lacking functional TLR4 and sensitive strains
versus resistant strains with functional TLR4. Genes in common or
unique to the two analyses were identified and further explored for
significantly represented KEGG pathways using GATHER (20) and
for overrepresented transcription factor (TF) binding sites using the
PRIMA algorithm (21) implemented in EXPANDER (22). An over-
view of our analysis strategy is outlined schematically in Figure 1.

RNA Interference

RNA intereference was performed as described previously (23) and in
the online supplement.

Bone Marrow–Derived Macrophage Assays

Bone marrow–derived macrophages (BMDMs) were generated in vitro
using standard methodology as described in the online supplement.
Differentiated macrophages were stimulated with TLR ligands, and
cytokines were measured as described in the online supplement.

RESULTS

Differential Susceptibility of Inbred Murine Strains

to Systemic LPS

We established differential susceptibility to systemic LPS
among 11 strains of mice: 10 commonly used inbred lines and
the TLR4 knockout strain on the C57BL/6J genetic back-
ground. Six strains were classified as sensitive (. 75% morbid-
ity within 48 h after LPS), and five strains were unresponsive or

Figure 1. Overview of the approach taken to identify novel innate

immune genes in mice. Morbidity and inflammatory (cytokine pro-

duction in the serum) phenotypes were measured in 11 strains of mice.

Strains were grouped based on phenotypes, and two-factor ANOVA
analyses were performed to identify significantly differentially ex-

pressed genes between defined phenotypic groups (factor 1 in the

ANOVA model) in response to lipopolysaccharide (LPS) compared with

saline (factor 2 in the ANOVA model). Lists of differentially expressed
genes were further analyzed to identify significantly overrepresented

pathways or transcription factor binding sites. The involvement of the

Hedgehog signaling pathway and the E2F1 transcription factor in

innate immunity was validated using siRNA in a macrophage cell line
and in mice with targeted deletions of the two genes.
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relatively resistant to LPS (, 25% morbidity at the end of 5 d)
(Figure 2A). The two strains that lack functional TLR4 (C3H/
HeJ and C57BL/6JTLR42/2; referred to as mutant or Mut
TLR4) were completely resistant to LPS challenge. We also
identified three additional strains (129/SvIm, C57BL/6J, and
NZW/LacJ; referred to as wild-type or WT TLR4) that were
relatively resistant to systemic challenge with LPS. 129/SvIm
and C57BL/6J strains have no known polymorphisms in TLR4.
The NZW/LacJ strain has been reported to have a polymor-
phism in TLR4; however, this strain responds normally to
inhaled LPS, suggesting that the polymorphic TLR4 is still
functional (6). We also measured the production of the proin-
flammatory cytokines IL-6 and TNF-a, which are typical
cytokines produced in animal models of sepsis (3, 24), in the
serum 6 hours after administration of LPS and found that
sensitivity to systemic LPS correlates with the serum concen-
trations of IL-6 and TNF-a in almost all strains of mice (Figures
2B and 2C). This is reflected in the correlation coefficient when
log (cytokine concentration) is correlated with mean survival
for these 11 strains (r2 5 0.64 for IL-6 and r2 5 0.52 for TNF-a).
The two exceptions that contribute significantly to these some-
what low correlation coefficients are C57BL/6J mice, which
have elevated IL-6 for a resistant strain, and the LP/J strain,
which has low concentrations of IL-6 for a sensitive strain. It is
worth noting that we did not measure IL-6 concentrations at
other times during the course of the experiment and that the
relative concentrations of this cytokine in inbred strains may be
time dependent. We also measured IL-1b and KC and observed
similar trends (data not shown).

The Hedgehog Pathway Regulates Inflammation

To identify genes that confer sensitivity to systemic LPS, we
profiled mRNA from the liver, lung, and spleen of the 11

murine strains 6 hours after exposure to LPS or saline on
oligonucleotide arrays that contain probes for approximately
20,000 mouse genes. Many organs are affected in the systemic
LPS model; we selected liver because it is a major source of
inflammatory mediators in patients with sepsis, lung because of
the relevance of the systemic LPS challenge to acute lung
injury, and spleen because of its importance in the immune
system. We first applied a two-factor ANOVA to identify
differentially expressed transcripts in sensitive strains compared
with all resistant strains in response to LPS. Principal compo-
nents analysis of samples using significant genes (P , 0.01 for
the ANOVA interaction term) in any of the three organs
showed separation of resistant strains based on their TLR4
status (Figure 3A for liver data; lung and spleen data not
shown). This grouping of samples suggested that resistance to
systemic LPS is mediated by different sets of transcripts in
strains with and without functional TLR4.

To pursue this observation, we identified the genes that were
differentially regulated between sensitive mice (A/HeJ, AKR/J,
BALB/c, DBA/2J, FVB/NJ, and LP/J) and resistant strains
lacking functional TLR4 (Mut TLR4: C3H/HeJ and C57BL/
6JTLR42/2) or those with functional TLR4 (WT TLR4: 129/
SvIm, C57BL/6J, and NZW/LacJ). Our analysis revealed a num-
ber of differentially expressed transcripts (P , 0.01 and . 1.5-
fold change) in all three organs of susceptible strains compared
with resistant strains lacking functional TLR4 (Figure 3B; blue
circles in the Venn diagrams). More importantly, a smaller but
substantial number of genes are up- or down-regulated in
sensitive strains compared with resistant mice with functional
TLR4 (Figure 3B; orange circles), with relatively little overlap
between the two analyses (Figure 3B; red overlap intersections).
Complete lists of genes with P values for the ANOVA in-
teraction term and fold changes are presented in Tables E1, E2,

Figure 2. Inbred murine strain pheno-
types in response to systemic LPS chal-

lenge. (A) Kaplan-Meier survival curves

for 11 strains challenged with LPS in-

traperitoneally (n 5 16 for each strains).
Two strains lacking functional TLR4

(C3H/HeJ and C57BL/6JTLR42/2) and

one strain with functional TLR4 (NZW/

LacJ) are completely unresponsive to
systemic administration of LPS (100%

survival 5 d after LPS). In addition, 75%

of 129/SvIm and C57BL/6J mice survived
for 5 days and are also considered re-

sistant to LPS. The six other strains had

less than 25% survival and were there-

fore sensitive to LPS challenge. Sensitive
strains as a group (red lines) have signif-

icantly lower survival (P , 0.0001 by

Mantel-Cox test) than Mut TLR4-

resistant strains (blue lines) or WT TLR4-
resistant strains (green lines). (B and C)

Serum concentrations 6 SEM of IL-6 (B)

and TNF-a (C) from 11 murine strains
challenged with LPS intraperitoneally

(n 5 8 for each strain). The cytokine

concentrations (B and C) correlate with

the sensitivity to LPS (A) in the majority
of the strains examined (resistant strains

depicted in green; sensitive strains in

red).
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and E3 in the online supplement. We chose not to restrict our
further analysis to a smaller number of genes that are differen-
tially expressed using more stringent criteria (e.g., higher fold
change) because pathway and TF binding site analyses provide
a second statistical analysis and associated significance levels
(i.e., identify pathways and TFs that are enriched in differen-
tially expressed genes).

To identify molecular pathways activated or repressed in
response to systemic LPS, we used the algorithm implemented
in the GATHER utility (20) to determine enriched KEGG
pathways in the sets of genes shown in Figure 3B. We included
genes that are inferred from networks (protein–protein inter-

action or literature networks implemented in GATHER) in this
analysis. The top statistically significant pathways in all analyses
are those that have been previously implicated in the host
defense against pathogens or purified LPS (Tables 1–3 for liver,
lung, and spleen data, respectively; Tables E4–E6 list all genes
in each network). Although mostly diverse transcripts differentiate
sensitive strains of mice from resistant strains with functional
TLR4 or mutant TLR4 (Figure 3B), enriched molecular pathways
appear to be similar in all three sets of genes (unique to sensitive
versus Mut TLR4 comparison, unique to sensitive versus WT
TLR4 resistant comparison, and common to the two comparisons).
These pathways include Toll-like receptor signaling (mmu04620),
MAPK signaling (mmu04910), cytokine–cytokine receptor inter-
action (mmu04060), apoptosis (mmu04210), adherens junctions
(mmu04520), focal adhesion kinase (mmu04510), coagulation cas-
cade (mmu04610), insulin signaling pathway (mmu04910), and
oxidative phosphorylation pathway (mmu00190). One signaling
pathway that was not previously known to be involved in LPS-
induced inflammation is the Hedgehog signaling pathway, which
we observed in the spleen of sensitive mice compared with WT
TLR4-resistant mice. This led us to hypothesize that the Hedge-
hog pathway may uniquely contribute to the hyporesponsive state
of the TLR4-sufficient mice that were resistant to systemic
challenge with LPS.

To directly test whether Hedgehog signaling is involved in
the innate immune response, we challenged B6;129Ptch11/2

heterozygote mice and the B6;129Ptch11/1 wild-type littermates
with LPS systemically. Patched1 (Ptch1), one of the two re-
ceptors for Hedgehog ligands (25), is one of several genes in the
Hedgehog pathway that are differentially expressed in our murine
data (Ptch1 is up-regulated 1.3-fold in the spleen; Table E6). We
monitored morbidity and serum cytokine production in these
mice after LPS challenge and determined that B6;129Ptch11/2

heterozygotes have increased survival compared with wild-type
littermates (Figure 4A) and produce lower concentrations of
TNF-a and IL-6 in the serum (Figure 4B).

The E2F1 Transcription Factor Regulates Inflammation

As an additional approach to identify novel regulators of innate
immunity, we analyzed the gene expression data to identify
transcription factors that regulate the host response to systemic
LPS in the three organs. To accomplish this, we searched for
overrepresented transcription factor binding sites in the pro-
moters of differentially expressed genes using the PRIMA
algorithm (21). Results of this analysis are summarized in the
Venn diagram in Figure 5 (details are provided in Table E7).
Different transcription factors regulate the response to LPS in
sensitive compared with resistant strains with functional or
nonfunctional TLR4. This analysis identified several transcrip-
tion factors already known to affect the host response to LPS or
bacterial infections, including C/EBP (26–29), transcription fac-
tors that bind to the interferon stimulated response element (28,
29), Smad3 (30–32), Sp1 (26, 33, 34), and Stat1 (35, 36). Addi-
tionally, we identified several potentially novel regulators of the
response to systemic LPS in the lung, liver, and spleen, including
E2F1, Tead2, Pax4, Cdx-2, Nhlh1, Hoxa4, and HNF4A, among
others.

To test these transcription factors for a role in the regulation
of the innate immune response, we inhibited 15 of these
transcription factor genes using RNA interference in a mouse
macrophage cell line and monitored inflammatory cytokine
production after LPS treatment. The mouse macrophage cell
line J774A.1 was transfected with a pool of four siRNA
duplexes for each gene and stimulated with LPS, and cytokine
production was measured. As a control, we tested several
negative control siRNAs that do not target any gene; these

Figure 3. Gene expression analysis of lung, liver, and spleen tissue in

response to systemic LPS. (A) Principal component analysis of liver
samples using interaction-term significant genes (P , 0.01) from the

two-factor ANOVA analysis of sensitive compared with all resistant

mouse strains (regardless of TLR4 genotype) in response to systemic

LPS challenge. Samples are separated into four well defined clusters:
a cluster containing saline-treated controls (blue), a cluster of LPS-

treated resistant strains that lack functional TLR4 (Mut TLR4, green),

a cluster of LPS-treated resistant strains with functional TLR4 (wild-type
[WT] TLR4, magenta), and a cluster containing sensitive strains treated

with LPS (red). Resistant strains lacking functional TLR4 are closer to

unexposed controls, whereas resistant strains with functional TLR4 are

closer to but still distinct from sensitive strains, suggesting that different
sets of transcripts differentiate the two subgroups of resistant strains

from sensitive ones. (B) Venn diagrams showing the number of

transcripts that are differentially expressed in response to LPS challenge

in sensitive compared with Mut TLR4–resistant (blue circles) or in
sensitive compared with WT TLR4–resistant (orange circles) strains in

the liver, lung, and spleen tissue. Differentially expressed genes were

identified as those having P , 0.01 in the two-factor ANOVA in-
teraction term and 1.5-fold differential expression. Fold change was

calculated as the ratio of (exposed/unexposed) for sensitive strains over

(exposed/unexposed) for resistant strains. Differentially expressed

transcripts are listed in Tables E1, E2, and E3.
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controls had little effect on cytokine production (Figures 6A
and 6B). Inhibition of TLR4 strongly diminished the production
of IL-6 and TNF-a, whereas inhibition of IL-6 blocked the
production of IL-6 but not TNF-a, serving as positive controls
for the assay (Figures 6A and 6B). We inhibited 15 transcription
factors identified by our analysis, including one known regulator
of inflammation as an additional positive control, C/EBP.
RNAi-mediated inhibition of six of these transcription factors
(CEBPA, Cdx-2, E2F1, Hoxa4, Nhlh1, and Tead2) inhibited the
production of IL-6 and TNF-a by at least 50% (Figures 6A and
6B). We performed several additional siRNA experiments with
these six genes to confirm the RNAi results. First, we titrated
the siRNA concentration down (2, 1, 0.5, and 0.25 mM siRNA)
and monitored IL-6 and TNF-a production and RNA knock-
down using quantitative PCR. Inhibition of these six transcription
factors consistently inhibited production of IL-6 and TNF-a, with
the effect lost at lower siRNA concentrations (see Figure E1A in
the online supplement). The ability of the siRNAs to inhibit IL-6
production also correlated with the extent of gene expression
knockdown (Figure E1B). As an additional confirmation of the
RNAi results, we transfected each of the four siRNA duplexes in
each siRNA pool individually and demonstrated that at least two
of the four individual siRNAs in each pool significantly inhibit
production of IL-6 (Figure 6C).

E2F1 is the only transcription factor that affected cytokine
production in our siRNA assay whose binding sites are over-
represented in the lung, liver, and spleen gene expression data
after stimulation with LPS. We therefore further investigated
the role of E2F1 in the murine response to systemic LPS. Based
on a recent publication that showed recruitment of E2F1 by NF-
kB upon stimulation of a monocytic cell line with LPS (37), we
hypothesized that stimulation with any TLR ligand should
result in a diminished cytokine production by BMDMs. We
observed diminished IL-12(p40) and TNF-a production by

BMDMs of B6;129E2F12/2 mice as compared with BMDMs of
B6 3 129 control F2 mice when stimulated with three concen-
trations of six different TLR ligands: LPS (ligand for the TLR4/
TLR4 homodimer), Pam 3 Cys-Ser-(Lys) 4 (ligand for the
TLR1/TLR2 heterodimer), poly (I:C) (TLR3/TLR3), CpG
DNA (TLR9/TLR9), LTA and zymosan (TLR2/6) (Figures
7A and 7B). In addition to these ex vivo studies, we challenged
B6;129E2F12/2 knockout mice and B6 3 129 F2 control mice
with systemic LPS and found that B6;129E2F12/2 mice had
reduced levels of TNF-a, IL-1b, and IL-6 in the serum 3 hours
after LPS challenge (Figure 7C).

Overlap in the Lung, Liver, and Spleen Gene

Expression Profiles

We compared lung, liver, and spleen data to identify overlaps in
gene expression in the three organs we studied. We constructed
a Venn diagram that compares differentially expressed genes in
the lung, liver, and spleen; all genes from Figure 3B organ-
specific Venn diagrams were combined into one circle each to
represent the three organs (Figure E2A). Ten genes that are
differentially expressed in response to LPS in all three organs are
listed in the table in Figure E2B. Genes known to be involved in
inflammation (chemokine Cxcl5 and colony-stimulating factor 3),
hypoxia (HIF-1a), and the response to viruses (Rsad2 or viperin)
are among these genes. Novel candidates include Pitpnc1, a gene
involved in phosphatidylinositol transfer; a Ras homolog (Rhou);
b subunit of inhibitin B, a gene that regulates gonadal stromal
cell proliferation has tumor-suppressor activity; and three genes
with unknown function.

DISCUSSION

Our analysis of gene expression in the liver, lung, and spleen of
inbred strains of mice identified a number of pathways and

TABLE 1. SIGNIFICANT KEGG PATHWAYS IN THE LIVER IDENTIFIED BY GATHER (P , 005). DIFFERENTIALLY EXPRESSED GENES
IDENTIFIED BY TWO-WAY ANOVA WERE USED IN THE ANALYSIS

Dataset Kegg Pathway Number of genes P value Bayes factor

Common Mmu04060: cytokine-cytokine receptor interaction 60 ,0.0001 59

Mmu04620: Toll-like receptor signaling pathway 20 0.01 12

Mmu04510: focal adhesion 24 0.04 4

Sensitive vs. functional TLR4 resistant Mmu04510: focal adhesion 45 0.005 19

Mmu04910: insulin signaling pathway 31 0.009 14

Mmu04210: apoptosis 20 0.02 7

Mmu04010: MAPK signaling pathway 36 0.03 7

Mmu04520: adherens junction 15 0.05 3

Sensitive vs. nonfunctional TLR4 resistant Mmu04060: cytokine–cytokine receptor interaction 90 0.003 22

Mmu04010: MAPK signaling pathway 86 0.004 20

Mmu04210: apoptosis 40 0.01 13

Mmu04620: Toll-like receptor signaling pathway 37 0.02 7

Mmu04510: focal adhesion 64 0.03 5

Mmu04520: adherens junction 29 0.04 5

Mmu00190: oxidative phosphorylation 7 0.04 4

TABLE 2. SIGNIFICANT KEGG PATHWAYS IN THE LUNG IDENTIFIED BY GATHER (P , 005). DIFFERENTIALLY EXPRESSED GENES
IDENTIFIED BY TWO-WAY ANOVA WERE USED IN THE ANALYSIS

Dataset Kegg Pathway Number genes P value Bayes factor

Common Mmu04080: neuroactive ligand-receptor interaction 3 0.03 5

Sensitive vs. functional TLR4 resistant Mmu04512: ECM-receptor interaction 7 0.05 3

Mmu04610: complement and coagulation cascades 6 0.05 3

Sensitive vs. nonfunctional TLR4 resistant Mmu04060: cytokine-cytokine receptor interaction 92 ,0.0001 59

Mmu04510: focal adhesion 49 0.02 8

Mmu04620: toll-like receptor signaling pathway 23 0.05 2

Definition of abbreviation: ECM 5 extracellular matrix.
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transcription factors that are differentially regulated in sensitive
and resistant strains after systemic LPS challenge. One pathway
identified by this approach that was not previously known to
be involved in innate immunity is the Hedgehog signaling
(mmu04340) pathway. We validated the importance of the
Hedgehog pathway by demonstrating that Ptch11/2 mice are
more resistant to LPS than wild-type control mice. The in vitro
importance of transcription factors was evaluated by RNAi, and
E2F1 was further tested in a deficient strain of mice, again
demonstrating the importance of this gene in innate immune
responsiveness. In aggregate, our results indicate that gene
expression from inbred strains of mice can be used to identify
novel regulators of innate immune responsiveness that may
prove important in humans with GN sepsis.

We have also observed activation of Hedgehog signaling at
the transcriptional level in RAW264.7 macrophages upon LPS

stimulation (unpublished observation); this more recent analysis
was performed using Ingenuity Pathway Analysis (IPA) soft-
ware, suggesting that our findings hold in a different biological
system (macrophage cell line) and using a different statistical
analysis approach (IPA instead of GATHER). Published
studies have demonstrated that endotoxin impurities in recom-
binant Sonic Hedgehog (Shh) and purified E. coli LPS activate
components of the Hedghehog pathway in human peripheral
blood monocytes (38). Moreover, a recent study showed that
NF-kB directly regulates Shh in vitro and in vivo and promotes
cancer cell proliferation and apoptosis resistance via Shh (39).
Another potential explanation for the Hedgehog pathway being
involved in innate immune responsiveness is the interaction of
the Patched receptor with Tid1 (Dnaja3); Tid1 affects apoptosis
and senescence in several ways, including modifying NF-kB and
g-IFN signaling (40, 41). We have also identified two Ptch1
polymorphisms in 129/SvIm and NZW/LacJ mice that may
contribute to the hyporesponsivness of these two strains to
systemic LPS (unpublished observation), but further investiga-
tion is necessary to prove the role these SNPs may play in
response to LPS.

In addition to Hedgehog signaling, many pathways known to
be involved in innate immune response to LPS—Toll like
receptor signaling (mmu04620), MAPK signaling (mmu04910),

TABLE 3. SIGNIFICANT KEGG PATHWAYS IN THE SPLEEN IDENTIFIED BY GATHER (P , 005). DIFFERENTIALLY EXPRESSED GENES
IDENTIFIED BY TWO-WAY ANOVA WERE USED IN THE ANALYSIS

Dataset Kegg Pathway Number of genes P Value Bayes Factor

Common Mmu04060: cytokine-cytokine receptor interaction 46 0.0008 34

Mmu04610: complement and coagulation cascades 15 0.02 10

Mmu04620: Toll-like receptor signaling pathway 16 0.03 7

Mmu04010: MAPK signaling pathway 24 0.04 4

Mmu04520: adherens junction 11 0.05 2

Sensitive vs. functional TLR4 resistant Mmu04060: cytokine-cytokine receptor interaction 45 0.009 14

Mmu04340: Hedgehog signaling pathway 17 0.01 11

Sensitive vs. nonfunctional TLR4 resistant Mmu04060: cytokine-cytokine receptor interaction 108 0.001 32

Mmu04010: MAPK signaling pathway 98 0.003 23

Mmu04620: Toll-like receptor signaling pathway 43 0.02 10

Mmu04510: focal adhesion 73 0.03 6

Mmu00190: oxidative phosphorylation 9 0.04 5

Mmu04210: apoptosis 35 0.04 3

Mmu04910: insulin signaling pathway 47 0.05 3

Figure 4. Ptch1 is required for the murine response to systemic LPS.

(A) B6;129Ptch1/2 mice show decreased morbidity (dashed line) com-

pared with B6;129Ptch11/1 mice (solid line) followed by systemic LPS
challenge (n 5 9 in each group). Curve comparison was performed

using the Mantel-Cox log-rank test implemented in GraphPad Prism

(P , 0.0001). (B) B6;129Ptch11/2 mice produce less serum TNF-a and

IL-6 than wild-type control mice after systemic LPS treatment (n 5 9 in
each group). Two-tailed t test P , 0.07 (trend toward significance) for

TNF-a and P , 0.05 (significant) for IL-6.

Figure 5. Venn diagrams depicting transcription factor binding sites
(TFBS) that are significantly (P , 0.005) overrepresented in the

promoters of transcripts (from Figure 2B) that differentiate sensitive

compared with Mut TLR4–resistant (blue circles) or sensitive compared

with WT TLR4–resistant (orange circles) strains in the liver, lung, and
spleen tissue. TRANSFAC accession numbers and P values for each TFBS

are given in Table E4.
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cytokine–cytokine receptor interaction (mmu04060), and apo-
ptosis (mmu04210) (42)—were identified. Other pathways iden-
tified in our analysis have also been implicated in innate
immunity and host defense. Infiltration of polymorphonuclear
cells into the tissue is a hallmark of the host response to in-
fection and involves signaling between endothelial cells and
migrating polymorphonuclear cells, which leads to alterations in
the organization of adherens junctions (mmu04520) (43). Focal
adhesion kinase is a nonreceptor protein kinase that signals
downstream of integrins and was recently shown to interact with
Myd88 (44), explaining the function of the Focal adhesion
(mmu04510) pathway in response to systemic LPS. Recognizing
the link between coagulation activation and inflammation (45),
it is also not surprising that the Complement and coagulation
cascades pathway (mmu04610) appears in some of the analyses
that differentiate LPS-sensitive from LPS-resistant strains.
Hyperglycemia is a common feature of the critically ill and
has been associated with increased mortality (46), which sup-
ports the role the insulin signaling pathway (mmu04910) plays
in the host response to systemic LPS. Recent studies at the
molecular level have also linked insulin signaling to innate
immune pathways (47). Finally, overrepresentation of the oxi-
dative phosphorylation pathway (mmu00190) in the liver and
spleen gene expression data can be explained by recent

evidence that links the pathogenesis of multiple organ failure
in sepsis to mitochondrial damage (48).

Our analysis also identified the E2F1 transcription factor as
a novel regulator of the transcriptional response to systemic
LPS. E2F1 target genes are overrepresented in the liver, lung,
and spleen expression data. E2F1 is a member of the E2F family
of transcription factors that plays a crucial role in the control of
cell cycle and action of tumor suppressor proteins. E2F1 binds
preferentially to the retinoblastoma protein in a cell-cycle–
dependent manner and is capable of mediating cell proliferation
and apoptosis. E2F1 was recently identified as a transcriptional
activator recruited by NF-kB upon TLR4 activation in an LPS-
stimulated human monocytic cell line (37). Consistent with
published data and our RNAi data in macrophage cell lines,
B6;129E2F12/2 mice have a reduced inflammatory response in
bone marrow–derived macrophages treated with six different
TLR ligands compared with B6 3 129 F2 control mice.
Furthermore, our in vivo murine knockout data verify the
important role that E2F1 plays in regulating innate immunity.

In addition to C/EBP (a known regulator of innate immu-
nity) and E2F1, four transcription factors were identified as
novel potential regulators of the murine response to systemic
LPS: Cdx-2 and Tead2 in the liver and HOXA4 and Nhlh1 in
the lung gene expression data. Cdx-2 is a homeobox gene that

Figure 6. The effect of RNAi-mediated inhibition of

transcription factor genes in J77A4.1 macrophages on
IL-6 (A) and TNF-a (B) production in response to LPS

stimulation. Pools of four siRNA duplexes per gene (2 mM

concentration) were transfected into J77A4.1 cells, LPS

was added, and cytokine production was monitored as
described in MATERIALS AND METHODS. Shown are the results

for four negative controls (nontargeting siRNAs from

Dharmacon; all data are normalized to the first negative

control), two positive controls (TLR4 and IL-6), and 15
transcription factors identified by our analysis of gene

expression data. To verify that the phenotypes observed

were caused by knockdown of that gene, the four siRNA
duplexes were transfected individually for the seven genes

that had the strongest effect, and IL-6 production was

monitored (C). At least two independent siRNAs induced

a phenotype for each gene. In all three panels, plotted are
means of three independent measurements with error bars

representing SD.
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has been implicated as a target of PTEN/phosphatidylinositol
3-kinase signaling and TNF-a signaling via NF-kB activation in
the intestine (49). There are no published studies on the function of
another homeobox gene HOXA4 in innate immunity, but a recent
study showed the mutations in the Caenorhabditis elegans homeo-
box gene EGL-5 results in a defective response and hypersensitiv-
ity to Staphylococcus aureus infection (50). Moreover, HOXA9
and HOXC10 homologs of EGL-5 were shown to regulate NF-kB
signaling in human epithelial cell lines in the same study. Very little
is known about the transcription factors Tead2 or ETF, but it is
known that another member of the gene family, Tead1, is regulated
by p38a MAP kinase in proliferating cardiomyocytes (51). Finally,
the helix-loop-helix protein Nhlh1 (HEN1) has also never been
studied in the context of innate immunity.

By using RNAi-mediated suppression of gene expression in
cultured macrophages, we confirmed the significance of C/EBP

in controlling proinflammatory cytokine production in response
to LPS stimulation. More importantly, five additional transcrip-
tion factors with less well defined roles in innate immunity
(Cdx-2, E2F1, Hoxa4, Nhlh1, and Tead2) were shown to affect
cytokine production in macrophages. These five genes represent
high-priority candidates, and their function in the regulation of
innate immune response to LPS and bacterial infections should
be studied in more detail. Two of the five genes belong to the
homeobox family of transcription factors. Based on our murine
data and recently published findings in C. elegans and human
cell lines (50), the role of the other members of the homeobox
gene family in innate immunity should be further examined.

Our studies in mouse lines with Ptch1- and E2F1-targeted
deletions provide further evidence for the importance of the
genes identified in our gene expression analysis in the murine
response to LPS. Future studies in human populations are

Figure 7. E2F1 regulates inflammation. Bone marrow–derived macrophages from B6;129E2F12/2 mice produce less IL-12 (p40) (A) and TNF-a (B)

than B6 3 129 F2 control mice (three pools of two mice each) 5 hours after stimulation with LPS, lipotechoic acid (LTA), Pam 3 Cys-Ser-(Lys) 4

(Pam3Cys), poly (I:C), zymosan, and CpG DNA. *P , 0.05 by two-tailed t test. (C) B6;129E2F12/2 mice produce less serum TNF-a, IL-6, and IL-1b

than B6 3 129 F2 control mice 3 hours after systemic LPS (n 5 12 in each group). Two-tailed t test: P , 0.01 for TNF-a, P , 0.05 for IL-6, and P ,

0.005 for IL-1b.
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necessary to determine which of the candidates identified in our
murine studies could be developed into therapeutic targets and
biomarkers for predicting the risk of gram-negative sepsis.
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