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Abstract
The role of innate immunity in the pathogenesis of asthma is unclear. Although increased presence
of neutrophils is associated with persistent asthma and asthma exacerbations, how neutrophils
participate in the pathogenesis of asthma remains controversial. In this study, we show that the
absence of dipeptidyl peptidase I (DPPI), a lysosomal cysteine protease found in neutrophils,
dampens the acute inflammatory response and the subsequent mucous cell metaplasia that
accompanies the asthma phenotype induced by Sendai virus infection. This attenuated phenotype is
accompanied by a significant decrease in the accumulation of neutrophils and the local production
of CXCL2, TNF, IL-1β, and IL-6 in the lung of infected DPPI−/− mice. Adoptive transfer of DPPI-
sufficient neutrophils into DPPI−/− mice restored the levels of CXCL2 and enhanced cytokine
production on day 4 postinfection and subsequent mucous cell metaplasia on day 21 postinfection.
These results indicate that DPPI and neutrophils play a critical role in Sendai virus-induced asthma
phenotype as a result of a DPPI-dependent neutrophil recruitment and cytokine response.

Allergic asthma is a chronic inflammatory airway disease characterized by bronchial
hyperreactivity, eosinophilia, and mucous cell metaplasia. Studies of asthmatic patients and
animal models have clearly implicated a role for the acquired immune response, specifically
Th2 cells that secrete IL-4, IL-5, and IL-13, in the initiation of the inflammatory cascade leading
to eosinophilic airway inflammation (1–7). Recently, noneosinophilic asthma subtypes, and
more specifically neutrophilic asthma, have been identified (8,9). Neutrophils are a major
source of oxidative stress and protease-mediated inflammation, and a large body of evidence
supports the notion that severe asthma, asthma exacerbations, and fatal attacks of asthma are
associated with increased sputum neutrophils (10–13). And whereas eosinophils are sensitive
to corticosteroid treatment, neutrophils respond poorly to this treatment modality and may be
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the underlying cause of steroid-resistant asthma (14,15). Therefore, new treatment modalities
aimed at neutrophils may be beneficial in refractory and severe forms of asthma.

Cathepsin G (CG),3 neutrophil elastase (NE), and proteinase 3 (PR3) are granule-associated
serine proteases expressed specifically during the promyelocytic stage of myeloid development
(16,17). Traditionally, these serine proteases are thought to contribute mainly to the
degradation of matrix components. However, neutrophil serine proteases can have a major
impact on the overall level of inflammation by modulating the release of reactive oxygen
species, chemokines, and cytokines (18). We have previously established that the cysteine
protease dipeptidyl peptidase I (DPPI, also known as cathepsin C) plays an important and
nonredundant role in the processing and activation of all three neutrophil-derived serine
proteases in both humans and mice (19). In addition, we have shown that mice deficient in
DPPI are resistant to Ab-mediated arthritis (19) and elastase-induced abdominal aortic
aneurysm (20) due to a specific defect in neutrophil recruitment.

Paramyxoviral infection in infants has been associated with a significantly increased rate of
asthma development (21–23). In addition, viruses are detected in a majority of children and
adult asthmatics with acute exacerbations (24,25). In the mouse, Walter et al. (26–28) have
previously shown that a single paramyxoviral infection with the mouse parainfluenza virus
type I (Sendai virus (SeV)) can cause a limited bronchiolitis, followed by persistent airway
hyperreactivity and mucous cell metaplasia, thus providing an experimental link between
paramyxoviral infection and subsequent asthma development. In this study, we hypothesized
that neutrophils may affect the development of Sendai-induced asthma phenotype through the
release of proteases. Therefore, we examined the DPPI−/− mice that are pan deficient in
neutrophil serine proteases in the SeV-induced asthma model.

Materials and Methods
Animals

DPPI−/−, CG−/−, and NE−/− mice were generated in a 129/SvJ strain, as previously described
(29,30). These animals were backcrossed to C57BL/6 mice for >10 generations, using the
mutant allele as a marker for selection at each generation. CG−/− and NE−/− mice were
intercrossed to generate mice that are deficient in both proteases. Wild-type (WT) C57BL/6
mice were obtained from The Jackson Laboratory along with the C57BL/6-transgenic (UBC-
GFP) 30 Scha/J transgenic mouse line, which systemically expresses a GFP cDNA under the
control of a chicken β-actin promoter and CMV enhancer. All animals were kept in pathogen-
free conditions at Washington University Specialized Research Facility, and all experiments
were performed according to protocols approved by the Division of Comparative Medicine at
Washington University.

Histological sections
Mouse lungs were fixed in 10% buffered formalin, embedded in paraffin, and stained with
Alcian blue/periodic acid-Schiff (PAS) as an indicator of goblet cells. Quantification of
PAS+ cells/mm basement membrane was conducted using ImageJ program
(http://rsb.info.nih.gov/ij).

Viral infection
Male mice of 6–8 wk of age were anesthetized with ketamine and xylazine, and inoculated
intranasally with 1500 50% egg infectious dose of SeV (Fushimi strain) (26) or with UV-

3Abbreviations used in this paper: CG, cathepsin G; BAL, bronchoalveolar lavage; DPPI, dipeptidyl peptidase I; LIX, LPS-induced CXC
chemokine; NE, neutrophil elastase; PAS, periodic acid-Schiff; PI, postinfection; PR3, proteinase 3; SeV, Sendai virus; WT, wild type.
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inactivated SeV in 45 μl of PBS. Individual mice were weighed before and every other day
after infection. Percentage of weight loss was calculated by the following formula: 1 − [weight/
original weight] × 100. Experimental infections with SeV were performed in a biohazard
containment facility.

Lung and bronchoalveolar lavage (BAL) fluid analysis
After sacrifice, the trachea was cannulated with an 18-gauge catheter, and the lungs of each
mouse were lavaged three times with 1 ml of sterile PBS. The postlavage lungs were then
minced and incubated with 1.4 mg/ml collagenase type I (Worthington Biomedical) at 37°C
for 30 min. Single-cell suspensions were passed through a 70-μm cell strainer to remove debris,
and the recovered cells and BAL samples were enumerated for total cell count and stained with
anti-Gr1 Abs (neutrophils), anti-F4/80 Abs (macrophages), anti-CD19 (B cells), and anti-CD3
(T cells) and analyzed by flow cytometry. The absolute number of cells was calculated by
multiplying the total number of cells from each set of lungs by the percentage of Gr1+,
F4/80+, CD19+, and CD3+ cells. All Abs were obtained from BD Biosciences. SeV+ T cells
were detected using tetrameric MHC-peptide reagents specific for SeV nucleoprotein
NP324–332 provided by the National Institute of Allergy and Infectious Disease Tetramer Core
Facility (31).

Intracellular staining
To detect intracellular IFN-γ, cells isolated from infected lungs were incubated with 50 ng/ml
PMA (Sigma-Aldrich), 500 ng/ml ionomycin (Sigma-Aldrich), and 10 mg/ml brefeldin A
(Sigma-Aldrich) for 4 h at 37°C. Cells were stained with anti-CD4 or anti-CD8 Abs (BD
Biosciences), fixed, permeabilized, and stained with anti-IFN-γ, according to manufacturer’s
recommendations (BD Biosciences).

Lung SeV titer
Clearance of SeV was assessed in lung homogenates on days 4, 12, and 20 after infection by
real-time quantitative RT-PCR, as previously described (26). Briefly, mice were sacrificed on
the indicated day, their lungs were harvested, and total RNA was isolated using TRIzol reagent
(Invitrogen Life Technologies), as recommended by the manufacturer. Two micrograms of
total RNA from each sample was used to synthesize cDNA by reverse transcription on a
GeneAmp 9600 thermal cycler system, according to the manufacturer’s recommendations
(Applied Biosystems). The reverse-transcription products served as the template for real-time
PCR analysis using a fluorogenic probe/primer combination for SeV nucleocapsid protein
RNA (nt 519–587 in GenBank accession M30202), according to the manufacturer’s protocol
(Applied Biosystems). Results for each sample were normalized to the concentration of
GAPDH mRNA measured in the same samples. The copy number of virus-specific RNA in
experimental samples was calculated based on a construct standard curve, as previously
described (26).

Cytokine ELISA
CXCL1, CXCL2, CXCL15, LPS-induced CXC chemokine (LIX), IL-1β, TNF, and IL-6 levels
in BAL fluid were quantified by ELISA (R&D Systems) and conducted as described in the
manufacturer’s recommendations.

Adoptive transfer of neutrophils
Neutrophils were isolated from bone marrow by a discontinuous Percoll gradient, as previously
described (30). Briefly, the marrow was flushed from bones with HBSS containing 0.1% BSA,
pelleted, and resuspended in 3 ml of 45% Percoll (GE Healthcare Bio-Sciences). Solutions of
66, 60, 55, and 50% were prepared by diluting the 100% stock solution of Percoll with HBSS.
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Commencing with 3 ml of the 66% solution, 2-ml aliquots of each increasing concentration of
Percoll solution were carefully layered over one another in a 15-ml conical tube. The bone
marrow single-cell suspension in 45% Percoll solution was subsequently layered over the
prepared Percoll density gradient, followed by centrifugation at 1800 × g for 30 min at room
temperature. Cells were collected from the 66–60% interface, washed with HBSS/0.1% BSA,
and layered a second time over another prepared Percoll gradient. Neutrophil purity after two
Percoll gradients was consistently 90–95%, as assessed by flow cytometry. The other cells
found at this interface include a small percentage of nucleated RBC and B cells (20). Isolated
neutrophils were resuspended in PBS (1 × 107 neutrophils in 200 μl of PBS) and injected i.v.
into mice on days 1, 2, and 3 following SeV infection.

Statistical analysis
Values for weight losses, viral titers, BAL fluid cell counts, and chemokine/cytokine levels
were analyzed using unpaired Student’s t test. Value of p < 0.05 was considered significant.

Results
SeV-induced illness is significantly attenuated in the absence of DPPI

To examine the role of DPPI in SeV infection, WT C57BL/6 and DPPI−/− mice were infected
intranasally with 1500 50% egg infectious dose of SeV (26) or UV-inactivated SeV (UV-SeV),
and disease manifestation was monitored over time. SeV infection in mice induces an acute
and inflammatory response accompanied by weight loss. Although the weight loss resolves by
day 21, the mice are left with mucous cell metaplasia and airway hyperreactivity (26). As
expected, WT mice exhibited severe weight loss following SeV infection (26). In contrast,
DPPI−/− mice experienced significantly less weight loss after intranasal administration of SeV
(Fig. 1A). To examine whether DPPI−/− mice were also protected against mucous hyperplasia
after the acute inflammatory phase, lungs were harvested on day 21 postinfection (PI) for
histology. In WT mice infected with SeV, there was a persistence of peribronchial
inflammation accompanied by a significant increase in the number of PAS+ cells compared
with UV-SeV-infected WT mice (Fig. 1, B and D). In contrast, these changes were greatly
diminished in DPPI−/− mice (Fig. 1C). Quantification of these PAS+ cells confirmed that SeV-
infected DPPI−/− mice developed significantly less mucous cell metaplasia on day 21 PI (Fig.
1E). These results suggest that the absence of DPPI reduces the acute illness severity and related
airway changes after SeV infection.

Absence of DPPI delays viral clearance, but does not compromise cytotoxic T lymphocyte
response following SeV infection

To determine whether the absence of DPPI affects viral clearance, mice were infected with
SeV and viral titers determined at various time points PI. SeV titers were measured in lung
homogenates obtained on days 0, 4, 12, and 20 PI using quantitative real-time RT-PCR (26).
DPPI−/− mice harbored significantly higher viral titers on days 4 and 12 PI (Fig. 2A). Although
viral titers were higher at the peak of infection, DPPI−/− mice eventually cleared their viral
load by day 20 PI (Fig. 2A). In addition, the number of CD8+ T cells and the frequency of
virus-specific CD8+ T cells in DPPI−/− mice were comparable to WT animals at day 8 PI (Fig.
2B). Intracellular staining for IFN-γ in cells isolated from lungs of infected mice on day 8 PI
revealed that DPPI−/− mice were not inhibited in their ability to produce IFN-γ (Fig. 3B). These
results suggest that the absence of DPPI slightly delays viral clearance, but preserves cytotoxic
T cell response to SeV infection.
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DPPI regulates neutrophil recruitment following SeV infection
To understand how DPPI modulates the development of immune response to SeV, we
examined leukocyte trafficking to the lung and alveolar space during the acute phase of
infection. We found that SeV infection led to a predominantly neutrophilic influx into the
alveolar space in the early phase of the disease (Fig. 3A). Compared with those obtained from
WT animals, BAL samples obtained on day 3 PI from DPPI−/− mice showed significantly
reduced total cell numbers, primarily due to a striking decrease in the number of neutrophils
(Fig. 3B). In addition, there was also a significant decrease in the number of neutrophils
recovered from postlavage lung homogenates of DPPI−/− mice obtained on day 3 PI (data not
shown). These results confirm a critical role for DPPI in the early pulmonary recruitment of
leukocytes, specifically neutrophils, in response to SeV infection.

The release of chemokines and cytokines into the alveolar space following SeV infection is
dampened in the absence of DPPI

A number of studies have shown that respiratory viral infections induce expression of several
chemokines that may influence the trafficking of inflammatory leukocytes to the lung and the
subsequent cell-mediated immune response (32,33). We therefore examined whether the
alveolar levels of several leukocyte-attracting CXC chemokines, including CXCL1 (also
known as KC), CXCL2 (also known as MIP-2), LIX (a murine homologue of human CXCL5/
ENA-78), and CXCL15 (also known as lungkine), were altered in the absence of DPPI. All
four CXC chemokine levels were elevated in the BAL samples on day 3 PI (Fig. 4). However,
CXCL2 levels in the BAL samples of DPPI−/− mice were significantly reduced compared with
WT BAL samples (Fig. 4D), whereas the levels of CXCL1, LIX, and CXCL15 were unaltered
(Fig. 4, A–C). These results indicate that CXC chemokines may have nonoverlapping roles in
regulating leukocyte influx during SeV infection.

Previous reports have also shown that the temporal production of antiviral cytokine production
correlates with viral illnesses (34–36) and that IL-1β and TNF-α are both involved in inducing
the severity of the illness and the lung immunopathology (37,38). Therefore, we measured the
levels of IL-1β and TNF released into the alveolar space on day 3 PI. We found that the levels
of IL-1β, TNF, along with IL-6 were significantly reduced in DPPI−/− BAL fluid samples (Fig.
4, E–G), suggesting the possibility that dampened cytokine release protected the mice against
the severe SeV-induced weight loss and inflammation.

Neutrophils modulate chemokine and cytokine levels in the alveolar space following SeV
infection

If a defect in neutrophil recruitment protects DPPI−/− mice against severe SeV-induced lung
inflammation, then adoptive transfer of WT neutrophils should restore the inflammatory
response. To test this hypothesis, we adoptively transferred WT neutrophils into DPPI−/− mice
on days 1, 2, and 3 PI and examined their BAL fluid for cell count, CXCL2, and cytokine levels
on day 4 PI. Transfer of WT neutrophils into SeV-infected DPPI−/− mice led to a significant
increase in the BAL fluid total cell and neutrophil counts (Fig. 5A), whereas transfer of
DPPI−/− neutrophils into DPPI−/− mice did not alter their BAL fluid cell counts. The increase
in BAL fluid total cell count also reflected a significantly higher number of macrophages
recruited to the alveolar space following WT neutrophil transfer (Fig. 5A), suggesting that WT
neutrophils may also provide the signal for the recruitment of other cell types. Because
macrophages are a prominent source of chemokines and cytokines, their presence may
contribute to the mucous cell metaplasia found on day 21 PI. To further determine whether
transferred neutrophils localized to the alveolar space, we used WT GFP-tagged (GFP+)
neutrophils for the adoptive transfer. We found that a small, but distinct percentage (4.3%) of
the neutrophils recovered from the BAL fluid of reconstituted mice was GFP+ (Fig. 5B).
Therefore, it is likely that the presence of these WT neutrophils was sufficient to restore the
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level of CXCL2 in DPPI−/− lungs toward that of WT animals (Fig. 6A), which then provided
the necessary chemotactic gradient to recruit more endogenous DPPI−/− leukocytes to the
alveolar space.

Transfer of WT neutrophils also increased the levels of IL-1β, TNF, and IL-6 (Fig. 6, B–D) in
DPPI−/− BAL samples; however, the differences did not reach statistical significance for
IL-1β and TNF. In contrast, transfer of DPPI−/− neutrophils into SeV-infected DPPI−/− mice
did not alter the levels of chemokines or cytokines. Taken together, these results are consistent
with a role for neutrophils and DPPI in modulating CXCL2 and cytokine release in the
inflammatory response associated with an acute paramyxoviral infection.

DPPI-sufficient neutrophils contribute to mucous cell metaplasia post-SeV infection
To understand whether adoptive transfer of DPPI-sufficient neutrophils also restores the SeV-
induced airway changes, DPPI−/− mice were infected with SeV, followed by adoptive transfer
of WT or DPPI−/− neutrophils on days 1, 2, and 3 PI. The mice were allowed to recover from
their illness, and on day 21 PI the animals were sacrificed and their lungs were harvested and
analyzed. We noted a trend toward higher number of PAS+ cells in DPPI−/− mice that received
WT neutrophils (Fig. 7A) compared with mice that received DPPI−/− neutrophils (Fig. 7B).
However, this difference did not reach statistical significance (Fig. 7C). Nonetheless, the higher
number of PAS+ cells in mice that receive WT neutrophils suggests that neutrophils recruited
to the lung following SeV infection most likely contribute to mucous cell metaplasia.

The absence of CG and NE does not protect mice from the acute lung immunopathology
following SeV infection

Because DPPI is critical for the activation of neutrophil serine proteases CG and NE, we asked
whether these proteases are also required for leukocyte recruitment and chemokine/cytokine
release following SeV infection. Previous studies have shown that these proteases are important
in collagen-induced arthritis and neutrophil recruitment in s.c. air pouch model (19,30).
Surprisingly, we found that mice deficient in both CG and NE were just as susceptible to SeV-
induced illness and weight loss as WT mice (Fig. 8A). Moreover, analysis of BAL fluid revealed
comparable cell counts, CXCL2, IL-1β, TNF, and IL-6 (Fig. 8, B–F) levels between WT and
serine protease-deficient mice. These results indicate that although neutrophils and DPPI play
an important role in the early immune response to SeV infection, CG and NE are dispensable.

Discussion
Although increased presence of neutrophils is associated with persistent asthma and asthma
exacerbations, how neutrophils participate in the pathogenesis of asthma remains controversial.
Neutrophils represent a rich source of proteases, and the release of these enzymes from
activated neutrophils has been implicated in the tissue damage that accompanies airway
inflammation and remodeling (39). In addition, neutrophils are implicated in the production
of proinflammatory chemokines and cytokines that recruit additional leukocytes and perpetuate
the inflammatory cycle (18,40). Hence, neutrophils and neutrophil-derived mediators may be
partially responsible for the persistence of inflammation and tissue injury in chronic airway
diseases. In these studies, we showed that neutrophil-associated DPPI exacerbates asthmatic
phenotype by amplifying the production of chemokines and cytokines, whereas the absence of
DPPI protects mice against severe airway inflammation without interfering with their ability
to clear virus.

SeV infection leads to the induction of an inflammatory infiltrate that comprises mainly of
neutrophils in the early phase, followed by recruitment of monocytes and lymphocytes in the
later phase of the disease (26). Although neutrophils are traditionally viewed as the first line
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of defense against bacterial infections, they can be involved in virally induced pathology (41,
42). In this study, we demonstrated that neutrophils were the first cell type recruited to the
alveolar space in response to SeV infection. In the absence of DPPI, there was a significant
decrease in neutrophil influx into the lungs, and this was accompanied by a decrease in CXCL2,
TNF, IL-1β, and IL-6 levels. Yet, despite a reduction in the early inflammatory response to
SeV infection, mortality and viral clearance were not significantly altered in the absence of
DPPI. We further demonstrated that adoptive transfer of DPPI-sufficient neutrophils into
DPPI−/− mice restored the level of CXCL2 in the lungs and enhanced the levels of other
proinflammatory cytokines. In addition, adoptive transfer of DPPI-sufficient neutrophils led
to an increase in the number of PAS+ cells, indicating that neutrophils are most likely
responsible for the postviral mucous cell metaplasia. However, because a small number of B
cells were also found in the neutrophil preparations, we cannot completely rule out that DPPI-
sufficient B cells may contribute to the increase in CXCL2 level or the mucous cell hyperplasia
following adoptive transfer. In summary, blocking DPPI-dependent cell functions in the early
phase of infection may ameliorate the subsequent asthma phenotype without compromising
the host’s defense ability.

Recruitment of neutrophils to sites of inflammation requires a series of coordinated events,
including rolling, adhesion, diapedesis, and transmigration. Because neutrophils circulating in
the blood make contact with activated endothelium, multiple stimuli may cause them to become
activated, slow down, and sense the local environment (43). The presence of chemokines in
this environment causes neutrophils to adhere and migrate across the endothelium following
a chemotactic gradient (44). In this study, we showed that in vivo DPPI-sufficient neutrophils
recruited to the lungs in the early phase of SeV infection amplified the inflammatory response
by enhancing the release of CXCL2 into the alveolar space and perpetuating leukocyte
recruitment. CXCL2 is the mouse homologue of human IL-8, a potent neutrophil
chemoattractant that is consistently associated with neutrophilic inflammation during asthma
exacerbation (45,46). IL-8 antagonists have been developed; however, in early clinical trials,
blockade of IL-8 by itself has no significant effect on inflammation (47). Thus, blockade of
neutrophil-derived proteases, such as DPPI, may present an alternative way to reduce
chemoattractant levels without compromising the host defense.

Neutrophil granules contain a family of serine proteases that are activated by DPPI and are
physiologically active upon secretion (18). We have previously shown that extracellular,
membrane-bound neutrophil serine proteases can modulate neutrophil effector functions,
including CXCL2 release (30), and mice deficient in CG and NE are protected against Ab-
mediated inflammatory arthritis (19). Thus, we were surprised to find that mice deficient in
both CG and NE had normal chemokine and cytokine release into the alveolar space following
SeV infection. However, it has been shown that the closely related serine protease PR3 directly
activates protease-activated receptor 2 on human fibroblasts and epithelial cells, resulting in
the release of proinflammatory chemokines and cytokines (48,49). Protease-activated receptor
2 activation stimulates the production of multiple proinflammatory mediators, including IL-6
and IL-8 (50). In addition, PR3 has been implicated in the alternative processing of TNF and
IL-1β, independent of TNF-converting enzyme and caspase 1 (51). Therefore, these alternative
pathways may explain why DPPI-deficient mice are relatively protected against SeV infection,
whereas mice deficient in CG and NE are not. Our laboratory is currently generating the PR3-
deficient mice to test this hypothesis.

In summary, neutrophils appear to play a critical role in SeV-induced asthma phenotype as a
result of a DPPI-dependent neutrophil recruitment and cytokine response. The process of
neutrophil recruitment and activation is largely redundant. Therefore, targeting a specific
mediator is not likely to succeed. Additionally, a neutrophil-depleting strategy may put patients
at an unacceptably high risk of infection. In this study, we have identified DPPI as a single
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important molecule involved in the recruitment of neutrophils following a respiratory viral
infection, without being critical for the clearance of virus. And the absence of DPPI diminishes
chronic asthma phenotype. Therefore, the possibility of delivering a DPPI inhibitor directly to
the lung may be effective in limiting airway inflammation precipitated by respiratory viral
infections while minimizing systemic side effects.
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FIGURE 1.
Absence of DPPI protects against SeV-induced severe weight loss and mucous cell hyperplasia.
A, WT and DPPI−/− mice were infected with SeV, and their weight was followed over time.
Data are presented as weight change from pretreatment baseline weight. Values represent mean
± SEM of five mice per condition from three independent experiments. Mice infected with
UV-SeV did not lose weight. **, p < 0.001; **, p < 0.01; ***, p < 0.02. Persistence of
peribronchial inflammation and mucous cell metaplasia on day 21 PI. Lung sections were
stained with PAS, and representative photomicrographs are shown for SeV-infected WT mice
(B), SeV-infected DPPI−/− mice (C), and UV-SeV-infected WT mice (D). Insets, Represent
higher magnification of boxed areas. E, Quantification of results shown in B and C using values
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for PAS+ cells/mm basement membrane. Values represent mean ± SEM (n = 8–9 airways from
3 to 4 mice per condition).
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FIGURE 2.
Absence of DPPI delays viral clearance, but does not alter cytotoxic T cell response. A, Lungs
were harvested on the indicated days after SeV infection, and viral RNA copy number was
determined by real-time RT-PCR for SeV nucleocapsid protein and corrected for GAPDH
control. Values represent mean ± SEM of four to five mice per genotype per time point (B).
Cells isolated from post-BAL lung homogenates on day 8 PI were surface stained with SeV
tetramers and anti-CD8 Abs, and their IFN-γ level was determined by intracellular staining.
Note that there was a significant increase in the total number of CD8+ T cells recovered from
SeV-infected lungs on day 8 PI compared with control mice (WT-SeV-UV mice = 0.15 ± 0.04
× 106 cells), but no difference was detected between WT (1.58 ± 0.21 × 106 cells) and
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DPPI−/− mice (1.71 ± 0.51 × 106 cells). Values for CD8+ T cells represent mean ± SEM derived
from n = 3–4 mice per condition.
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FIGURE 3.
Leukocyte recruitment to the alveolar space is defective in DPPI−/− mice after SeV infection.
A, Groups of WT mice were infected with SeV, and their BAL fluid was subjected to total and
differential cell counts. B, BAL fluid differential cell counts on SeV PI day 3. The absolute
number of each cell type was calculated by multiplying the total number of cells from each
lung by the percentage of positive staining cells. Values represent mean ± SEM of at least 10
mice per genotype. TCC, total cell count; PMN, neutrophil; Mac, macrophage; Lymph,
lymphocyte.
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FIGURE 4.
Dampened chemokine/cytokine release in DPPI−/− mice following SeV infection. At day 3 PI,
BAL fluid was obtained from each group of mice and analyzed for chemokines CXCL1 (A),
LIX (B), CXCL15 (C), and CXCL2 (D), and cytokine IL-1β (F), TNF (E), and IL-6 (G) levels.
Values represent mean ± SEM of four to five mice per genotype for LIX and CXCL15, and
11–12 mice per genotype for others.
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FIGURE 5.
Leukocyte recruitment into the alveolar space is dependent on WT neutrophils. A, Mice were
infected with SeV on day 0, followed by i.v. transfer of 107 purified WT or DPPI−/− neutrophils
on days 1, 2, and 3 PI. On day 4 PI, mice were sacrificed and their lungs were lavaged. Adoptive
transfer of WT neutrophils into DPPI−/− mice after SeV infection led to an absolute increase
in the number of cells recruited to the alveolar space. In contrast, transfer of DPPI−/− neutrophils
failed to increase the number of cells localizing to the alveolar space. Values represent mean
± SEM (n = 4–5 mice per condition). B, To confirm that adoptively transferred neutrophils
localized to the lungs, GFP+ WT neutrophils were purified and adoptively transferred into
DPPI−/− mice on days 1, 2, and 3 PI. Twenty-four hours after the last transfer, mice were
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sacrificed and the cells recovered from their BAL fluid were analyzed by flow cytometry.
Transfer of GFP+ WT neutrophils into DPPI−/− mice led to an increase in the total number of
neutrophils that localized to the alveolar space, as revealed by flow cytometric analysis of Gr1-
positive cells. Of these, only a small percentage of cells was from the donor pool, as revealed
by the presence of GFP+ GR1+ cells. Representative flow cytometry plots are shown. The
absolute number of neutrophils was calculated by multiplying the total number of cells obtained
from the BAL fluid by the percentage of GR1+ cells. Values represent mean ± SEM of four
mice per condition. TCC, total cell count; PMN, neutrophil.
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FIGURE 6.
Adoptive transfer of WT neutrophils restores CXCL2 levels. Mice were infected on day 0 and
received 107 purified WT or DPPI−/− neutrophils i.v. on days 1, 2, and 3 PI. On day 4 PI, the
mice were sacrificed and their lungs were lavaged. Adoptive transfer of WT neutrophils, but
not DPPI−/− neutrophils, led to a significant increase in the levels of CXCL2 (A) and enhanced
the levels of IL-1β (B), TNF (C), and IL-6 (D) in the alveolar space. Values represent mean ±
SEM of three to four mice per condition.
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FIGURE 7.
WT neutrophils contribute to mucous cell metaplasia post-SeV infection. DPPI−/− mice were
infected with SeV on day 0, followed by i.v. transfer of 107 WT or DPPI−/− neutrophils on
days 1, 2, and 3 PI. On day 21 PI, mice were sacrificed and their lungs were harvested for
analysis. Lung sections from DPPI−/− mice that received WT neutrophils showed an increase
in the number of PAS+ cells (A) compared with mice that received DPPI−/− neutrophils (B),
although this increase did not reach statistical significance (C). Values represent mean ± SEM
of three mice per condition.
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FIGURE 8.
Absence of CG and NE does not protect mice against SeV-induced weight loss and
proinflammatory chemokine/cytokine release. Mice deficient in both CG and NE (CGNE) had
the same weight loss curve as WT mice infected with SeV (A) and released the same levels of
chemokines and cytokines into the alveolar space on day 3 PI (B–F). Values represent mean
± SEM of four mice per genotype. TCC, total cell count; PMN, neutrophil; Mac, macrophage;
Lymph, lymphocyte.
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