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To define the role of macrophages in regulating the lung’s re-

 

sponse to 

 

Escherichia coli

 

 endotoxin (lipopolysaccharide [LPS]),
depletion of macrophages was accomplished by administra-
tion of dichloromethylene diphosphonate (clodronate) deliv-
ered via intratracheal (IT) and/or intravenous (IV) routes. Clo-
dronate reduced the number of macrophages in lung lavage

 

48 h after either IT or IV administration, but combined IT

 

�

 

IV
clodronate achieved the most profound depletion (90%). Al-
though IT clodronate alone had little effect on the evolution
of lung inflammation, combined IT

 

�

 

IV clodronate treatment
decreased neutrophilic alveolitis 4 h after exposure to aero-
solized LPS by 80% compared with mice treated with empty
liposomes. This decrease was associated with impaired activa-
tion of nuclear factor (NF)-

 

�

 

B and lower concentrations of tu-
mor necrosis factor (TNF)-

 

�

 

 in lung lavage fluid. Combined
IT

 

�

 

IV clodronate markedly reduced lung NF-

 

�

 

B activation and
the intensity of neutrophilic alveolitis after intraperitoneal (IP)
LPS; however, IV clodronate alone had no effect on NF-

 

�

 

B ac-
tivation in either liver or lung tissue or the development of
neutrophilic alveolitis. We conclude that generalized macro-
phage depletion reduces NF-

 

�

 

B activation, generation of cyto-
kines, and neutrophilic lung inflammation in response to
gram negative bacterial endotoxin. These findings define the
role of the macrophage as a critical component for initiation
of the NF-

 

�

 

B–dependent innate immune response.

 

Dichloromethylene bisphosphonate (clodronate) is a synthetic
bisphosphonate that has been used to selectively eliminate
macrophages in various tissues (1, 2). The highly hydrophillic
nature of free clodronate precludes its passage through the
cell lipid bilayer; therefore, cellular uptake requires incorpo-
ration into liposomes (3). Uptake of liposomal-encapsulated
clodronate has been demonstrated by monocytes and macro-
phages and results in selective apoptosis (4–6). Minimal up-
take is demonstrated in neutrophils and endothelial cells, but
this does not result in apoptosis and liposomal clodronate
does not accumulate in T lyphocytes or epithelial cells (4).

Substantial depletion of alveolar macrophages occurs
within 24 h of intratracheal (IT) administration of liposomal
clodronate and persists for at least 72 h (3, 7). Complete alveo-
lar macrophage reconstitution requires up to 18 d (8). Presum-
ably, reconstitution occurs by recruitment and differentiation

of peripheral blood monocytic precursors. In contrast, intrave-
nous (IV) administration of clodronate results in nearly com-
plete elimination of splenic and hepatic macrophages and par-
tial elimination of bone marrow macrophages (1, 2) but effects
on pulmonary macrophages have not been reported. We spec-
ulated that combined IT

 

�

 

IV administration of clodronate
would substantially deplete alveolar and pulmonary interstitial
macrophages in addition to globally depleting macrophages in
extrapulmonary locations, including the liver.

Liposomal encapsulated clodronate has been exploited
in experimental models of autoimmune disease, septic
shock, pneumonia, and other inflammatory conditions to
study the antimicrobial and immunoregulatory role of mac-
rophages. For example, alveolar macrophage depletion by
IT administration of clodronate has a marked impact on the
course of bacterial pneumonia (9–12). Models of lung infec-
tion consistently demonstrate delayed bacterial clearance,
but the effect of macrophage depletion on neutrophilic lung
inflammation and cytokine production has been variable
(9–12). These studies do not allow distinction between the
effects of a persistent or exaggerated inflammatory insult
that results from delayed or impaired bacterial clearance
versus alteration in the intrinsic lung inflammatory response
to the inciting stimulus in macrophage-deficient lungs.

We used models of lung inflammation induced by in-
haled and intraperitoneal (IP) injection of 

 

Escherichia coli

 

lipopolysaccharide (LPS), in which the inciting insult is
transient and the inflammatory response is well defined.
Our data indicate that macrophages are a critical compo-
nent of the innate immune response in the lungs that regu-
late the development of neutrophilic lung inflammation,
lung nuclear factor (NF)-

 

�

 

B activation, and production of
cytokines and chemokines following administration of LPS.

 

Materials and Methods

 

Materials

 

Clodronate and LPS (

 

E. coli

 

 serotype 055:B5) were obtained from
Sigma (St. Louis, MO). Monoclonal antibodies to mouse F4/80, a
macrophage-specific surface marker, and mouse anti-lysosomal
antibodies used in immunohistochemistry studies were obtained
from Serotec (Raleigh, NC). The double-stranded consensus NF-

 

�

 

B
motif, 5

 

�

 

-GATCGAGGGGACTTTCCCTAAAAGC-3

 

�

 

, used in
electrophoretic mobility shift assays (EMSA) was obtained from
Stratagene (La Jolla, CA). 

 

�

 

-ATP-p32 was obtained from NEN-
Dupont (Boston, MA), and T4 kinase and T4 kinase buffer used
for oligonucleotide labeling were from New England Biolabs
(Beverley, MA). Polyclonal antibodies to RelA (also called p65)
and p50 used in performing EMSA supershifts were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Isoflurane
and ketamine were used for animal anesthesia and were obtained
from Fort Dodge Animal Health (Fort Dodge, IA).
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Liposomal Encapsulation of Clodronate

 

Eight milligrams of cholesterol were added to 86 mg of egg phos-
phatidylcholine and the chloroform phase evaporated under he-
lium until a white film remained. Further removal of the chloro-
form phase was performed under low vacuum in a speedvac
Savant concentrator (Holbrook, NY). The clodronate solution was
made by dissolving 1.2 g of dichloromethylene diphosphonic acid
in 5 ml of sterile phosphate-buffered saline (PBS). Five milliliters
of the clodronate solution were added to the liposomes and
mixed thoroughly. Empty liposomes were made by the addition
of sterile PBS alone. This solution was sonicated and ultra-centri-
fuged at 10,000 

 

�

 

 

 

g

 

 for 1 h at 4

 

�

 

C. The liposomal pellets were
then removed and resuspended in PBS, followed by ultra-centrif-
ugation at 10,000 

 

�

 

 

 

g

 

 for an hour at 4

 

�

 

C. Subsequently, liposomes
were resuspended in 5 ml of sterile PBS, stored at 4

 

�

 

C, and used
within 48 h. The final concentration of the liposomal clodronate
suspension was 5 mg/ml.

 

Administration of Liposomal Clodronate

 

A single dose of liposomal clodronate or liposomal PBS was ad-
ministered to mice via IT and/or IV routes. Control mice re-
ceived empty (PBS-containing) liposomes. Mice were sedated
with isoflurane and ketamine. Tracheas were exposed by surgical
resection and pierced with a 26-gauge needle for IT injections
(100 

 

	

 

l). The neck wound was closed with sterile sutures. IV in-
jections (200 

 

	

 

l) were given via tail vein.

 

Histologic Examinations of Lung and Liver in
Clodronate-Treated Mice

 

Tissue slides of formalin-fixed livers and lungs were stained with
anti-mouse monoclonal antibodies to the macrophage surface
marker F4/80 antigen and anti-lysosomal antibodies, respec-
tively, for the identification of tissue macrophages. The histology
was examined by taking digital images of five consecutive high-
power fields. Kupffer cells and pulmonary macrophages were
counted by two separate blinded observers. The total macrophage
counts were the mean 

 




 

 SEM of the average counts from the two
reviewers for each treatment group.

 

Animal Model

 

C57Bl/6 mice were obtained from Harlan Sprague Laboratories
(Indianopolis, IN). Mice were maintained on a 12 h light, 12 h
dark cycle; housed in filtered air cages; fed standard chow pellet
diet; and had free access to water. Adult mice weighing between
25 and 30 g were used for all experiments. For inhalation expo-
sure, lyophilized 

 

E. coli

 

 LPS was suspended in sterile saline (0.1
mg/ml). LPS solution (7 ml) was delivered as a continuous aero-
sol with a driving flow rate (8 L/min) that was generated by a
small volume nebulizer (Resigard II; Marquest Medical, Engle-
wood, CO) over a standardized 30-min interval. The optimal
dose and duration of the LPS aerosol was determined in previous
studies (13). Mice were exposed to aerosolized LPS by placing
them within a sealed container. Mice were killed 4 h after expo-
sure to aerosolized LPS.

For IP administration, lyophilized 

 

E. coli

 

 LPS was suspended
in sterile saline (0.5 mg/ml). LPS (5 

 

	

 

g/g) was administered by a
single IP injection. Mice were killed 90 min after LPS injection
for determination of hepatic and pulmonary NF-

 

�

 

B activity, and
at 24 h for estimation of neutrophilic alveolitis. Mice were eutha-
nized by carbon dioxide inhalation as recommended by the Panel
on Euthanasia of the American Veterinary Medical Association.

 

Bronchoalveolar Lavage Fluid and Tissue Harvesting

 

Bronchoalveolar lavage (BAL) fluid and tissue samples were col-
lected after death. Mouse tracheas were cannulated with a 20-

 

gauge blunt tip needle attached to a 1-ml syringe, and the lungs
were instilled with sterile pyrogen-free physiologic saline until a
total lavage volume of 3 ml was collected. Lungs were harvested
by resection and tissues were immediately flash frozen in liquid
nitrogen and stored at –70

 

�

 

C.
Total and differential cell counts were measured in lung lav-

age fluid. After centrifugation at 500 

 

�

 

 

 

g

 

 for 10 min, the cell pel-
let was resuspended in 1 ml of 1% bovine serum albumin in ster-
ile physiologic saline. Total cell counts are determined using a
grid hemocytometer. Differential cell counts were obtained by
staining cytocentrifuge slides with a modified Wright’s stain (Diff-
Quik; Baxter, Miami, FL) and counting 400 cells in a cross-section.

 

Extraction of Nuclear Proteins from Tissue Samples

 

Tissue nuclear proteins were extracted from whole lung by the
method of Deryckere (14). A quantity of 50–100 mg of tissue was
mechanically homogenized in liquid nitrogen to which 4 ml of
buffer A (NaCl 150 mM, HEPES 1 M, NP40, EDTA 0.2 M,
phenylmethylsulfonylfluoride 0.1 M) was added. The homogenate
was transferred to a 15-ml Falcon tube (Becton Dickinson Lab-
ware, Franklin Lakes, NJ) and centrifuged at 850 

 

�

 

 

 

g

 

 for 30 s to
remove cellular debris. The supernatant was then transferred to a
50-ml Falcon conical and incubated on ice for 5 min before being
centrifuged for 10 min at 3,500 

 

�

 

 

 

g

 

. The supernatant was collected
as cytoplasmic extract. The pellet was resuspended in 300 

 

	

 

l of
buffer B (sterile water, glycerol, HEPES 1 M, NaCl 5 M, MgCl

 

2

 

1 M, EDTA 0.2 M, PMSF 0.1 M, DTT1 M, benzamidine 10 mg/ml,
pepstatin 1 mg/ml, leupeptin 1 mg/ml, aprotinin 1 mg/ml) and in-
cubated on ice for 30 min. Following a 2-min microcentrifugation
at 14,000 rpm, the supernatant was collected as the nuclear extract
and frozen at –70

 

�

 

C. Protein concentrations in nuclear and cyto-
plasmic extracts were determined using the Bradford assay (15).

 

Oligonucleotide Labeling

 

Oligonucleotides were labeled using a double-stranded consen-
sus sequence NF-

 

�

 

B and 

 

�

 

-p32-ATP. The reaction was catalyzed
with T4 polynucleotide kinase and incubated in 10

 

�

 

 kinase
buffer at 37

 

�

 

C for 45 min. The reaction was ceased by heating at
65

 

�

 

C for 10 min. Labeled oligonucleotide was column-purified on
Sephadex G-25 columns (Amersham Pharmacia Biotech, Sweden).

 

Electrophoretic Mobility Shift Assays

 

Five micrograms of nuclear proteins were incubated with binding
buffer on ice for 30 min (specific antibodies for p50 and RelA were
added for supershift studies). Oligonucleotide labeled with 

 

�

 

-p32
(

 

�

 

 100,000 counts/min) was then added and samples incubated at
room temperature for 1 h. Specificity of binding was ascertained
using cold competition with an excess of unlabeled NF-

 

�

 

B oligonu-
cleotides. Protein–DNA complexes were separated from the free
DNA probe by electrophoresis through 6% polyacrylamide gels
run at room temperature at 150 V for 3–4 h. Gels are dried under
vacuum on Whatman filter paper in a Bio-Rad Gel-dryer (Bio-Rad,
Hercules, CA) and exposed to autoradiographic film.

 

Cytokine Enzyme-Linked Immunosorbent Assays

 

Cytokine assays were performed on BAL fluid and cytoplasmic
extracts derived from whole lung homogenates. Macrophage-
inflammatory peptide 2 (MIP-2), tumor necrosis factor (TNF)-

 

�

 

,
and monocyte chemotactic protein (MCP)-1 were assayed ac-
cording to manufacturer’s instructions with commercially avail-
able enzyme-linked immunosorbent assays (R&D Systems, Min-
neapolis, MN). The minimum detectable concentration of MIP-2,
TNF-

 

�

 

, and MCP-1 was 

 

�

 

 1.5 pg/ml, 

 

�

 

 5.1pg/ml, and 

 

�

 

 2 pg/ml,
respectively. Cytokine concentrations are reported as pg/ml of
BAL fluid and as pg/

 

	

 

g of lung tissue.
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Statistical Analysis

 

Statistical analyses were performed with GraphPad InStat ver-
sion 3.01 for Windows NT (GraphPad Software, San Diego, CA)
using an unpaired 

 

t

 

 test and unpaired ANOVA test.

 

Results

 

Administration of Clodronate via Various Routes Results in 
Different Levels of Depletion of Pulmonary Macrophages

 

To quantify the extent of tissue and alveolar macrophage
depletion induced by clodronate treatment, alveolar mac-
rophages were assessed by counting cells obtained by BAL.
In addition, immunoreactive lung and liver macrophages
were quantitated on tissue sections. Mice were treated with
IT injection of liposomal clodronate, IV injection of liposo-
mal clodronate, or combined IT

 

�

 

IV liposomal clodronate,
and harvested 48 h later. Control mice received empty
(PBS-containing) liposomes. Total cell counts in BAL from
mice receiving clodronate were decreased compared with

control mice (Figure 1A). Combination treatment with
IT

 

�

 

IV clodronate resulted in a 75% reduction in the re-
covery of total cells in BAL fluid. IT or IV approaches
alone resulted in 70% and 31% depletion, respectively.

Lavage macrophages displayed two distinct cell mor-
phologies, intact and remnant macrophages. Remnant
macrophages are defined by morphologic criterion that in-
clude visualization of a condensed nuclear body without a
clear cytoplasm or limiting cell membrane. The number of
remnant macrophages varied with the route of clodronate
administration. Only a small number of remnant macro-
phages (2.2 

 




 

 2.0% of the total macrophage population in
BAL) were noted following liposomal PBS treatment
(Figure 1B). Treatment with IV, IT, or IT

 

�

 

IV clodronate
resulted in significantly higher percentages of remnant
macrophages (38 

 




 

 11%, 20 

 




 

 7%, and 57 

 




 

 2%, respec-
tively) (Figure 1B). The number of intact macrophages ob-
tained by lung lavage was lowest in combined IT

 

�

 

IV clo-
dronate treatment, 1.4 

 




 

 0.4 

 

�

 

 10

 

4

 

, which represented a
90% reduction compared with the PBS liposome–treated
control (Figure 1C). A 66% reduction in intact macro-
phages was found in the IV clodronate group and a 77%
reduction was found in the IT clodronate group.

In addition to lung lavage, histologic sections of livers and
lungs were examined to assess total tissue macrophage de-
pletion following clodronate treatment. Figure 2 shows a
representative example of liver and lung tissue from a mouse
treated with empty liposomes compared with those of a
mouse treated with IT

 

�

 

IV clodronate. Abundant Kupffer
cells are identified in liver of control mice, but only scarce
Kupffer cells are seen in clodronate-treated mice (Figure
2A). In lung sections, pulmonary macrophage depletion was
also identified following IT

 

�

 

IV clodronate (Figure 2B).
Semiquanitative analysis of liver and lung tissue was per-

formed to assess the reduction in immunoreactive tissue
macrophages after clodronate treatment. Kupffer cells were
reduced in number from 49 

 




 

 4.3 cells per high-power field
in PBS liposome treated mice to 3 

 




 

 1.4 cells per high-power
field in liver sections of mice treated with IT

 

�

 

IV clodronate
(

 

P

 

 

 

�

 

 0.05, 

 

n

 

 

 

�

 

 3 in each group). This finding indicates that
there was a 94% reduction in Kupffer cells by clodronate
treatment. In addition, reduced numbers of lung macro-
phages were demonstrated by analysis of lung tissue sections
of mice treated with IT

 

�

 

IV clodronate. On lung sections,
9.5 

 




 

 1.7 macrophages per high-power field were counted
after treatment with PBS liposomes compared with 3.3 

 




 

0.4 macrophages per high-power field in lungs of mice
treated with IT

 

�

 

IV clodronate, representing a 66% reduc-
tion in immunoreactive macrophages (

 

P

 

 

 

�

 

 0.05, 

 

n

 

 

 

�

 

 3 in
each group). Of particular note is that there was no evi-
dence of tissue injury or inflammation in either the lungs or
liver in response to the liposomal clodronate treatment.

 

Depletion of Macrophages with Combined IT

 

�

 

IV 
Clodronate Treatment Results in Attenuated Neutrophilic 
Alveolitis and Altered Cytokine Production following 
Inhaled LPS

 

Macrophage depletion induced by combined IT

 

�

 

IV clo-
dronate markedly attenuates the extent of the acute inflamma-
tory cell influx into the airways 4 h after inhaled LPS treat-
ment (Figure 3). No significant neutrophilic alveolitis was

Figure 1. Depletion of lung macrophages by clodronate. (A) The
total number of cells in BAL fluid 48 h after treatment with com-
bined intravenous (IV) and/or intratracheal (IT) clodronate (n �
4 in each group) and controls treated with IT and IV injections of
PBS-containing liposomes (C) (n � 3). (B) The number of rem-
nant macrophages is shown as the percentage of the total BAL
cells (see text for the criterion used to distinguish remnant macro-
phages). (C) The number of intact macrophages in BAL in re-
sponse to clodronate treatment is shown. * indicates different
from the PBS liposome–treated control, P � 0.05.
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induced by liposome treatment, as judged by the observa-
tion that neutrophils accounted for only 1.1 

 


 0.3 � 104 and
0.9 
 0.2 � 104 of lavage cells from mice treated with empty
liposomes and clodronate, respectively (n � 7–10, P � NS).
After inhaled LPS, a substantial influx of neutrophils was
found in control mice pretreated with empty liposomes
(66.1 
 6.9 � 104 neutrophils); however, treatment with
IT�IV clodronate blunted this neutrophil influx by 80%
(12.8 
 2.9 � 104 neutrophils, P � 0.0001, n � 7–10 in each
group). In contrast to these studies, IT clodronate by itself
had no effect on total BAL cell counts (61.5 
 14.9 � 104

cells in IT clodronate group versus 73.5 
 6.1 � 104 cells in
PBS liposome group, P � NS, n � 4–5) and the percentage
of neutrophils was similar in the IT clodronate-treated mice
compared with PBS liposome–treated mice after LPS treat-
ment (95.5 
 0.4% versus 86.6 
 1.4%, P � NS, n � 4–5).

Treatment with combined IT � IV PBS or clodronate li-
posomes alone did not induce production of detectable
TNF-�, MIP-2, or MCP-1 in lung lavage as assessed by en-
zyme-linked immunosorbent assay (not shown). In re-
sponse to LPS treatment, however, PBS liposome–treated
mice had much greater amounts of TNF-� in BAL fluid
than clodronate-treated mice (1,353 
 92 versus 175 
 41
pg/ml, P � 0.0001, n � 13–14) (Figure 4A). Interestingly,
MIP-2 levels in lung lavage were not different between
control and clodronate-treated mice after inhaled LPS (304

 25 and 471 
 60 pg/ml, P � NS, n � 13,14) (Figure 4A);
however, MIP-2 levels were decreased in lung tissue homo-
genates of IT�IV clodronate-treated mice compared with
PBS liposome–treated mice following LPS inhalation (78

 10 and 289 
 42 	g/g, respectively, P � 0.01, n � 13–14)
(Figure 4B). In contrast, MCP-1 concentrations in lung tis-
sue homogenates of PBS liposome–treated controls and
clodronate-treated mice was not different (659 
 129 and
838 
 198 	g/g, respectively, P � NS, n � 13–14) (Figure
4B). Following inhaled LPS, however, BAL MCP-1 levels
were increased in clodronate-treated mice compared with
mice treated with PBS liposomes (417 
 120 and 72 
 44
pg/ml, respectively, P � 0.03, n � 13–14) (Figure 4A).

Depletion of Macrophages Results in Attenuated NF-�B 
Activation in Whole Lung Tissue following Inhaled LPS

We evaluated the effect of macrophage depletion with
IT�IV clodronate on global lung NF-�B activation in re-

sponse to inhaled LPS. NF-�B DNA binding activity was
detected by electromobility shift assays (EMSA) per-
formed on nuclear extracts derived from whole lung tis-
sues. Macrophage-depleted mice had attenuated DNA
binding activity of both the heterodimer (RelA/p50) and
homodimer (p50/p50) bands in response to inhaled LPS
treatment compared with control mice treated with PBS li-
posomes (Figure 5A). Unstimulated mouse lungs exhibit
minimal NF-�B activation by EMSA (data not shown).

Using laser densitometry, we compared the intensity of
the RelA/p50 heterodimer bands on EMSA from lungs of
mice treated with PBS liposomes or IT�IV clodronate fol-
lowed by inhaled LPS. We measured the RelA/p50 band be-
cause the RelA component of NF-�B contains a transactiva-
tion domain whereas the p50 component does not (16), and
therefore RelA is thought to stimulate the transcriptional ac-
tivity induced by NF-�B binding. The density of the RelA/50
heterodimer band from control lungs in each experiment
was defined as 100% and the density of the RelA-containing
band from IT�IV clodronate-treated mice was measured as
a percentage of the mean control density in each experi-
ment. Clodronate treatment resulted in a 65% reduction in

Figure 2. Depletion of tissue macrophages by clodronate. (A) Tissue sections are shown for liver following treatment with PBS lipo-
somes (A) or combined IV�IT clodronate (B). Kupffer cells (arrows) were identified after immunostaining with F4/80 antibodies. Haem-
otoxylin was used as a counterstain. (B) Lung sections following treatment with PBS liposomes (A) or combined IV�IT clodronate (B).
Lung macrophges were identified by immunostaining with lysozyme antibodies (arrows). A control section is shown (C) in which no pri-
mary antibody was added. Haemotoxylin was used as a counterstain. Magnification is 400�.

Figure 3. Macrophage depletion attenuates LPS-induced neutro-
phil recruitment: Total neutrophil counts in BAL fluid are shown
after combined IT�IV treatment with PBS-containing liposomes
(PBS) or clodronate (CLOD). Four hours after exposure to aero-
solized LPS, neutrophil influx was reduced in mice previously
treated with clodronate (CLOD/LPS) compared with mice treated
with PBS liposomes (PBS/CLOD). * indicates P � 0.05, n � 7–10.
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LPS-induced NF-�B activity as defined by RelA/p50 band
density (P � 0.0001, n � 13–16) (Figure 5B).

Depletion of Lung Macrophages Is Required to Block
NF-�B Activation following Intraperitoneal
Injection of LPS

To better define the role of macrophages in regulating
lung inflammation in response to systemic LPS, we used a
model of lung inflammation induced by IP injection of
LPS (5 	g/g). Mice were treated with clodronate by IV in-
jection alone or IT�IV clodronate injections 48 h before
IP LPS. Combined treatment with IT�IV clodronate de-
creased neutrophil recruitment into the lavagable airspace
in response to LPS treatment by 95% (Figure 6). Also, at
90 min after IP LPS there was a marked attenuation of
NF-�B–binding activity in nuclear extracts of lung tissue
from mice treated with IT�IV clodronate (Figure 7). In-
terestingly, LPS-induced liver NF-�B activation was not
affected by clodronate treatment (not shown). In contrast,
after IP injection of LPS, mice treated with IV clodronate
alone showed no differences in BAL neutrophil numbers
compared with control mice treated with PBS liposomes.
In addition, no differences were detected in NF-�B–bind-

ing activity in lung or liver tissue between the two groups
(data not shown). Similar to the model of direct airway
stimulation by inhaled LPS, systemic LPS requires macro-
phages to produce lung inflammation. Additionally, com-
bined treatment by IT�IV clodronate was required to
limit LPS-induced inflammation in both models.

Discussion
Mononuclear phagocytes are thought to have a prominent
role in initiating inflammation because of an impressive and
diverse repertoire of function. In addition to locomotion,
phagocytosis, and microbiocidal activities, resident and in-
filtrating macrophages secrete a variety of chemokines
and cytokines that result in leukocyte recruitment to an in-
flammatory focus and enhance immune responses by co-
operating with other components of the immune system
(17–19). In liver, Kupffer cells perform a similar function
by clearing intraperitoneal and blood-borne toxins and re-

Figure 4. Macrophage depletion attenuates LPS-induced TNF-�
production and tissue MIP-2 levels. (A) Concentrations of TNF-�
(open bars), MCP-1 (striped bars), and MIP-2 (hatched bars) in cell-
free BAL fluid (BALF) of mice exposed to aerosolized LPS. These
cytokines were not detected in PBS liposome– or clodronate-
treated mice without LPS treatment. (B) MCP-1 (open bars) and
MIP-2 (striped bars) concentrations in lung tissue homogenates
are shown and normalized for total protein. * Indicates different
from the PBS liposome samples, P � 0.05, n � 13–14.

Figure 5. Macrophage depletion attenuates lung NF-�B activa-
tion after inhaled LPS. (A) The results of an EMSA obtained
from nuclear extracts from lung tissue after treatment with PBS-
containing liposomes (lanes 1–5) and IT�IV clodronate (lanes 6–10)
in response to exposure to aerosolized LPS. The position of the
RelA/p50 heterodimer and the p50 homodimer bands were de-
termined by supershift studies that utilized antibodies to p50 and
RelA (lanes 12 and 13). Both bands could be specifically com-
peted with excess cold (unlabeled) probe (C) (lane 11). (B) The
relative density of RelA/p50 bands on EMSA from lung tissue
nuclear extracts of mice treated with PBS-containing liposomes
or IT�IV clodronate before aerosolized LPS. Mean density of
bands from PBS liposome–treated mice in each experiment is de-
fined as 100% and density of bands from clodronate-treated mice
is expressed as a percentage of the mean density of the PBS lipo-
some control. * Indicates significantly different from the PBS li-
posome group, P � 0.05, n � 13–14.
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leasing proinflammatory cytokines and tissue mediators that
modulate the systemic response to intraperitoneal sepsis (19).

To examine the role of macrophages in the pathogene-
sis of neutrophilic lung inflammation in response to LPS,
macrophages were eliminated by treatment with liposome-
encapsulated clodronate. We observed that the extent of
macrophage depletion is dependent upon the route of clo-
dronate administration and that combined IT�IV clo-
dronate achieves the most impressive depletion of pulmo-
nary macrophages compared with either route alone. This
combined route reliably resulted in a 90% reduction in the
number of intact macrophages present in lung BAL fluid
compared with control animals and substantially depleted
macrophages in lung and liver tissue. We postulate that in
the lung, combined IT�IV clodronate induces apoptosis
of both alveolar and interstitial lung macrophages.

Elimination of macrophages with combined IT�IV clo-
dronate treatment results in decreased lung NF-�B activity,
neutrophilic alveolitis, and pulmonary TNF-� production
following exposure to aerolized LPS. Lung tissue–bound
MIP-2 was also decreased, although macrophage depletion
did not result in decreased levels of MIP-2 in BAL fluid.
The most likely explanation for this discrepancy is that
MIP-2 is tightly associated with tissue-bound heparin moi-
eties. Surprisingly, MCP-1 levels were increased in BAL
fluid, which may represent a compensatory regulatory
mechanism that is related to extensive macrophage deple-
tion. In contrast to the effects of combined IT�IV clo-
dronate, IT clodronate alone had no effect on pulmonary
inflammation associated with exposure to aerosolized LPS.
Our studies also show that combined IT�IV clodronate
was effective in preventing neutrophil recruitment to the
lung and blocking activation of NF-�B in the lung follow-
ing IP injection of LPS, whereas IV clodronate alone had
no effect on pulmonary inflammation associated with IP
LPS treatment. Together, these data suggest either that
LPS-induced lung inflammation is a consequence of events
that occur in both the pulmonary and extrapulmonary
macrophage pool or that a near-complete depletion of via-
ble macrophages in the lung is required to inhibit LPS-
induced lung inflammation.

Our finding that macrophages are essential for maximal
NF-�B activity is consistent with that of other investiga-
tors. Lentsch and coworkers (21) showed that macrophage
depletion by IT administration of clodronate results in a
marked reduction of NF-�B–binding activation, reduced
TNF-�, MIP-2, and ICAM-1 gene expression in lung tis-
sue, and decreased lung inflammation and injury following
intratracheal instillation of IgG complexes. Our data, along
with this study, indicate that macrophages are essential for
maximal lung inflammation as defined by NF-�B activa-
tion in lung tissue, chemokine and cytokine production,
and recruitment of neutrophils. Although our data are
consistent with the hypothesis that macrophages alone are
sufficient to generate the entire extent of the inflamma-
tory response, it is much more likely that macrophages ini-
tiate the response and that other cell types, including rap-
idly infiltrating neutrophils, contribute to the intensity or
duration of the acute inflammatory response to endotoxin.

Numerous studies have examined the role of macro-
phages in infectious models of lung inflammation using in-
oculation of bacteria such as Pseudomonas aeruginosa (11,
12, 22), Klebsiella pneumoniae (9), and Pneumocystis cari-
nii (10) in clodronate-treated animals. These studies have

Figure 6. Macrophage depletion attenuates neutrophil alveolitis
following IP LPS. Total neutrophil counts in BAL fluid are shown
after combined IT�IV PBS liposome (PBS) or clodronate (CLOD)
treatment, followed by IP injection of LPS (5 	g/g). * indicates
difference from PBS/LPS group, P � 0.05, n � 5 in each group.

Figure 7. Macrophage depletion abrogates lung NF-�B activation
following IP LPS. (A) The results of an EMSA are shown using
nuclear extracts from lung tissue. Mice were treated with IT�IV
clodronate (lanes 1–3) or PBS liposomes (lanes 4–6). Forty-eight
hours later, mice were treated with IP injection of LPS (5 	g/g)
and harvested 90 min after LPS injection. (B) The relative den-
sity of the RelA/p50 bands in these experiments are shown on
this figure. Mean density of bands from PBS liposome–treated
mice in each experiment is defined as 100% and density of bands
from clodronate-treated mice is expressed as a percentage of the
mean density of the PBS liposome control. * indicates signifi-
cantly different from the PBS/liposome group, P � 0.05, n � 9–13.
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reported varying effects of macrophage depletion on the
development of neutrophilic lung injury and tissue expres-
sion of inflammatory cytokines TNF-�, MIP-2, KC, and cyto-
kine-induced neutrophil chemoattractant (CINC). Although
some investigators have found decreased expression of TNF-�,
CINC, and MIP-2 in association with decreased neutro-
philic influx in P. aeruginosa pneumonia (12), other inves-
tigators have described increased or persistent, albeit de-
layed, neutrophil influx into the lungs following bacterial
inoculation (9). Several studies have described impaired
bacterial clearance with increased bacterial load both lo-
cally in the lungs and systemically (9–10). We speculate
that impaired clearance of bacteria is a persistent stimulus
for neutrophil influx that may obviate the role of macro-
phages in phagocyte recruitment through inherently redun-
dant arms of the inflammatory cascade generated either by
neutrophils or by other lung cell types.

Interestingly, we found that IV clodronate treatment,
which results in substantial Kupffer cell depletion, did
not protect against either lung or liver inflammation fol-
lowing intraperitoneal LPS. Similarly, Iimuro and col-
leagues (23) found no corresponding decline in hepatic
TNF-� production following intravenous LPS administra-
tion to gadolinium-treated animals. These findings are in
contrast to studies that examined the role of Kupffer cells
in intraperitoneal sepsis using gadolinium chloride before
bile duct ligation (24) or cecal ligation and puncture (20,
25). These studies described reduced hepatic expression of
the inflammatory cytokines TNF-�, interleukin-1
, and in-
terleukin-6, and reduced mortality in Kupffer cell–depleted
animals. The discrepancy between the LPS models and
those of bile duct ligation or cecal ligation and puncture
may indicate that tissue distribution of purified endotoxin
is more extensive than bacterial-associated endotoxin. It is
possible that purified LPS injections localize to and acti-
vate hepatocytes while bacterial clearance is dependent on
phagocytosis by Kupffer cells (26).

In summary, we conclude that macrophage depletion
with clodronate reduces NF-�B activation, production of
TNF-� and chemokine, and neutrophilic lung inflamma-
tion in response to Gram-negative bacterial endotoxin. We
have shown that combined IT�IV clodronate treatment is
most efficacious in blocking the development of neutro-
philic lung inflammation in response to either IP LPS or
exposure to an LPS aerosol. In our studies, IT clodronate
did not block inflammation caused by exposure to a LPS
aerosol and IV clodronate did not block inflammation
caused by endotoxemia. These data, together, seem to sug-
gest that widespread and efficient targeting of macro-
phages is necessary to attenuate the response to endotoxin.
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