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To determine the effects of interleukin-4 (IL-4) on bacterial clearance from the mouse lung, transgenic mice
expressing IL-4 in respiratory epithelial cells under the control of the Clara cell secretory protein promoter
(CCSP-IL-4 mice) were infected intratracheally with Pseudomonas aeruginosa. Survival of CCSP-IL-4 mice
following bacterial administration was markedly improved compared with that of control mice. While bacteria
proliferated in lungs of wild-type mice, a rapid reduction in the number of bacteria was observed in the IL-4
mice as early as 6 h postinfection. Similarly, intranasal administration of IL-4 enhanced bacterial clearance
from the lungs of wild-type mice. While acute and chronic IL-4 increased the numbers of neutrophils in
bronchoalveolar lavage fluid, bacterial infection was associated with acute neutrophilic pulmonary infiltration,
and this response was similar in the presence or absence of IL-4. Local administration or expression of IL-4
in the mouse lung enhanced pulmonary clearance of P. aeruginosa in vivo and decreased mortality following
infection.

Interleukin-4 (IL-4) is a pleiotropic cytokine produced pri-
marily by the Th2 cell subset of T lymphocytes and by mast
cells. IL-4 induces the differentiation of uncommitted precur-
sor CD41 T cells toward the Th2 subset and inhibits the dif-
ferentiation of Th1 cells but also enhances differentiation, pro-
liferation, and activation of various inflammatory cells.
Antigen presentation in the presence of IL-4 leads to the
formation of immunoglobulin E antibodies and enhances the
migration of eosinophils and mast cells into the sites of infec-
tion or inflammation (3). While IL-4 has been implicated in the
response to parasitic infection (17, 32, 58), allergy (19, 30, 49),
and chronic inflammation (48, 59), its potential role in bacte-
rial host defense remains unclear.

Pseudomonas aeruginosa is a common cause of acute and
chronic pneumonia in humans. Pulmonary infection caused by
P. aeruginosa is an important factor contributing to the mor-
bidity and mortality associated with cystic fibrosis (CF).
Chronic lung infection with P. aeruginosa in CF is associated
with acute and chronic inflammation that is dominated by
neutrophilic infiltration. Lung injury associated with P. aerugi-
nosa infection is related to the destructive effects of the organ-
ism on the lung parenchyma and may be further exacerbated
by the activation of neutrophils and other inflammatory medi-
ators that lead to the progressive obstruction and fibrosis in
small airways, causing the progressive deterioration of lung
function seen in CF (5). Furthermore, pulmonary infection
caused by P. aeruginosa is associated with increased production
of various cytokines, including IL-1, IL-6, IL-8, and tumor
necrosis factor alpha (TNF-a), which may be involved in neu-
trophil recruitment and activation, critical to the resolution of
the infection, or play a role in the chronic inflammatory disease
seen in CF (8, 35).

Acute clearance of P. aeruginosa from the respiratory tract is
mediated by a variety of factors that may play a role in Pseudo-

monas infection in CF. Increased bacterial growth was ob-
served in lungs from mice administered TNF-a neutralizing
antibody prior to intratracheal (i.t.) infection with P. aerugi-
nosa (22). Local phagocytic infiltrates at the site of infection
were also thought to be important in the pathogenesis of re-
spiratory infection (1, 10, 43). In vivo depletion of alveolar
macrophages decreased the initial neutrophil influx and re-
duced the concentrations of TNF-a and macrophage inhibitory
protein 2 in mouse lungs infected with P. aeruginosa. However,
in mice depleted of alveolar macrophages, increased neutro-
phil recruitment was associated with decreased bacterial clear-
ance and decreased animal survival after i.t. infection with
Klebsiella pneumoniae (9). C5a receptor-deficient mice were
susceptible to i.t. infection with P. aeruginosa despite increased
pulmonary neutrophil infiltration (25).

Surfactant protein A (SP-A) and SP-D are members of the
collectin group of mammalian lectins with an amino-terminal
collagen-like domain and a carboxy-terminal carbohydrate rec-
ognition domain (45). SP-A enhances binding and phagocyto-
sis of bacterial pathogens by macrophages. SP-A increases
macrophage clearance by binding directly to the surface of
bacterial pathogens such as Haemophilus influenzae, Strepto-
coccus pneumoniae, group A streptococci, K. pneumoniae, and
Mycobacterium bovis BCG (28, 41, 57, 60). Binding of SP-A to
these pathogens is Ca21 dependent, directly implicating the
carbohydrate recognition domain in SP-A binding. In addition,
SP-A enhances the serum-dependent phagocytosis of Staphy-
lococcus aureus (42) and stimulates macrophages for enhanced
clearance of P. aeruginosa, Escherichia coli, K. pneumoniae, and
Mycobacterium tuberculosis (20, 28, 40, 42, 60). The importance
of SP-A in innate immunity of the lung was recently demon-
strated in vivo, using mice with a targeted deletion of the SP-A
gene (34, 37). These mice had impaired clearance of group B
streptococci and P. aeruginosa (37, 38). The role of SP-D in
host defense is less well studied in vivo; however, SP-D binds to
many bacterial pathogens such as E. coli (36). Recent studies
with the CCSP-IL-4 mouse (see below) demonstrated marked
accumulation of SP-A or SP-D in alveolar airspaces (26), rais-
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ing the possibility that host defense mediated by SP-A may be
altered in this mouse model.

To ascertain the role of chronic airway inflammation in
pulmonary infection by P. aeruginosa, we have used transgenic
mice in which the murine IL-4 cDNA was selectively expressed
in the conducting airway epithelium under the control of the
Clara cell secretory protein (CCSP) promoter (CCSP-IL-4
transgenic mice) (47). Local, chronic overexpression of IL-4 in
the mouse lung caused an age-dependent increase in airway
inflammation associated with increased pulmonary macro-
phages, neutrophils, lymphocytes, and eosinophils. Epithelial
cell hypertrophy, mucus-like cell metaplasia, and increased
SP-A were noted in the lungs from CCSP-IL-4 mice (26, 47,
56). Because of the similarity of the pulmonary findings in the
CCSP-IL-4 mice in clinical conditions with chronic pulmonary
inflammation such as asthma and CF, we assessed whether
CCSP-IL-4 mice were susceptible to bacterial infection. To
study the effect of IL-4 on the clearance of P. aeruginosa,
CCSP-IL-4 mice were infected i.t. with the bacteria. Clearance
of P. aeruginosa from the mouse lungs was markedly enhanced
by chronic or acute exposure to IL-4.

MATERIALS AND METHODS

Animals. Mice were housed and studied under Institutional Animal Care and
Use Committee-approved protocols and virus-free conditions in the animal fa-
cility at The Children’s Hospital Research Foundation, Cincinnati, Ohio. The
generation of CCSP-IL-4 mice was described previously (26, 57). Transgenic
mice contain a construct in which the rat CCSP promoter directs expression of
the murine IL-4 cDNA. Two founder CCSP-IL-4 transgenic mice (founder line
29) were crossed into FVBN mice (Charles River Laboratories, Wilmington,
Mass.) and bred to produce homozygous transgenic mice, which were identified
by PCR analysis of tail DNA as described previously (26). Five-week-old, sixth-
or seventh-generation, homozygous CCSP-IL-4 mice in the FVBN background
and age-matched FVBN mice (Harlan Sprague Dawley Inc., Indianapolis, Ind.)
were used in all experiments. Wild-type mice were treated intranasally (i.n.) with
recombinant murine IL-4 (R&D Systems, Minneapolis, Minn.) at 1- and 0.5-mg
doses, given 16 and 1 h prior to P. aeruginosa administration.

Intratracheal administration of P. aeruginosa. A mucoid P. aeruginosa strain
was obtained from a clinical isolate, kindly provided by J. R. Wright, Duke
University, Durham, N.C. Bacteria were suspended in sterile phosphate-buffered
saline (PBS) with 20% glycerol (Sigma Chemical Co., St. Louis, Mo.), and
aliquots were frozen at 280°C. To minimize variability related to bacterial
culture, aliquots were taken from the same initial stock for the experiments. Prior
to each experiment, bacteria were plated overnight on 23 yeast-tryptone (YT)
agar; single colonies were then inoculated in 4 ml of 23 YT broth and grown in
a shaker incubator overnight at 37°C. The broth was centrifuged at 1,200 3 g for
10 min at 4°C; the bacteria were then washed once with sterile PBS and resus-
pended in 4 to 8 ml of sterile PBS. The concentration of bacteria was determined
by spectrophotometry. P. aeruginosa (5 3 107 CFU) was administered i.t. to
CCSP-IL-4 transgenic mice and wild-type mice after administration of IL-4 i.n.

Mice were anesthetized with isofluorane, and an anterior midline incision was
used to expose the trachea. A tuberculin syringe with a 30-gauge needle was used
to administer 100 ml of the bacteria into the trachea. The incision was closed with
a drop of Nexaband. Control mice were injected with nonpyrogenic PBS.

Bacterial clearance. Animals were sacrificed 6 and 24 h after infection with a
lethal intraperitoneal injection of sodium pentobarbital. The abdomen was
opened by a midline incision, and the animals were exsanguinated by transection
of the inferior vena cava to reduce pulmonary hemorrhage. The lung and spleen
were removed, weighed, and separately homogenized in 2 ml of sterile PBS.
Serial dilutions of the homogenates were plated on 23 YT agar plates to
quantitate bacteria.

BAL. Animals were sacrificed as described above, and the lungs were lavaged
three times with 1-ml aliquots of sterile PBS. The recovered bronchoalveolar
lavage (BAL) fluid was pooled, and the volume was measured. Numbers of viable
cells were assessed by trypan blue (Gibco BRL) exclusion, using a hemocytom-
eter. Samples were centrifuged, and differential cell counts were performed on
the cytospin preparations after staining with Diff-Quik (American Scientific
Products, McGaw Park, Ill.).

MPO assay. Neutrophil accumulation in the lung was quantitated by measur-
ing myeloperoxidase (MPO) activity in lung homogenates 6 h after bacterial
infection (54). Lungs were harvested, weighed, and homogenized in 3 ml of
homogenate buffer (100 mM sodium acetate [pH 6.0], 20 mM EDTA [pH 7.0],
1% hexadecyltrimethylammonium bromide). Lung homogenates were sonicated
for 15 s and then centrifuged at 10,000 3 g for 15 min at 4°C. The supernatants
were diluted 1:10 in the homogenate buffer, samples were pipetted as duplicates

into 96-well microtiter plates (Falcon, Franklin Lakes, N.J.) and then mixed with
an equal volume of assay buffer (1 mM hydrogen peroxide, 1% hexadecyltrim-
ethylammonium bromide, 3.2 mM 3,395,59-tetramethylbenzidine), and the plate
was read at 650 nm over a period of 4 min.

Analysis of IL-4, TNF-a, and IL-1b. Lung homogenates were stored at 220°C
prior to use. On the day of the assay, homogenates were thawed and centrifuged
at 1,200 3 g to remove cell debris. Levels of IL-4, TNF-a, and IL-1b were
quantitated in diluted (1:2 to 1:10) samples by using quantitative murine sand-
wich enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems) as de-
scribed by the manufacturer. Levels of IL-4 were measured by using an ELISA
kit from Endogen (Woburn, Mass.) as prescribed by the manufacturer.

Analysis of surfactant proteins. Western blot analysis for SP-A and SP-D was
performed on lung homogenates as described previously (37). Briefly, lungs were
homogenized in 5 ml of sucrose buffer containing protease inhibitors. The ho-
mogenate was centrifuged at 250 3 g for 10 min at 2°C, and the supernatant was
centrifuged at 120,000 3 g for 18 h at 4°C. Resulting pellets were resuspended in
300 ml of buffer, and 15 ml was loaded on sodium dodecyl sulfate–10 to 27%
polyacrylamide gradient gels. After separation, proteins were transblotted to
polyvinylidene difluoride membranes (Bio-Rad, Hercules, Calif.) and blocked
with 5% bovine serum albumin in Tris-buffered saline (25 mM Tris [pH 7.6], 0.15
M NaCl, 0.1% Tween 20). The membranes were incubated with guinea pig
anti-rat SP-A (29) or rabbit anti-rat SP-D antibodies (kindly provided by E.
Crouch, Washington University, St. Louis, Mo.). Proteins were visualized by
enhanced chemiluminescence detection (Amersham, Arlington Heights, Ill.) af-
ter incubation with appropriate horseradish peroxidase-conjugated secondary
antibodies (Calbiochem, San Diego, Calif.). Immunoreactive SP-A and SP-D
protein bands were identified by exposing the membranes to XAR film (Eastman
Kodak Co., Rochester, N.Y.).

Statistics. Statistical analyses were performed by natural log transformation of
the data, as the distribution of variables, bacterial counts, number of neutrophils,
MPO activity, and SP-A, TNF-a, and IL-1b concentrations were not normally
distributed. Analysis of variance (ANOVA) and Student’s t test were performed
to assess differences between groups. P values of ,0.05 were considered signif-
icant. Values reported are means 6 standard errors of the means (SEM).

RESULTS

Rapid clearance of P. aeruginosa from lungs of CCSP-IL-4
transgenic mice. All wild-type mice died 48 h after i.t. infection
with 5 3 1010 CFU of P. aeruginosa, while all CCSP-IL-4 mice
survived (Fig. 1). Survival of CCSP-IL-4 mice infected i.t. with
5 3 108 CFU of P. aeruginosa was significantly greater than in
the control group (Fig. 1). All CCSP-IL-4 mice had completely
cleared the inoculated bacteria 48 h later (data not shown). For
subsequent experiments, mice were infected i.t. with a suble-
thal dose of 5 3 107 CFU of P. aeruginosa. At this dose, all
wild-type and CCSP-IL-4 mice survived the bacterial infection.
Six hours after infection with 5 3 107 CFU, bacteria prolifer-
ated in lungs of wild-type mice, whereas bacteria were rapidly

FIG. 1. Increased survival of CCSP-IL-4 mice after infection with P. aerugi-
nosa. Survival was determined 48 h after wild-type (open bars) and CCSP-IL-4
(closed bars) mice were infected i.t. with P. aeruginosa. Data represent eight mice
per group. p, P , 0.05 compared to wild-type infected mice, as assessed by
ANOVA.
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cleared from CCSP-IL-4 mouse lungs (Fig. 2A). Twenty-four
hours after the administration of P. aeruginosa, both wild-type
and CCSP-IL-4 mice had cleared most bacteria; however,
more efficient bacterial clearance was noted in CCSP-IL-4
mouse lungs. Inconsistent systemic spread of P. aeruginosa was
seen, as four of eight wild-type and two of eight CCSP-IL-4
mouse spleen homogenates contained bacteria at 6 and 24 h
postinfection, and bacterial counts were significantly lower in
CCSP-IL-4 mice than in wild-type mice (Fig. 2B).

Neutrophilic infiltration after P. aeruginosa infection. As
described previously, increased numbers of macrophages, neu-
trophils, and lymphocytes were observed in lungs from CCSP-
IL-4 transgenic mice (26). The numbers of neutrophils in BAL
fluid from CCSP-IL-4 and wild-type mice increased after i.t.

administration of P. aeruginosa (Fig. 3A). Six and 24 h after
administration of the bacteria, the numbers of neutrophils in
BAL fluid were similar in CCSP-IL-4 and wild-type mice. In
addition to neutrophils, macrophage numbers were also in-
creased in both wild-type or CCSP-IL-4 mice after infection
(data not shown).

Lung MPO activity was measured to estimate total neutro-
phil influx into the lung. Prior to bacterial administration,
MPO activity was significantly greater in CCSP-IL-4 mice than
in control mice (Fig. 3B). MPO activity was increased to sim-
ilar levels in both wild-type and CCSP-IL-4 mice 6 h after
administration of P. aeruginosa.

FIG. 2. Enhanced clearance of P. aeruginosa in CCSP-IL-4 mouse lungs. P.
aeruginosa counts (CFU) were determined by quantitative cultures of lung and
spleen homogenates harvested 6 and 24 h after administration of 5 3 107 CFU
of P. aeruginosa in wild-type (WT) and CCSP-IL-4 mice. (A) Bacterial CFU
numbers were significantly higher in wild-type mouse lung homogenates than in
those of CCSP-IL-4 transgenic mice at 6 and 24 h postinfection. (B) Bacteria
were detected in wild-type and CCSP-IL-4 mouse spleens. Data represent
means 6 SEM for eight mice per group. p, P , 0.05 compared to wild-type
infected mice, as assessed by ANOVA.

FIG. 3. Increased leukocytic infiltration and MPO activity after bacterial
infection. Wild-type (WT) and CCSP-IL-4 mice were infected i.t. with 5 3 107 P.
aeruginosa CFU. (A) Increased numbers of neutrophils were observed in BAL
fluid of wild-type mice at 6 and 24 h after bacterial infection compared to
PBS-treated control mice. The numbers of neutrophils were similar in BAL
fluids from P. aeruginosa-infected CCSP-IL-4 transgenic mice, CCSP-IL-4 con-
trol mice, and wild-type infected mice. (B) MPO activity was significantly in-
creased in both wild-type and CCSP-IL-4 mouse lung homogenates at 6 and 24 h
after P. aeruginosa infection compared to PBS-treated control mice. Values are
means 6 SEM for approximately 8 mice per group. †, P , 0.05 compared to
PBS-treated control mice; p, P , 0.05 compared to wild-type mice, as assessed by
ANOVA.
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TNF-a and IL-1b concentrations in lung homogenates. In-
fection with P. aeruginosa significantly increased concentra-
tions of TNF-a and IL-1b in lung homogenates from wild-type
and CCSP-IL-4 transgenic mice (Fig. 4). Following the admin-
istration of bacteria, concentrations of TNF-a and IL-1b were
lower in lung homogenates from CCSP-IL-4 mice than in those
from wild-type mice.

SP-A and SP-D. Concentrations of SP-A and SP-D were
higher in lung homogenates from CCSP-IL-4 mice than in
those from controls (Fig. 5). ELISA confirmed the increased
concentration of SP-A in the lung homogenates from CCSP-
IL-4 mice (Table 1). Twenty-four hours postinfection, SP-D
concentrations were increased in lung homogenates of both
wild-type and CCSP-IL-4 mice (Fig. 5). In contrast, there was
a small but significant decrease in the concentration of SP-A in

lung homogenates from both wild-type and CCSP-IL-4 mice
after infection with P. aeruginosa.

Acute effects of i.n. IL-4 administration on bacterial clear-
ance. To assess the role of transient increase in IL-4 levels in
the mouse lung, recombinant murine IL-4 was administered in
to the lungs 16 and 1 h prior to infection with P. aeruginosa. As
with CCSP-IL-4 mice, increased numbers of neutrophils and
macrophages were measured in BAL fluid after IL-4 treat-
ment. Bacteria did not proliferate in lungs of mice treated with
IL-4 compared to wild-type mice 6 h postinfection (Fig. 6A).
Bacteria, albeit in low numbers, were detected in spleen ho-
mogenates from both wild-type mice and IL-4-treated mice,
indicating systemic spread of P. aeruginosa (Fig. 6B).

Following infection with P. aeruginosa, the increases in neu-
trophils in BAL fluid from wild-type mice and IL-4-treated
mice were similar (Fig. 7A). The increase in lung MPO activity
was similar in both IL-4-treated and control mice (Fig. 7B).

Concentrations of TNF-a and IL-1b in lung homogenates
were increased following infection in both control and IL-4-
treated mice (Fig. 8). IL-1b was significantly decreased in lung
homogenates from mice treated with IL-4 compared to those
from wild-type mice after infection with P. aeruginosa. Acute
i.n. administration of IL-4 did not alter the SP-A and SP-D
concentrations in lung homogenates before or after bacterial
infection (Table 1 and data not shown).

Endogenous IL-4 levels following infection. The levels of
IL-4 were measured in lung homogenates from wild-type mice,
wild-type mice treated with IL-4 intranasally, and CCSP-IL-4
mice before or after infection with P. aeruginosa. IL-4 was
undetectable in lungs from uninfected wild-type mice. After
i.n. administration of IL-4, the levels of IL-4 recovered in lung

FIG. 4. Effects of P. aeruginosa infection on lung TNF-a and IL-1b concen-
trations. TNF-a and IL-1b concentrations were assessed in lung homogenates
from wild-type (WT) and CCSP-IL-4 mice. (A) Increased concentrations of
TNF-a were observed in wild-type and CCSP-IL-4 mice after i.t. infection with
P. aeruginosa compared to PBS-treated control mice. (B) Bacterial infection
increased IL-1b concentrations in wild-type and CCSP-IL-4 mouse lung homog-
enates in comparison to PBS-injected control mice. Values are means 6 SEM for
six mice per group. †, P , 0.05 compared to PBS-treated control mice; p, P ,
0.05 compared to wild-type mice, as assessed by ANOVA.

FIG. 5. Surfactant analysis. Lungs from wild-type and CCSP-IL-4 mice were
homogenized 24 h after administration of PBS or 5 3 107 CFU of P. aeruginosa.
SP-A and SP-D proteins were assessed by Western blot analysis. Lanes: 1 and 2,
PBS-injected wild-type mice; 3 and 4, wild-type mice administered P. aeruginosa;
5 and 6, PBS-treated control CCSP-IL-4 mice; 7 and 8, P. aeruginosa-injected
CCSP-IL-4 mice. Increased SP-A and SP-D concentrations were noted in PBS-
treated or infected CCSP-IL-4 mice. Increased SP-D was observed in lung
homogenates from wild-type mice infected with P. aeruginosa.

TABLE 1. Bacterial infection decreased SP-A concentrations in
lung homogenates

Mice

SP-A concn (ng/ml) in lung homogenate from mice
injected with P. aeruginosaa:

PBS
P. aeruginosa

6 h postinfection 24 h postinfection

Wild type 357 6 19 267 6 85 197 6 9†
CCSP-IL-4 953 6 73* 682 6 72* 357 6 11*†
Treated i.n. with IL-4 378 6 148 263 6 79 ND

a Mean 6 SEM for three mice per group. ND, not done; *, P , 0.05 compared
to wild-type mice, as assessed by ANOVA; †, P , 0.05 compared to PBS-injected
control mice, as assessed by ANOVA.

4232 JAIN-VORA ET AL. INFECT. IMMUN.



homogenates varied considerably, from 750 to 12,965 pg/ml
(n 5 6), and were significantly higher than the levels of IL-4 in
CCSP-IL-4 mice, which ranged from 271 to 348 pg/ml (n 5 3).
Six hours after infection, IL-4 was detected in only two of five
wild-type mice (11.5 and 198.5 pg/ml of homogenate) and was
detectable in only one of six wild-type mice (14 pg/ml of ho-
mogenate) 24 h after infection. The concentrations of IL-4 in
lung homogenates of the IL-4-treated mice 6 h postinfection
were reduced, and IL-4 was detected in five of six mice tested
at concentrations ranging from 0 to 4,005 pg/ml. The concen-
tration of IL-4 in lung homogenates of CCSP-IL-4 mice was
161 to 223 pg/ml 6 h after infection (n 5 3) and decreased to
3 to 348 pg/ml (n 5 7) after 24 h. Exogenous IL-4 added to
lung homogenates from wild-type mice, both before and after
infection with P. aeruginosa, was completely recovered.

DISCUSSION

This work demonstrates increased clearance of P. aeruginosa
from the lungs of transgenic mice expressing IL-4 under the
control of CCSP promoter and from mice acutely treated with
IL-4 prior to bacterial infection. Increased bacterial clearance
was associated with improved survival of the mice following a
large i.t. inoculation of the bacteria. Infection was associated
with intense leukocyte infiltration, increased TNF-a and IL-1b,
and decreased SP-A concentrations in both wild-type and
CCSP-IL-4 mice. IL-4-dependent protection from P. aerugi-
nosa infection was not directly related to enhanced production
of the cytokines TNF-a and IL-1b, leukocyte infiltration, or
changes in SP-A content. IL-4 conferred surprising protection
from Pseudomonas pneumonia, supporting the concept that
the activation of host defenses by chronic or acute IL-4 treat-

FIG. 6. Effect of acute IL-4 on bacterial clearance. IL-4 was administered i.n.
to the lungs of wild-type mice 16 and 1 h prior to bacterial infection. Lungs and
spleens from wild-type (WT) and wild-type mice administered IL-4 i.n. were
harvested 6 h after infection with 5 3 107 CFU of P. aeruginosa. (A) Bacterial
counts were significantly higher in wild-type mouse lung homogenates at 6 h
postinfection than in lung homogenates from wild-type mice treated with IL-4.
(B) Bacteria were detected in spleen homogenates from wild-type and IL-4-
treated mice. Data are means 6 SEM for eight mice per group. *, P , 0.05
compared to wild-type mice, as assessed by ANOVA.

FIG. 7. Increased pulmonary leukocytic infiltration and MPO activity in mice
treated with IL-4. Wild-type (WT) mice and wild-type mice administered IL-4
i.n. were sacrificed 6 h after i.t. administration of PBS or 5 3 107 CFU of P.
aeruginosa. (A) Increased neutrophils were observed in BAL fluid from both
control and IL-4-treated mice after P. aeruginosa infection. (B) Increased MPO
activity was observed in lung homogenates from IL-4-treated and control mice
after infection with bacteria. Data represent means 6 SEM for eight mice per
group. †, P , 0.05 compared to PBS control mice; p, P , 0.05 compared to
wild-type mice, as assessed by ANOVA.
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ment may be useful in prevention or therapy of pulmonary
infection.

While both acute and chronic exposure of the lung to IL-4
enhances bacterial clearance of P. aeruginosa, the mechanisms
by which IL-4 protects the lung from infection is unclear. In
vitro studies indicate that IL-4 is a modulator of leukocyte
function. IL-4 enhances the expression of complement recep-
tors CR1, CR3, and CR4 on the surface of neutrophils, mono-
cytes, and macrophages and increases complement-dependent
phagocytosis by these cells (11, 12, 50). In addition, IL-4 is a
potent stimulator of mannose receptor expression on macro-
phages (55). Both complement- and mannose-dependent
clearance mechanisms have been reported for P. aeruginosa
(53). IL-4 promotes the maturation, differentiation, prolifera-
tion, and survival of neutrophils and macrophages (6, 7, 11, 12,
21, 46). IL-4 reduces the production of superoxide radicals in
macrophages by suppressing the expression of gp91-phox, the
heavy subunit of NADPH oxidase, and reduces the production
of nitric oxide by macrophages (2, 27, 44, 62). Although IL-4
exerts an antagonistic effect on nitric oxide production by li-

popolysaccharide or TNF-a-stimulated macrophages, IL-4 syn-
ergizes with TNF-a to maintain prolonged expression of in-
ducible nitric oxide synthase in airway epithelial cells (23, 27,
44). Consistent with our findings, IL-4 suppresses the secretion
of the inflammatory cytokines IL-1b and TNF-a by lipopo-
lysaccharide-stimulated macrophages (16). In CCSP-IL-4 mice
in the present study, the levels of IL-1b and TNF-a were
increased but were lower than in wild-type mice (Fig. 5). In-
tranasally administered IL-4 did not influence the levels of
TNF-a after infection compared to controls but was associated
with decreased IL-1b. The difference in effect between acute
and chronic exposure on TNF-a production may be related to
the levels or duration of IL-4 exposure prior to infection. IL-4
and IL-10 share some anti-inflammatory properties on macro-
phages (11, 44, 46), and IL-4 has been reported to modulate
the synthesis of IL-10 (29). More recently, it was shown that
pretreatment of mice with IL-10 led to decreased lung injury
and increased survival of mice after i.t. infection with PA103, a
cytotoxic strain of P. aeruginosa. Infection with PA103 led to
significantly increased expression of IL-4, IL-10, IL-6, and
TNF-a, suggesting that the balance of inflammatory and proin-
flammatory cytokines is a critical factor in determining the
outcome of lung host defense against bacterial pneumonia
(51).

Surfactant proteins play an important role in host defense
against bacterial pathogens. SP-A and SP-D stimulate macro-
phage chemotaxis and enhance binding of bacteria to macro-
phages (57, 61). SP-A gene-deficient mice are susceptible to
bacterial infection with group B streptococci and fail to effi-
ciently clear P. aeruginosa after i.t. administration (37, 38).
Thus, the increased concentration of SP-A and SP-D in BAL
fluid from CCSP-IL-4 mice may have contributed to the ob-
served increased bacterial clearance. In both wild-type and
CCSP-IL-4 mice, SP-A concentrations decreased after infec-
tion with P. aeruginosa, consistent with previous studies in
adult humans with bacterial pneumonia (4, 39). In contrast,
SP-D concentrations increased in lungs of both wild-type and
CCSP-IL-4 mice 24 h after infection with P. aeruginosa.
Whether this increased SP-D contributes to bacterial clearance
is unknown. However, the finding that SP-A and SP-D con-
centrations were unchanged from those in mice treated acutely
with IL-4 suggests that protection was also conferred indepen-
dently of SP-A and SP-D.

P. aeruginosa is the principal cause of morbidity and mor-
tality in patients with CF (5). P. aeruginosa presents the host
with numerous immunoevasive activities that hamper its clear-
ance and exacerbate the inflammatory response, with delete-
rious effects on the host’s tissue (5, 31). The biochemical events
that lead to bacterial invasion and colonization in the CF lung
are not known. However, recent studies indicate that the onset
of the inflammatory response in children with CF occurs prior
to bacterial colonization (31). The importance of T-cell-de-
rived cytokines was deduced from studies in a rat model of P.
aeruginosa infection, where it was reported that systemic or
mucosal immunization with killed bacteria led to successful
clearance of a lethal i.t. dose of P. aeruginosa in association
with a 25-fold increase in alveolar neutrophil numbers (14, 15).

In summary, this study demonstrates a role of IL-4 in pul-
monary clearance of P. aeruginosa in vivo. Inflammation, nec-
essary for the effective clearance of bacteria, was greater with
chronic and acute exposure of the lung to IL-4. Exogenous
administration of IL-4 enhanced clearance of P. aeruginosa
from wild-type mice and therefore may represent a strategy to
prevent or treat pulmonary infections.

FIG. 8. TNF-a and IL-1b concentrations after infection. Lungs from wild-
type (WT) mice and mice administered IL-4 i.n. were homogenized 6 h after i.t.
injection with PBS or 5 3 107 CFU of P. aeruginosa. Concentrations of TNF-a
(A) and IL-1b (B) were increased after P. aeruginosa infection. Values represent
means 6 SEM for eight per group. †, P , 0.05 compared to PBS control mice;
p, P , 0.05 compared to wild-type mice, as assessed by ANOVA.
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