Stimulation of Lung Innate Immunity Protects against
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Rationale: The lungs are a common site of serious infection in both
healthy and immunocompromised subjects, and the most likely
route of delivery of a bioterror agent. Since the airway epithelium
shows great structural plasticity in response to inflammatory stimuli,
we hypothesized it might also show functional plasticity.

Objectives: To test the inducibility of lung defenses against bacterial
challenge.

Methods: Mice were treated with an aerosolized lysate of ultraviolet-
killed nontypeable (unencapsulated) Haemophilus influenzae (NTHi),
then challenged with a lethal dose of live Streptococcus pneumoniae
(Spn) delivered by aerosol.

Measurements and Main Results: Treatment with the NTHi lysate
induced complete protection against challenge with a lethal dose
of Spnif treatment preceded challenge by 4to 24 hours. Lesserlevels
of protection occurred at shorter (83% at 2 h) and longer (83% at
48-72h) intervals between treatment and challenge. There was also
some protection when treatment was given 2 hours after challenge
(survivalincreased from 14to 57%), but not 24 hours after challenge.
Protection did not depend on recruited neutrophils or resident mast
cells and alveolar macrophages. Protection was specific to the airway
route of infection, correlated in magnitude and time with rapid
bacterial killing within the lungs, and was associated with increases
of multiple antimicrobial polypeptides in lung lining fluid.
Conclusions: We infer that protection derives from stimulation of
local innate immune mechanisms, and that activated lung epithe-
lium is the most likely cellular effector of this response. Augmenta-
tion of innate antimicrobial defenses of the lungs might have thera-
peutic value.

Keywords: innate immunity; pneumonia; immunocompromised host;
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Pneumonia is the leading cause of death due to infection
worldwide, and affects both healthy persons and those who
are immunocompromised (1-3). The susceptibility of the lungs
to infection derives from the architectural requirements of gas
exchange, resulting in continuous exposure of a large surface
area to the outside environment while imposing a minimal
barrier to gas diffusion. This precludes protective strategies,
such as encasement of the alveolar gas exchange surface in an
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Antimicrobial proteins promote bacterial clearance from
the lungs and are inducible in lung cells. However, the
efficacy of stimulation of innate immunity in protection
against lethal pneumonia is unknown.

What This Study Adds to the Field

Aerosolized treatment with a lysate from nontypeable
Haemophilus influenzae induced protection against sub-
sequent challenge with Streptococcus pneumoniae. These
results indicate that augmentation of innate antimicrobial
defenses of the lungs may have therapeutic benefit.

impermeable barrier, as in the skin, or continuous generation of
a heavy blanket of mucus, as in the gastrointestinal tract.

Despite their structural vulnerability, the lungs generally
defend themselves successfully against infection through a vari-
ety of mechanical, humoral, and cellular mechanisms (4-8).
First, most inhaled microbial pathogens fail to penetrate to the
alveoli because of impaction or sedimentation against the walls
of the conducting airways, where they are entrapped by mucus,
then cleared by sneezing, coughing, or mucociliary action. Next,
the airway lining fluid contains antibodies and antimicrobial
peptides that limit the growth of pathogens that succeed in
penetrating the mucus gel layer. Finally, alveolar macrophages
that reside in the distal airspaces of the lungs ingest organisms
that penetrate to that depth. When necessary, the parenchymal
and resident inflammatory cells of the lungs release signaling
molecules that result in exudation of plasma proteins and
recruitment of leukocytes, although this impairs gas exchange
and can be viewed as a defensive strategy of last resort (9).

In addition to defense mechanisms that function at baseline,
the secretory cells of the airway epithelium are capable of
a remarkable change in structure termed “inflammatory meta-
plasia.” In response to viral, fungal, or allergic inflammation,
these cells rapidly increase their height in association with filling
of the apical cytoplasm with electron lucent secretory granules
and conversion of apical smooth endoplasmic reticulum to rough
endoplasmic reticulum (10, 11). Many of these structural changes
can be ascribed to increased synthesis of the gel-forming mucin
Muc5ac, a component of the innate immune system, although
other molecular changes also occur (5, 11-14). The adaptive
value of this structural and molecular plasticity of the airway
epithelium is presumed to be augmented defense against micro-
bial pathogens. This is supported by the inducible production of
antimicrobial proteins by epithelial cells (15-20), which have
been shown to contribute to bacterial clearance (21-25).
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To assess the functional plasticity of the lungs in pathogen
defense in vivo, we stimulated mice with an aerosolized
bacterial lysate to activate multiple pathogen-associated molec-
ular pattern recognition pathways simultaneously. We found
that mice rapidly acquired a high level of resistance to lethal
pneumonia from a virulent noncognate bacterium, indicating
that innate immune defenses of the lungs are highly inducible.
This finding could provide a basis for the development of novel
clinical therapies. Some of the results of these studies were
reported in abstract form (26, 27).

METHODS

Animals

For all experiments except those with mast cell-deficient mice, specific
pathogen—free, 5- to 6-week-old female BALB/c mice were purchased
from Harlan and used within 4 weeks. Mast cell-deficient C57BL/6
KitW-sh/KitW-sh and littermate mast cell-sufficient C57BL/6 Kit™/Kit™
mice were bred within our colony and used at 12 to 20 weeks of age.
Mice were examined twice daily and killed if distressed with an intra-
peritoneal injection (5 ml/kg) of a mixture of ketamine (37.5 mg/ml),
xylazine (1.9 mg/ml), and acepromazine (0.37 mg/ml). Mice were
handled in accordance with the Institutional Animal Care and Use
Committee of M.D. Anderson Cancer Center.

Aerosol Lysate Treatment

Nontypeable Haemophilus influenzae (NTHi) was stored as frozen stock
(1 X 107 cfu/ml) in 20% glycerol in brain-heart broth (Acumedia,
Lansing, MI) (28). Thawed stock was grown on chocolate agar at 300 pl
per 10-cm plate (Remel, Lenexa, KS) for 24 hours at 37°C in 5% CO,,
then harvested and incubated for 16 hours in 1 L brain-heart infusion
broth (Acumedia) supplemented with 3.5 pg/ml nicotinamide adenine
dinucleotide (Sigma-Aldrich, St. Louis, MO). The culture was centri-
fuged at 2,500 X g for 10 minutes at 4°C, washed and resuspended in
20 ml phosphate-buffered saline (PBS), ultraviolet (UV) irradiated in
a 100-mm Petri dish at 3,000 pJ/cm?, then sonicated three times for
30 seconds each in a 50-ml conical plastic tube (Sonic Dismembrator
50; Fisher Scientific, Waltham, MA). Protein concentration was
adjusted to 2.5 mg/ml in PBS by bicinchoninic assay (Pierce, Rockford,
IL), and the lysate was frozen in 10-ml aliquots at —80°C. Sterility was
confirmed by culture on chocolate agar. For treatment, a thawed ali-
quot was placed in an AeroMist CA-209 nebulizer (CIS-US, Bedford,
MA) driven by 10 L/minute 5% CO, in air for 20 minutes to promote
deep ventilation, resulting in aerosolization of 4 ml of lysate, with the
protein concentration in residual lysate confirmed at 2.5 mg/ml. The
nebulizer was connected by polyethylene tubing (30 cm X 22 mm) to
a 1-10-L polyethylene exposure chamber, with an identical efflux tube
with a low-resistance microbial filter (BB50T; Pall, East Hills, NY) at
its end vented to a biosafety hood.

Pneumococcal Pneumonia

Streptococcus pneumoniae (Spn) serotype 4 isolated from the blood of
a patient with pneumonia was serially injected four times into the
peritoneal cavity of mice and harvested after 24 hours from the spleens
of sick animals to select for virulence towards mice, then stored as
frozen stock (1 X 10° cfu) in 20% glycerol in Todd-Hewett broth
(Becton Dickinson, Franklin Lakes, NJ). One milliliter of thawed stock
was incubated for 16 hours in 150 ml Todd-Hewett broth at 37°Cin 5%
CO,, then diluted in 1.5 L of fresh broth and grown in logarithmic
phase for 6 to 7 hours to an ODgg of 0.3, yielding approximately 6 X
10'! cfu. The suspension was centrifuged at 2,500 X g for 10 minutes at
4°C, then washed and resuspended in PBS, and bacterial concentration
was determined by plating serial dilutions onto blood agar (Remel).
For aerosolization, 10 ml of the suspension was placed in an AeroMist
CA-209 nebulizer driven by 10 L/minute of 5% CO, in air with an
identical exposure chamber to that for the NTHi lysate. After 30
minutes, another 5 ml was added, with a total of 10 ml of the suspen-
sion aerosolized during the full 60-minute exposure.
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Host Response to Spn Challenge and NTHi Treatment

Bronchoalveolar lavage fluid (BALF) was obtained by sequentially
instilling and collecting two 1-ml aliquots of PBS through a Luer stub
adapter cannula (Becton Dickinson) inserted through rings of the
exposed trachea of mice that had been killed. Total leukocyte count
was determined with a hemocytometer, and differential count by
cytocentrifugation of 300 pl of BALF at 450 g for 5 minutes followed
by Wright-Giemsa staining. For histologic analysis, the aortas of
anesthetized mice were transected, the lungs perfused in situ with PBS
via the right cardiac ventricle, then fixed with 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.0) infused through a tracheal cannula at 10
to 15 cm pressure at 21°C. The lungs were removed from the thoracic
cavity and further fixed overnight at 4°C, then embedded in paraffin,
sectioned and stained for light microscopy with hematoxylin and eosin
to examine cellular elements, and periodic acid fluorescent Schiff’s
reagent to examine intracellular mucin (10). Quantitative real-time
reverse transcriptase—polymerase chain reaction for airway mucin tran-
scripts was performed as described (13). For measurement of bacterial
counts, tissues were harvested from dead mice, homogenized in 1 ml of
PBS using a 2-ml tissue grinder (Kontes Glass Co., Vineland, NJ), then
serially diluted onto blood agar.

Leukocyte Depletion and Proteomic Analyses

See the online supplement for details.

Statistical Methods

Summary statistics for bacterial counts in lung tissue after Spn
exposure were computed within time groups, and analysis of variance
(ANOVA) with adjustment for multiple comparisons using Dunnett’s
test was performed to examine the differences between the mean cell
counts of the control group and each of the NTHi treatment groups.
For leukocyte depletion studies, two-way ANOVA of bacterial counts
was performed according to NTHi treatment and leukocyte status.
Proportions of mice surviving Spn challenge were compared using
Fisher’s exact text. Analyses were performed using SAS/STAT soft-
ware (Version 8.2; SAS Institute, Cary, NC).

RESULTS

Mouse Model of Pneumonia

Exposure to increasing concentrations of aerosolized Spn was
associated with increasing mortality (Figure 1). During the first
day after aerosol challenge, none of the mice showed adverse
effects. During the second and third days, some became lethar-
gic, huddled together, showed ruffled fur and arched backs, or
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Figure 1. Survival after Streptococcus pneumoniae (Spn) aerosol chal-
lenge. Groups of six mice were exposed for 1 hour to aerosols
containing increasing concentrations of Spn, and surviving mice were
counted daily.
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were found dead in their cages. Infection progressed in two dis-
tinct patterns depending on whether Spn was used at low (<4 X
10° cfu/ml) or high (>4 X 10'° cfu/ml) doses. With low doses,
there was a small increase in neutrophils in BALF during the
first day that resolved by the second day (Figure 2A), there was
no discernable infiltration of lung tissue by inflammatory cells
(not shown), and viable bacteria were cleared from the lungs by
48 hours with no evidence of bacterial escape from the lungs
(Table 1). With high doses of Spn, neutrophils increased in
BALF throughout the first day, but measurements were not
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Figure 2. Inflammatory cell counts in bronchoalveolar lavage (BAL)
fluid after Streptococcus pneumoniae (Spn) challenge or nontypeable
Haemophilus influenzae (NTHi) treatment. Mice were exposed to
aerosols containing low-dose Spn (1.0 X 10° cfu/ml) (A), high-dose
Spn (6.1 X 1070 cfu/ml) (B), or NTHi lysate (C). Inflammatory cells were
measured in BAL fluid of groups of five mice at the indicated time points
(mean = SEM).

TABLE 1. BACTERIAL COUNTS AFTER STREPTOCOCCUS
PNEUMONIAE CHALLENGE

Hours after Challenge

Lungs Blood Spleen

0 48 0 48 0 48

Low-dose Spn 1.5 X 10° 0 0 0 0 0
High-dose Spn 1.5 x 106 1% 108 0 >108 0 2.6 X 108

Definition of abbreviation: Spn = Streptococcus pneumoniae.

Low-dose Spn challenge was with 2.2 X 10° cfu/ml, and high-dose Spn
challenge was with 4.5 X 107° cfu/ml. Blood and tissue bacterial counts are
expressed as cfu/ml of whole blood or tissue homogenates.

possible on the second day because so few mice remained alive
(Figure 2B). Histologically, the numbers of neutrophils in
edematous peribronchial and perivascular connective tissue in-
creased during the course of the first day, and neutrophils were
also seen in alveoli on the second day (Figure E1 in the online
supplement). The numbers of viable bacteria in the lungs in-
creased during the first 48 hours, and large numbers of bacteria
were cultured from blood and the spleen after 48 hours (Table 1).

Thus, low-dose Spn challenge resulted in falling numbers of
viable Spn in the lungs despite minimal leukocyte infiltration,
and low rates of bacteremia and host death, suggesting that
successful containment of low-level bacterial infection of the
lungs depends only minimally on leukocytes recruited from the
circulation. In contrast, high-dose Spn challenge resulted in rising
neutrophilic inflammation, rising numbers of viable Spn in the
lungs, and high rates of bacteremia and host death, suggesting
that leukocyte recruitment occurs too sluggishly to contain lung
infection with a large inoculum of virulent bacteria. High-dose
Spn challenge was used in all subsequent experiments except
those in neutropenic mice.

Stimulation of Lung Innate Immunity Protects against
Lethal Pneumonia

To stimulate lung innate immunity, mice were exposed to
increasing concentrations of NTHi lysate, with BALF neutro-
phils used as a marker of stimulus intensity, and a goal of identi-
fying a stimulus that caused more BALF neutrophils than high-
dose Spn infection. Exposure to NTHi lysate at 2.5 mg/ml for 20
minutes resulted in a brisk response, with BALF neutrophils
4 hours after treatment comparable to those 24 hours after high-
dose Spn challenge, and maximal at 48 hours when they were
accompanied by a small number of lymphocytes and an increase
in macrophages (Figure 2C). Light microscopy showed neutro-
phils in peribronchial and perivascular connective tissue and in
alveolar airspaces during the first 3 days (Figure E1), and these
rapidly cleared over the next 3 days (data not shown). No
increase in airway epithelial mucin was seen by histochemical
staining or quantitative reverse transcriptase—polymerase chain
reaction at any time (data not shown), with lungs from allergen-
sensitized and -challenged mice serving as a positive control (10,
12, 29).

Mice treated with the NTHi lysate were then challenged with
high-dose Spn. Pretreatment from 4 to 24 hours before chal-
lenge resulted in full protection from mortality (Figure 3), and
lesser or greater intervals between treatment and challenge
resulted in partial protection. When mice were treated 4 hours
before challenge, even the maximal concentration of Spn de-
liverable by aerosol during a 2-hour period (5 X 10! cfu/ml)
caused no mortality (data not shown). Some protection was also
seen when the NTHi treatment was given soon after Spn
challenge, with an increase in survival from 14% with no treat-
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Figure 3. Survival after Streptococcus pneumoniae (Spn) aerosol
challenge following treatment with nontypeable Haemophilus influen-
zae (NTHi) lysate. Mice were pretreated in groups of six with NTHi
lysate, then challenged as a single group with high-dose Spn (6.1 X
1070 cfu/ml). Survival at 7 days is shown as a function of the interval
between treatment and challenge (*P = 0.015, TP = 0.002, treated vs.
untreated).

ment to 57% when treatment was given 2 hours after challenge,
but no increase in survival when treatment was given 24 hours
after challenge (Figure 4).

Pretreatment with an aerosolized lysate of Escherichia coli
or Staphylococcus aureus provided similar protection against
Spn challenge (data not shown), indicating that stimulation of
lung innate immunity is not specific to components of NTHi.
The level of endotoxin in the NTHi lysate was measured at
1,085 U/ml, but aerosolized E. coli endotoxin at this concentra-
tion did not significantly protect against Spn challenge (Figure
E2). Even at 10-fold higher concentration, endotoxin protected
only 63% as well as NTHi lysate, indicating that endotoxin
alone cannot fully account for the stimulation of protection by
NTHi lysate. Protection was equally effective when the micro-
bial challenge was by nasal instillation or intratracheal injection
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Figure 4. Survival after Streptococcus pneumoniae (Spn) aerosol chal-
lenge followed by treatment with nontypeable Haemophilus influenzae
(NTHi) lysate. Mice were challenged as a single group with high-dose
Spn (3.5 X 1070 cfu/ml), then treated in groups of 14 with NTHi lysate
2 or 24 hours after Spn challenge (*P = 0.046).
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(data not shown), indicating that protection was not due simply
to impedance to entry of Spn into distal airspaces by airway
lumen obstruction resulting from the aerosolized NTHi lysate.

Protection Is Compartment Specific

To determine whether stimulation of lung innate immunity
results in local or systemic protection against bacterial patho-
gens, mice pretreated with the aerosolized NTHi lysate were also
challenged with intravenous or intraperitoneal Spn. In pilot
studies, the mortality dose-response relationship to Spn injection
was determined so a minimal lethal dose could be used to
maximize the chance of identifying a protective systemic effect
of the aerosolized lysate. As few as 1-10 cfu of Spn by either
route killed most mice on the first or second day after injection
(data not shown), so fewer than 10 cfu were used. Although the
aerosolized NTHi lysate provided complete protection against
Spn aerosol challenge, it provided no protection against in-
travenous or intraperitoneal Spn challenge (Figure 5). Thus,
protection against bacterial infection induced by the aerosolized
NTHi lysate is localized to the lungs and is not systemic.

Protection Is Associated in Magnitude and Time with
a Microbicidal Environment in the Lungs

To elucidate the mechanism of protection, we tested whether
the aerosolized NTHi lysate induced bacterial killing. The lungs
of mice pretreated with the NTHi lysate were excised immedi-
ately after Spn challenge, homogenized, and plated for bacterial
culture. The numbers of live bacteria correlated inversely with
protection against lethal pneumonia, such that 1.7 X 10¢ cfu
were present in the lungs of naive mice immediately after Spn
challenge, but only 1.0 X 103 cfu were present in the lungs of
mice pretreated 24 hours earlier with NTHi lysate, which were
fully protected (Figure 6). Intermediate numbers of viable bac-
teria were present in the lungs of mice with intermediate levels
of protection during the rising and falling limbs of the time-
dependent survival curve (Figures 3 and 6). From these data
and those in Table 1, we inferred that the mechanism of pro-
tection is local killing of bacteria before they cross lung mucosal
barriers, because access of even small numbers of Spn to the
vascular space or internal compartments leads rapidly to death

100~
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Figure 5. Survival after aerosol, intraperitoneal or intravenous Strepto-
coccus pneumoniae (Spn) challenge. Mice were pretreated with non-
typeable Haemophilus influenzae (NTHi) lysate 4 hours before Spn
challenge, or left untreated. Groups of six treated and six untreated
mice were then challenged with Spn delivered by aerosol (6.1 x 101°
cfu/ml) intraperitoneal (IP) injection (5-10 cfu), or intravenous (IV) tail
vein injection (5-10 cfu), and survival at 7 days is illustrated (*P =
0.002, treated vs. untreated).
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Figure 6. Bacterial counts in the lungs of mice after treatment with
nontypeable Haemophilus influenzae (NTHi) lysate. Mice were pre-
treated in groups of 4 with NTHi lysate at various time points, then
challenged as a single group with high-dose Streptococcus pneumoniae
(Spn) (2.1 X 107° cfu/ml). Lungs were removed immediately after the
aerosol challenge, homogenized, and plated for bacterial culture
(mean = SEM, *P < 0.05 for treated vs. untreated).

of mice (Figure 5). Therefore, we sought the mechanism of
bacterial killing.

Protection against Lethality Does Not Depend on Neutrophil
Recruitment to the Lungs

We had initially titrated the strength of the aerosolized NTHi
lysate treatment to neutrophil recruitment to the lungs, and the
time course of BALF neutrophilia roughly parallels that of
protection (Figures 2 and 3). Therefore, we tested whether
neutrophil recruitment is required for protection. Intravenous
antibody RB6-8C5 against neutrophil Ly6G reduced BALF
neutrophil numbers 24 hours after NTHi treatment by 96%
from 2.5 X 10° to 1.0 X 10* (Figure E3). In addition, alveolar
macrophage numbers were reduced by 70% using liposomal
clodronate delivered through the airway. To prevent excessive
mortality in these immunocompromised mice, which would
obscure differences among treatment groups, an intermediate
dose of Spn was used for the challenge.

All mice pretreated with NTHi lysate survived Spn challenge
whether or not they were depleted of alveolar macrophages and
neutrophils (Figure 7A). Death among leukocyte-depleted mice
continued to occur after 3 days (Figure E4), which was different
from all experiments in leukocyte-replete mice. Lung bacterial
counts correlated inversely with mouse survival, and depended
on both leukocytes and NTHi treatment (Figure 7B). Similar
results were obtained in mice deficient in mast cells (Figures E5
and E6). These results suggest that protection from lethality by
treatment with the aerosolized NTHi lysate does not depend on
recruited neutrophils or resident alveolar macrophages and
mast cells, but that rapid bacterial killing in the lungs of treated
mice and late mortality in untreated mice depend partially on
these leukocytes of the innate immune system.

Because it was possible that the antineutrophil antibodies and
clodronate induced protection through inflammation resulting
from leukocyte lysis despite a reduction in leukocyte number, we
also tested the role of neutrophil recruitment by suppressing
hematopoiesis with the nucleoside analog cytosine arabinoside.
Using a high-dose, short-term regimen that prevented any de-
tectable rise in BALF neutrophils in response to the NTHi lysate
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Figure 7. Host survival and lung bacterial counts in mice deficient in
alveolar macrophages and neutrophils. Half the mice were given
intranasal clodronate to deplete alveolar macrophages and intravenous
antibody RB6-8C5 to deplete neutrophils (M/N—). Half each of the
M/N+ and M/N— groups were then treated with nontypeable Haemo-
philus influenzae (NTHi) lysate. All mice were challenged as a single
group 4 hours later with Streptococcus pneumoniae (Spn) (1.5 X 1010
cfu/ml). Shown is survival at 7 days for six mice from each group (4)
and bacterial culture from the lungs of three mice immediately after
aerosol challenge (B) (mean = SEM, *P < 0.05 for comparisons
indicated by horizontal lines).

(Table E1 and Figure E3), but without clodronate to kill alveolar
macrophages, comparable results were obtained, even though
these mice all died from bone marrow failure on the fourth and
fifth days after Spn challenge, similar to mice treated with
cytosine arabinoside without Spn challenge (data not shown).
Comparable results were also obtained with the alkylating agent
cyclophosphamide (data not shown). Thus, protection by the
NTHi lysate from lethal Spn pneumonia does not depend on
neutrophil recruitment to the lungs.

Protection Is Associated with an Increase of Multiple
Antimicrobial Polypeptides in Lung Lining Fluid

Because bacterial killing in lungs stimulated with the NTHi
lysate was rapid and only partially dependent on leukocytes, we
suspected that the lysate stimulates production of antimicrobial
polypeptides by lung parenchymal cells. Sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis of BALF supernatants
showed multiple increased or new Coomassie blue—stained
bands, particularly at 10,000-18,000 kDa beginning 2 hours
after NTHi treatment and reaching a maximum at 48 hours
(data not shown). BALF from mice treated 48 hours earlier
with NTHi lysate was then analyzed by semiquantitative
proteomic techniques. HPLC revealed several absorbance
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peaks that were new or markedly increased (Figure 8). By mass
spectrometry, these peaks contained multiple antimicrobial
polypeptides including lysozyme, lactoferrin, haptoglobin, cal-
granulin, and surfactant apoprotein D. Differential gel electro-
phoresis (Figure E7) and isobaric stable isotope labeling (Figure
E8) also identified increased antimicrobial polypeptides in the
treated samples, with overlap among techniques (Table 2).
Some polypeptides are known to be expressed primarily by
lung epithelial cells, such as chitinase-3-like-1 and surfactant
protein D (29, 30); others are expressed by leukocytes, such as
lymphocyte cytosolic protein 1 (31); and some are expressed by
both epithelial cells and leukocytes, such as lysozyme, lactofer-
rin, and calgranulin (24, 32). Thus, augmented host protection
and bacterial killing are associated with increased amounts of
antimicrobial polypeptides in lung lining fluid.

DISCUSSION

Inspired by the structural plasticity of the airway epithelium in
response to inflammatory stimuli (10), we tested its functional
plasticity in defense against microbial pathogens. Our results
show that stimulation with a complex mixture of bacterial
products induces a high level of resistance against a virulent
bacterial pathogen introduced by the respiratory route. We
infer that the acquired protection is due to innate immune
mechanisms because it occurs too rapidly for an adaptive
immune response, and the challenge is not cognate to the
stimulus (33). Protection is localized to the lungs (Figure 5),
and is associated with rapid bacterial killing within the lungs
(Figure 6). It does not depend on neutrophil recruitment to the
lungs or on resident mast cells and macrophages (Figure 7).
Rather, protection is associated with increased levels of multi-
ple antimicrobial proteins in lung lining fluid (Table 2), suggest-
ing that protection is due to the coordinated induction of these
and other local innate immune defenses by resident lung cells.

f  albumin, transferrin,
| vitamin D binding protein,
E haptoglobin, calgranulin
180 1 : +— calgranulin
=5 i -.-.. Control
E haptoglobin | NTHi
~ lactoferrin | o
8 120+ }i:i:?o;:):?n : a-1 protease inhibitor
5 kininogen | contrapsin
el SP-D A (proteinase inhibitor)
3 i a-1-protease
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haptoglobin
T T T T
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Retention time (min)

Figure 8. Reversed phase HPLC analysis of proteins in bronchoalveolar
lavage fluid (BALF) after nontypeable Haemophilus influenzae (NTHi)
treatment. BALF supernatants were collected from the lungs of mice
that were untreated (dashed line) or treated 48 hours previously with
NTHi lysate (solid line), desalted by acetone precipitation, then frac-
tionated on a C-18 column eluted with an acetonitrile gradient.
Representative elution profiles with ultraviolet absorbance measured
at 214 nm are shown. Proteins from individual fractions were digested
with trypsin, then analyzed by liquid chromatography followed by
electrospray ionization quadropole time-of-flight mass spectrometry
and ion trap mass spectrometry (LC-MS/MS) and identified by database
searching (see MetHoDs in the online supplement for additional details).
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TABLE 2. PROTEOMIC ANALYSIS OF NONTYPEABLE HAEMOPHILUS
INFLUENZAE-TREATED LUNG LAVAGE FLUID

Proteomic Technique

Identified Protein (GenBank Accession No.) HPLC iTRAQ DIGE

Pulmonary surfactant-associated protein D (NP_033186)
Haptoglobin-2 (NP_059066)

Calgranulin B (P31725)

Kininogen (AAH18158)

Chitinase-3-like protein 1 (NP_031721)
Complement C3 (AAH43338)

Transferrin (NP_598738)

Lactoferrin (NP_032548)

Lysozyme (NP_059068)

Alpha-1-protease inhibitor (P22599)

Hemopexin (NP_059067)

Contrapsin (CAA38948)

Vitamin D binding protein (AAA37669)
Hemoglobin alpha chain (P01942)

Hemoblogin beta chain (P02088)

Alpha-1-acid glycoprotein 1 (NP_032794)
Inter-alpha-trypsin inhibitor heavy chain H4 (NP_061216)
Transketolase (NP_033414)

Serpin 1 A protein (NP_079705)

Glucose phosphate isomerase (NP_032181)

Rho GDI alpha (NP_598557)

Polymeric immunoglobulin receptor (NP_035212)
Leukotriene E4 hydrolase (NP_032543)

Enolase 1 (NP_075608)

Lymphocyte cytosolic protein 1 (AAH22943)
Lipocalin 2 (NP_032517)

WD repeat domain protein 1 (NP_035845)

Definition of abbreviations: DIGE = difference gel electrophoresis (see MeTHoDS
in online supplement for details); iTRAQ = isobaric stable isotope tag.

Proteins listed were found at a higher level in lavage fluid of nontypeable
Haemophilus influenzae lysate-treated mice than in untreated mice by one or
more of the three proteomic techniques.

The airway epithelium likely plays a central role in induced
protection in view of the large surface area it covers (100 m? in
an adult human) and its close apposition to deposited patho-
gens. Although this makes the epithelium susceptible to being
breached, it also ideally positions it for microbial killing when
activated. In addition, epithelium activated by innate immune
stimulation becomes resistant to invasion (34). Such a change in
functional capability is consistent with our findings of increased
epithelium-specific antimicrobial proteins in lung lining fluid
proteomic analyses (Table 2), and the marked structural plastic-
ity of the epithelium in response to inflammatory stimuli (10,
11). It is also supported by work of others showing an essential
role for lung parenchymal cell activation in defense against
bacterial and viral pneumonia (8, 35-37), and the dependencies
of bacterial killing and host defense on epithelial expression of
antimicrobial polypeptides (21-25, 38). Indeed, mechanisms
for suppression of antimicrobial protein expression contribute
importantly to microbial pathogenicity (39, 40). Further work
will be required to establish whether lung epithelial cells sense
the NTHi stimulus autonomously, or require costimulation by
bone marrow—derived cells such as dendritic cells to fully ex-
press a protective response (41).

Death of mice in our Spn pneumonia model is likely related
to escape of bacteria from the lungs into the systemic circu-
lation since the time of death correlates with the presence of
bacteria in blood and distant organs (Table 1). Indeed, less than
10 Spn introduced directly into the bloodstream results in death
(Figure 5), and the lungs of mice dying of overwhelming in-
fection do not show severe lung injury (Figure E1). Bacterial
invasion appears to be a stochastic event, related directly to the
dose of bacteria delivered to the lungs, and inversely to the rate
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of bacterial killing within the lungs. With delivery of low num-
bers of Spn, only small numbers of mice die despite minimal
lung inflammation, presumably because innate antimicrobial
mechanisms active at baseline clear bacteria before they invade.
Alveolar macrophages likely participate in rapid bacterial
killing because lung bacterial counts were higher in mice given
clodronate (Figure 7), at an early time point before recruited
neutrophils appear (Figure 2). With delivery of high numbers of
Spn, large numbers of mice die despite a vigorous late inflam-
matory response, presumably because bacteria have already
invaded or bacterial growth outstrips the microbicidal capacity
of the lungs and recruited inflammatory cells. By greatly
increasing the rate of bacterial killing within the lungs and the
resistance of the lung epithelium to bacterial invasion, treat-
ment with the NTHi lysate could protect against lethality.

Augmentation of lung innate immune defenses may have
therapeutic value. Patients with transient neutropenia, such as
those receiving myeloablative cancer chemotherapy or condi-
tioning for hematopoietic stem cell transplantation, are at high
risk for fatal pneumonia (2). Stimulation of innate immune
lung defenses could provide protection during this vulnerable
period. Similarly, patients with transiently impaired adaptive
immunity might benefit, such as those receiving immunosup-
pressive therapy for autoimmune diseases or organ transplan-
tation, and patients with cancer receiving agents that induce T-
cell dysfunction, such as fludarabine. Augmentation of lung
defenses could also be useful in a bioterror attack with a virulent
respiratory pathogen. The lungs are the most likely route of
delivery of a bioterror agent, protection by vaccination or
antibiotics is not yet feasible for all pathogens, and stimulation
of lung innate immunity could provide rapid broad protection
during the early period after an attack when the identity of the
pathogen is not yet known (42).

Identifying the molecular species in the NTHi lysate that
induce protection should allow improvement in the therapeutic
ratio by using only the purified molecules with benefit or by
substituting them with synthetic analogs that stimulate the same
targets. The lysate has the potential to stimulate lung defenses
through multiple innate immune mechanisms simultaneously,
such as formyl peptide receptors, complement receptors, lectin
pathways, and Toll-like receptors (TLRs). Stimulation of individ-
ual pathways may not induce a comparable level or spectrum of
protection because individual pathways may either differentially
activate pathogen-specific effector mechanisms or synergistically
activate a single mechanism (4, 43).

Others have stimulated lung innate immune mechanisms with
varying effects. Lung instillation of endotoxin promoted bacte-
rial clearance and protected against mortality in a rat model of
Pseudomonas aeruginosa challenge (44), and lung instillation of
endotoxin mimetics protected against influenza pneumonia in
mice in a TLR4-dependent manner (45). In contrast, TLR4 was
found to mediate inflammation but not bacterial elimination in
a mouse model of E. coli pneumonia (46). CpG oligonucleotides
(47), di-GMP (48), heat-killed E. coli (49), live Klebsiella
pneumoniae (50), and a modified heat-labile E. coli toxin (51)
have all conferred varying degrees of protection against sub-
sequent pathogen challenge. Together, these results suggest that
stimulation of lung innate immunity could be a useful therapeu-
tic strategy in patients.

Alternatively, identification of the molecular species in the
BALF that confer protection might allow their therapeutic
delivery to the lungs, or the delivery of synthetic analogs with
similar activity. Proof of this principle is provided by transgenic
overexpression of antimicrobial proteins in the lungs of mice to
enhance microbial killing and host defense (21, 22). We iden-
tified several candidate proteins that might contribute to pro-

tection, including lysozyme, lactoferrin, haptoglobin, calgranu-
lin, and surfactant apoprotein D. However, their importance
relative to other proteins that may have eluded our proteomic
analysis (7), or to nonprotein antimicrobial mechanisms such as
induction of an oxidizing milieu in the lung lining fluid (52, 53),
will require further analysis. Somewhat surprisingly, we did not
identify defensins in our proteomic analyses (Table 2), despite
a marked increase in proteins of the appropriate mobility by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis. Fur-
thermore, only a minority of proteins were found to be increased
by all three proteomic techniques, indicating that each technique
identified only a subset of up-regulated proteins. Together, these
data suggest we have not yet identified all possible effector
mechanisms. The lack of induction of the airway mucin gene,
Muc5Sac, is surprising in view of its increased expression from
exposure of cells to NTHi lysate or neutrophil elastase in vitro
(54, 55), but indicates that a protective antimicrobial response
can occur without inducing harmful mucin hypersecretion that
often accompanies airway inflammation (11, 28).

In summary, our studies reveal great functional plasticity
of the lungs of mice in defense against a virulent bacterial path-
ogen through activation of innate immune mechanisms. Ther-
apeutic manipulation of this functional plasticity of the lungs
may be possible. However, a caveat in translating the results of
our studies into human subjects is that innate immune responses
of mice differ in detail from those of humans. This is true both
at the level of stimulus sensing (e.g., the mouse TLR11 ortholog
in humans is a pseudogene) (56), and at the level of effector
responses (e.g., stimulation of mycobacterial killing within mac-
rophages by bacterial lipopeptides depends primarily on nitric
oxide in mice but on cathelicidin in humans) (52). Thus, the
therapeutic efficacy of stimuli identified in mice will require
confirmation in human subjects.
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ONLINE DATA SUPPLEMENT

SUPPLEMENTAL METHODS

Endotoxin Measurement and Administration. Endotoxin levels in the NTHi lysate were
measured using the PyroGene Assay kit, and purified E. coli endotoxin for aerosol treatment was
dissolved in PBS (both from Cambrex).

Depletion of Neutrophils and Alveolar Macrophages. Rat monoclonal antibody RB6-8C5
against mouse Ly6G (Becton Dickinson), cytosine arabinoside, busulfan, 5-fluorouracil, and
cyclophosphamide (Sigma-Aldrich) were tested in the dose regimens shown in Table E1, and their
efficacies in depleting neutrophil influx into NTHi-stimulated BALF are shown in Fig. E3. To
deplete alveolar macrophages, 100 ul of liposome-encapsulated clodronate (Sigma-Aldrich) or
liposome-encapsulated PBS as control was delivered intranasally to sedated mice 1, 2 and 3 days
prior to infection with Spn, as described (Reference E1).

Proteomic Analyses. BALF was centrifuged at 15,000 x g for 5 min, supernatants were
lyophilized and resuspended in 150 ul H,0, then samples were precipitated with 600 ul acetone at -
20°C and spun at 15,000 x g for 15 min. For preliminary analysis, pellets were resuspended in 100
ul H20, bringing the protein concentration to ~1 mg/ml, then SDS-PAGE was performed using 4-
15% gradient Tris-HCL Ready Gels (Bio-Rad) loaded with 20 ug of protein per lane, run at 100 V
for 2 h, then stained with Coomassie Blue-R250 (Bio-Rad).

HPLC Analysis of BALF. HPLC was performed on a Hewlett-Packard 1090 binary gradient
machine (Agilent) usinga 1 mm x 25 cm C18 column (Vydac). BALF pellets were resuspended in
100 pl H,0 and loaded on the column, then eluted with a water/acetonitrile gradient containing
0.1% trifluoroacetic acid run at 120 ul/min, and monitored by UV absorbance at both 214 nm and
295 nm. Fractions were manually collected, reduced in volume by vacuum centrifugation, and
digested with 200 ng sequencing-grade modified trypsin (Promega) in 30 mM ammonium
bicarbonate overnight at 37°C. The resulting peptides were analyzed by LC-MS/MS using
electrospray ionization (ESI) quadrupole time-of-flight (TOF) mass spectrometry (QSTAR, Applied
Biosystems) and ESI ion trap mass spectrometry (LTQ, Thermo-Finnigan). Proteins were
identified by database searching against the non-redundant NCBI protein database using Mascot
(Matrix Science).

Difference Gel Electrophoresis (DIGE) Analysis of BALF. DIGE analysis was performed mostly
as described (Reference E2). In brief, precipitated BALF proteins were dissolved in denaturing
lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 1% Triton X-100, 10 mM DTT, and 10 mM
HEPES, pH 8.0, all from Sigma-Adrich). Particulate matter was removed by centrifugation at
12,000 x g for 15 min at 4°C, then 100 pg of each of two protein samples to be compared were
labeled on lysine residues with either Cy3 or Cy5 fluorescent dyes (Integrated Core Facility,
University of Pittsburgh). The labeled samples were loaded into 24 cm Immobiline pH 3-10
isoelectric focusing strips (Amersham Biosciences), and the first dimension gels were focused to
70,000 volt-h using an Ettan IPGphor power source (Amersham). Second dimension gels were
10% acrylamide, and were run on an EttanDalt Six apparatus (Amersham). Images were acquired



on a Typhoon scanner (Amersham), and downloaded into ImagedJ, a freeware program available at
rsb.info.nih.gov/ij/. Cy3 and Cy5 images were stacked, and a two-frame movie was evaluated
visually for changes in spot intensity. At least two independent comparisons were performed to
identify repeatable differences. Gels were post-stained with colloidal Coomassie Blue (BioRad),
and proteins differentially expressed were excised from the gel as 1.5 mm diameter plugs with a
OneTouch manual spot picker (The Gel Company, San Francisco, CA). Tryptic digestion was
performed on the gel pieces and the peptide solutions were evaporated and dried. Matrix-assisted
laser desorption/ionization (MALDI) TOF mass spectrometry was performed on a Voyager-DE Pro
workstation (Applied Biosystems), the filtered peak list was analyzed using Mascot, and ambiguous
protein identifications were established on a 4700 MALDI-TOF-TOF instrument (Applied
Biosystems).

Quantitative Isobaric Stable Isotope Tag (iTRAQ) Analysis. iTRAQ analysis was performed
mostly as described (Reference E3). In brief, BALF precipitates were resuspended in 20 pl of
reaction buffer (0.1% SDS, 20 mM PBS, pH 8), reduced with 2 mM Tris(2-carboxyethyl) phosphine,
alkylated with 10 mM S-methyl methanethiosulfonate, and digested overnight with trypsin. The
control digest was then derivatized with the iTRAQ114 isobaric reagent, and the NTHi-stimulated
digest with iTRAQ117 (Applied Biosystems). The derivatized digests were combined and analyzed
by LC-MS/MS on the QSTAR-Pulsar-i instrument. Data were analyzed either manually by
database search and inspection of the spectra, or using ProQuant software (Applied Biosystems).

SUPPLEMENTAL RESULTS

Figure E1.

Figure E1. Histopathology of the Lungs of Mice after Challenge with Spn or Treatment with
NTHi Lysate. Photomicrographs of hematoxylin and eosin stained lungs of naive mice (A), mice
24 h after challenge with high dose Spn (B), or mice 24 h after treatment with NTHi lysate (C).
Areas indicated by arrows in the low magnification images in the left column are also shown at
higher magnification in the right column, with scale bars indicating 20 um. Structures in the high

magnification images are labeled “a” for airway and “v” for blood vessel.
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Figure E2. Protection Against Spn Challenge by Endotoxin. Mice were either left untreated
(CTRL), or treated with aerosolized NTHi lysate for 20 min (NTHi), aerosolized endotoxin at a
concentration equal to that in the NTHi lysate for 20 min (Endotoxin 1x), or aerosolized endotoxin
at a concentration ten times that in the NTHi lysate for 20 min (Endotoxin 10x) (* p = 0.001, Tp =
0.057, treated vs. untreated).

Agent Dose Timing (days) Route Mortality
RB6-8C5 50 ug -1,0 v 0/6
Ara-C (1) 300 mg/kg -8, -5, -2, -1 IP 0/6

IP
Ara-C (2) 600 mg/kg -5,-2,-1,0 IP 1/6
Busulfan (1) 125 mg/kg -8, -5, -2, -1 IP 2/6
Busulfan (2) 125 mg/kg -11, -8, -6, -4, -1 IP 6/6
5-Fluorouracil (1) 150 mg/kg -8, -5, -2, -1 IP 4/6
5-Fluorouracil (2) 150 mg/kg -8, -3 IP 2/6
Cyclophosphamide 200 mg/kg -5,-2, -1 IP 2/6

Table E1. Neutrophil Depletion Regimens. Mice were pretreated with various regimens to
reduce neutrophil recruitment to the lungs. Abbreviations are: RB6-8C5 — rat monoclonal antibody
against mouse neutrophils, Ara-C — cytosine arabinoside, IV — intravenously, IP - intraperitoneally.
The timing of doses is listed as the number of days

prior to NTHi treatment (day 0). Mortality was
assessed at 48 h, and surviving mice were then

sacrificed.

Figure E3. Inflammatory Cell Counts in BALF of
Mice Pretreated to Reduce Neutrophils, then
Treated with NTHi Lysate. Mice in groups of 6
each were pretreated with regimens listed in
Supplemental Table E1 to reduce neutrophil
recruitment to the lungs. They were then exposed
for 20 min to the aerosolized NTHi lysate, and 24 h 05
later BALF was recovered and inflammatory cells
counted (mean £ SEM).
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Figure E4. Host Survival and Lung Bacterial Counts 100
in Mice Deficient in Alveolar Macrophages and
Neutrophils. The same data as those illustrated in 80 A
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Figure 6 are shown here as a function of time to ;g i miﬁi,’é‘iﬁi?)’
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Figure E5. Host Survival and Lung Bacterial Counts in Mast Cell Deficient Mice. Mast cell
deficient C57BL/6 Kit"*"/Kit"*" (MC-) and littermate mast cell sufficient C57BL/6 Kit'/Kit" (MC+)
mice were treated with NTHi lysate (NTHi+) or PBS (NTHi-). Mice were then challenged 6 h later
with Spn 4.5 x 10" CFU/ml. Shown is survival at 48 h for 10 mice/group (A), and bacterial culture
from the lungs of 3 mice/group immediately after Spn aerosol challenge (B) (mean + SEM; * p <
0.05, and T p = 0.057 for comparisons indicated by the lines).

Figure E6. Host Survival and Lung Bacterial Counts in Mast Cell Deficient Mice. The same
data as those illustrated in Figure E5 are shown here as a function of time (top), and a second
experiment with an Spn challenge 1.0 x 10"" CFU/ml is also shown (bottom).



Figure E7. Two Dimensional Difference Gel
Electrophoresis (DIGE) Analysis of Proteins
Present in BALF after Treatment with NTHi
Lysate. BALF supernatants of mice that were
untreated (A) or pretreated 48 h previously with NTHi
lysate (B) were labeled on lysine residues with Cy3
or Cy5 fluorescent dyes, combined, electrofocused in
pH 3-10 isoelectric focusing strips, electrophoresed
in 10% acrylamide gels, and Cy3 and Cy5 images
acquired separately. Numbers in the representative
illustration identify proteins elevated in the treated
mice as follows: (1) polymeric immunoglobulin
receptor, (2) lymphocyte cytosolic protein 1, (3)
haptoglobin, (4) Rho GDI alpha (arghdia), (5) serpin
1A, (6) complement C3, (7) leukotriene E4 hydrolase,
(8) enolase 1, (9) pulmonary surfactant-associated
protein D, (10) WD repeat domain protein 1, (11)
transketolase, (12) glucose phosphate isomerase,
(13) chitinase 3-like protein 1, (14) lipocalin 2, (15)
lactoferrin. GenBank accession numbers are given in
Table 2.

Figure E8. Identification and Relative
Quantification of a Peptide from Chitinase-3-
Like Protein Using Isobaric Stable Isotope
Tag (iTRAQ) Analysis of Proteins Present in
BALF after Treatment with NTHi Lysate.

BALF supernatants were precipitated with
acetone, alkykated with methyl
methanethiosulfonate, digested with trypsin, and
separately derivatized with iTRAQ114 (BAL
control) or iTRAQ117 (BAL day 2). The
derivatized digests were then combined and
analyzed by nano-LC-MS/MS, and proteins
identified by database searching. Shown is a
representative total ion chromatogram from 74-
96 min displaying the sum of the ion-current at
each time point (A), the mass spectrum at 89.2
min (B), and a high resolution image of the mass
spectrum of an ion with a mass/charge ratio of
682.9 (C). The “y” ions are those that include the
C-terminus, the “b” ions are those that include
the N-terminus, the inset at the right shows a
match with the sequence of chitinase-3-like
protein, and the inset above shows the intensity
of the 117 reporter peak was 4.6 times that of the
114 peak. This and other proteins found to be
elevated in the NTHi treated mice using iTRAQ
are listed in Table 2.
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