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TLR4 (Toll-like receptor 4) is essential for sensing the endotoxin
of Gram-negative bacteria. Mutations or deletion of the TLR4
gene in humans or mice have been associated with altered pre-
disposition to or outcome of Gram-negative sepsis. In the present
work, we studied the expression and regulation of the T/r4 gene of
mouse. /n vivo, TLR4 levels were higher in macrophages com-
pared with B, T or natural killer cells. High basal TLR4 promoter
activity was observed in RAW 264.7, J774 and P388D1 macro-
phages transfected with a TLR4 promoter reporter vector. Ana-
lysis of truncated and mutated promoter constructs identified
several positive [two Ets (E twenty-six) and one AP-1 (activator
protein-1) sites] and negative (a GATA-like site and an octamer
site) regulatory elements within 350 bp upstream of the tran-
scriptional start site. The myeloid and B-cell-specific transcription
factor PU.1 bound to the proximal Ets site. In contrast, none
among PU.1, Ets-1, Ets-2 and Elk-1, but possibly one member of

the ESE (epithelium-specific Ets) subfamily of Ets transcription
factors, bound to the distal Ets site, which was indispensable for
Tlr4 gene transcription. Endotoxin did not affect macrophage
TLR4 promoter activity, but it decreased TLR4 steady-state
mRNA levels by increasing the turnover of TLR4 transcripts.
TLR4 expression was modestly altered by other pro- and anti-
inflammatory stimuli, except for PMA plus ionomycin which
strongly increased promoter activity and TLR4 mRNA levels.
The mouse and human TLR4 genes were highly conserved. Yet,
notable differences exist with respect to the elements implicated
in gene regulation, which may account for species differences in
terms of tissue expression and modulation by microbial and
inflammatory stimuli.
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macrophage, RNA stability, Toll-like receptor 4.

INTRODUCTION

The innate immune system provides the first line of host de-
fences against microbial pathogens. Detection of invasive micro-
organisms by the innate immune system is mediated by soluble
factors, such as the LBP [LPS (lipopolysaccharide)-binding pro-
tein], components of the alternative and mannose-binding-lectin
complement pathways and by germ-line encoded pattern recog-
nition receptors [such as CD14 and TLRs (Toll-like receptors)]
expressed by a broad range of immune and non-immune cells. On
binding the ligand, these receptors elicit a cascade of intracellular
signalling events resulting in the release of effector molecules,
including pro-inflammatory cytokines. These mediators serve to
recruit and activate immune cells, enhancing bactericidal capa-
cities of phagocytes, and thereby facilitating clearance of patho-
gens [1,2].

Mononuclear phagocytic cells, such as macrophages and den-
dritic cells, are present in virtually all tissues, where they act as
sentinels of the immune system to detect invading microbial
pathogens. Immune cells sense Gram-negative bacteria primarily
through the recognition of LPS, a glycolipid component of the
outer bacterial membrane. Studies of the interaction between LPS
and host cells have led to the identification of key molecules in-
volved in LPS recognition, such as the LBP and CD14. LBP dis-
sociates aggregates of LPS and transfers LPS monomers to CD14,
expressed on the surface of myelomonocytic cells. Binding of LPS
to CD14 induces cell activation and cytokine production. LBP can

also transfer LPS to soluble CD14 that serves to activate CD14-
negative cells, such as endothelial cells or to lipoproteins, in which
case it results in the inactivation of LPS (reviewed in [3]). Given
that membrane CD14 is a glycerophosphatidylinositol-anchored
protein, it cannot be the signal-transducing molecule of the LPS
receptor complex.

Recently, TLRs have been identified as mammalian homo-
logues of the Drosophilia Toll, found to be essential for the recog-
nition of fungi and Gram-positive bacteria in the fruit fly [4].
In mammals, 11 TLRs have been identified. Positional cloning
analyses have linked the LPS unresponsive phenotype of C3H/Hel
and C57BL/10ScCr strains of mice to missense and null mutations
of the Tir4 gene respectively [5,6]. The essential role played
by TLR4 in LPS signalling was confirmed by studies showing
that TLR4 knockout mice do not respond to LPS, and that re-
introduction of TLR4 in TLR4-negative cells restored LPS res-
ponsiveness [7,8]. In agreement with an essential role for TLR4
in the sensing of LPS and Gram-negative bacteria and mounting
of the innate immune response, mice homozygous for a defective
Tlr4 gene have long been known to be exquisitely sensitive to
otherwise non-lethal challenges with Gram-negative bacteria [9].
Recent studies have indicated that MD-2, a secreted protein that
binds to the extracellular domain of TLR4, increases cellular res-
ponse to LPS [10]. MD-2 knockout mice are resistant to endotoxic
shock, but susceptible to Salmonella typhimurium infections [11].

Besides TLR4, other members of the TLR family have been
shown to also function as sensors of microbial products. TLR2
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detects lipoproteins and zymosan. TLR1 facilitates recognition of
lipoprotein by TLR2, and TLR6 co-operates with TLR2 to recog-
nize diacylated lipopeptides. TLR3 recognizes double-stranded
RNA, whereas TLR7 and TLRS8 mediate species-specific recog-
nition of single-stranded RNA. TLRS5 senses bacterial flag-
ellin from Gram-positive and -negative bacteria and TLR9
detects unmethylated CpG motifs from bacterial DNA. Finally,
mouse TLR11 is implicated in the recognition of uropathogenic
Escherichia coli strains (reviewed in [12] and [13—15]). Consistent
with the essential role played by TLRs in the sensing of microbial
products and induction of host—innate immune defence responses,
several polymorphisms of TLR genes or variations in TLR ex-
pression have been shown to be associated with predisposition to
or outcome of bacterial sepsis in humans [16—18]. In contrast, re-
latively little information is available on the expression of mouse
TLR genes or proteins. We therefore studied the transcriptional
regulation of the mouse T/r4 gene, especially as in vitro and
in vivo mouse models of sepsis play a critical role in the preclinical
evaluation of novel treatment strategies for patients with severe
sepsis.

MATERIALS AND METHODS
Cells and reagents

The murine macrophage RAW 264.7 and J774 cell lines and
BAEC (bovine aortic endothelial cells) were cultured in RPMI
1640 medium (Invitrogen, Basel, Switzerland) containing 10 %
(v/v) heat-inactivated fetal calf serum (Seromed, Berlin,
Germany). The mouse macrophage P388D1 cell lines and the
NIH-3T3 mouse fibroblasts were cultured in Dubelcco’s modified
Eagle’s medium (Invitrogen) containing 10 % fetal calf serum. All
media were supplemented with penicillin and streptomycin (In-
vitrogen). In selected experiments, RAW 264.7 macrophages were
stimulated with 100 ng/ml S. minnesota ultra pure LPS (List Bio-
logicals Laboratories, Campbell, CA, U.S.A.), 10 ng/ml TNF (tu-
mour necrosis factor; Roche Diagnostics, Rotkreuz, Switzerland),
100 units/ml IFN (interferon)-y (R&D Systems, Abingdon,
U.K)), 5 ng/ml PMA (Sigma, St. Louis, MO, U.S.A.) plus 25 ng/
ml ionomycin (Sigma), 2 uM CpG oligodeoxynucleotide 1826
(Coley Pharmaceutical Group, Wellesley, MA, U.S.A.), 10® CFU/
ml heat-killed E. coli O111:B4 or 10® CFU/ml Staphy-
lococcus aureus AW7, 10 ug/ml PGN (peptidoglycan; Sigma)
and 100 nM Dex (dexamethasone; Sigma).

Flow cytometric analysis

After blocking Fc receptors with 2.4G2 hybridoma supernatant,
expression of membrane-bound TLR4 on C57BL/6 splenocytes
and on thioglycollate-elicited peritoneal macrophages, isolated
from TLR4** and TLR4~/~ C57BL/6 mice (a gift from
DrS. Akira, Hyogo College of Medicine, Hyogo, Japan), was eval-
uated by incubating cells for 20 min with a biotinylated rat anti-
mouse TLR4-MD-2 mAb (monoclonal antibody; clone MTS510,
[19]) or an isotype-matched control mAb. TLR4 expression
by splenocytes was revealed using streptavidin allophycocyanin
(Becton Dickinson, Erembodegem, Belgium). Splenic sub-
populations were identified by counterstaining using FITC-
conjugated anti-B220 (CD45R), CyChrome-conjugated anti-CD3
and phycoerythrin-conjugated anti-NK1.1 (Ly-55) mAbs (Becton
Dickinson). TLR4 expression by peritoneal macrophages was
revealed using streptavidin-FITC (Biosource, Camarillo, CA,
U.S.A.). Macrophages were counterstained using phycoerythrin-
conjugated anti-Macl (CD11b; Becton Dickinson). Analyses
were performed on a FACSCalibur™ (Becton Dickinson).
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Table 1 Oligonucleotides used in the present study

Oligonucleotide 5 — 3’ sequence

For gene expression and

probe synthesis

Mouse Tir4 Sense AGCTTGAATCCCTGCATAGAT
Antisense  GTTCTCCTCAGGTCCAAGTTGCCGTTTC

Mouse Ese-1 Sense GGTGGAAGTGATGTGGAC
Antisense  CGGGGTGGATTAGGATGT

Mouse Gapdh Sense GGTCATCCATGACAACTTTGG
Antisense  CACCTTCTTGATGTCATCAT

Bovine TLR4 Sense CTACAAAATCCCCGACAA
Antisense  ATCCAAGTGCTCCAGGTT

Bovine GAPDH Sense ATCCTGCCAACATCAAGT

Antisense  GGTCATAAGTCCCTCCAC

For promoter construct*

T4PS2 Sense GAAGATCTGCATTACAGACATTGATTGG
T4PAST Antisense  GAAGATCTCAGGCAGGAGAAGAACAGTG
T4PS3 Sense GAAGATCTGATTGAGAACTGAGAACTGC
T4PAS2 Antisense  GAAGATCTAGGAAGAAGGCGTTTGCTGA

3 x Ets? Sense GATCTGAAAATATGTTCCTCTAGGAAAATAT
GTTCCTCTAGGAAAATATGTTCCTCTAGA
Antisense  AGCTTCTAGAGGAACATATTTTCCTAGAGG

AACATATTTTCCTAGAGGAACATATTTTCA

For mutagenesis and EMSAT
TIr4-derived oligonucleotides:

AP-1 AGAGGTCAGATGACTTCCTGGGATCA
GATA-like GGCAACTGATGATATCTTCATCCG

Oct AAAAGTGAGAATGCTAAGGTTGGCAC
Ets? GAGAAAATATGTTCCTCTAGTCTGAAA
EtsP AGCCAGCTTCCTCTTGCTGTTCC
AP-1mt GCCCAGAGGTCAGACCACTTCCTGGG

GATA mt CAAGACACGGCAACTGAACTTATCTTCATCCTGGG
Oct mt CCAAAAGTGAGAATGCTCGAGTTGGCACTCTCAC
Ets? m1 GAGCGCATATGTTCCTCTAGTCTGAAACATCC
Ets? m2 GAGAAAGCTTGTTCCTCTAGTCTGAAACATCC
Ets? m3 GAGAAAATACCGTCCTCTAGTCTGAAACATCC
Ets? m4 GAGAAAATATGTAGTTCTAGTCTGAAACATCC
Ets? m5 GAGAAAATATGTTCCCAGAGTCTGAAACATCC
Ets? m6 GAGAAAATATGTTCCTCTGTCCTGAAACATCC
Ets? m7 GAGAAAATATGTTCCTCTAGTAATAAACATCC
EtsP mt AAAGCCAGCTAGTTCTTGCTGTTCC

Other oligonucleotides:
IL-12 PU1 GAAGTCATTTCCTCTTAGTCCC
IL-18 PU.1 GGGTTCTTCCTCATTCTT
Ets GAAGTCACTTCCGGTTAGTTCC
Elk GAAGTCGCATCCGGTTAGTTCC
SRE-1 GGTCCTTCCTGCTCCTTATATGGCATTTCCGGGTC
GATA ¢cs GGGTTGATAACAGATGATAACCC
QOct cs GGTCGAATGCAAATCACTAGACGT

* Bglll restriction site is underlined.
+ Base substitutions are underlined. cs, consensus.

RNA analysis

Expression of TLR4, PU.1 and GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) mRNA was assessed by Northern blotting.
Briefly, 10 ;g of RNA was electrophoresed through 1 % agarose—
formaldehyde gels, transferred on to nylon membranes (Hybond
N*; Amersham Biosciences, Arlington Heights, IL, U.S.A.) and
hybridized overnight with [**P] random-labelled TLR4, PU.1
and GAPDH DNA probes. Membranes were washed and exposed
to X-ray films for autoradiography. The PU.1 probe was isolated
from a PU.1 expression plasmid [20]. Murine and bovine TLR4
and GAPDH probes were obtained by PCR amplification of RAW
264.7 and BAEC cDNA (primers used for PCR are listed in
Table 1) respectively. The identity of the amplicons was confirmed
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by sequencing. ESE-1 (epithelium-specific Ets-1) and GAPDH
expression in RAW 264.7 macrophages was assessed by reverse
transcriptase—PCR using hot start 7ag DNA polymerase (Qiagen,
Basel, Switzerland). Amplification conditions were 94 °C for 15 s,
55°C for 15 s and 72°C for 30 s for either 30 cycles (GAPDH) or
40 cycles (ESE-1). To assess TLR4 mRNA half-life, RAW 264.7
macrophages were stimulated for 2 h with or without LPS and
then treated with 10 pwg/ml actinomycin D (Roche Diagnostics).
TLR4 mRNA decay was measured by Northern blotting.

Plasmid preparation

A 3 kb fragment (—2715/+223) from the mouse T/r4 gene (Gen-
Bank® accession no. AF177767) was amplified from C57BL/
6 genomic DNA using T4PS2 and T4PASI1 oligonucleotides
(Table 1) and the expanded long template PCR system (Roche
Diagnostics) [21]. After A-tailing, the amplicon was cloned into
the pGEM®—T vector (Promega, Madison, WI, U.S.A.) and
sequenced. The fragment was exised from pGEM®-T using NotI,
blunt-ended and subcloned in the filled-in Bg/II restriction site
from the pGL3-basic vector (Promega). A 1 kb fragment corres-
ponding to the 3’-portion of —2715/4-223 was exised from
pGEM®-T using BglII and subcloned into the Bg/II restriction
site from the pGL3-basic vector (construct — 743/4223). Con-
structs —518/+223 and —336/4-223 were obtained after di-
gestion of —2715/+ 223 with PstI-Xhol and EcoRV-Xhol, and
subsequent religation. Additional deletion mutants were obtained
on digestion of — 2715/+ 223 with exonuclease III. After nuclease
S1 treatment, DNA was recircularized and used to transform
E. coli. Clones of various size were sequenced to identify the
upstream limit of the new constructs. Constructs — 541/4223 and
—541/—71 were generated by PCR using oligonucleotide pairs
T4PS3/T4PAS1 and T4PS3/T4PAS2 respectively (Table 1). Con-
struct — 336/— 71 was obtained after digestion of — 541/— 71 with
EcoRV and Xhol and religation of the vector. Potential DNA-
binding sites within the — 600/+ 223 region of the TLR4 promoter
were identified by computer analysis (using htpp://www.motif.
genome.ad.jp). Mutations in AP-1 (activator protein-1), GATA,
octamer, Ets® (distal E twenty-six, —292/— 286) and Ets? (proxi-
mal Ets, —115/—109) sites were performed by PCR using
the Quik Change™ site-directed mutagenesis kit (Stratagene,
Amsterdam, The Netherlands) and the sense and antisense oligo-
nucleotides AP-1 mt, GATA mt, octamer mt, Ets® mt and Ets?
mt (Table 1). Tandem copies (three) of the Ets? site were synthe-
sized (Table 1) and cloned in the pGL3 vector. All constructs were
verified by sequencing. The expression constructs encoding for
wild-type (amino acids 1-272), ADBD (A201—272; DBD stands
for DNA-binding domain), APEST (A118-160; PEST stands for
proline-, glutamate-, serine- and threonine-rich), ATAD (A33-
100; TAD stands for transactivation domain), ANP (A33-74)
and APN (A74-100) PU.1 and for GATA-1 [20] were a gift from
Dr I. Skoultchi (Albert Einstein College of Medicine, New York,
NY, U.S.A)). The Oct-1 (octamer 1) expression construct [22]
was kindly provided by Dr H. Singh (Howard Hughes Medical
Institute, Chicago, IL, U.S.A.). Plasmids encoding for Ets-1,
Ets-2, Elf-1, ESE-1 and PEA3 transcription factors have been
described previously [23]. All plasmids were purified using the
EndoFree® Plasmid kit (Qiagen).

Transfection

Cells were plated at 30 % confluency in six-well culture plates
and transiently transfected on the following day using FuGENE™
6 transfection reagent (Roche Diagnostics) and 2 g of a lucifer-
ase reporter vector together with 0.05 g of the Renilla pRL-TK

vector (Promega). Co-transfection with PU.1, GATA-1 and Oct-1
expression constructs were performed as described in the Figure
legends. Controls were co-transfected with the respective empty
expression vectors. Fresh culture medium containing stimuli (see
Cells and reagents subsection above) was added 24 h after trans-
fection, and cells were cultured for an additional 24 h before
harvesting. Luciferase and Renilla luciferase activities were mea-
sured using the Dual-Luciferase™ Reporter Assay System
(Promega) and a TD-20/20 luminometer (Turner Designs,
Sunnyvale, CA, U.S.A.). Results were expressed as relative luci-
ferase activity (ratio of luciferase activity to Renilla luciferase
activity).

EMSA (electrophoretic mobility-shift assay) and supershift

Nuclear extracts were prepared and analysed by EMSA as de-
scribed previously [24]. For supershift analyses, 2 g of nuclear
extracts were incubated for 1 h at4°C in 10 ul of supershift buffer
[20 mM Hepes, 60 mM KC1, 1 mM EDTA (pH 8.0), 1 mM dithio-
threitol, 0.5 mM PMSF and 5 % (v/v) glycerol] with 2 g of poly
(dI-dC) - poly(dI-dC) and 1 ul of supershift antiserum (sc-352
anti-PU.1, sc-111 anti-Ets-1, sc-351 anti-Ets-2, sc-355 anti-Elk-1,
sc-109 anti-NF-«B p65; Santa Cruz Biotechnology, Santa Cruz,
CA, U.S.A.). Probes were added to the reaction mixture and incu-
bation continued for 15 min at room temperature (22 °C). Samples
were electrophoresed at 4°C through 6 % (w/v) non-denaturing
polyacrylamide gels and the gels were exposed to X-ray films for
autoradiography. Activity values of Ets-1, Ets-2 and Elk-1 antisera
were confirmed in supershift experiments performed using the
Ets and Elk oligonucleotides as described in Table 1 (results not
shown).

RESULTS
Expression of TLR4 by macrophages

TLR4 expression of mouse peritoneal macrophages and spleno-
cytes was analysed by flow cytometry using MTS510 mAb that
recognizes the TLR4-MD-2 complex [19]. Splenocytes were
counterstained with antibodies specific for B, T and NK (natural
killer) cell antigens. As shown in Figure 1(A), a strong staining
was observed using peritoneal macrophages, whereas B cells were
weakly stained with MTS510 mAb. Of note, splenic T cells or NK
cells were not stained with the anti-TLR4-MD-2 mAb. The speci-
ficity of the staining was confirmed by showing that macrophages
from TLR4~/~ mice were not labelled with the anti-TLR4-MD-
2 mAb. Similarly to primary peritoneal macrophages, the
commonly used RAW 264.7, J774 and P388D.1 mouse macro-
phage cell lines expressed high levels of TLR4 mRNA (results not
shown) and TLR4-MD-2 (Figure 1B). Finally, TLR4 mRNA was
detected in the bovine endothelial cell line BAEC and in NIH-3T3
mouse fibroblasts (Figures 1C and 6A).

Analysis of truncated mouse TLR4 promoters

To localize DNA sequences controlling TLR4 promoter activity,
deletion constructs of the mouse TLR4 promoter ranging from
— 2715 to 4+ 52 bp were cloned in a luciferase reporter vector and
transiently transfected in RAW 264.7 cells (Figure 2A). Surpri-
singly, promoter activity increased four times after deletion of a
182 bp fragment from the — 518 promoter, arguing for the pres-
ence of a negative regulatory element in the — 518 to — 336 bp pro-
moter region. Positive regulatory elements were further localized
in regions spanning from —336 to —271bp and from — 144
to — 102 bp. The —518 bp promoter was then tested for basal
activity in several cell lines. Strong promoter activity was

© 2005 Biochemical Society
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Figure 1 TLR4 is expressed by macrophages

(A) Flow cytometric analysis of TLR4-MD-2 expression by thioglycollate elicited peritoneal
macrophages from TLR4—/= (upper left) and TLR4*/+ (upper right) mice and by spleen B
(B220*), T(CD3*) and NK (NK1.1+) cells from a TLR4*/+ mouse. (B) TLR4-MD-2 expression
by RAW 264.7, P388D1 and J774 mouse macrophage cells was determined by flow cytometry.
The white and grey areas represent staining with anti-TLR4-MD-2 antibody and isotype-matched
control antibody respectively. (C) Northern-blot analysis of TLR4 and GAPDH mRNA expression
by BAEC.

detected in all macrophage cell lines (RAW 264.7, J774 and
P388 D1) and in BAEC cells. Lower activity was detected in
NIH-3T3 cells (Figure 2B). To make sure that these results
were not influenced by differences in post-transcriptional regu-
lation of luciferase expression in the various cells lines, we
compared the expressions of SV40 promoter-driven Photinus
pyralis luciferase and Renilla luciferase in RAW 264.7, J774 and
P388 D1, NIH-3T3 and BAEC cells. On an average, ratios of
P. pyralis luciferase over Renilla luciferase activities were five
times higher in NIH-3T3 when compared with RAW 264.7, J774
and P388 D1 and BAEC cells (results not shown), indicating that
the observed activity of the TLR4 promoter in NIH-3T3 cells was
overestimated rather than underestimated.

Sequence analysis of the proximal 500 bp of mouse TLR4 pro-
moter revealed that it contained putative DNA-binding sites
for several transcription factors but contained no TATA box
(Figure 2C). Most notably, TLR4 promoter contained five core
-TTCC- sequences that bind transcription factors of the Ets family.
Two Ets sites at —292 bp (Ets®) and at — 115 bp (Ets?) and an
AP-1 site at — 140 bp were identified in regions sustaining TLR4
promoter activity. A GATA-like motif (at position — 342 bp) was
detected in a region shown to repress TLR4 promoter activity
(Figure 2A). Finally, a DNA-binding site for the octamer trans-
cription factor and a composite IRF (IFN regulatory factor)/Ets
motif were identified immediately downstream of the transcrip-
tional start site.

Comparison of the sequence of mouse and human proximal pro-
moters (region encompassing — 400 to + 100 bp) revealed a high
degree of conservation (Figure 3A). Maximal promoter activity
in human macrophages was sustained by a short region ranging
from — 75 to + 190 bp. This region included a conserved IRF/Ets
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composite site (4 13/4-27, Figure 2C and Figure 3B), which was
reported to be essential for promoter activity. It also contained
an octamer site that slightly repressed promoter activity in human
macrophages [25]. To evaluate the role played by the homologous
region of the mouse TLR4 promoter, — 541 and — 336 promoters
truncated in the 3'-end at position — 71 were generated by PCR
and their activities were tested in RAW 264.7 macrophages. As
shown in Figure 3(C), activities of the two truncated promoters
were increased compared with that of the — 541 and — 336 wild-
type promoters. Taken together, with the lack of activity of the
— 102 promoter (Figure 2A), these results suggest that the IRF/
Ets composite site is not required for T/r4 gene activation in
mouse macrophages. Yet, similarly to the human TLR4 promoter,
the proximal — 71 bp of mouse TLR4 promoter contains an ele-
ment(s) that represses transcriptional activity.

Identification of positive and negative regulatory regions of the
mouse TLR4 promoter using site-directed mutagenesis

To investigate the functional significance of the Ets® and EtsP,
AP-1, GATA-like and octamer sites, we performed site-directed
mutagenesis of these DNA-binding sites within the — 518 pro-
moter. Wild-type and mutant constructs were tested in RAW
264.7, J774 and BAEC cell lines (Figure 3D). In all three cell
lines, disruption of the Ets® site completely abolished pro-
moter activity, whereas the disruption of the Ets” and AP-1 sites
decreased promoter activity by 50 and 75 % respectively. In con-
trast, mutation of the octamer and GATA-like binding sites in-
creased promoter activity, especially in RAW 264.7 macro-
phages (Figure 3D). Therefore the Ets and AP-1 DNA-binding
sites and the GATA-like and octamer DNA-binding sites act as
positive and negative regulators respectively of the mouse TLR4
promoter activity.

PU.1 binds to the Ets® but not to the Ets” site of mouse TLR4
promoter

To identify the nuclear proteins involved in 7/r4 gene activation,
we performed EMSA with nuclear extracts from unstimulated
RAW 264.7 macrophages. Using a double-stranded oligonuc-
leotide corresponding to the Ets®? DNA-binding site, a specific re-
tarded complex was revealed that migrated similarly to a complex
obtained on incubation of the same protein extracts with an oligo-
nucleotide specific for the PU.1 DNA-binding site of the IL (inter-
leukin)-12 and -18 promoters. The specificity of Ets® DNA—pro-
tein complex was demonstrated by showing that it was dose
dependently competed by adding unlabelled Ets? oligonucleotide
to the reaction mixture, whereas the addition of a mutant oligo-
nucleotide had no effect (results not shown). The identity of
the protein involved in the complex formation was then investi-
gated by preincubating EMSA reaction mixtures with antibodies
directed against members of the Ets family (PU.1, Ets-1, Ets-2
and Elk-1) or control antibodies directed against p65. The Ets?
complex and the IL-12 PU.1 and IL-18 PU.1 complexes were
supershifted only when using anti-PU.1 antibodies (Figure 4).
Therefore PU.1 transcription factor bound the EtsP site implicated
in mouse TLR4 promoter basal activity.

We then performed EMSA to determine the identity of the pro-
tein binding to the TLR4 Ets? site. Using nuclear extracts from
RAW 264.7 macrophages, we identified four specific retarded
complexes by competition analysis (Figure 5A). It may be noted
that excess of unlabelled TLR4 EtsP, IL-12 PU.1 and IL-18 PU.1
oligonucleotides weakly inhibited DNA—protein complex form-
ation, suggesting a different protein binding preference of the Ets®
site (Figures 5B and 5C). Preincubation of binding reactions with
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Figure 2 Mouse TLR4 promoter activity and putative DNA-binding sites for transcription factors

(A) Activity of mouse TLR4 promoter deletion constructs cloned into a luciferase reporter plasmid (pGL3) and transfected into RAW 264.7 macrophages. Cells were co-transfected with the Renilla
pRL-TK vector. Results are expressed as the ratio of luciferase activity to Renilla luciferase activity. Results are expressed as means + S.D. for three independent determinations. (B) Activity of
—518/4-223 mouse TLR4 promoter (M) and empty pGL3 (CJ) in RAW 264.7, J774 and P388 D1 macrophages, NIH-3T3 fibroblasts and BAEC. Results are expressed as means + S.D. for three
independent determinations. (C) Mouse Tir4 5'-flanking sequence and potential DNA-binding sites for transcription factors. The ATG start codon is underlined twice (see text for explanations).

anti-PU.1 antibodies before adding labelled Ets® oligonucleotide
also did not cause a supershift. Ets* complex was competed using
an excess of an unlabelled oligonucleotide specific for the SRE
(serum response element) site from the human ERG-1 promoter
(SRE-1, Figures 5B and 5C), for which a weak supershift was
observed using antibodies against Elk-1 [26]. However, antibodies
against Elk-1, Ets-1 and Ets-2 did not cause a supershift of Ets
complexes (results not shown).

To determine which nucleotides were required for a DNA-
protein complex formation at the Ets? site, a series of sequential
3 bp mutations were introduced into an Ets? oligonucleotide (m1—
m7, Table 1) and tested for competition with labelled Ets® oligo-
nucleotide. As summarized in Figure 5(D), m4 in which three nu-
cleotides in the core -TTCC- box had been disrupted did not
inhibit complex formation. Mutants m3 and m5 only partially in-
hibited complex formation, whereas the mutants m1, m6 and m7
fully inhibited complex formation. Finally, mutant m2 showed a
markedly reduced inhibitory capacity. Interestingly, m2 was mu-
tated in a region of the Ets® oligonucleotide (ATA) that was more
conserved in SRE-1 oligonucleotide (GTA) when compared with
the Ets® (CCA), IL-12 PU.1 (GTC) and IL-18 PU.1 (GGT) oligo-
nucleotides (Figure 5B). Taken together, these results indicated
that nucleotides comprising the core -TTCC- box are critical for
complex formation at the Ets? site and that neighbouring nucleo-

tides appear to influence the composition of the protein-binding
complex.

TLR4 is expressed in the absence of PU.1

Mutational and supershift analyses suggested that the PU.1 tran-
scription factor was required to mediate full activation of the TLR4
promoter. Yet, PU.1 was presumably not essential for transcription
activation, as deduced from the observation that disruption of
the EtsP site did not abolish TLR4 promoter activity. To verify
this assumption, we used NIH-3T3 mouse fibroblasts deficient in
PU.1 but expressing TLR4 mRNA (Figure 6A). In NIH-3T?3 fibro-
blasts, —518 promoter was constitutively active although much
less than in RAW 264.7 macrophages (Figure 2B). Promoter activ-
ity was either completely or partially abolished by mutation of Ets?
and AP-1 sites respectively (Figure 6B). In contrast, mutation of
Ets? site did not alter promoter activity, an observation congruous
with the absence of detectable protein binding to the EtsP site using
nuclear extracts from NIH-3T3 cells (Figure 6C). Overexpression
of PU.1 or a PU.1 mutant, lacking the PEST domain in NIH-3T3
cells, increased TLR4 promoter activity (1.7-fold, Figure 6D),
however to levels that remained lower than those measured in
RAW 264.7 macrophages (results not shown). The increased ac-
tivity was lost when cells were transfected with a PU.1 expression
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Figure 3 Identification of DNA-binding sites regulating mouse TLR4
promoter activity in macrophages and endothelial cells

(A) Comparison of putative transcription regulatory sites of the mouse and human TLR4
5'-flanking region. (B) Sequence alignment of the conserved IRF/Ets composite DNA-binding site
in the human (GenBank® accession no. AF177765), mouse (AF177767), rat (NM_019178) and
hamster (AF153676) TLR4 promoters. Nucleotides matching those of the consensus sequence
are highlighted in grey. (G) Activity of 5'- and 3'-truncated mouse TLR4 promoter constructs in
RAW 264.7 macrophages. (D) Site-directed mutations of Ets¢, EtsP, Ets*+?, AP-1, octamer and
GATA sites were introduced in —518/4-223 TLR4 promoter. RAW 264.7 cells were transfected
with —518/4-223 wild-type and mutant (mt) promoter constructs. Luciferase activity was
expressed relative to the activity of the wild-type construct (100 %). Results are expressed as
means + S.D. for one representative experiment performed in triplicate.

construct lacking the DBD. Finally, TLR4 promoter activ-
ity was inhibited in cells overexpressing PU.1 mutants with partial
deletions of the N-terminal TAD. Therefore the DBD and the
ATAD of PU.1 were required for optimal mouse TLR4 promoter
transcriptional activity.

In an attempt to identify which transcription factor may be
implicated in the regulation of TLR4 promoter activity, NIH-3T3
cells were transfected with vectors encoding the members (Ets-1,
Ets-2, Elf-1, ESE-1, PEA3 and MEF; MEF stands for myeloid
Elf-1-like factor) of the Ets family. In addition to PU.1, TLR4 pro-
moter activity was weakly increased (1.5-fold) by PEA3 and MEF,
whereas ESE-1 more markedly increased promoter activity (2.5-
fold, Figure 6E). Moreover, ESE-1 strongly increased the luci-
ferase activity of NIH-3T3 and RAW 264.7 cells, transfected with
a trimeric Ets? reporter construct (Figure 6F). Yet, ESE-1 mRNA
was not detected in resting RAW 264.7 macrophages (Figure 6G).
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Figure 4 PU.1 binds to the Ets® site of mouse TLR4 promoter

Nuclear extracts from RAW 264.7 macrophages were preincubated with antibodies directed
against p65, PU.1, Ets-1, Ets-2 or Elk-1. TLR4 EtsP (left panel), IL-12 PU.1 (middle panel) and
IL-18 PU.1 (right panel) radiolabelled oligonucleotides were added to the reactions. Specific
complexes are indicated with an open arrowhead. Supershifts are indicated with a closed arrow-
head. Results are representative of three independent experiments.
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Figure 5 PU.1 does not bind to the Ets? site of mouse TLR4 promoter

() Nuclear extracts from RAW 264.7 macrophages were incubated with a radiolabelled Ets®
oligonucleotide. Competition analyses were performed with unlabelled Ets?, EtsP and Ets® m4
oligonucleotides, as indicated. (B) Comparison of the sequence of the Ets sites of mouse
TLR4 (Ets® and EtsP), IL-12 (PU.1), IL-18 (PU.1) and ERG-1 (SRE-1) promoters. Nucleotides
matching the Ets® sequence are highlighted in grey. (C) Competition analyses were performed
using nuclear extracts from RAW 264.7 cells incubated with radiolabelled Ets® oligonucleotide
and 100 times more of the indicated unlabelled oligonucleotides. (D) Summary of competition
studies performed with wild-type and mutant (m1-m7) Ets® oligonucleotides. For each mutant,
only the mutated 3 bp is shown. Competition effectiveness was graded from — (no competition)
to -+ (strong competition similar to that obtained with wild-type Ets oligonucleotide).
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(A) Northern-blot analysis of TLR4, PU.1 and GAPDH mRNA by NIH-3T3 and RAW 264.7 cells. (B) NIH-3T3 cells were transfected with —518/+223 wild-type and mutant (mt) TLR4 promoter
constructs. Luciferase activity was expressed relative to the activity of the wild-type construct (100%). (C) Nuclear extracts from NIH-3T3 and RAW 264.7 cells were analysed by EMSA using a
radiolabelled EtsP oligonucleotide. Specific complex is indicated with an open arrow. (D) Schematic representation of the TAD, PEST domain and DBD of PU.1 expression constructs (see the Materials
and methods section), used to transfect NIH-3T3 cells together with —518/+-223 TLR4 promoter. Results are expressed as means + S.D. for three independent determinations. (E) NIH-3T3 cells
were transfected with —518/+223 TLR4 promoter construct together with expression constructs encoding for PU.1, Ets-1, Ets-2, EIf-1, ESE-1, PEA3 and MEF. Luciferase activity was expressed
relative to that of cells transfected with the empty pCB6 vector (100 %). Results are expressed as means + S.D. for two experiments. (F) NIH-3T3 and RAW 264.7 cells were transfected with a trimeric
mouse TLR4 Ets? reporter construct together with expression constructs encoding for PU.1, MEF and ESE-1. Luciferase activity was expressed as in (E). Results are expressed as means + S.D. for
three independent determinations. (G) Reverse transcriptase—PCR analysis of ESE-1 and GAPDH expression in resting (—) and LPS-stimulated (+) RAW 264.7 macrophages.

Protein binding at the GATA-like and octamer sites of mouse
TLR4 promoter

Basal activity of mouse TLR4 promoter in RAW 264.7 macro-
phages was observed to be repressed through a GATA-like and an
octamer DNA-binding sites. We therefore performed EMSA to
detect protein binding to these sites. Using nuclear proteins from
RAW 264.7 cells, two GATA complexes and a weak octamer com-
plex were identified. All of these complexes were specific, as

they were inhibited by unlabelled specific oligonucleotides and by
oligonucleotides containing reference sites for GATA-1 and
Oct-1, but not with TLR4 GATA-like and octamer mutant oligo-
nucleotides respectively (results not shown). To confirm that
proteins interacting with GATA-like and octamer motifs repressed
TLR4 promoter activity, luciferase activity was measured in
RAW 264.7 macrophages and BAEC cells that were co-trans-
fected with —518 promoter and increasing concentrations of
GATA-1 and Oct-1 expressing vectors. As shown in Figure 7(A),
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Figure 7 Inhibition of mouse TLR4 promoter activity by GATA-1 and Oct-1

() Activity of —518/4-223 mouse TLR4 promoter construct in RAW 264.7 (M) and BAEC (CJ)
cells co-transfected with increasing amounts (0.1, 0.5 and 2 g) of GATA-1 (GATA-1 PXP) and
Oct-1 (Oct-1 pcDNA) expression plasmids. Luciferase activity was expressed relative to that of
cells transfected with the empty vector (100 %). Results are expressed as means + S.D. for one
representative experiment performed in triplicate. (B) RAW 264.7 macrophages were transfected
with wild-type —518/4-223 or mutant GATA —518/-+223 (GATA mt) mouse TLR4 promoter
construct together with (+) or without (—) 1 g of a GATA-1 expression plasmid (GATA-1 PXP).
Results are expressed as means + S.D. for two independent experiments.

both GATA-1 and, to a lesser extent, Oct-1 inhibited in a dose-
dependent manner, the —518 promoter activity. Importantly,
GATA-1 inhibited luciferase activity driven by wild-type and
mutant GATA — 518 promoter (Figure 7B).

Transcriptional and post-transcriptional control of Tir4 gene
expression in activated macrophages

We next examined whether 7/r4 gene expression was modulated
after exposure of macrophages to pro-inflammatory and anti-
inflammatory stimuli. TLR4 mRNA levels and promoter activity
were measured in RAW 264.7 cells stimulated with microbial
products (LPS, PGN, CpG oligonucleotide, heat-killed E. coli
and S. aureus), cytokines (IFN-y and TNF), mitogen (PMA plus
ionomycin) or Dex. Compared with baseline, TLR4 mRNA levels
were decreased after exposure to LPS and E. coli, whereas it was
increased after exposure to PMA plus ionomycin or PGN. The
impact of all the other stimuli, including Dex, was more subtle
(10-30 % variation of TLR4 mRNA expression; Figure 8A).
Similarly, TLR4 promoter activity was markedly increased in
cells stimulated with PMA and ionomycin (Figure 8B). However,
it may be noted that LPS or E. coli did not inhibit TLR4 promoter
activity, suggesting that both stimuli modulate TLR4 mRNA
expression by a post-transcriptional mechanism. Consistent with
this hypothesis, LPS was found to lower the TLR4 mRNA half-
life by almost 50 % compared with that of unstimulated cells
(Figures 8C and 8D).
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DISCUSSION

Analyses of TLR4 expression by mouse immune cells have re-
vealed high TLR4 promoter activity and protein expression in the
macrophage. Transcription of the mouse T/r4 gene was found to
be under the control of regulatory elements, including Ets, AP-1,
GATA-like and octamer DNA-binding sites, all located within
350 bp of the transcription start site.

The Ets family of transcription factors comprises over 35 mem-
bers, among which PU.1 has been shown to play an important
role in the differentiation of myeloid and lymphoid cells. PU.1
was found to be implicated in the regulation of the expression
of numerous myeloid- and B cell-specific genes, such as those
encoding for integrin subunits, IgG chains, growth factors (macro-
phage, granulocyte and granulocyte—macrophage colony-stimula-
ting factors), cytokines (IL-1, -4, -12 and -18) and receptors for
complement, IgGs and cytokines (reviewed in [27,28]). Consis-
tent with its important role in myeloid cells gene expression, PU.1
was observed to sustain basal TLR4 promoter activity in mouse
macrophages by binding to a proximal conserved Ets sequence
located near the transcription start site. High level of expression of
PU.1 promotes macrophage differentiation, whereas low level
of expression facilitates B-cell development [29]. Differences in
PU.1 cell content may therefore account for higher degree of
TLR4 expression in macrophages compared with that in B cells.
In agreement with an important role for PU.1 in the macrophage,
mutation of the EtsP-binding site decreased TLR4 promoter activ-
ity by half. In contrast, transfection of PU.1-deficient NIH-3T3
fibroblasts with a PU.1 expression plasmid increased TLR4 pro-
moter activity. It may be noted that TLR4 promoter activity was
inhibited by transfecting NIH-3T3 cells with expression plasmids
encoding for PU.1 mutants lacking the TAD but retaining a func-
tional DBD (constructs ATAD and ANP, Figure 6D). Presumably,
overexpressed mutant proteins competed with endogenous trans-
cription factors for binding to Ets sites.

A second, more distal, Ets DNA-binding site was identified as
an indispensable regulatory element for 77r4 expression, as muta-
tion of the Ets® site completely abolished promoter activity. By
EMSA, four specific retarded DNA—protein complexes were de-
tected at the Ets® site. However, none of these complexes were
supershifted using antibodies against PU.1, Ets-1, Ets-2 and
Elk-1 transcription factors. In an attempt to determine which
transcription factors may bind to the Ets® site, NIH-3T3 and RAW
264.7 cells were transfected with expression constructs encoding
for various Ets factors. Of all the constructs tested, the ESE-1 con-
struct was the only one found to increase both TLR4 promoter
activity and luciferase activity driven by a trimeric TLR4 Ets®
site, indicating that ESE-1 is capable of binding to the Ets? site.
However, ESE-1 was not expressed in resting macrophages, in
agreement with the fact that ESE-1 belongs to a newly identified
subclass of Ets transcription factors whose basal expression was
reported to be restricted to epithelial cells [30-32]. It is still
possible that an as yet uncharacterized member of the ESE family
of transcription factors binds to the Ets! site in macrophages.
As the TLR4 promoter was also active in endothelial cells and
fibroblasts, it appears that the transcription factor(s) binding to
the Ets? site could have a more ubiquitous cell distribution than
myeloid and lymphoid cells only. Work is currently in progress to
identify the nature of the protein(s) binding to the Ets? site.

To determine which nucleotides are required for protein
binding at the Ets® DNA-binding site, competition analyses were
conducted with sequential mutants of the Ets? oligonucleotides.
Nucleotides adjacent to (i.e. positioned at —4/— 6) the 5'-end of
the -TTCC- core sequence were found to be critical for binding in
competition experiments. These nucleotides may either affect the
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Figure 8 Transcriptional and post-transcriptional control of TLR4 mRNA expression in RAW 264.7 macrophages

(A) Northern-blot analysis of TLR4 and GAPDH mRNA expression by RAW 264.7 macrophages stimulated for 4 h with pro-inflammatory and anti-inflammatory stimuli (see the Materials and
methods section). (B) TLR4 promoter (— 518/ 223) activity in RAW 264.7 cells cultured for 18 h with the indicated stimuli. Results are expressed as means + S.D. for 3-6 independent experiments
performed in triplicates. (G) Northern-blot analysis of TLR4 and GAPDH mRNA expression by RAW 264.7 cells cultured for 1 h with or without LPS and then incubated with actinomycin D (Act) for
an additional 0, 1,2, 3 or 4 h. (D) Time course of TLR4 mRNA decay in unstimulated (O) or LPS-stimulated (@) RAW 264.7 cells. TLR4 levels were normalized for GAPDH levels and expressed as

a percentage of TLR4 levels measured at zero time (i.e. before the addition of actinomycin D).

binding of an Ets transcription factor to the -TTCC- core sequence
or else mediate the binding of a transcription factor next to the Ets
site. The latter hypothesis would be in line with a rapidly growing
number of studies suggesting that Ets transcription factors may
physically interact with other transcription factors to enhance
transcriptional activity. A well-documented example of this dual
components model is the co-operative interaction between PU.1
and IRF for binding to composite Ets/IRF sites that promote the
activation of lymphoid and myeloid genes [25,33-37]. However,
apart from the Ets site, no IRF or other consensus DNA-binding
site was detected within the immediate proximity of the Ets® site.

The transcription factor AP-1 was also found to regulate posit-
ively Tlr4 gene expression in mouse cells. Using nuclear extracts
from resting cells, a specific DNA—protein complex was detected
at the AP-1 site, confirming that the AP-1 site was implicated in
transcription (results not shown). Moreover, mutation of a con-
served DNA-binding site for AP-1 decreased promoter activity in
RAW 264.7 and J774 macrophages, BAEC and NIH-3T3 fibro-
blasts. Taken together, these results suggest that basal activity of
mouse TLR4 promoter is supported by at least three elements: an
indispensable Ets? site, an AP-1 site and an Ets site.

A GATA-like site and, to a lesser extent, a conserved octamer
site were identified as repressors of TLR4 promoter activity.
Mutation of the GATA-like site and overexpression of GATA-1
transcription factor have marked effects on mouse TLR4 promoter
activity. GATA-1 was recently reported to inhibit gene trans-
cription through two different mechanisms of action, implicating
either a direct binding to DNA or a protein—protein interaction
between GATA-1 and PU.1 that inhibits PU.1 activity [20,38].
However, GATA-1 quite probably did not bind to the GATA-like
site, as GATA-1 expression is repressed during macrophage differ-

entiation [28]. A possible candidate for binding the TLR4 GATA-
like site is GAP-12, a nuclear factor present in resting RAW
264.7 macrophages [39]. GAP-12 has been shown to inhibit IL-
12 p40 promoter activity on binding to an element called GA-12.
Binding of GAP-12 to GA-12 required specific nucleotides in the
immediate vicinity (—5/—4 and + 3/+4) of the GATA core se-
quence, which were found in the mouse TLR4 promoter. Unfor-
tunately, GAP-12 has not been cloned and there are no anti-GAP-
12 antibodies available. Thus we could not verify whether
GAP-12 binds the TLR4 GATA-like site. In addition to mouse
TLR4 and IL-12 p40 promoters, numerous myeloid promoters
contain GATA-like sequences, suggesting that GATA-related
transcription factors may repress the expression of several mye-
loid-specific genes. Functional promoter studies of the mouse
IL-18 [40], mannose receptor [41] and TIr2 [42] and human
CD33 [43] and TLR4 [25] genes showed increased transcriptional
activity on deletion of GATA-binding sites. However, these studies
focused on positive regulatory elements and did not characterize
the elements involved in transcriptional repression of these genes.
In agreement with the second mode of action, which does not
require binding of GATA-1 to DNA, transfection of RAW 264.7
macrophages with a GATA-1 expression construct inhibited luci-
ferase activity driven by a TLR4 promoter construct with a
mutated GATA-like binding site. In addition to the GATA-like site,
mouse TLR4 promoter contained a consensus octamer element
that repressed transcriptional activity, albeit weakly. Mutation of
a homologous octamer element within the human TLR4 promoter
slightly increased basal transcription. The marginal effect of the
mutated octamer site reflected the fact that human and mouse
octamer sites were weak binding sites for octamer transcription
factors (results not shown and [25]).
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The mouse and human TLR4 genes are highly conserved
[44], yet they exhibit noteworthy dissimilarities with respect to
transcriptional regulation, which may account for the differences
that have been observed between mouse and human TLR4 in
terms of tissue expression and modulation of expression in res-
ponse to infectious and inflammatory stimuli. For example, much
higher levels of TLR4 mRNA have been detected in mouse than
in human heart and liver [6,45]. Stimulation of human monocytes
with LPS, IL-18 and TNF factor increased TLR4 mRNA expres-
sion [46,47], whereas it either decreased or did not affect that
of mouse macrophages [48,49]. Consistent with these previous
observations, we also found that TLR4 expression was strongly
reduced after exposure of mouse macrophages to LPS and Gram-
negative bacteria (E. coli). Interestingly, LPS did not affect pro-
moter activity, but markedly increased the turnover of TLR4 tran-
scripts. This post-transcriptional mode of regulation is reminiscent
of that observed in LPS-stimulated rat alveolar macrophages [50].
In contrast, PMA plus ionomycin significantly increased TLR4
mRNA levels and promoter activity, suggesting a role for protein
kinase C and calcium signalling in T/r4 gene transcription.

The activity of the human TLR4 promoter was regulated by
transcription factors acting on elements located in the immediate
vicinity of the transcription start site, whereas the important
regulatory elements of the mouse TI/r4 gene act more distally.
Most notably, full basal activity of the human TLR4 promoter was
dependent on binding of IRF-8 and PU.1 to a composite IRF/Ets
motif located at position + 13 [25], whereas the homologous
IRF/Ets motif did not play the same crucial role for the mouse
promoter activity. Sequence analysis revealed the existence of a
perfect match between human TLR4 IRF and the consensus IRF
sequence, which was shown recently to be essential for the binding
of the IRF transcription factor to the human CD68 promoter [37].
In contrast, mouse, rat and hamster TLR4 IRF elements diverged
by one nucleotide (Figure 3B). As no other IRF-binding site was
identified in the mouse TLR4 promoter, IRF-8 does not appear to
play an important role in the transcriptional regulation of mouse
Tir4. Consistent with this argument, IRF-8-deficient mice exhibit
normal responses to LPS stimulation [51]. Thus, in contrast with
the situation of human TLR4, the IRF/Ets element is not essential
for mouse T1r4 regulation, quite probably due to impaired binding
of IRF protein to DNA. Other differences between the mouse and
human TLR4 promoters are the absence of Ets® and GATA-like
DNA-binding sites in the human promoter (Figure 3A).

In conclusion, despite high sequence homology, mouse and
human 7LR4 exhibit significant differences with respect to the
elements implicated in the regulation of gene expression. These
observations may explain, at least in part, some of the known dis-
similarities of TLR4 expression and innate immune responses to
endotoxin and Gram-negative bacteria in the mouse and humans,
and remind us of the caution necessary when extrapolating the
results of experimental mouse models of sepsis to humans.
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