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Bacterial pneumonia remains a serious disease. Pattern recognition
receptors play an integral role in neutrophil accumulation during
pneumonia. Although myeloid differentiation protein (MD)-2 has
beenrecognized as akey molecule for LPS signaling, the role of MD-2
in neutrophil accumulation in the lung during bacterial infection has
not been explored. Here, we investigate the role of MD-2 in
Escherichia coli LPS-induced lung inflammation and E. coli-induced
pneumonia. LPS-induced CD14-independent neutrophil accumula-
tion was abolished in CD14/MD-2-/— mice. MD-2-/— mice chal-
lenged with LPS displayed attenuated neutrophil influx, NF-xB
activation, cytokine/chemokine expression, and lung histopathol-
ogy. MD-2/~ mice transplanted with MD-2*/* bone marrow
demonstrated decreased neutrophil influx and cytokine/chemokine
expression in the lungs when challenged by LPS. MD-2-/~ mice
infected with E. coli demonstrated reduced neutrophil influx and
cytokine/chemokine expression in the lungs, whereas heat-killed E.
coli did not induce either neutrophil accumulation or cytokine/
chemokine expression in MD-2~/~ mice infected with E. coli. Fur-
thermore, MD-2~/~ mice displayed increased bacterial burdenin the
lungs and enhanced bacterial dissemination. Toll-like receptor (TLR)-
57/~ mice infected with E. coli exhibited attenuated neutrophil
accumulation, whereas MD-2/TLR5~/~ mice inoculated with E. coli
showed further attenuated neutrophil influx and impaired bacterial
clearance. Taken together, these new findings demonstrate: (7) the
important role of MD-2 in the CD14-independent LPS-mediated
cascade of neutrophil influx; (2) the relative importance of bone
marrow- and non-bone marrow cell-derived MD-2 in LPS-induced
inflammation; and (3) the essential role of MD-2-dependent and
MD-2-independent (TLR5) signaling in E. coli-induced neutrophil
accumulation and pulmonary host defense.
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Pneumonia caused by gram-negative pathogens is associated
with a high mortality rate (1-3), and is manifested by micro-
vascular leakage, up-regulation of proinflammatory cytokines/
chemokines, enhanced up-regulation of cell surface adhesion
molecules, and extensive migration of neutrophils into the
alveolar spaces, with consequent damage of lung parenchyma
(4-7). Neutrophil recruitment is a pathological hallmark of
bacterial pulmonary diseases (8). Although neutrophil migra-
tion to the lung is a critical event in pulmonary defense (8),
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CLINICAL RELEVANCE

This study will improve our understanding of the patho-
genesis of bacterial pneumonia and help design improved
treatment strategies.

excessive neutrophil influx may lead to diffuse parenchymal
damage of the lung. However, a better understanding of the
interaction between bacteria and lung cells is a prerequisite for
the design of therapeutic strategies to attenuate excessive
neutrophil recruitment to the lung.

Cell surface pattern recognition receptors, such as Toll-like
receptors (TLRs), expressed in bone marrow and non-bone
marrow (resident) cells, play a vital role in host defense in the
lung via recognition of pathogen-associated molecular patterns
(9, 10). TLR2, TLR4, and TLR5 are known to recognize
bacterial products, such as peptidoglycan, LPS, and flagellin
(9). LPS recognition is mediated by a complex of proteins,
including TLR4, LPS-binding protein (LBP), myeloid differen-
tiation protein (MD)-2, and CD14 (11-14). Because CD14,
LBP, and MD-2 have no intrinsic signaling capabilities (11-14),
TLR4 is required to induce downstream signaling cascades (14).
MD-2 is a 25-kD glycoprotein that binds to the extracellular
domain of TLR4 and is therefore tethered on TLR4-expressing
cells (15). Soluble and membrane-bound forms of MD-2 have
been reported (15). It has been demonstrated that TLR4 does
not induce a complete response in the absence of MD-2 (15).
The pathways underlying TLR4-induced signaling are identical
to that of IL-1 receptor activation (16). The binding of LPS to
TLR4 induces both MyD&88-dependent and -independent sig-
naling cascades, resulting in, respectively, expression of cyto-
kine/chemokine genes and expression of IFN-inducible genes
and, ultimately, modulating the innate immune response in the
lung (17-22).

The roles of TLR4, LBP, and CD14 in lung inflammation
elicited by bacteria and/or their products have been under intense
investigation (23-25), although the role of MD-2 has not been
examined in detail. More importantly, the role of MD-2 in
antibacterial defense in the lungs remains to be elucidated.
Furthermore, the role of MD-2-independent cascades in response
to bacterial pathogens has not been delineated. In this investiga-
tion, we sought to determine the contribution that MD-2 makes
to the pulmonary immune response and host defense against
a gram-negative pathogen, Escherichia coli, using MD-2 gene—
disrupted mice in which both soluble and membrane-bound forms
of MD-2 are deficient. We also used the E. coli virulence factor,
LPS, to demonstrate the role of MD-2 in CD-14-dependent and/
or —independent cascades of LPS-induced lung inflammation.
Finally, we also studied the MD-2—-independent cascades in lung
host response against this gram-negative pathogen.
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MATERIALS AND METHODS

Experimental Animals

CD14 and MD-2 gene—deficient mice were backcrossed eight times
with C57Bl/6 before use (25, 26), and, therefore, C57Bl/6 mice were
used as littermate control animals. TLRS (27) and MD-2/TLRS5 gene—
deficient mice on a C57Bl/6 background were used. Pathogen-free 8- to
10-week-old female gene-deficient and control (C57Bl/6) mice, ranging
from 21 to 25 g in weight, were used in all experiments. Animals were
kept under specific pathogen-free conditions and maintained on a 12-
hour:12-hour light:dark cycle with ad libitum food and water. All
experiments were performed in accordance with protocols approved by
the National Jewish Center and Louisiana State University.

Materials

Ultrapure E. coli LPS (O111:B4) purchased from Sigma-Aldrich (St.
Louis, MO) was dissolved in pyrogen-free isotonic saline to yield
a concentration of 300 pg/ml (low dose) or 3,000 pg/ml (high dose).
Flagellin from Salmonella typhimurium was purchased from Invivo-
Gen. The manufacturer reported that this purified flagellin activates
TLRS, but not TLR4 or TLR2. LPS-free glass- and plasticware were
used in experiments.

LPS or Flagellin Challenge

Mice were exposed to 300 pg/ml or 3,000 wg/ml of LPS by aero-
solization using a bang nebulizer (CH Technologies Inc., Westwood,
NJ) for 20 minutes in a plexiglass chamber, as described previously (25,
28-32). Control animals were treated similarly with nebulized vehicle
control (isotonic saline). At 2, 8, and 24 hours after inhalation, the
whole lungs were harvested, because LPS-induced inflammatory param-
eters in the airspace and lung parenchyma were remarkable at these
time points, as described in our previous studies (25, 28-32).

In another set of experiments, 1 pg of LPS-free recombinant
flagellin from S. typhimurium was used in mice.

Bone Marrow Transplantation

Donor and recipient mice (6 wk old) were used to generate chimeras, as
described previously (33). Recipient mice were vy irradiated from
a cesium source in two 525-rad doses 3 hours apart. Bone marrow cells
(8 X 10%mouse) were injected into the tail vein of the irradiated
recipients. Transplanted mice were maintained on 0.2% neomycin
sulfate for the first 2 weeks. The reconstituted mice were used 2 months
after the transplantation. In parallel experiments, we used green
fluorescent protein—expressing donor cells. Sample blood was collected
from these recipients between 6 and 8 weeks after transplantation, and
hematological parameters (red and white blood cell and differential
counts) were assessed. We found that greater than 90% of blood
leukocytes were derived from donor mice at the time the mice were
used for experiments (8 wk after transplantation; data not shown).
Irradiated mice that were not transplanted with donor cells died between
Days 20 and 22 after transplantation (data not shown).

Isolation of Primary Murine Cells

Isolation of alveolar epithelial type II (AEII) cells (34), bone marrow—
derived neutrophils (30), and alveolar macrophages was performed as
previously described (30). (1) A total of 2.5 X 10° AEII cells were
cultured on a collagen/matrigel system. The apical and basolateral
surfaces were stimulated with 30 ng/ml LPS for 18 hours at 37°C. (2) A
total of 5 X 10° mature neutrophils were stimulated with 30 ng of LPS
and incubated for 4 hours at 37°C. (3) Alveolar macrophages (AMs)
were grown at a density of 2 X 10° cells/ml/well on a six-well plate for
3 days using RPMI 1,640 media containing 10% FBS and were
stimulated with 30 ng of LPS for 18 hours at 37°C.

At the end of incubation, the cells were centrifuged, and superna-
tant was collected for CXCLS5 protein determination by ELISA.

Induction of Pneumonia

To determine the role of MD-2 and TLRS in pulmonary inflammation
and antibacterial defense against a gram-negative bacterium, we used

viable E. coli (American Type Culture Collection 25,922) (28, 32) and
heat-killed E. coli (boiled for 30 min). A frozen 1 ml (107 CFU/ml)
aliquot of the bacterium was grown for 12 hours at 37°C in 50 ml
tryptic Soy broth (Becton Dickinson, Sparks, MD) on a shaker at
200 rpm, pelleted by centrifugation at 1,200 X g for 2 minutes, and
washed twice in sterile isotonic saline. The bacteria were then
resuspended in sterile saline at a concentration of 10° CFU/50 pl/mouse.
The MD-2/-, TLR5/~, MD-2/TLR5/~, and their littermate
control mice (C57Bl/6) were anesthetized with avertin (250 mg/kg),
and a midventral incision was made. After isolation of surrounding
muscles, the trachea was exposed and each mouse was inoculated with
10 CFU of E. coli suspension in 50 pl saline (pH 7.4). A 50-pl aliquot
of serially diluted suspension of initial inoculum was plated onto
a tryptic soy agar (TSA) plate and a MacConkey plate to confirm the
inoculum.

Bronchoalveolar Lavage Fluid Collection

At the designated time points after E. coli infection or LPS challenge,
bronchoalveolar lavage fluid (BALF) was collected by canulating the
trachea after animals were killed with 100 mg/kg pentobarbital, as
described in our earlier reports (25, 28-32). A total of 3.0 ml BALF was
obtained from each mouse, and 0.5 ml of BALF was centrifuged and
placed on glass cytospin slides, which were then stained by Diff-Quick
reagents (Fisher, Chicago, IL) to enumerate leukocyte subtypes based
on their cellular and nuclear morphology. Undiluted BALF (2 ml) was
centrifuged, passed via a 0.22-pm filter, and used immediately or kept
at —20°C for the determination of cytokine/chemokine protein con-
centrations.

Cytokine/Chemokine Determination

Cytokine/chemokine protein concentrations in BALF were measured
using a specific sandwich ELISA, as reported in our previous publica-
tions (25, 28-32). The minimum cytokine/chemokine detection limit is
2 pg/ml of protein (25, 28-32).

Lung Harvesting

At the indicated time points, the whole (nonlavaged) lungs were
harvested from mice and immediately snap frozen, followed by storage
at —70°C. The lungs were processed for the determination of NF-«kB
translocation and myeloperoxidase (MPO) activity. In another set of
experiments, the entire (unlavaged) lungs were harvested and sec-
tioned for histology.

NF-kB Activation

An ELISA-based NF-kB assay (Active Motif, Carlsbad, CA) was used
to detect the translocation of the p65 subunit of NF-«B into the nucleus
of lung cells, as described in our earlier reports (25, 28) and according to
the manufacturer’s recommendations. Briefly, unlavaged lungs were
weighed and diced. They were then homogenized in lysis buffer
containing 10 mM DTT and a cocktail of protease inhibitors. Solubi-
lized proteins were then separated from cell debris by centrifugation
(10 min at 10,000 X g at 4°C). Then, nuclear and cytosolic fraction was
separated by centrifugation. The concentration of protein in the nuclear
fraction was measured by Bradford assay. A total of 20 wg of nuclear
extract was added to the NF-kB—specific oligonucleotide—coated 96-well
plate and incubated for 1 hour at room temperature. After three
washings, a primary antibody specific for p65 was added, followed by
incubation for 1 hour at room temperature. After washing three times
to remove excess primary antibody, an anti-horseradish peroxidase
conjugate was added to the plate, and the color development was
measured at an optical density of 450 nm in triplicate, according to the
manufacturer’s recommendations. According to the manufacturer, the
oligonucleotides are highly specific for NF-kB and, therefore, do not
display cross-reactivity with other transcription factors.

MPO Determination

Lung MPO activity was measured as described in our previous reports
(25, 28). Harvested whole lungs were weighed, kept frozen at —70°C,
and then homogenized for 30 seconds. The resulting homogenates were
centrifuged, and the pellet was resuspended in 50 mM potassium
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phosphate buffer at pH 6.0 (supplemented with 0.5% hexadecyltrime-
thylammonium bromide). Lung homogenates were then incubated at
60°C for 2 hours and assayed for MPO activity in a hydrogen peroxide/
O-dianisidine buffer at 460 nm at 0 and 90 seconds. The MPO activity
in the lungs was calculated between these time points. Lungs were used
for MPO activity within 2 weeks of collection.

Actin Cytoskeleton Assembly Determination

To determine whether neutrophils from MD-2~/~ mice display equal
or defective actin assembly relative to MD-2"/* mice, we measured
actin polymerization in response to keratinocyte-derived chemokine
(KC), macrophage inflammatory protein (MIP)-2, TNF-a, or LPS.
Bone marrow—derived polymorphonuclear cells were isolated using
a Ficoll gradient, as described in our previous reports (29, 32). Isolated
polymorphonuclear cells (10%/ml) were assayed for actin polymerization
in response to E. coli LPS (1 pg/ml; 1 h), TNF-a (1 pg/ml, 1 h), KC
(5 ng/ml; 15 min), or MIP-2 (5 ng/ml; 15 min). After the incubation at
37°C, cells were labeled with nitrobenzoxadiazole-phallacidin, and
actin assembly was assessed by flow cytometry, as previously described
in our studies (29, 32). The data were normalized to unstimulated
controls, giving a relative fluorescence index of 1.

Histopathological Analysis

At 24 hours after LPS or bacterial challenge, lungs were inflated via the
trachea with Streck tissue fixative (Streck Laboratories, Omaha, NE),
as previously described (25, 28). For paraffin sections, the lungs were
fixed with Streck tissue fixative overnight at room temperature. The
lungs were then embedded in paraffin, and 5-pm serial sections were
made. These sections were mounted on super frost Matsunami
adhesive silane—coated slides and stained with hematoxylin and eosin.
Nongquantitative histology of lung tissue was performed by a pathologist
who was blinded to treatment groups.

Bacterial Enumeration

Mice were killed at 6 and 24 hours after E. coli infection and their
whole lungs were excised and homogenized in 10 ml of sterile saline, as
described previously (28, 32). Several 2- and 10-fold dilutions of the
homogenates were plated on TSA and MacConkey plates, and colonies
were counted after 12- to 18-hour incubation at 37°C. Spleens from the
same animals were excised and homogenized in 1 ml of sterile saline, as
reported previously (28, 32). Several 2- and 10-fold dilutions of the
homogenates were plated on TSA and MacConkey plates, and colonies
were enumerated at 18 hours after incubation.

Survival Studies

MD-2-/~, TLR5~/~, MD-2/TLR5~/~, and C57Bl/6 (control) mice were
inoculated intratracheally with E. coli (108 CFU in 50 pl 0.9% saline/
mouse), and their survival was monitored as described previously (28).

Statistical Analysis

Results are expressed as mean values (£SEM). To assess the signif-
icance of the difference between groups, a Student’s ¢ test was used for
data between two groups and one-way ANOVA was used for
comparisons of data involving more than two groups. Survival data
were compared by Wilcoxon rank sign test. All calculations were
determined using Kaleidagraph version 6.0 (Synergy Software, Read-
ing, PA). Differences were considered statistically significant at a P
value less than 0.05.

RESULTS

Effect of MD-2 on the Lung Inflammatory Response
to E. coli LPS

Our laboratory has recently obtained evidence of CD14-
dependent (at low LPS dose [300 pg/ml]) and -independent
(at high LPS dose [3,000 wg/ml]) cascades in LPS-induced lung
inflammation (25). We also found that LPS-induced lung in-
flammation at both doses is entirely TLR4 dependent (25).
However, it is not known whether these CD14 cascades are
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Figure 1. Neutrophil accumulation in the lung after saline or LPS
exposure. Animals were treated with aerosolized saline (control) (A) or
3,000 pg of LPS (B) for 20 minutes, and bronchoalveolar lavage fluid
(BALF) was collected at 8 or 24 hours after challenge. BALF neutrophil
counts were determined. A total of three to five mice were used in each
group at each time point. Data are presented as mean (+SEM).

MD-2 dependent or independent. To determine the role of
MD-2 in CD14 cascades, we investigated lung inflammation in
response to LPS. Although significant neutrophil accumulation
was detected in the lungs of CD14~/~ mice in response to high-
dose LPS (3,000 pg/ml), no neutrophil migration was observed
in the lungs of MD-27/~ or CD14/MD-2~/~ mice (Figure 1).
These observations suggest that MD-2 is downstream of CD14,
and is absolutely required for both CD14-dependent and
-independent neutrophil recruitment. We further investigated
the role of MD-2 in neutrophil influx, cytokine/chemokine
expression, NF-kB activation, and lung histopathology after
300 pg/ml (low-dose) LPS exposure. No neutrophil accumula-
tion was induced in the lungs of CD14~/~ (25) or MD2~/~ mice
after challenge with low-dose LPS (Figures 2A-2C). We also
found that there was decreased cytokine/chemokine expression
(Figure 2D), NF-«kB translocation (Figure 2E), and lung histo-
logical changes (Figure 2F) in MD2~/~ mice after LPS chal-
lenge. These results suggest that MD-2 is a critical mediator of
LPS-induced lung inflammation.

Neutrophil trafficking to the airspaces from the circulation is
also dependent on cytokine/chemokine-induced assembly of the
actin cytoskeleton in neutrophils (35-38). To determine whether
the absence of neutrophil accumulation in the lungs of MD-2~/~
mice is because of improper neutrophil cytoskeleton remodeling
in response to proinflammatory mediators, such as KC, MIP-2,
and TNF-a, we assessed actin assembly in isolated neutrophils
from MD-27/~ and MD-2*/* mice in response to these medi-
ators. We found that KC, MIP-2, and TNF-a cause similar
degrees of actin polymerization in neutrophils obtained from
both MD2~/~ and MD-2** mice (Figure 2G). These findings
suggest that impaired actin assembly is not a mechanism for
reduced neutrophil recruitment into the lungs after LPS chal-
lenge.
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Innate immune responses in the lung after LPS challenge. Animals were treated with aerosolized LPS (300 pg) or saline (control) for

20 minutes, and BALF and lungs were collected at various time points after LPS challenge. BAL total white blood cell (WBC) (A) and neutrophil (B)
counts, myeloperoxidase activity in the lung homogenates (C), BALF cytokine/chemokine levels (D), lung NF-kB activation at 2 hours (£), lung
histology at 24 hours (arrows indicate infiltrating inflammatory cells and edema; original magnification: X400) (F), and actin filament assembly in
bone marrow-derived neutrophils (G) were determined in MD-2-/~ and MD-2*/* mice. A total of five to seven animals were examined in each
group at each time point. *Significant differences between MD-2~/~ and MD-2*/* mice (P < 0.05). Histopathology shown is representative of three

lungs in each group. Data are presented as mean (£SEM).

Role of Bone Marrow- and Non-Bone Marrow Cell-Derived
MD-2 in LPS-Induced Lung Inflammation

We next investigated the role of bone marrow cell-associated/
derived MD-2 versus non-bone marrow (resident) cell-associated
MD-2 in LPS-mediated lung inflammation using bone marrow
chimeras. Neutrophil influx in response to LPS challenge was
attenuated in irradiated MD-2*/* mice reconstituted with MD-
27/~ bone marrow (wild type [WT]—knockout [KO]; Figure
3A). LPS-induced neutrophil influx was also reduced in irradi-
ated MD-27/~ mice reconstituted with MD-2+/* bone marrow
(KO — WT; Figure 3A). As anticipated, no neutrophil accumu-
lation was observed in MD-2%/* mice after saline challenge
(Figure 3A). In addition, MIP-2, TNF-a, and IL-6, but not
CXCLS5/LPS-induced CXC chemokine (LIX), expression was
enhanced in MD-27/~ mice transplanted with MD-2*/* bone
marrow as compared with MD~/~ mice (Figure 3B). In fact, our
results, using isolated cells, demonstrate that resident murine
AEII cells, but not bone marrow—derived cells (macrophages

and neutrophils), generate CXCLS in response to LPS stimula-
tion in an MD-2-dependant manner (Figure 3C). Thus, LPS-
induced neutrophil influx in the lungs is dependent on MD-2 in
both bone marrow and non-bone marrow cells, and MIP-2,
TNF-a, and IL-6 originate from bone marrow cells, whereas
CXCLS5 originates from resident cells.

Effect of MD-2 on Neutrophil Trafficking in the Lung
in E. coli Pneumonia

Because the role of MD-2 in the host response to bacterial
pathogens has not been characterized, we next determined the
role of MD-2 in E. coli-induced host response in the lung. We
performed BALF and lung homogenate studies at 6 and
24 hours after intratracheal administration of 10° CFU E. coli/
mouse. In MD-27/~ mice, neutrophil influx into the airspaces
was abolished at 6 hours as compared with their control
littermates (MD-2%/"), and was attenuated at 24 hours (Figures
4A-4B). Saline challenge did not induce neutrophil accumula-
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Figure 3. Role of MD-2 originating from bone marrow and non-bone marrow cells in LPS-induced inflammation (A and B). Bone marrow chimeras
were prepared by lethal irradiation of MD-2~/~ and MD-2*/* mice and reconstituted with bone marrow cells via tail vein injection. BALF neutrophil
counts (A) and cytokine/chemokine expression (B) in BALF were obtained at 8 h after LPS (300 g aerosolized for 20 min) challenge.*Significant
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exposure. Murine primary AEll cells were stimulated with LPS (30 ng/ml) for 18 hours at 37°C, and the protein levels were measured. These data are

an average (*£SEM) of four or five wells from two animals.

tion in the lungs in either MD2~/~ or MD2*/* mice (data not
shown). These data support the conclusion that, although MD-
2 is an important mediator for E. coli-induced neutrophil
recruitment into the airspace and lung parenchyma, MD-2—
independent cascade(s) also plays an essential role in neutrophil
accumulation in E. coli pneumonia, particularly at a late time
point (24 h).

Effect of MD-2 on KC and MIP-2 Expression
in E. coli Pneumonia

Because it is well documented that the presence of high
concentrations of cytokines/chemokines in the lungs can con-
tribute to neutrophil recruitment, we measured levels of KC
and MIP-2 in the BALF at 6 and 24 hours after E. coli
challenge. Concentrations of both these cytokines/chemokines
were decreased in MD2 ™/~ mice to varying degrees after E. coli
inoculation (Figures 4C-4D). These observations demonstrate
that MD-2-mediated signaling is essential for the expression of
KC and MIP-2 in the lung in E. coli pneumonia. This finding
could serve as an explanation for the reduced neutrophil influx
observed in the lungs of MD-27/~ mice after E. coli challenge.

Effect of MD-2 Signaling on Pulmonary Host
Defense against E. coli

Having established that MD-2 is important for the immune
response to E. coli infection in the lungs, we determined the
importance of MD-2 signaling in antibacterial defense. Both
MD-27/~ and MD-2"/* mice were infected intratracheally with
E. coli and killed at 6 and 24 hours after infection to determine
the bacterial load in their lungs (the primary site of infection)

and spleens (to evaluate bacterial dissemination). Relative to
MD-2*/* mice, MD-2~/~ mice had a higher bacterial load in the
lungs (Figure 4E) and enhanced bacterial dissemination at
24 hours (Figure 4F). Higher bacterial load found in the lungs
could be due to either: (I) attenuated neutrophil recruitment
into the lungs of MD2~/~ mice after E. coli challenge; and/or
(2) impairment of the bactericidal capacity of MD-27/~ neu-
trophils. To investigate the latter possibility, we performed
a killing assay of E. coli by isolated neutrophils. E. coli was
quantitatively cultured in the presence of MD-2~/~ and MD-2+/*
neutrophils in vitro, and the CFUs were enumerated at the end
of a 2-hour incubation. There were no significant differences
in E. coli CFUs between neutrophils observed from MD-27/~
and MD-2"* mice (Figure 4G). These findings suggest that
MD-2 is required for host defense, and that the critical
mechanism involves neutrophil recruitment rather than bacte-
ricidal capacity.

To demonstrate whether a heat-labile agent (protein) is
responsible for MD-2-independent neutrophil responses in
the lungs after E. coli infection, we used heat-killed E. coli.
Both neutrophil influx and KC/MIP-2 expression in response to
heat-killed E. coli was totally dependent on MD-2 (Figures 4H-
4K). These data suggest that a heat-labile component of E. coli
is responsible for MD-2-independent signaling cascade.

Role of MD-2-Independent Cascade in Neutrophil
Accumulation and Antibacterial Defense

Having established that both MD-2-dependent and —indepen-
dent cascades are required for neutrophil influx into the lung
after E. coli infection, we next investigated the role of MD-2—
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Figure 4. (A-D) Effect of viable Escherichia coli (10 CFU/mouse) on total WBC (A), neutrophil accumulation (B), and KC and macrophage
inflammatory protein (MIP)-2 expression in the airspaces (C and D) in MD-27/~ and MD-2"/* mice at 6 and 24 hours after infection (n = 4-7 mice
in each group; *Significant differences between MD-2~/~ and MD-2*/* [P < 0.05]). (E-G) Bacterial clearance of E. coli after intratracheal
inoculation. The MD-2=/~ and MD-2*/* mice were administered E. coli intratracheally on Day 0 at a concentration of 106 CFU/mouse, and bacterial
burden in the lungs (E) and spleens (F) were determined at 6 and 24 hours after infection (n = 4-6 mice in each group; *Significant differences
between MD-2~/~ and MD-2*/+ mice [P < 0.05]). (G) Neutrophil killing assay. A total of 106 CFU/ml of E. coli was cultured alone or cocultured with
108 bone marrow-derived polymorphonuclear cells from MD-2-/~ or MD-2*/+ mice. Bacteria were then quantified after 2 hours of incubation (n =
3/group). (H-K) Effect of heat-killed E. coli (106 CFU/mouse) on neutrophil accumulation, and KC and MIP-2 expression in the lungs in MD-2~/~ and
MD-2*/* mice at 6 and 24 h after infection (n = 4-6 mice in each group at 6 and 24 h; *Significant differences between MD-2~/~ and MD-2*/*

[P < 0.05]). Data are presented as mean (=SEM).

independent signaling cascades in antibacterial defense. Because
E. coli is a flagellated bacterium, we investigated the importance
of E. coliflagellin protein recognition in the lungs. To determine
the role of E. coli flagellin in the induction of the MD-2—
independent innate response, we used TLR5~/~ and MD-2/
TLR5~/~ mice. TLR5~/~ mice displayed attenuated neutrophil
accumulation in the lungs after E. coli inoculation (Figure 5A).
These findings demonstrate that the MD-2-independent innate
immune response to E. coli infection is important for neutrophil
accumulation, and that this response is regulated via TLRS.
When MD-2/TLR5~/~ animals were infected with WT E. coli,
we observed attenuated neutrophil influx in the lungs at 6 and 24
hours (Figure 5B). Furthermore, no KC or MIP-2 expression was
detected in BALF obtained from MD-2/TLR5~/~ animals

(Figure 5C). Finally, MD-2/TLR5/~ mice demonstrated
a heavier bacterial burden in the lungs at 24 hours, similar to
MD-2~/~ mice (Figure 5D). Unlike MD-27/~ mice, greater E.
coli dissemination was observed in MD-2/TLR5~/~ mice at 6
and 24 hours (Figure SE). These data together demonstrate that
both MD-2-dependent and —independent cascades are impor-
tant for pulmonary neutrophil recruitment against E. coli, and
that these responses limit bacterial growth in the lungs and
bacterial dissemination. To further demonstrate whether re-
duced neutrophil accumulation in the lungs resulted in attenu-
ated protective defense, we inoculated MD-2~/~, TLR5~/~, or
MD-27/7/TLR5 mice with E. coli. We observed impaired
survival in MD-2/TLRS double-KO mice (Figure 5F), but not
in TLR5~/~ or MD-27/~ mice (Figure 5G).
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Figure 5. (A and B) Effect of viable E. coli (10 CFU/mouse) on neutrophil accumulation in the lungs in Toll-like receptor (TLR)-5-/~ and MD-2-/-/
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sign test between groups). Data are presented as mean (+SEM).

DISCUSSION

Pulmonary diseases caused by gram-negative pathogens are
a leading cause of morbidity and mortality among healthy and
immunocompromised people worldwide (1-3). Although anti-
biotics reduce the mortality rates of pneumonia, the efficacy of
antibiotic therapy has recently been limited by: (/) increasing
numbers of immunocompromised patients; (2) a growing pop-
ulation of elderly individuals; and (3) the emergence of antibi-
otic-resistant bacterial pathogens. Therefore, modulation of the
host immune response may be a better therapeutic strategy,
particularly among patients with impaired immune systems or
those infected with antibiotic-resistant bacteria. However, an

bacterial pneumonia (8), excessive neutrophil influx may con-
tribute to tissue damage. Therefore, attenuating excessive
neutrophil influx is of great interest. From a therapeutic point
of view, due to the identified and unidentified complex mech-
anisms associated with neutrophil accumulation in the lung in
response to LPS, blocking an individual adhesion molecule may
not be a viable approach to minimizing LPS-mediated neutro-
phil migration. However, blocking the initial signaling steps
could possibly attenuate the excessive neutrophil accumulation
and, thereby, minimize damage to lung parenchyma. Although
some recent studies have focused on the role of pattern
recognition receptor, such as TLRs and CD-14 in lung infection

understanding of the role of the innate immune responses in the
lung microenvironment is a prerequisite to designing early
interventions that minimize the severe parenchymal damage
associated with infections.

Because the alveolar microenvironment is continuously
exposed to microbes and their products, it has developed
a complex defense mechanism to maintain sterility, including
neutrophil recruitment from the bloodstream, primarily in
response to bacterial invasion (4-8). Although the migration
of neutrophils into lung is a critical event in host defense during

models (12-14, 25), none has examined the role of MD-2. The
aim of this investigation was to define the role of MD-2 in lung
inflammation and host defense.

Neutrophil sequestration within capillaries and migration
into the lung during infection is a multistep sequence that
involves neutrophil stiffening, retention in capillaries, adhesion,
and eventual migration into the alveolar spaces (35, 36).
Reports have shown that cytokine/chemokine expression and
impaired neutrophil cytoskeletal assembly are key events in the
migration of neutrophils into the lung (37-39). Our findings
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from this investigation suggest that LPS-induced MD-2 signal-
ing leads to activation of NF-«B and subsequent expression of
chemokines/cytokines, and that these events contribute to
neutrophil influx into the lungs after LPS exposure. This
conclusion is further supported by the fact that MD-27/~
neutrophils were not defective in actin assembly in response
to chemokines/cytokines.

LPS is implicated as a major virulence factor in the induction
of lung inflammation. We have reported that low-dose (300 p.g/ml)
LPS-induced neutrophil influx was dependent on CD-14,
whereas high-dose (3,000 pg/ml) LPS—induced influx was not
dependent on CD14 (25). Our observations demonstrate that
LPS-mediated neutrophil accumulation is completely depen-
dent on MD-2, regardless of the LPS concentration, which is
surprising given the fact that MD-2 does not have an intracel-
lular signaling domain. Although these findings are similar to
what we have reported regarding the role of TLR4 in LPS-
induced lung inflammation (25), this is the first investigation to
demonstrate the important role of MD-2 in LPS-induced lung
inflammation.

It has been reported that bone marrow and non-bone
marrow (resident) cells in the lung produce proinflammatory
mediators. It is well documented that hematopoietic cells pro-
duce neutrophil chemoattractants, such as KC and MIP-2,
whereas the resident AEII cells produce the neutrophil chemo-
attractant, LIX. Our results are the first to demonstrate that
MD-2 in both cell types is important for neutrophil-mediated
inflammation in the lungs. The conclusions obtained from this
investigation are consistent with several prior studies of the role
of hematopoietic and nonhematopoietic cells. For example,
a recent investigation has shown that MyDS88 derived from
hematopoietic cells is more important for LPS-induced bron-
chial constriction and expression of TNF-a and IL-12p40 (40),
despite the fact that both hematopoietic and resident cell-
derived MyD88 are important for LPS-induced neutrophil
influx (41-44).

We also demonstrate that neutrophil influx into the lungs in
response to live E. coli challenge was diminished, but not
abolished, in MD-27/~ mice, suggesting the presence of an
MD-2-independent cascade(s), probably via another virulence
factor of E. coli. Due to the involvement of several cell types
and multiple signaling cascades simultaneously activated by
E. coli, it is difficult to dissect out cascades other than MD-2.
Despite these limitations, we demonstrate that TLRS is the
other mediator triggering downstream events that lead to
inflammation via binding to E. coli flagellin. In this regard,
recent investigations have demonstrated similar findings in
which neutrophil influx in response to Pseudomonas aeruginosa
(45) and Legionella pneumophila (46) in the lungs involves
TLRS.

In conclusion, the present study has clearly established that
MD-2 plays a critical role in inducing lung inflammation in
response to LPS. In addition, MD-2 derived from both hema-
topoietic and resident lung cells is important for LPS-induced
lung inflammation. We also found that MD-2 plays an impor-
tant role in antibacterial host defense, including the limitation
of bacterial growth in the lung and dissemination, and survival.
Our data further demonstrate that the MD-2-independent
cascade in response to E. coli involves TLRS. Because MD-2
lacks an intracellular signaling domain, based on previous
reports (15), we speculate that conformational changes upon
ligand binding leads to downstream signaling cascades, resulting
in cytokine/chemokine production and subsequent neutrophil
influx.

Recognition of these cascades, the cell types involved, and
the responsible bacterial virulence factors will provide funda-

mental information about the immune mechanisms by which
gram-negative pathogens and/or their products induce lung
inflammation. These findings suggest that MD-2 may be a useful
therapeutic target in the development of novel strategies to
counter infection or attenuate excessive lung inflammation in
pathological settings caused or complicated by gram-negative
pathogens. Extending upon our observations, we propose that
functional gene polymorphisms in human MD-2 may have
important consequences in host responses against gram-negative
pathogens.
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