
Introduction
Gram-negative bacterial sepsis is a common cause of
shock and death (1). Lipopolysaccharide (LPS), a
major constituent of the Gram-negative bacterial
outer membrane, can trigger a variety of inflammato-
ry reactions, including the release of proinflammato-
ry cytokines and other soluble factors. If produced in
excess, these mediators induce the systemic inflam-
mation that causes end-organ damage, sepsis, and
death. The LPS molecule is complex, consisting of a
polysaccharide, a core oligosaccharide, and a highly
conserved lipid A portion. The lipid A moiety is
responsible for the toxic proinflammatory properties
of LPS, and is therefore a target for the development
of medical therapies for the treatment of sepsis (2).

Multiple mammalian receptors for endotoxin have
been identified over the last decade. The most impor-
tant of these is the glycosylphosphatidylinositol-linked
protein CD14 (3). Although there is little doubt that
CD14 binds LPS and initiates signal transduction,

CD14 is not by itself capable of initiating a transmem-
brane activation signal. First, because CD14 lacks a
transmembrane domain, it has no intrinsic signaling
capabilities. Second, LPS receptor antagonists inhibit
the effects of LPS at concentrations that are too low to
block LPS binding to CD14 (4, 5), suggesting that
blockade of CD14 is not the mechanism of receptor
inhibition. This has led many to postulate that
LPS/CD14 complexes interact with a transmembrane
receptor that is responsible for ligand specificity and
signal transduction (6–8).

Strong evidence for the existence of a CD14-associ-
ated signal transducer comes from the characteriza-
tion of lipid A–like molecules that antagonize LPS
both in vitro and in vivo (9). These include the lipid A
analogues lipid IVa and Rhodobacter sphaeroides lipid A
(RSLA). RSLA and lipid IVa are both potent LPS
antagonists in LPS-responsive human cells (10). Curi-
ously, in native hamster macrophages, both com-
pounds are LPS mimetics (6). The pharmacology of
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Lipopolysaccharide (LPS) is the main inducer of shock and death in Gram-negative sepsis. Recent evi-
dence suggests that LPS-induced signal transduction begins with CD14-mediated activation of 1 or
more Toll-like receptors (TLRs). The lipid A analogues lipid IVa and Rhodobacter sphaeroides lipid A
(RSLA) exhibit an uncommon species-specific pharmacology. Both compounds inhibit the effects of
LPS in human cells but display LPS-mimetic activity in hamster cells. We transfected human TLR4 or
human TLR2 into hamster fibroblasts to determine if either of these LPS signal transducers is respon-
sible for the species-specific pharmacology. RSLA and lipid IVa strongly induced NF-κB activity and
IL-6 release in Chinese hamster ovary fibroblasts expressing CD14 (CHO/CD14), but these compounds
antagonized LPS antagonists in CHO/CD14 fibroblasts that overexpressed human TLR4. No such
antagonism occurred in cells overexpressing human TLR2. We cloned TLR4 from hamster
macrophages and found that human THP-1 cells expressing the hamster TLR4 responded to lipid IVa
as an LPS mimetic, as if they were hamster in origin. Hence, cells heterologously overexpressing TLR4
from different species acquired a pharmacological phenotype with respect to recognition of lipid A
substructures that corresponded to the species from which the TLR4 transgene originated. These data
suggest that TLR4 is the central lipid A–recognition protein in the LPS receptor complex.
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these drugs is even more complicated in mice, with
RSLA acting as an LPS antagonist, whereas lipid IVa
is an LPS mimetic.

The prominent role of CD14 in binding and initiat-
ing LPS signals made this receptor an obvious candi-
date as the molecule responsible for these species-spe-
cific effects. Yet, molecular genetic studies in human,
hamster, and mouse cell lines that were heterologous-
ly transfected with mouse or human CD14 demon-
strated that the origin species of CD14 was irrelevant
to the observed pharmacology of RSLA and lipid IVa
(6). These studies implied that the gene product
responsible for the species-specific pharmacology of
LPS would be the lipid A–recognition component of
the LPS receptor complex.

Recently, members of the Toll receptor family have
been implicated in LPS signaling. Toll, a type I trans-
membrane receptor with homology to the intracellular
portion of the IL-1 receptor, was initially identified as
a receptor involved in the embryonic development of
Drosophila melanogaster, in which it controls dorsoven-
tral polarization. Subsequently, it was demonstrated
that Toll and its homologues also control the induc-
tion of antimicrobial factors in response to infection
(11–13). A family of mammalian Toll-like receptors
(TLRs) has also been described (14). Two members of
this family, TLR2 and TLR4, have been identified as
possible LPS signaling receptors (15–20).

We reasoned that the biology of the true endotoxin
receptor should account for all aspects of the complex
pharmacology that has been described for LPS. In light
of our previous findings concerning the species-specif-
ic effects of the LPS antagonists, we hypothesized that
if a TLR were the major component of the LPS signal-
ing complex, then it would also have to account for the
species-specific pharmacology of RSLA and lipid IVa.
To test this hypothesis, we transfected human and
hamster constructs for TLRs into a Chinese hamster
ovary K1 (CHO-K1) fibroblast line expressing CD14

(CHO/CD14), and a human monocytic cell line, THP-
1. The results demonstrated a dramatic shift in pheno-
type based on the origin species of TLR4 expressed. In
contrast, expression of TLR2 had no effect on these
species-specific activities of the compounds tested. We
conclude that TLR4 functions to alert immune cells to
the presence of LPS, and is responsible for the species-
specific recognition of lipid A structures. This ligand-
specific recognition strongly supports the concept that
LPS directly binds to TLR4. The challenge for the
future is to identify this presumed binding site; this
accomplishment will be critical for the development of
anti-endotoxin therapies for the medical treatment of
human septic shock.

Methods
Reagents. PBS, Ham’s F12 medium, RPMI-1640 medi-
um, and trypsin-versene mixture were from BioWhit-
taker Inc. (Walkersville, Maryland, USA). Low-endo-
toxin FBS was from Summit Biotechnology (Greeley,
Colorado, USA). Ciprofloxacin was a gift from Miles
Pharmaceuticals (West Haven, Connecticut, USA).
Hygromycin B was purchased from Calbiochem-Nov-
abiochem Corp. (San Diego, California, USA),
puromycin was from Sigma-Aldrich (St. Louis, Mis-
souri, USA), and G418 came from GIBCO BRL
(Gaithersburg, Maryland, USA). Salmonella minnesota
R595 LPS and RSLA were as described previously (10);
alternatively, Re595 LPS from Sigma-Aldrich was used.
Synthetic lipid A (Escherichia coli–like, also known as
compound 506) and the tetraacyl lipid A precursor
known as lipid IVa (compound 406) were synthesized
as described (21). Human IL-1β and IL-6 were pur-
chased from Genzyme Pharmaceuticals (Cambridge,
Massachusetts, USA). Antibodies for reporter cell assay
(CD25) were purchased from Becton Dickinson
Immunocytometry Systems (San Jose, California,
USA). Specific mAbs against TLR2 (mAb TL2.1) have
been reported elsewhere (22). Anti-TLR4 mAb
HTA125 (23) was a gift from K. Miyake (Saga Medical
School, Saga, Japan). Plasmids encoding the cDNA for
human TLR2 (huTLR2) or TLR4 (huTLR4) in a
pFLAG–CMV-1 vector were the gifts of M. Rothe,
Tularik Inc. (South San Francisco, California, USA)
(16). Mouse TLR2 (moTLR2) was cloned from a cDNA
library as described previously (24); this cDNA was
capable of mediating LPS effects in transfected
HEK293 cells (24). An untagged version of huTLR4
(hToll; ref. 25) in the vector pcDNA3.1 was a gift from
C. Janeway and R. Medzhitov (Yale University, New
Haven, Connecticut, USA).

Cell lines. The CHO/CD14 reporter line (clone 3E10;
ref. 26) is a stably transfected CD14-positive CHO cell
line that expresses inducible membrane CD25 (Tac
antigen) under transcriptional control of the human
E-selectin promoter. The promoter fragment chosen
contains an essential NF-κB binding site (27). LPS, IL-
1, and TNF-α all activate NF-κB in these cells, result-
ing in a 3- to 10-fold increase in the surface expression
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Figure 1

Expression of human TLR4 and TLR2 transgenes in CHO/CD14 cells.
CHO/CD14 cells that were stably transfected with human TLR4 or
human TLR2 were labeled with 10 µg/mL of the mAbs HTA125
(TLR4), TL2.1 (TLR2), or a control antibody (CTR, mouse IgG;
Sigma-Aldrich), followed by incubation with anti-mouse IgG FITC
(Sigma-Aldrich). The cells were subjected to flow cytometry analysis
on as described (42). Relative cell number is shown on the y-axis and
relative fluorescence is shown on the x-axis.



of CD25. The CHO/CD14/huTLR2 reporter cell lines
were constructed by stable cotransfection of
CHO/CD14 with the cDNA for human TLR2 and
pcDNA3 (Invitrogen Corp., Carlsbad, California,
USA), as described (28). The CHO/CD14/huTLR4
reporter cell lines were derived in the same manner,
except that a puromycin resistance plasmid (pRc/RSV;
gift of R. Kitchens, University of Texas, Southwestern
Medical Center, Dallas, Texas, USA) was used for drug
selection. Proper transgene expression was confirmed
by RT-PCR, using primer pairs against human 
TLR2 (5′-CAGTGGCCAGAAAAGATGAAATA-3′; 5′- GTG-

GCACAGGACCCCCG -3′) and TLR4 (5′-TGCGGGTTCTA-

CATCAAA-3′; 5′-CCATCCGAAATTATAAGAAAAGTC-3′) as
described (24). All of the TLR transfected cell lines had
similar expression of the FLAG epitope (29). Clonal
cell lines were also analyzed by FACS analysis using
specific mAbs against TLR2 and TLR4 (Figure 1). All
CHO cell lines were grown in Ham’s F12 medium con-
taining 10% FBS and 10 µg/mL of ciprofloxacin, in a
humidified, 5% CO2 environment at 37°C. Medium
was supplemented with 400 U/mL of hygromycin B
and 0.5 mg/mL of G418 (CHO/CD14/moTLR2 and
CHO/CD14/huTLR2) or 50 µg/mL of puromycin
(CHO/CD14/huTLR4). All of the experiments with
CHO cell lines were performed at least twice, and were
confirmed using 2 or more unique clonal cell lines
with the same transgenes. CHO/CD14/huTLR4 cell
lines exhibited slightly higher constitutive expression
of surface CD25 (this appeared to be an effect of the
FLAG epitope in minimally activating TLR4-induced

NF-κB), but these lines maintained their ability to
respond to LPS. Human monocytic THP-1 cells were
maintained in RPMI-1640 medium containing 10%
FBS, as described previously (10).

Flow cytometry analysis of NF-κB activity. Cells were plat-
ed at a density of 7.5 × 104 cells per well in 24-well dish-
es. The next day, the cells were stimulated as indicated
in Ham’s F12 medium containing 10% FBS (total vol-
ume of 0.25 mL/well). Subsequently, the cells were har-
vested with trypsin-EDTA and labeled with FITC-
CD25 mAb. Analysis by flow cytometry was performed
as described previously (26).

IL-6 assay. CHO cells were plated at a density of 2 × 104

cells per well in 24-well dishes. The next day, the cells
were washed twice with PBS and stimulated with LPS,
alone or in combination with RSLA or lipid IVa for 10
hours in RPMI-1640 and 2% FCS. Cell-free supernatants
were harvested, and IL-6 was measured by the B13.29 cell
proliferation bioassay as described elsewhere (30, 31).

Cloning of hamster TLR4. PCR primers (5′-TGCTGCCAA-

CATCATCCA and 5′-ºTTTTCCATCCAACAGGGCTTTT)
were designed based on the sequences of rat and human
TLR4 to generate a hamster-specific TLR4 PCR fragment
of 304 bp using CHO/CD14 cDNA as a template. The
PCR fragment was labeled with [32P]CTP and then used
to screen a CHO/CD14 cDNA library (31). Positive clones
were converted into phagemids by single clone excision,
and were sequenced using an ABI 373A automated
sequencer (PE Applied Biosystems, Foster City, Califor-
nia, USA). Four splice variants of CHO-TLR4 were iden-
tified, 1 of which encoded a full-length, functional pro-
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Figure 2

RSLA blocked LPS-mediated activation in CHO/CD14 reporter cells
expressing human TLR4. CHO/CD14 (a and b) and
CHO/CD14/huTLR4 (c and d) reporter cells were plated in 24-well
dishes. The next day, the cells were exposed to various treatments. (a
and c) Cells treated with medium only (stippled lines), RSLA (5 µg/mL;
thick lines), or synthetic lipid IVa (5 µg/mL). (b and d) Cells treated
with medium only (stippled lines), LPS (0.5 µg/mL; thin lines) or a
combination of LPS and RSLA (0.5 and 5 µg/mL, respectively) for 20
hours. After harvesting, the cells were stained for surface CD25 and
subjected to flow cytometry analysis. Untreated cells (stippled lines)
are indicated by “0”. The x-axis represents relative fluorescence and the
y-axis represents relative cell number. One representative experiment
out of 5 is shown. Note that although basal immunofluorescence in
unstimulated CHO/CD14/TLR4 cells is slightly higher than in
CHO/CD14 cells, the ED50 of CHO/CD14/TLR4 to LPS-induced
reporter activity has been found to be identical (data not shown).



tein. Based on the sequence of CHO-TLR4, primers (5′-
CTCACCCTTAGCCCAGAACATTTT and 5′-TGGGGCT-

TAGCTCTTTTCCTTCAG) were designed to clone the full-
length TLR4 using the TOPO TA Cloning kit (Invitrogen
Corp.), and Pfu polymerase from native hamster
macrophage cDNA, prepared from mRNA as described
previously (24). Hamster TLR4 was subcloned into the
5′NotI/3′SalI site of pFLAG–CMV-1 and sequenced.

Transient transfection and NF-κB assay. THP-1 cells were
plated at a density of 2 × 106 cells per well in 6-well dish-
es. Cells were transiently cotransfected with 0.5 µg of the
luciferase reporter plasmid pELAM.luc plus 0.5 µg of
TLR4 (hToll), pFLAG-hamTLR4, or pcDNA3.1 using
Effectene transfection reagent (QIAGEN Inc., Valencia,
California, USA). The next day, the cells were stimulated
with LPS, lipid IVa, or RSLA for 5 hours. The response to
stimulation was measured by assessing luciferase activi-
ty in 50 µg of total cellular lysate, as described (24).

Results
TLR4 is expressed in CHO cells and hamster macrophages.
Both TLR2 and TLR4 have been implicated in LPS sig-
naling. The identification of Lps as Tlr4 (17–19), and the
finding that TLR2-deficient macrophages responded to
LPS (24) suggested to us that TLR4 was the principal
LPS signal transducer in mammalian cells. We con-
firmed that CHO-K1 fibroblasts and hamster
macrophages expressed full-length TLR4 by cloning
and sequencing the cDNA from both cell types. Ham-
ster TLR4 is a type I transmembrane protein with a pre-
dicted transmembrane region between amino acids 630
and 650. The hamster TLR4 amino acid sequence is 79%
and 70% identical to mouse TLR4 and human TLR4,
respectively; the cytoplasmic portions are 94% and 90%
identical. The sequence of hamster TLR4 reported in
this paper is deposited in the GenBank database (acces-
sion number AF153676).

RSLA and lipid IVa, both LPS mimetics in hamster
cells, antagonize LPS when tested in CD14-expressing
CHO fibroblasts that overexpress human TLR4. We
tested CD14-positive CHO fibroblast reporter cell lines
that were stably cotransfected with human TLR4
(shown in Figure 1) to determine if overexpression of
the human receptor would change the pharmacologi-
cal phenotype of the cells with respect to their respons-
es to RSLA and lipid IVa.

Mock-transfected CHO cells do not respond to the
presence of LPS, but after CD14 transfection,
CHO/CD14 cells are capable of responding to low
concentrations of LPS, RSLA, and lipid IVa (6). For
example, LPS, RSLA, and lipid IVa all activated the
NF-κB–dependent reporter gene in the singly trans-
fected CHO/CD14 cell line (Figure 2, a and b). No evi-
dence of inhibition or synergy was observed when the
cells were coincubated with LPS and RSLA together.
In contrast to the CHO/CD14 reporter cell line,
CHO/CD14/huTLR4 cells had virtually no response
to lipid IVa or RSLA (Figure 2c). LPS retained full
stimulatory activity with CHO/CD14/huTLR4 cells,
whereas incubation of CHO/CD14/huTLR4 with LPS
and RSLA together failed to result in cellular activa-
tion, consistent with receptor-mediated antagonism
of LPS by RSLA (Figure 2d). Dose-dependent inhibi-
tion of LPS activation of the reporter gene was also
observed in the CHO/CD14/huTLR4 cell line using
lipid IVa (data not shown). As a control, CHO/CD14
cells and CHO/CD14/huTLR4 cells were exposed to
human IL-1β (5 ng/mL); the 2 cell lines responded
nearly identically (9.3- and 9.4-fold enhancement of
CD25 expression, respectively; data not shown).

The LPS-inhibiting activities of lipid IVa and RSLA
in CHO/CD14/huTLR4 cells were confirmed by
assessing LPS-exposed cells for nuclear translocation
of NF-κB by electrophoretic mobility shift assay.
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Figure 3

Lipid IVa and RSLA stimulate the release of the cytokine IL-6 from
CD14-expressing hamster fibroblasts but become LPS antagonists
when these cells overexpress human TLR4. CHO/CD14 cells and
CHO/CD14/huTLR4 cells were allowed to adhere overnight in 24-
well dishes. The next day, the cells were exposed to increasing
amounts of S. minnesota Re595 LPS in the presence of medium only
(diamonds), 0.5 µg/mL lipid IVa or RSLA (squares), or 5 µg/mL of
the same compounds (circles) for 10 hours. Supernatants were
assayed for IL-6 by bioassay. Data represents mean values of 3 seper-
ate fractions ± SD shown is 1 experiment out of 2 performed.



Again, all of the cell lines responded nearly identically
to IL-1β (data not shown). Hence, with heterologous
overexpression of human TLR4 in a hamster cell, the
LPS-specific pharmacology of the cells appeared to be
altered from a hamster to a human phenotype.

We next tested lipid IVa and RSLA for their ability
to antagonize LPS-induced release of the inflamma-
tory cytokine IL-6, as another indicator of Toll recep-
tor function. As expected, LPS, lipid IVa, and RSLA all
strongly stimulated CHO/CD14 cells to produce IL-
6 (Figure 3). In contrast, CHO/CD14/huTLR4 cells
exhibited a human phenotype: both lipid IVa and
RSLA were potent inhibitors of LPS-induced IL-6
release in the cells expressing the human transgene
(Figure 3). Thus, the cells expressing human TLR4
acquired the ability to recognize lipid IVa and RSLA

as LPS antagonists, with respect to LPS-induced
release of IL-6.

The LPS inhibitors lipid IVa and RSLA become LPS mimet-
ics when tested in human monocytes that express hamster
TLR4. Based on the above results, we predicted that if
hamster TLR4 were overexpressed in human cells, the
hamster-defined pharmacology would predominate in
cells exposed to lipid IVa or RSLA. We chose the
human cell line THP-1 to test because the ability of
lipid IVa and RSLA to inhibit LPS in these cells has
already been established (10).

THP-1 cells were cotransfected with the structural
gene for human TLR4, hamster TLR4, or a control
plasmid, plus an NF-κB–dependent luciferase
reporter construct (pELAM.luc; ref. 20). After allow-
ing 24 hours for transgene expression to occur, the
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Figure 4

Reversal of the human phenotype by hamster TLR4 expression: lipid IVa and RSLA activate THP-1 monocytes that overexpress ham-
ster TLR4. THP-1 cells were plated at a density of 2 × 106 cells per well in 6-well dishes, and then transiently transfected with the
reporter plasmid pELAM.luc plus either pcDNA3.1 (vector), hToll (human TLR4), or pFLAG-hamTLR4 (hamster TLR4). The next day,
the cells were incubated with medium alone (0), LPS (10 ng/mL), lipid IVa (1 µg/mL), or a combination of LPS and lipid IVa (10
ng/mL plus 1 µg/mL, respectively) (a), or in a separate experiment with medium alone (0), LPS (10 ng/mL), RSLA (1 µg/mL), or a
combination of LPS and RSLA (10 ng/mL and 1 µg/mL, respectively) (b) for 5 hours. Luciferase activity was measured as described
in Methods and plotted as the fold induction of activity compared with vector-transfected, unstimulated controls. The values shown
are mean ± SD of triplicate transfections in 1 representative experiment out of 3. Similar results were observed when cells were stim-
ulated with 100 ng/mL LPS and a 10-fold excess of inhibitor (data not shown).

Figure 5

Expression of human TLR2 in CHO/CD14 cells does not change the
responses to lipid IVa and synthetic lipid A. Untransfected CHO/CD14
reporter cells (a) or CHO/CD14 reporter cells stably transfected with
human TLR2 (29) (b) were stimulated with synthetic lipid A (0.5
µg/mL) as a positive control, or with lipid IVa (0.5 µg/mL) as indicat-
ed. After 20 hours, the cells were harvested and stained for surface
CD25 and then subjected to flow cytometry analysis. Untreated cells
(stippled lines) are indicated by “0”. The x-axis represents relative flu-
orescence, and the y-axis represents relative cell number. Results
shown are from 1 of 2 experiments performed. Similar results were
observed in RSLA-exposed cells and with CHO/CD14/moTLR2 cells
treated with either lipid IVa or RSLA.



cells were tested for their responses to LPS, lipid IVa
(Figure 4a), and RSLA (Figure 4b). Similar to our pre-
vious experiments with THP-1 monocytes, cells trans-
fected with vector alone had no response to lipid IVa
or RSLA, but responded strongly to LPS (∼8-fold
enhancement of luciferase activity). This response to
LPS was inhibited by coincubation with lipid IVa and
LPS together. When cells were transfected with
human TLR4, the response to LPS was augmented to
nearly 30-fold above background, a response that was
inhibited almost completely by lipid IVa or RSLA. In
complete contrast to huTLR4-expressing cells, ham-
ster TLR4–transfected THP-1 monocytes experienced
similar degrees of stimulatory activity in response to
LPS, lipid IVa, and RSLA. When cells were exposed to
LPS plus lipid IVa or LPS plus RSLA, stimulated activ-
ity was slightly additive. Thus, expression of hamster
TLR4 in human cells imparts the characteristic ham-
ster LPS pharmacology.

TLR2 does not mediate species-specific responses to lipid IVa
or RSLA. TLR2 has been identified as an LPS signal
transducer in transfected cell lines (15, 16). We previ-
ously reported that CHO/CD14 cells do not express
TLR2 (24). Thus, unlike with TLR4, we had the abili-
ty to test human TLR2 function independently of the
activity of endogenous hamster TLR2. We hypothe-
sized that if TLR2 could account for species-specific
recognition of lipid A–like molecules, then overex-
pression of TLR2 in CHO/CD14 cells should also
result in an alteration of the phenotype with respect
to LPS antagonists.

As expected, LPS, synthetic lipid A, and lipid IVa func-
tioned as LPS agonists in CHO/CD14 cells (Figure 5a).
However, unlike overexpression of human TLR4, over-
expression of human TLR2 in CHO/CD14 cells (Figure
1) did not noticeably alter the LPS-agonist response to
lipid IVa (Figure 5b). Similar observations were made
with RSLA (not shown). Although RSLA inhibits LPS
in mouse macrophages (10), it also failed to inhibit LPS
responses in CHO/CD14/moTLR2 cells (data not
shown). Thus, expression of TLR2 from 2 different
mammalian species did not change the responses of
hamster cells to lipid IVa or RSLA. To support our find-
ings, expression of mouse TLR2 in human cells did not
change the ability of RSLA to function as an LPS antag-
onist (not shown). We conclude that TLR4, and not
TLR2, is the major recognition molecule mediating the
responses to both LPS and these lipid A–like structures.

Discussion
Reports that both TLR2 and TLR4 are capable of
functioning as LPS signal transducers have signifi-
cantly enhanced our understanding of how LPS
engagement of CD14 results in productive signal
transduction. At the same time, however, these
reports are confusing. Are both TLRs LPS signal
transducers? Is TLR2 a signal transducer in humans
(as evidenced by work with human TLR2 in human
HEK293 cells), whereas TLR4 is the signal transducer

in mice, accounting for the LPS hyporesponder phe-
notype of C3H/HeJ-, C57BL10/ScCr-, and TLR4-
knockout mice? Does TLR2 have another function
aside from its role as an LPS signal transducer that
better defines its importance?

Although this study does not entirely answer these
questions, it clearly supports the notion that the prin-
cipal LPS signal transducer is TLR4 in all mammalian
species. There is little reason to suppose that the LPS
signal transducer in man is fundamentally different
from that in mice or hamsters. Rather, TLR4 appears
to be the dominant LPS receptor in all species, and its
expression dictates the heretofore puzzling species-spe-
cific pharmacology of the LPS antagonists, including
lipid IVa and RSLA.

Although the failure to observe TLR2-mediated,
species-specific pharmacology does not rule out the
importance of this receptor in LPS signal transduction,
other recent observations suggest that TLR2 is of lim-
ited importance for the response of quiescent native
cells to LPS. First, TLR4 mutant mice are extremely
hyporesponsive to LPS (17–19). There is no reason to
believe that these mice harbor a mutation in TLR2 (this
is especially true for the TLR4-knockout mouse, whose
genetic lesion has been entirely defined). Conversely,
peritoneal macrophages from Chinese hamsters do not
express a functional full-length mRNA for TLR2, yet
are sensitive to low concentrations of LPS (6, 24). As
reported here, these macrophages express a full-length,
functional transcript for TLR4. Thus, in contrast to
TLR4, TLR2 expression is not required for sensitive
responses to LPS.

We and others have observed that TLR2-transfected
cells, but not TLR4 transfectants, respond to a diverse
number of bacteria and bacterial products, including
Gram-positive organisms (22, 29, 32), spirochetes (22,
33, 34), mycoplasma (22), and mycobacteria (22, 34–36).
LPS may have structural features in common with com-
ponents of these bacteria that enable it to activate TLR2.
The reason that TLR2 is unable to compensate for the
TLR4 defect in C3H/HeJ-, C57BL10/ScCr-, and TLR4-
knockout mice is unclear, but this probably reflects
inadequate receptor density or a reduced activation
state in quiescent macrophages. Alternatively, TLR2
may be a low-affinity LPS receptor in vivo. Although
LPS responses involving TLR2 may be limited to trans-
fected cell lines, we note that chronically infected
C3H/HeJ mice have been reported to die from injections
of purified LPS (37), an effect that may be due to altered
activity of a Toll receptor other than TLR4.

Some investigators believe that the mechanism of acti-
vation of TLR4 is probably similar to the mechanism by
which the Toll receptor is activated in Drosophila (12, 38,
39). In this fly, the spätzle gene encodes a secreted pro-
tein that requires proteolytic activation in order to gen-
erate a peptide ligand for Toll. The analogous theory for
TLR4, elucidated in a recent review (40), proposes that
a comparable, evolutionarily conserved proteolytic pro-
cessing reaction generates a peptide ligand for TLR4 as
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a result of the direct interaction of endotoxin with an
LPS-sensitive protease. Despite the attractiveness of this
theory, it is difficult to conceive how the differential
activation or inhibition of a protease by lipid IVa or
RSLA could account for the species-specific pharmaco-
logical observations presented in this report. Although
a peptide ligand may exist for TLR4, we conclude that
the Toll/spätzle paradigm is not likely to hold for LPS
signal transduction in mammals.

The most likely explanation of the mechanism of LPS
inhibition by lipid IVa and RSLA is that these antago-
nists compete with the lipid A portion of LPS for a com-
mon binding site on TLR4. It is notable that direct lig-
and binding studies that demonstrate the validity of
this statement have not been reported. However, such
binding studies may require a considerable amount of
effort to complete. LPS is a notoriously difficult ligand
with which to work, because it is difficult to radiolabel
to achieve high specific activity and does not form
monomers in aqueous suspension because of its amphi-
pathicity. Furthermore, the binding of LPS to TLR4
may occur in the transmembrane or cytoplasmic por-
tion of the molecule. Most LPS-responsive cells coex-
press CD14, so the differences in the way LPS binds to
TLR4 and to CD14 may be difficult to demonstrate.
Thus, the demonstration of LPS binding to TLR4 may
present difficult technical problems. It is interesting
that despite extensive genetic data demonstrating the
interactions of Drosophila Toll with its ligand, a report of
Toll/spätzle binding has not yet been published. As a
result of the absence of such binding studies, alternative
explanations of TLR4 function have been proposed.
Wright has recently suggested that direct binding of
LPS to TLR4 may not occur. He proposes that instead,
TLR4 may function as a membrane “sensor,” respond-
ing to alterations in the colligative properties of mam-
malian membranes resulting from CD14-mediated LPS
internalization (41). Our experiments are not entirely in
conflict with this point of view, although only the estab-
lishment of a ligand-binding assay can lend credence to
or disprove this novel hypothesis.

We believe that a molecular genetic approach to the
identification of the LPS-binding domain of TLR4 may
prove helpful. Human, mouse, and hamster cells each
have a unique profile of pharmacological responses to
lipid IVa and RSLA, suggesting that a region of non-
identity in TLR4 accounts for the species-specific
responses to these compounds. By combining the tools
of molecular genetics with LPS pharmacology, a criti-
cal region of TLR4 can be identified for further studies,
such as the crystallization and resolution of the 3-
dimensional structure of the putative LPS-binding
domain in the presence of LPS or its inhibitors.

The mortality due to Gram-negative sepsis remains a
serious problem in the world today, and the challenges
ahead are intimidating. Several carefully designed
pharmaceutical approaches to modifying the clinical
outcome of sepsis have failed. As with any illness, a true
understanding of the pathophysiology of disease is a

critical step in designing effective remedies. The iden-
tification of TLR4 as a target for LPS-mediated diseases
should lead to renewed optimism that effective thera-
pies against this heretofore enigmatic disorder ulti-
mately will be achieved.
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