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Introduction
Gram-negative septicemia continues to elude effective
therapy with 50% mortality, translating into the death of
approximately 400,000 North Americans per year (1, 2).
A consistent finding in rodent models of sepsis and sep-
tic patients is that, regardless of the organ in which the
sepsis originates, the lungs are generally the first to fail
(3). Consequently, pulmonary failure remains the most
common cause of sepsis-related death. A key event that,
in part, is thought to explain this pathology is the rapid
accumulation of neutrophils in the narrow lumen of
lung capillaries. Indeed, depletion of neutrophils in ani-
mal models preserves the lung during endotoxemia (4).

However, the mechanism by which these neutrophils
sequester in the lungs remains poorly understood.

A major factor contributing to the inappropriate neu-
trophil infiltration into the lungs is the shedding of LPS
from Gram-negative bacteria into the circulation. This
proinflammatory molecule may activate macrophages
as well as circulating neutrophils and the endothelium
of various vascular beds. LPS-induced activation of
mammalian cells occurs through Toll-like receptor-4
(TLR4), the dominant LPS receptor. Macrophages from
C3H/HeJ and C57BL/10ScCR mice, which exhibit mis-
sense and deletion mutations, respectively, in the tlr4
gene, and macrophages from TLR4-deficient mice are
completely nonresponsive to LPS (5, 6). Although the
majority of work to date has focused on macrophages,
neutrophils and endothelium also express TLR4.
Recently we reported that within 4 hours of systemic
LPS administration, there is a profound neutropenia
and most of the neutrophils preferentially sequester
into lungs (7). This occurred despite profound global
activation of all vascular beds, not just the lung. Mice
lacking the LPS signaling machinery had absolutely no
recruitment of neutrophils into lungs, no neutropenia,
and no increase in endothelial adhesion molecule
expression (7). Clearly, TLR4 on macrophages, neu-
trophils, and/or endothelium must be the motor for the
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inappropriate recruitment of neutrophils into lungs
and away from the periphery; however, the exact cell
that regulates this important TLR4-dependent event
remains unknown.

In this study, we examined the importance of LPS-
induced activation of leukocytes versus LPS-induced
activation of noncirculating cells (e.g., endothelium).
We made chimeric mice and compared the role of func-
tional TLR4 on bone marrow–derived cells (circulating
leukocytes and macrophages) and cells not derived
from bone marrow (the endothelium) in LPS-induced
neutrophil recruitment into lungs. Next, we used a
quantitative in vivo adhesion molecule expression sys-
tem to examine whether TLR4 expression by either cir-
culating leukocytes or noncirculating cells influenced
endothelial responsiveness to LPS in different organs.
Unexpectedly, our data challenge the view that LPS
directly activates circulating neutrophils, causing their
recruitment into the pulmonary microvasculature, and
suggest a more important role than previously appre-
ciated for endothelial cells.

Methods
Mice. C3H/HeJ and TLR4 KO mice were purchased from
The Jackson Laboratory (Bar Harbor, Maine, USA), and
C3H/HeN and C57BL/6 mice were purchased from
Charles River Laboratories (Montreal, Quebec, Canada).
All mice were maintained in a pathogen-free facility
until they weighed 20–35 g and were 6–10 weeks old, at
which time they were used. To ensure that our model of
pulmonary neutrophil recruitment was not simply a
selectin- and integrin-dependent (adhesion-independ-
ent) model, we obtained E/P-selectin KO and CD18 KO
mice, a generous gift from R.G. Collins and A.L. Beaudet
(Baylor College of Medicine, Houston, Texas, USA), and
subjected them to the same model of endotoxemia as we
did the TLR4 chimeric mice.

Bone marrow transplantation. Briefly, bone marrow
chimeras were generated following a standard protocol
previously described by researchers from our laborato-
ry (8, 9). Two sets of chimeras were generated for this
study. The first set used C3H/HeN and C3H/HeJ mice.
The second set used C57BL/6 and TLR4 KO mice to
ensure that the spontaneously occurring mutants and
generated knockouts had similar phenotypes. Bone
marrow was isolated from mice euthanized by spinal
cord displacement. Recipient mice were irradiated with
2 doses of 5 Gy (Gammacell 40 137Cs γ-irradiation
source; Nordion International, Kanata, Ontario, Cana-
da). An interval of 3 hours was allowed to pass between
the first and second irradiations. Next, 8 × 106 donor
bone marrow cells were injected into the tail vein of
recipient irradiated mice. The mice were kept in
microisolator cages for 8 weeks to allow full humoral
reconstitution. This protocol previously confirmed
that about 99% of leukocytes in Thy1.1 and Thy1.2 con-
genic recipient mice were from donor bone marrow (8).

Determination of lung myeloperoxidase activity. Lung
myeloperoxidase (MPO) activity was used as a biochem-

ical index of neutrophil recruitment into lungs. MPO is
an enzyme found in cells of myeloid origin and has been
used extensively as a biochemical marker of granulocyte
(mainly neutrophil) infiltration into the lung (10). At the
end of each experiment, lung samples were weighed,
frozen, and processed for determination of MPO activi-
ty. The samples were stored at –20°C for no more than 1
week before the MPO assay was performed as previous-
ly described (10, 11), with the volumes of each reagent
modified for use in 96-well microtiter plates. Change in
absorbance at 450 nm over a 60-second period was deter-
mined using a kinetic microplate reader (Molecular
Devices Corp., Sunnyvale, California, USA).

Lung histology. Untreated mice or mice treated for 30
minutes, 4 hours, or 12 hours with LPS (Escherichia coli
0111:B4; Calbiochem-Novabiochem Corp., San Diego,
California, USA) were sacrificed, and lungs were fixed
with 10% formalin via tracheal injection for 1 hour, har-
vested, and resuspended in 10% formalin. Formalin-
fixed tissues were embedded in paraffin. Four-micro-
meter-thick sections were stained with H&E and
chloroacetate esterase staining (Leder stain) for neu-
trophils. The sections were analyzed by light microscopy
in a blinded fashion by a pathologist (F. Green). Neu-
trophil numbers were determined by counting the num-
ber of positive-stained cells over 20 fields at a magnifi-
cation of ×40. The mean number of positive cells per
high-power field was then calculated.

Lung electron microscopy. Untreated mice or mice treat-
ed for 30 minutes, 4 hours, or 12 hours with LPS were
sacrificed, and lungs were harvested as above using
2.5% glutaraldehyde and processed for electron
microscopy as previously described (12). Briefly, sam-
ples were postfixed for 2 hours at 4°C with 1% osmium
tetroxide and subsequently dehydrated in a graded
series of acetone solutions. Tissues were then embed-
ded in Epon 812, and ultrathin sections were obtained
using an ultramicrotome equipped with a diamond
knife (Ultracut E; Reichert-Jung, Vienna, Austria). Sec-
tions were stained with uranyl acetate and lead citrate
and then viewed with a Hitachi H-7000 electron micro-
scope (TEM Hitachi H-7000, Tokyo, Japan).

Quantification of P-selectin expression. Expression of 
P-selectin was determined as a measure of endothelial
activation using a modified dual-radiolabeled Ab tech-
nique (13, 14). The Ab’s RB40.34 (against P-selectin;
Pharmingen, San Diego, California, USA) and A110-1
(a rat IgG1, λ isotype control; Pharmingen) were labeled
with 125I or 131I, respectively, using the Iodogen (Pierce
Chemical Co., Rockford, Illinois, USA) method as pre-
viously described (13, 14). A110-1 was used to control
for nonspecific binding in the murine system.

To determine P-selectin expression, animals were
injected i.v. with a mixture of 10 µg 125I-RB40.34 and a
variable dose of 131I-A110-1 calculated to achieve a total
injected 131I activity of 400,000–600,000 cpm (total vol-
ume 200 µl). The Ab’s were allowed to circulate for 5
minutes; then the animals were treated with heparin. A
blood sample was obtained from the carotid artery
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catheter, and the mice were exsanguinated. The lungs,
heart, liver, mesentery, small intestine, large intestine,
muscle, skin, and stomach were harvested and weighed.
131I and 125I were measured in plasma and tissue sam-
ples. P-selectin expression was calculated per gram of
tissue, by subtraction of the accumulated activity of the
nonspecific Ab (131I-A110-1) from the accumulated
activity of the P-selectin Ab (125I-RB40.34). P-selectin
data are represented as the percentage of the injected
dose of Ab per gram of tissue. It has been previously
demonstrated that this approach provides reliable
quantitative values of adhesion molecule expression,
and that radiolabeled binding Ab can be displaced
specifically with sufficient amounts of unlabeled Ab.
The technique is sufficiently sensitive that basal levels
of P-selectin can be detected in WT mice relative to 
P-selectin–deficient mice (8, 13, 14).

Labeling of cells for flow cytometric analysis. To quantify
the degree of neutrophil activation in the circulation
in response to LPS, levels of L-selectin and CD11b
expression were measured using flow cytometry.
Briefly, whole blood was collected by cardiac puncture
from mice treated with LPS for 4 hours using a 1-ml
insulin syringe precoated with heparin. The blood (100
µl) was stained with 1 µg of mAb against L-selectin
(MEL-14 rat anti-mouse; Pharmingen), CD11b (Mac-1
rat anti-mouse; Pharmingen), or a nonspecific isotype
control (R35-95; Pharmingen) for 30 minutes at room
temperature. Red blood cells were lysed with OptiLyse
B (Immunotech, Marseille, France), and leukocytes
were incubated with FITC-conjugated polyclonal goat
anti-rat Ig (Pharmingen) for 30 minutes at room tem-
perature. The cells were washed, resuspended in
PBS/0.5% BSA/20 mM glucose solution, and read on a
BD FACScan flow cytometer (BD Biosciences, Moun-
tain View, California, USA) using CellQuest Pro soft-
ware (Becton Dickinson Immunocytometry Systems).
Data were compared with results from mice that did
not receive LPS.

In a separate set of experiments, we examined in vitro
direct LPS stimulation of neutrophils from chimeric
mice. Using L-selectin shedding as an endpoint, this
series of experiments also ensured that neutrophils of
the chimeric mice were replaced by bone marrow trans-
plantation and responded to LPS appropriately. From
the chimeric mice, 100 µl of whole blood was incubat-
ed without or with LPS (100 µg/ml) for 30 minutes in
a 37°C shaking water bath. OptiLyse B was used to lyse
rbc’s, and leukocytes were then stained with L-selectin
or isotype control Ab’s as described above.

Bronchoalveolar lavage and lung macrophage isolation. To
determine the phenotype of lung macrophages
(TLR4+/+ or TLR4–/–) in the chimeric mice, these cells
were isolated and probed for responses to LPS. Mice
were anesthetized by intraperitoneal (i.p.) injection of
a mixture of 10 mg/kg xylazine (MTC Pharmaceuticals,
Cambridge, Ontario, Canada) and 200 mg/kg keta-
mine hydrochloride (Rogar/STB, London, Ontario,
Canada) and secured on a dissecting board, and the tra-

chea was exposed. Bronchoalveolar lavage (BAL) was
performed by slow delivery of up to 1 ml warm saline
(∼ 37°C) into the mouse trachea. The fluid was slowly
withdrawn by gentle suction immediately after deliv-
ery, and this procedure was repeated seven times. BAL
was stored on ice until further processing. The lungs
were filled with 1 ml Dispase (GIBCO BRL; Invitrogen
Life Technologies Inc., Burlington, Ontario, Canada)
via the tracheal catheter and allowed to collapse natu-
rally, expelling part of the Dispase. Next, 450 µl 1% low-
melting-temperature agarose (warmed to 45°C) was
slowly infused via the catheter into the lungs that were
covered with crushed ice and cooled for 2 minutes. The
lungs were suspended in Dispase for 45 minutes at
room temperature, then transferred into DMEM con-
taining 0.01% DNaseI before the tissue was carefully
teased away from the airways. The resulting cell sus-
pension was filtered through 100-µm and 40-µm nylon
mesh before the cells were pelleted and resuspended in
10 ml DMEM. Single-cell BAL and lung digest suspen-
sions were seeded into 24-well plates at a concentration
of 2 × 106 cells per ml for 60 minutes at 37°C. Lung
macrophages were isolated by washing away the non-
adherent cells in the wells with eight 1-ml rinses of
DMEM. Adherent lung macrophages were then cul-
tured with or without 10 µg/ml LPS for 18 hours. Cul-
ture supernatants were removed, and cells were lysed in
TRIzol reagent (GIBCO BRL; Life Technologies Inc.).

RT-PCR of iNOS gene expression was used as an
index of responsiveness in isolated lung macrophages.
Total RNA was isolated from the macrophages using
the RNeasy Mini Kit (QIAGEN Inc., Valencia, Califor-
nia, USA). RT-PCR was performed using the OneStep
RT-PCR kit (QIAGEN Inc.). The primer sequences used
for amplifying iNOS cDNA were sense, 5′-TCAC-
TGGGACAGCACAGAAT-3′ , and antisense, 5′-TGAAGC-
CATGACCTTTCGCATTAGCATG-3′, with a PCR product
size of 1,423 bp. GAPDH cDNA was coamplified as an
internal control using the following primer sequences:
sense, 5′-CGGAGTCAACGGATTTGGTCGTAT-3′ , and
antisense, 5′-AGCCTTCTCCATGGTGGTGAAGAC-3′, with
a final PCR product size of 302 bp. The RT-PCR con-
ditions were optimized so that both iNOS and GAPDH
mRNAs were expanded linearly for 35 cycles, as follows:
100 ng total RNA, 0.5 µM of each iNOS primer, 0.2 µM
of each GAPDH primer. PCR products were elec-
trophoresed through 2% agarose gel containing 0.5
µg/ml ethidium bromide. Bands were visualized and
analyzed using a Fluor-S MAX MultiImager (Bio-Rad
Laboratories Inc., Hercules, California, USA).

Murine pulmonary endothelial cell isolation. Lungs were
harvested from control or TLR4 chimeric mice and
finely minced with scalpels in HBSS. The tissue was
suspended in 0.25% collagenase type II (250 U/mg;
Worthington Biochemical Corp., Lakewood, New Jer-
sey, USA) in HBSS with 2% FBS at 37°C for 45 minutes,
with vortexing at 10-minute intervals. The resulting
cell suspension was immediately filtered through a
100-µm mesh and washed in PBS. The dissociated cells

The Journal of Clinical Investigation | April 2003 | Volume 111 | Number 7 1013



were resuspended in 100 µl OptiLyse B solution as a
fixative agent. Following a 10-minute incubation, 1 ml
ddH2O was added to lyse the contaminating rbc’s. Cells
were washed and stained using phycoerythrin:TLR4
(PE:TLR4) mAb (MTS510; Santa Cruz Biotechnology
Inc., Santa Cruz, California, USA) and FITC:vascular
endothelial–cadherin (VE-cadherin) polyclonal Ab
(Bender MedSystems, Vienna, Austria) as a marker of
endothelial cells, or appropriate isotype controls.
Analysis was performed using a BD FACScan and Cel-
lQuest Pro software (BD Biosciences).

Intravital microscopy. Mice were anesthetized by i.p. injec-
tion of a mixture of 10 mg/kg xylazine and 200 mg/kg
ketamine hydrochloride. The left jugular vein was can-
nulated to administer anesthetic. To view the cremaster
muscle microcirculation, an incision was made to sepa-
rate the scrotal skin from the associated fascia, and a sec-
ond incision was made on the ventral surface of the cre-
master muscle. The testicle and epididymis were
separated from the underlying muscle and reintroduced
into the abdominal cavity. The muscle was then spread
out over an optically clear viewing pedestal and secured
along the edges with 4-0 suture. The exposed tissue was
superfused with warm bicarbonate-buffered saline (pH
7.4). The microcirculation was observed through an
intravital microscope with a ×10 eyepiece and a ×25 objec-
tive lens (Axioskop; Carl Zeiss Canada Ltd., Don Mills,
Ontario, Canada). The microcirculation was recorded
using a video camera (Panasonic 5100 HS; Panasonic,
Osaka, Japan). Images of the microcirculation were
recorded for 1 hour in untreated mice and 4 hours after
LPS stimulation. All experimental parameters were quan-
tified at these time points.

Single unbranched venules (25–40 µm in diameter)
were selected, and to minimize variability, the same sec-
tion of the venule was observed throughout the experi-
ment. Venular diameter was measured using a video
caliper (Microcirculation Research Institute, Texas
A&M University, College Station, Texas, USA). The
number of rolling and adherent leukocytes was deter-
mined offline during video playback analysis. Rolling
leukocytes were defined as those leukocytes that rolled
at a velocity slower than that of erythrocytes within a
given vessel. Leukocyte rolling velocity was measured for
20 leukocytes and was determined as the time required
for a leukocyte to traverse a 100-µm length of venule.

Experimental protocol. In all experiments, mice received
0.5 mg/kg (approximately 12.5 µg/mouse) of purified
LPS i.p. This dose was chosen to avoid any mortality
during the study period, even following anesthesia. Ini-
tially, we used highly purified LPS (E. coli 0111:B4) with
less than 0.0008% contaminating bacterial proteins,
provided by S.M. Goyert (Division of Molecular Medi-
cine, North Shore University/New York University
School of Medicine, Manhasset, New York, USA) (15).
As our data were identical with this LPS and with puri-
fied LPS from Calbiochem EMD Biosciences. (E. coli
0111:B4), we used the latter in most studies. At 4 
hours, in separate groups of mice, tissue expression of 

P-selectin was quantified, lung tissue was harvested for
MPO analysis, and pulmonary macrophages were
assessed for TLR4 responsiveness. Since platelets can
also be a source of P-selectin, in some P-selectin expres-
sion experiments EndotheliumTLR4–/– mice received 50
µl/mouse of rabbit anti–mouse thrombocyte serum
(Accurate Chemical and Scientific Corp., Westbury,
New York, USA) i.p. 1 hour before LPS treatment. The
anti–mouse thrombocyte serum depleted circulating
platelets by 96%. Finally, in some experiments, 4 hours
after LPS administration, intravital microscopy was
used to examine the peripheral microvasculature of the
cremaster muscle.

Statistical analysis. All results are expressed as mean ±
SEM. A Student’s t test with Bonferroni correction was
used for multiple comparisons. Statistical significance
was set at P < 0.05.

Results
LPS induces neutrophil accumulation in the lungs of TLR4+/+

mice. The effect of systemic LPS on neutrophil seques-
tration into the lungs was assessed by the MPO assay.
Treatment of TLR4+/+ mice (C57BL/6) with 0.5 mg/kg
LPS i.p. for 30 minutes, 4 hours, and 12 hours resulted
in a significant increase in MPO levels over time (Fig-
ure 1a). This increase in MPO values was accompanied
by a significant decrease in circulating-leukocyte
counts, which was observed as early as 30 minutes, and
for as long as 12 hours, after LPS treatment (Figure 1b).
Lung sections stained for neutrophil esterase showed
an increase in the number of neutrophils sequestered
into the lungs (Figure 2a, right panel). Blinded quan-
tification of the lung sections revealed a significant
increase in the number of neutrophils sequestered in
capillaries per high-power field (Figure 2b). There was
also a very small increase in neutrophil numbers in the
alveolar space as well as the venule and arteriole com-
partments following LPS treatment (Figure 2b). The
neutrophils were not found in airways, arteries, or veins
of untreated or LPS-treated TLR4+/+ mice (Figure 2b).
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Figure 1
Systemic LPS induces neutrophil sequestration into the lungs and
reduces the number of circulating leukocytes in TLR4+/+ mice. Mice
were untreated or treated with LPS for 30 minutes, 4 hours, or 12
hours. At these times the lungs were harvested to determine MPO
levels (a), and samples of blood were drawn by cardiac puncture
to assess the number of circulating leukocytes (b). Data are
expressed as the arithmetic mean ± SEM of four to five mice per
group. *P < 0.05 vs. untreated mice (0 hours).



Electron microscopy confirmed that the sequestered
neutrophils were predominantly within capillaries (Fig-
ure 2c). From this point on, all remaining experiments
were performed after 4 hours of LPS treatment.

LPS activation of circulating neutrophils in vivo. To investi-
gate and quantify the degree of neutrophil activation in
vivo in response to LPS, L-selectin shedding (16, 17) and
CD11b upregulation (17) were measured using flow
cytometry. LPS (0.5 mg/kg) was administered i.p., and,
after 4 hours, whole blood was drawn by cardiac punc-
ture from untreated and LPS-treated TLR4+/+ mice. As
shown in Figure 3, untreated TLR4+/+ mice expressed 
L-selectin with a mean channel fluorescence (MCF) of
35 ± 2, and in LPS-treated mice, the MCF was signifi-
cantly reduced to 19 ± 5 (P < 0.01). Further evidence that
neutrophils were activated in the circulation in response
to LPS included a two- to threefold shift in CD11b 62 ± 5
vs. 159 ± 18, untreated vs. LPS-treated mice; Figure 3).

Sequestration of neutrophils into the lungs of LPS-treated
E/P-selectin–/– and CD18–/– mice. To investigate whether
the enhanced accumulation of neutrophils into the
lungs was adhesion molecule–dependent in our
model, we examined the sequestration of cells in E/P-
selectin and CD18 KO mice. Both mutant mice have a
profound impairment in leukocyte recruitment in
peripheral tissues in response to LPS and bacteria (18,
19). Blood and lungs obtained from untreated mice
and mice treated i.p. for 4 hours with LPS (0.5 mg/kg)
were examined for numbers of circulating leukocytes
and for MPO production. As shown in Figure 4a, both
E/P-selectin–/– and CD18–/– mice treated with LPS
showed an approximately 90% reduction in circulat-
ing-leukocyte counts. These mice also showed a pro-
found increase in lung MPO when treated with LPS
(Figure 4b). It should be noted that both circulatory
counts and lung MPO values were greatly elevated rel-
ative to those in WT mice. Nevertheless, these data
suggest that neither the endothelial selectins, E-selectin
and P-selectin, nor the neutrophil integrin, CD18, are
involved in LPS-induced sequestration of neutrophils
into the lungs.

Bone marrow transplantation studies. To examine the rel-
ative importance of TLR4 on leukocytes and on
parenchymal cells (endothelium) in the process of neu-
trophil recruitment into lungs, we made use of bone
marrow transplantation (BMT). Two sets of chimeras
were created, one using C57BL/6 and TLR4–/– and the
other using C3H/HeN and C3H/HeJ mice. Because the
spontaneously occurring TLR4 mutant mice and the
generated TLR4–/– mice had identical responses, the
data were pooled. Nevertheless, in every series of exper-
iments in this study, TLR4 mutant mice were used, and
at times, data were confirmed using C3H/HeJ mice. In
the remainder of this manuscript, (a) C3H/HeJ and
TLR4 KO mice are referred to as TLR4–/– mice, (b) WT
mice (C3H/HeN and C57BL/6) are referred to as
TLR4+/+ mice, (c) irradiated TLR4–/– mice reconstituted
with bone marrow from TLR4+/+ donors so that they
have TLR4-positive leukocytes but TLR4-negative
endothelium are referred to as EndotheliumTLR4–/–

mice, and (d) irradiated TLR4+/+ mice reconstituted
with bone marrow from TLR4–/– donors so that they
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Figure 2
LPS-induced neutrophil sequestration into the lung capillar-
ies of TLR4+/+ mice. Mice were treated with LPS for 4 hours,
and the lungs were prepared for histology or electron
microscopy. (a) Leder (esterase) stain of lung sections.
Untreated mice (left panel) show normal alveolar septa with
capillaries (small arrows) and small venules (large arrow). No
neutrophils are seen in this section. LPS-treated mice (right
panel) show infiltrating neutrophils (arrowheads) within cap-
illaries and venules. The inset shows several stained neu-
trophils in a venule. (b) Quantitative analysis of neutrophil
sequestration into the different lung compartments. hpf,
high-power field. (c) The electromicrograph shows several
neutrophils (arrowheads) within capillaries. *P < 0.05 vs.
untreated mice. 

Figure 3
Circulating neutrophils exposed to LPS in vivo exhibit a state of acti-
vation. TLR4+/+ mice were treated with or without LPS for 4 hours,
and then whole blood was drawn by cardiac puncture. Neutrophil 
L-selectin and CD11b expression were assessed by flow cytometric
analysis. Results are shown as the MCF ± SEM for untreated (white
bars) and LPS-treated (black bars) mice (n = 3 per group). *P < 0.05
vs. untreated mice.



have TLR4-positive endothelium but TLR4-negative
leukocytes are referred to as LeukocyteTLR4–/– mice. It is
clear that fibroblasts and other cells may also be
TLR4+/+ in the latter chimeric mice, but the leukocyte-
endothelial interactions involve primarily leukocytes
and endothelium. These bone marrow transfer experi-
ments allowed us to compare the function of TLR4 on
bone marrow–derived cells (circulating leukocytes and
resident macrophages) with that of TLR4 on cells not
derived from bone marrow (vascular endothelium).

LPS induces neutrophil accumulation in the lungs of Leuko-
cyteTLR4–/– but not EndotheliumTLR4–/– mice. In each group
of mice (WT, KO, and chimeric mice) the effects of sys-
temic LPS on neutrophil sequestration into the lungs
was assessed by the MPO assay. Treatment of TLR4+/+

mice with 0.5 mg/kg LPS i.p. for 4 hours resulted in an
approximately threefold increase in MPO levels (Figure
5). Like the TLR4+/+ mice, LeukocyteTLR4–/– chimeras
showed a significant increase in MPO levels following
LPS treatment (Figure 5), suggesting that TLR4 was not
required on neutrophils for their sequestration into
lungs. In striking contrast, neither TLR4–/– mice nor
EndotheliumTLR4–/– mice showed any increase in lung
MPO levels (Figure 5), suggesting that neutrophils were
sequestered into lungs in response to LPS without a need
for neutrophil TLR4. Most of the sequestered neu-
trophils in LeukocyteTLR4–/– mice were localized in the
capillaries, as in TLR4+/+ mice (data not shown).

Neutrophils from EndotheliumTLR4–/– mice are responsive to
LPS in vitro and in vivo. To confirm that leukocytes from
LeukocyteTLR4–/– mice were nonresponsive to LPS, whole
blood was drawn by cardiac puncture from the Endothe-
liumTLR4–/– and LeukocyteTLR4–/– chimeras and incubat-
ed with 100 µg/ml LPS for 30 minutes. L-selectin expres-
sion, as assessed by flow cytometry, revealed that
neutrophils from LPS-treated EndotheliumTLR4–/– mice
significantly shed L-selectin compared with those from
untreated mice. The MCF of L-selectin expression was
190 ± 36, and when these cells were treated with LPS, 
L-selectin expression dropped significantly to an MCF
of 83 ± 20 (Figure 6a). By contrast, L-selectin was not
shed significantly by direct exposure to LPS of neu-
trophils from LeukocyteTLR4–/– mice (MCF 177 ± 41 vs.
134 ± 29, untreated vs. LPS-treated mice; Figure 6b).

In separate experiments, we examined in vivo activa-
tion of circulating neutrophils in the chimeric mice. We
observed that expression of L-selectin on neutrophils
from EndotheliumTLR4–/– mice treated with LPS for 4
hours in vivo was reduced by more than 50% compared
with that of L-selectin on neutrophils from untreated
mice (MCF 48 ± 6 vs. 20 ± 9, P < 0.05). This reduction is
comparable to that observed for TLR4+/+ mice as shown
in Figure 3. By contrast, L-selectin expression was not
decreased significantly on neutrophils from Leuko-
cyteTLR4–/– mice treated with LPS for 4 hours in vivo
(MCF 74 ± 5 vs. 78 ± 4).

Endothelium is activated in the lungs of LeukocyteTLR4–/–

mice and is dependent on TLR4 expression. The aforemen-
tioned results suggest that LPS-induced neutrophil
accumulation into the lungs of LeukocyteTLR4–/– mice
involves activation of TLR4 on endothelium rather than
neutrophils. We examined the expression of P-selectin
in response to LPS as a measure of endothelial activa-
tion. Only small levels of P-selectin were noted in lungs
of mice not receiving LPS. By contrast, a significant
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Figure 4
LPS stimulates neutrophil sequestration into the lungs in E/P-selectin–/–

and CD18–/– mice. Mice were treated without LPS (white bars) or with
LPS (black bars) for 4 hours, and then whole blood was taken by car-
diac puncture and lungs harvested. (a) Circulating-leukocyte counts
in harvested lungs. (b) MPO levels in harvested lungs. Data are
expressed as the arithmetic mean ± SEM of four mice per group. 
*P < 0.05 vs. untreated mice.

Figure 5
LPS-induced neutrophil sequestration into the lungs of Leuko-
cyteTLR4–/– mice. Mice were untreated (white bars) or treated with
LPS for 4 hours (black bars), and then lungs were harvested and
MPO levels determined in TLR4+/+, TLR4–/–, LeukocyteTLR4–/–, and
EndotheliumTLR4–/– (Endothel.TLR4–/–) chimeric mice. Data are
expressed as the arithmetic mean ± SEM of five mice per group
and represent experiments pooled from both sets of chimeric mice.
*P < 0.05 vs. untreated mice.



increase in endothelial activation was noted in LPS-
treated LeukocyteTLR4–/– mice (Figure 7). This value was
within the same range as LPS responsiveness observed
in TLR4+/+ mice (data not shown). Although a signifi-
cant increase in endothelial activation was also noted in
LPS-treated EndotheliumTLR4–/– mice, the response was
only 30% of that seen in the LeukocyteTLR4–/– mice. The
small but significant increase in P-selectin expression on
LPS-treated EndotheliumTLR4–/– mice could reflect some
donor TLR4+/+ bone marrow replacing the recipient
endothelium. This, however, was not the case, as flow
cytometric analysis revealed that TLR4 expression on
the surface of isolated pulmonary endothelium (identi-
fied by VE-cadherin) was comparable between TLR4–/–

and EndotheliumTLR4–/– chimeras. In contrast, more
than 85% of the VE-cadherin–positive cells from the WT
mice expressed TLR4 (data not shown).

Platelets appeared to contribute to the minor increase
in P-selectin expression observed in EndotheliumTLR4–/–

mice, as, when these mice were made thrombo-
cytopenic, a further reduction in P-selectin expression
was noted (% ID/g 0.97 ± 0.66, n = 3). Furthermore,
when we compared other organs and tissues, we consis-
tently observed significantly more P-selectin expression
in LeukocyteTLR4–/– mice than in EndotheliumTLR4–/–

mice (data not shown).
Resident lung macrophages have the same phenotype as circu-

lating leukocytes. Although the data strongly implicate the
endothelium of LeukocyteTLR4–/– mice as the cell respon-

sible for neutrophil recruitment, it is possible that, in
LeukocyteTLR4–/– mice, resident macrophages may have
retained their TLR4+/+ phenotype after BMT and
responded to LPS to activate the endothelium. We there-
fore examined whether the resident lung macrophages
within our chimeric mice were replaced by donor
macrophages following BMT. Macrophages isolated
from lung digests of EndotheliumTLR4–/– and Leuko-
cyteTLR4–/– chimeric mice were stimulated with LPS for
18 hours, and induction of iNOS mRNA expression was
assessed. As shown in Figure 8, macrophages from
EndotheliumTLR4–/– chimeras responded to LPS with
increased iNOS mRNA expression. In contrast, resident
lung macrophages from LeukocyteTLR4–/– chimeras did
not respond at all to LPS for iNOS mRNA induction.
Similar results were observed using BAL macrophages
from the chimeric mice (data not shown). Clearly, these
results suggest that the resident lung macrophages are
replaced following BMT, an observation entirely consis-
tent with reports that the mean turnover time of lung
macrophages is 6 days (20) (our experiments were done
6–8 weeks after transplantation). More importantly,
these results support our hypothesis that, in Leuko-
cyteTLR4–/– mice, leukocyte sequestration into the lungs
is due to direct activation of endothelial cells by LPS.

Endothelial sequestration of leukocytes into lungs affects
peripheral vasculatures. It has previously been observed
that LPS-induced neutrophil recruitment into lungs is
associated with a profound neutropenia and a reduc-
tion in leukocyte trafficking in peripheral vessels of
endotoxemic mice (4, 21–23). Whether the lung neu-
trophil sequestration and trafficking in peripheral ves-
sels are causally related is unclear. We used intravital
microscopy to visualize leukocyte–endothelial cell
interactions in peripheral vasculatures. Following LPS
treatment, circulating-leukocyte counts dropped by
more than 90% in TLR4+/+ mice (Figure 9a), and this
was accompanied by a significant drop in the number
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Figure 6
L-selectin shedding from LPS-treated neutrophils differs between
TLR4 chimeric mice. Whole blood drawn by cardiac puncture was
untreated or treated with LPS for 30 minutes prior to analysis of 
L-selectin expression by neutrophils from EndotheliumTLR4–/– mice
(a) and LeukocyteTLR4–/– mice (b). Flow cytometric analysis is
shown for a nonspecific isotype control (broken line), L-selectin
expression on untreated cells (thin solid line), and L-selectin expres-
sion on LPS-treated cells (heavy solid line). Results shown are rep-
resentative of three experiments per mouse group using C57BL/6
vs. TLR4–/– chimeric mice.

Figure 7
Effect of LPS on P-selectin expression in TLR4 chimeric mice.
Expression of P-selectin in lung tissue of untreated TLR4+/+ mice
(white bar) and LPS-treated LeukocyteTLR4–/– and Endotheli-
umTLR4–/– (Endothel.TLR4–/–) chimeric mice (black bars). Data are
presented as the arithmetic mean ± SEM of four mice per group
and represent experiments using chimeric mice generated with
C57BL/6 vs. TLR4–/– mice. *P < 0.05 vs. untreated TLR4+/+ mice;
#P < 0.05 vs. LeukocyteTLR4–/– mice. ID, injected dose.



of rolling leukocytes in the periphery (Figure 9b).
Under normal conditions, as many as 60–100 leuko-
cytes per minute roll through peripheral blood vessels
of the muscle. However, following LPS treatment, less
than 5 rolling leukocytes/min were observed in TLR4+/+

mice. In contrast, circulating leukocytes remained
unchanged in TLR4–/– mice (Figure 9a). Furthermore,
the average number of rolling cells in TLR4–/– mice was
approximately 80 per minute, and addition of LPS did
not significantly alter the number of rolling cells (Fig-
ure 9b). When we examined leukocyte trafficking in
LPS-treated chimeric mice, LPS induced a significant
reduction in the number of circulating leukocytes in
LeukocyteTLR4–/– mice (Figure 9a) and a significant
decrease in the flux of rolling cells in these mice (Fig-
ure 9b). Although some reduction (albeit not signifi-
cant) in circulating leukocytes was observed in Endothe-
liumTLR4–/– mice (Figure 9a) and a reduction in
leukocyte rolling flux in peripheral vessels was noted
(Figure 9b), the rolling flux in LPS-treated Endotheli-
umTLR4–/– mice was approximately 30-fold more than
in the LPS-treated LeukocyteTLR4–/– mice. This is con-
sistent with the idea that neutrophil sequestration into
lungs in LeukocyteTLR4–/– mice leads to neutropenia
and a reduction in neutrophil trafficking in peripheral
tissues. It is intriguing that there is some reduction in
leukocyte trafficking in LPS-treated EndotheliumTLR4–/–

mice, suggesting leukocyte sequestration perhaps in
other organs such as liver or spleen. Nevertheless, the
more profound effect of LPS was on LeukocyteTLR4–/–

chimeras, suggesting that endothelial TLR4 plays a
larger role in regulating systemic leukocyte trafficking.

Discussion
Early and inappropriate neutrophil sequestration into
lungs appears to be a key initiator of the pathology
associated with sepsis. Our greatly simplified model of
sepsis (systemic LPS administration) led to very rapid
sequestration of neutrophils into lungs, which
appeared to occur even in the absence of the key
endothelial selectins (E-selectin and P-selectin) and the
primary neutrophil integrin CD18. Associated with the

increase in pulmonary neutrophil sequestration was a
rapid decrease in circulating neutrophils and the acti-
vation of remaining circulating neutrophils (assessed
by L-selectin shedding and increased CD11b expres-
sion). However, the very basic mechanisms of how the
neutrophils are sequestered within the pulmonary cir-
culation are still unknown. Although, to date,
increased activation of circulating neutrophils in
response to LPS has been accepted as a likely mecha-
nism of action, this has not been tested systematically
(22, 24). The fact that deletion of TLR4 completely
inhibits neutrophil sequestration into the lung
microvasculature provided us with a tool to begin to
explore the mechanisms by which neutrophils are
retained in the pulmonary microvasculature. We made
chimeric mice lacking TLR4 either on bone marrow–
derived cells (including circulating leukocytes and res-
ident macrophages) or on endothelium (and other
parenchymal cells). Our data clearly demonstrate that
direct activation of circulating neutrophils with LPS is
not sufficient to induce their sequestration within the
lung. Surprisingly, removal of TLR4 from the circulat-
ing neutrophils did not reduce their sequestration into
the lungs. In these mice (LeukocyteTLR4–/– mice), resi-
dent macrophages also lacked functional responses to
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Figure 8
Expression of TLR4 on bone marrow–derived and non-bone-mar-
row–derived lung macrophages. Macrophages were isolated from
EndotheliumTLR4–/– (Endothel.TLR4–/–) and LeukocyteTLR4–/– chimeric
mouse lungs, and then treated with LPS for 18 hours or left untreat-
ed. Complementary DNA was synthesized, and RT-PCR of iNOS and
GAPDH expression was performed. Results shown are representative
of three experiments per mouse group using chimeras generated with
C57BL/6 and TLR4–/– mice.

Figure 9
Effect of systemic LPS on circulating leukocytes and leukocyte kinet-
ics in cremaster postcapillary venules in TLR4+/+, TLR4–/–, and TLR4
chimeric mice. (a and b) Circulating leukocytes (a) and leukocyte
rolling flux (b) in cremaster tissue of untreated (white bars) and LPS-
treated (black bars) TLR4+/+, TLR4–/–, LeukocyteTLR4–/–, and Endothe-
liumTLR4–/– (Endothel.TLR4–/–) chimeric mice. Data are presented as
the arithmetic mean ± SEM of six to eight mice per group and repre-
sent experiments using both sets of chimeras. *P < 0.05 vs. untreat-
ed mice; #P < 0.05 vs. LPS-treated LeukocyteTLR4–/– mice.



LPS, whereas endothelium was very responsive to LPS,
as assessed by abundant levels of TLR4 and significant
increases in P-selectin expression. This suggests that the
endothelium may be the active cell that recruits neu-
trophils into the endotoxemic lung. Finally, use of
intravital microscopy revealed that, in mice in which
neutrophils did not sequester into the lungs (Endotheli-
umTLR4–/– mice), circulating-neutrophil counts dropped
by only 50% and leukocyte trafficking (rolling) in periph-
eral organs was 30-fold higher than in mice lacking
TLR4 on their neutrophils.

TLR4 is considered to be the key LPS receptor. The
evidence that TLR4 is an LPS signaling molecule has
been demonstrated by the activation of numerous sig-
naling molecules and production of proinflammato-
ry molecules in the presence but not the absence of
TLR4 (25, 26). Furthermore, the molecular defects in
the LPS-hyporesponsive C3H/HeJ and C57BL/10ScCR
strains of mice were identified as missense and dele-
tion mutations, respectively, of the tlr4 gene (5).
Although TLR2 has also been implicated in LPS-medi-
ated signaling in transfected cell lines (27–29) and in
human macrophages (30), our own data demonstrate
that neutrophil recruitment into lungs in response to
LPS is entirely absent in TLR4-deficient mice. In sup-
port of this are publications that show that TLR4-defi-
cient mice, but not TLR2-deficient mice, lack respons-
es to LPS (6, 31). One possible explanation for the
discrepancies related to TLR2 as the LPS receptor can
be found in the work of Hirschfeld and colleagues (32).
In these experiments, commercial LPS preparations,
which activated TLR2 and TLR4 transfectants, were
repurified to remove highly bioactive, endotoxin-asso-
ciated proteins. Following repurification, the LPS
preparations activated only TLR4 transfectants, sug-
gesting that TLR2 is very sensitive to the contaminants
within these commercial LPS preparations.

Clearly, one interpretation of our data is that
endothelial cells rather than neutrophils are the LPS-
sensitive cells that lead to neutrophil sequestration
into lungs. There is ample evidence that endothelium
can indeed express TLR4 and respond avidly to LPS
(33–35). First, LPS has been shown to induce numer-
ous endothelial cell responses in vitro, in the absence
of any other cell. For example, LPS induces the syn-
thesis of a number of adhesion molecules and
chemokines in endothelial cells (36, 37). The expres-
sion of these molecules is sufficient to induce leuko-
cyte rolling, adhesion, and emigration in vitro.
Although macrophages are considered to be very
important sources of cytokines (TNF and IL-1) in
response to LPS and can induce endothelial adhesion
molecule expression, we show here that during the
first 4 hours, the macrophages were not essential for
neutrophil recruitment into the pulmonary vascula-
ture. This is shown by the fact that in LeukocyteTLR4–/–

mice, which had no TLR4 on their leukocytes, so that
neither neutrophils nor resident macrophages could
respond to LPS, there was still very effective recruit-

ment of neutrophils into lungs. This observation is
consistent with previous reports that macrophages
must synthesize cytokines (which requires 4–6 hours)
that then must activate endothelium (another 4–6
hours); these reports make a direct effect of LPS on
endothelium during the first 4 hours a far more likely
scenario. Nevertheless, by 8–12 hours, it is quite likely
that macrophages may become involved.

Our data also highlight that, as neutrophils are
trapped in the lungs, they are not available for recruit-
ment in the peripheral circulation. This is exemplified
by the profound neutropenia and the 98% reduction in
rolling leukocytes in the peripheral vasculature in
TLR4+/+ and LeukocyteTLR4–/– mice. By contrast, when
the leukocytes had TLR4 and the endothelium did not,
the neutropenia was not as profound, and significant
numbers of leukocytes could still be seen rolling with-
in the peripheral vasculature. Clearly, the endothelium
rather than cells of hematopoietic origin is the domi-
nant regulator of inappropriate leukocyte trafficking
during endotoxemia in peripheral vasculatures. Fur-
thermore, our data demonstrate that endothelial cells
are a first line of defense against invading microbial
agents, actively participating in innate immune
responses to LPS via TLR4.

In summary, we have shown, for the first time to our
knowledge, that the presence of TLR4 on the endothe-
lium is more important than that of TLR4 on the
leukocytes in early LPS responses. We show that, when
TLR4 is present on the endothelium, the neutrophils,
without a need for neutrophil TLR4, are sequestered
into the lungs independently of P-selectin, E-selectin,
and CD18 integrin. In addition, when TLR4 was pres-
ent on the endothelium, and not on the leukocytes,
LPS induced endothelial activation, demonstrated by
P-selectin expression. Taken together, our results sug-
gest that endothelial cells are more important than pre-
viously appreciated in inappropriate neutrophil
recruitment in the lungs.
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