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Abstract

Prior work established that a deficiency in the cysteine protease dipeptidyl peptidase | (DPPI)
improves survival following polymicrobial septic peritonitis. To test whether DPPI regulates
survival from severe lung infections, DPPI =/~ mice were studied in a Klebsiella pneumonia lung
infection model, finding that survival in DPPI =/~ mice is significantly better than in DPPI */*
mice 8 d after infection. DPPI =/~ mice have significantly fewer bacteria in the lung than infected
DPPI */* mice, but no difference in lung histopathology, lung injury, or cytokine levels. To
explore mechanisms of enhanced bacterial clearance in DPPI =/~ mice, we examined the status of
pulmonary collectins, finding that levels of surfactant protein D, but not of surfactant protein A,
are higher in DPP1 =/~ than in DPPI */* BAL fluid, and that DPPI =~ BAL fluid aggregate bacteria
more effectively than control BAL fluid. Sequencing of the amino terminus of surfactant protein D
revealed two or eight additional amino acids in surfactant protein D isolated from DPPI ~/~ mice,
suggesting processing by DPPI. These results establish that DPPI is a major determinant of
survival following Klebsiella pneumoniae lung infection and suggest that the survival
disadvantage in DPPI */* mice is in part due to processing of surfactant protein D by DPPI.
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INTRODUCTION

Dipeptidyl peptidase | (DPPI) is a cysteine protease that removes NH,-terminal dipeptides
from a variety of targets [1,2,3,4,5,6]. Studies of DPPI ~/~ mice show that DPPI is required
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for activation of the granule-associated serine proteases granzymes A and B, neutrophil
elastase, cathepsin G and mast cell chymases [2,4,6]. Because these proteases are required
for mounting an optimal response to bacterial infection, we previously studied DPPI =/~
mice in a model of polymicrobial septic peritonitis [7], finding that the absence of DPPI is
associated with significantly better survival and that this survival advantage depends on
depletion of mast cell-DPPI and increased levels of IL-6.

Surfactant protein D (SPD) is a member of the collectin family of proteins, which act as
pattern recognition molecules that bind polysaccharides and glycolipids expressed on the
surface of a variety of microorganisms [8,9]. Structurally, SPD exists predominately as a
dodecamer [10,11,12]. Multimerization of SPD is critical to its bioactivity [9,10,11,12]. Via
direct binding to microorganisms, SPD causes aggregation and influences immune cell-
mediated clearance of pathogens [8,9]. Microorganisms whose lung clearance depends on
SPD include influenza A [13,14], respiratory syncytial virus [15], Pseudomonas aeruginosa
[16] and Klebsiella pneumoniae [10].

In this report, experiments were conducted to examine whether DPPI regulates survival from
bacterial lung infection. They reveal that DPPI-deficient mice have better survival following
K. pneumoniae lung infection and that this survival advantage is associated with increased
levels of SPD in the lungs of DPPI mice. These findings indicate that the absence of DPPI
protects against severe bacterial lung infection and extends its importance as a mediator of
the host response to severe bacterial infections.

MATERIAL AND METHODS

Experimental Animals

The experiments used DPPI */* and DPPI =/~ mice [4] in a C57BL/6 background. All
experimental procedures were performed in 8-12 week-old mice and were approved by the
University of California, San Francisco Committee on Animal Research.

Induction of K. pneumoniae lung infection in mice

Mice were inoculated intranasally via a sterile pipet tip with 3000 CFU of K. pneumoniae
(strain 43816, American Type Culture Collection, Manassas, VA) suspended in 50 pl of
saline. Mice recovered from anesthesia and survival monitored three times daily. Moribund
mice were euthanized by CO, inhalation and cervical dislocation.

Quantification of cellular response to infection

Lungs of mice were lavaged 3x with 0.7 cc of sterile PBS. Lavage fluid (BAL) was pooled
and centrifuged at 4°C and the supernatant saved for analysis. Cell pellets were suspended in
PBS and cell numbers counted with a hemocytometer and differentials determined on
cytospins of cells stained with Diff-Quik (American Scientific Products, McGaw Park, IL).

Quantification of bacterial colony forming units (CFU)

Immediately after recovery, 10 ul of lung lavage fluid or blood were diluted serially in
sterile saline. 10 pl of each dilution were aseptically plated and cultured on nutrient agar for
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non-fastidious microorganism plates (Difco, Detroit, MI) at 37°C. After 24 h, the numbers
of bacterial colonies were counted.

Type Il cell Isolation

Alveolar type Il cells were isolated by inflating mouse trachea with 1 ml of dispase (5 u/ml,
Roche Indianoplis, IN) suspended in DMEM, the lungs harvested, and incubated at 18°C for
60 min. The lungs were then minced, filtered through 40 uM mesh filters. Cells were
subsequently stained with rat anti-E-cadherin followed by APC-conjugated anti-rat 1gG
secondary antibody and FACS sorted for E-cadherin-positive cells using a MoFlo Cell
Sorter. Sorted cells were analyzed by immunoblot for the presence of DPPI using a goat
anti-mouse DPPI antibody (R&D systems, Minneapolis, MN).

Assay of bacterial aggregation

Surfactant aggregation of bacteria was quantified using a method described previously [17].
Briefly, 500 pl of E. coli K12 grown overnight in LB broth (Difco) were pelleted, and then
resuspended in 1 ml of PBS containing calcium. 90 pl of this suspension and 10 pl of BAL
fluid obtained from uninfected DPPI */* or DPPI ~/~ mice were incubated for varying
lengths of time. The suspensions were shaken at 300 rpm, and bacterial density monitored at
a wavelength of 400 nm in a spectrophotometer at 5-min intervals.

Surfactant protein analysis and macrophage immunoblotting

Lungs were lavaged with 0.8 cc of saline and cells in lavage fluid separated by
centrifugation. The supernatant was removed and separated by SDS-PAGE under reducing
or non-reducing conditions, and analyzed by immunoblots probed with rabbit-anti mouse
surfactant protein D (Chemicon) or rabbit-anti mouse surfactant protein A (Chemicon).

Surfactant protein D purification and sequencing

Statistics

The lungs of 25 DPPI */* and 40 DPPI =/~ mice were lavaged with 150 mM NaCl, 5 mM
Tris, pH 7.4 and the recovered lavage fluids centrifuged at 3,000 x g for 45 min at 4°C. The
recovered supernatants were incubated overnight with maltose-sepharose containing 5 mM
CacCl; as described [18,19]. Bound protein was eluted with 50 mM Tris, 150 mM NacCl, 10
mM EDTA, pH 7.8. Fractions containing SPD were pooled, concentrated using Microcon
filters (MilliporeBillerica, MA) with a 3000 MW cutoff, separated by SDS-PAGE and
transferred onto a PVDF membrane. The membrane was stained with Coomassie Blue and
the band corresponding to surfactant protein D was sequenced by Edman degradation
(performed by Midwest Analytical, Inc., Chesterfield, MO).

Survival curves were analyzed using the two-tailed Fisher’s exact test. ANOVA followed by
two-tailed t testing was used to compare markers of organ dysfunction, bacterial CFU, and
mean cytokine concentrations. All calculations were performed using Statview 5.0.1
software (SAS Institute Inc., Cary, NC). Significance was assigned to P values < 0.05.
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RESULTS

DPPI modulates survival from Klebsiella pneumoniae lung infections

To test whether DPPI modulates survival from bacterial infections outside the peritoneum,
the nares of DPPI */* and DPPI =/~ mice were inoculated with 3000 CFU of K. pneumoniae.
DPPI = mice have significantly improved survival compared to wild type controls (63% vs.
27%) 8 d after inoculation (Figure 1A).

To understand how DPPI modulates survival following Klebsiella pneumonia, endpoints
commonly explaining differences in survival in this model were examined at various
intervals after inoculation with K. pneumoniae. No differences were found in either wet : dry
lung weights or histopathology. The DPPI ~~ mice had fewer neutrophils in their BAL fluid
48 hours after inoculation (Figures 1B, 1C, and 1D). There were no differences in levels of
TNF-a, IL1p, or IL-6 in BAL fluid obtained 12, 24, or 48 hours after inoculation (data not
shown).

DPPI =/~ mice have enhanced bacterial clearance following K. pneumonia lung infection

Next, bacterial loads in the lung and blood of DPPI ~/~ mice to DPPI */* controls were
compared at various times after inoculation. Bacterial loads were similar in BAL fluid and
blood of DPPI =~ mice and DPPI */* controls 12 and 24 h after inoculation (Figure 2A). By
48 h, DPPI = mice have fewer bacteria in BAL fluid (Figure 2A) and a trend toward fewer
bacteria in the blood (Figure 2B) than DPPI */* mice, demonstrating that DPPI ~/~ mice have
enhanced clearance of Klebsiella from the lung.

DPPI-deficient mice have increased levels of surfactant protein D

The collectins surfactant protein A (SPA) and surfactant protein D (SPD) are major
mediators of clearance of bacteria from the lung [8,9,17]. Prior work suggested that the
neutrophil serine proteases regulate SPD levels by proteolytic destruction during lung
infection [20]. Because these enzymes are inactive in DPPI ~/~ mice [6], we used
immunoblots to examine whether SPA or SPD are differentially processed in infected
DPPI ~/~ mice. Inmunoblots of BAL fluid obtained from DPPI ~/~ and DPPI */* mice 48 h
after Klebsiella infection revealed that BAL fluid from DPPI =~ mice had increased levels
of SPD, but not SPA (not shown). Immunoblots did not detect fragments of SPD (Figure
3A), suggesting the increased level of SPD in DPPI =~ mice was not due to limited
degradation by the absence of active neutrophil proteases in DPPI =~ mice.

Next, immunoblots of BAL fluid were used to examine whether SPA or SPD levels are
altered in uninfected DPPI =/~ mice. Levels of immunoreactive SPD but not SPA were
markedly higher in BAL fluid from DPPI =/~ mice (Figures 3B and 3C), indicating that the
absence of DPPI alters the basal levels of SPD. To begin to understand why DPPI =/~ mice
have increased levels of SPD, levels of SPD mRNA were measured and found to be similar
in lung extracts from DPPI =/~ and DPPI */* mice (Figure 3D), indicating that the
biochemical change causing increased SPD levels in DPPI =/~ mice occurs
posttranslationally. Finally, alveolar type Il cells were shown to be immunoreactive for
DPPI, indicating they manufacture the protease (Figure 3E). These findings suggest that
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type Il cell DPPI could regulate lung levels of SPD posttranslationally, and that higher levels
of SPD may explain the survival advantage of DPPI =/~ mice to Klebsiella lung infections.

BAL fluid from DPPI-deficient mice has enhanced clumping of bacteria

To examine whether the increased SPD levels in DPPI =/~ mice is potentially biologically
relevant, a bioassay for SPD surfactant activity, was used to examine whether BAL fluid
from DPPI =/~ mice aggregates bacteria differently than that from DPPI */* mice. Consistent
with the higher SPD levels in DPPI ~/~ mice, the BAL fluid from DPPI ~/~ mice aggregates
bacteria with significantly greater efficiency than that from DPP1 */* controls (Figure 4A).

Surfactant Protein D Isolated from DPPI =~ mice has a unique amino-terminus

To examine whether SPD was differentially processed in the absence of DPPI, SPD was
purified from BAL fluid from DPPI ~~ and DPPI ** mice. The amino terminus was
sequenced by Edman degradation. SPD purified from DPPI */* mice consisted of a single
amino terminus (RSVPN) corresponding to residues 28-32 of mouse SPD (Figure 4B). In
contrast, the amino terminus of SPD from DPPI ~/~ mice consisted of approximately equal
proportions of two different sequences (AEMKS and SQRSV) corresponding to amino acids
20-24 and 26-30 of mouse SPD (Figure 4B). These results show that the amino terminus of
SPD in DPPI ~/~ mice contains either two or eight additional amino acids.

DPPI deficient mice have increased levels of the multimeric form of surfactant protein D

SPD is recovered from BAL fluid in multiple forms including trimers, oligomers, and
higher-order structures [9,21], which account for its anti-bacterial activity [10,12]. To
examine whether the multimeric forms of SPD are proportionately greater in DPP1 =/~ mice,
the total levels of SPD were first normalized by immunoblotting for SPD under reducing
conditions (Figure 4C). Next, the levels of the multimeric forms of SPD were compared by
immunoblotting the normalized samples separated under non-reducing conditions (Figures
4D and 4E). BAL fluid from DPPI =~ mice had higher levels of the multimeric and higher
order forms of SPD and lower levels of the monomer. These data indicate that DPPI =/~
mouse lungs contain proportionately greater amounts of SPD multimers.

DISCUSSION

This study shows that DPPI regulates survival from Klebsiella lung infections, possibly by
regulating lung levels of surfactant protein D. The findings are significant because they
identify a previously unrecognized role for DPPI in SPD processing, which influences both
the level of SPD and its ability to assemble into multimeric forms. Furthermore, they show
that in addition to protecting mice from death from septic peritonitis [7], DPPI deficiency
protects mice from death from severe lung infection.

A prior investigation showed that genetic deletion of the cysteine protease DPPI improves
survival following polymicrobial septic peritonitis [7]. In that study, the survival advantage
was attributed to regulation of peritoneal IL-6 levels by mast cell DPPI. Because of those
observations, similar experiments were considered to investigate this mechanism explains
the improved survival of DPPI =/~ mice in the Klebsiella lung infection model. Cytokine
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analysis did not confirm differences in IL-6 levels at various time-points after infection.
Furthermore, because reconstitution of mast cell-deficient mice do not permit investigation
of mast cell roles in this Klebsiella lung infection model [22] we were unable to adequately
examine whether mast cell DPPI similarly influences survival in Klebsiella lung infections.
In fact, survival of mast cell deficient Wsh mice reconstituted with DPPI */* and DPPI =/~
mast cells [23] had similar survival in the Klebsiella lung infection model (data not shown).
This is likely because the location and number of mast cells in lungs of reconstituted mice
differ from those in wild type controls, making it technically unfeasible to definitively
examine the role of lung mast cell DPPI or its regulation of IL-6 in Klebsiella lung infection
[22].

Neutrophils play a central role in the Kkilling and clearing of Klebsiella infections. The killing
of bacteria by neutrophils is dependent on the proteases neutrophil elastase and cathepsin G
[24,25]. Neutrophils are abnormal in DPPI =/~ mice since they lack active neutrophil
elastase, cathepsin G, and have reduced quantities of active proteinase-3 (54). Because
neutrophil elastase =~ or neutrophil elastase ~/~ and cathepsin G ~~ double-null mice have
increased mortality following Klebsiella infection, it is unlikely that the absence of active
neutrophil elastase or cathepsin G explains the survival advantage of DPPI =~ mice.
Furthermore, neutrophils and their proteases may contribute to lung injury [25,26].
However, differences in lung injury due to the lower numbers of neutrophils at the 48 hour
time-point or lack of active neutrophil elastase and cathepsin G in DPPI =~ mice do not
explain the survival advantage of DPPI =~ mice.

The lack of confirmation of the mechanism defined in the peritonitis model prompted
investigation of an alternative explanation for the improved survival of DPPI =~ mice
following Klebsiella lung infection. Because neutrophil elastase and cathepsin G may
regulate levels of SPD in some contexts [20], we investigated whether SPD was
differentially expressed in DPPI =/~ mice. Remarkably, SPD levels under physiologic and
inflamed conditions were increased in the absence of active DPPI, indicating that DPPI
regulates SPD levels in mice. Furthermore, the SPD purified from DPPI =/~ mice has
additional amino acids, suggesting these amino acids contribute to the increased SPD levels
in DPPI =~ mice. Because neutrophils are rarely found in non-inflamed lungs, it is unlikely
the lack of active neutrophil elastase or cathepsin G explain the elongated amino-terminus of
SPD in DPPI =/~ mice. Further, the finding that the amino-terminus of SPD isolated from
DPPI =/~ mice has two or eight additional amino acids, and that DPPI is made by type II
cells suggest that DPPI processes the amino-terminus of SPD prior to secretion and that SPD
processing by DPPI regulates both the level of SPD and the proportion of SPD that
assembles into its multimeric form.

Surfactant proteins B and C undergo proteolysis prior to secretion and this processing is
essential for biological activity [27,28]. The present study is novel because it reports the
proteolytic processing of SPD under physiologic conditions and demonstrates the
importance of this processing with respect to overall levels of SPD. The SPD amino-
terminus has been sequenced for multiple species, including pigs, rats and humans
[29,30,31]. These reported sequences of purified SPD correspond to the amino-termini of
SPD identified in DPPI ~/~ mice rather than the truncated form identified in DPPI */*
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controls. The exception is a report of a minor amino-terminus in rats that is two amino acids
shorter than the major sequence [30]. Truncation by two amino acids is consistent with
processing by DPPI. One explanation for why the amino terminus of SPD isolated in prior
studies corresponds to the sequence identified in DPPI =~ mice is that SPD in those studies
was isolated either from patients with alveolar proteinosis [29,31,32] or from animals
provoked to manufacture increased amounts of SPD [30]. This gives rise to the possibility
that during circumstances of pathologic stress the unprocessed form of SPD predominates,
contributing to increased levels of SPD in these diseased lungs.

The biological activity of SPD, including its ability to clear bacterial infections, depends on
formation of oligomeric structures [11,12,33]. Another noteworthy finding in these studies is
that the lungs of DPPI =~ mice have relatively higher amounts of the multimeric forms of
SPD, suggesting that the relative increase in multimeric forms of SPD-- in addition to the
increase in total SPD-- explain the enhanced bacterial clearance in DPPI =/~ mice. Because
SPD isolated from DPPI ~/~ mice has two or eight additional amino acids at its amino
terminus, the data indicate that these eight amino acids play a key role either in the
formation or stabilization of SPD in its oligomeric form.

In summary, the data presented here establish that DPPI is a major mediator of survival
following K. pneumoniae lung infection and that absence of its activity is associated with
improved survival. It identifies SPD as a novel DPPI substrate and establishes that amino
terminal processing of SPD by DPPI influences SPD levels and multimer formation.
Targeting DPPI with protease inhibitors could be a novel approach for manipulating levels
of SPD and treating severe bacterial pneumonia.
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Figure 1. DPPI I~ mice are protected from death from K. pneumonia lung infection
(A) Survival of 30 DPPI */* and 27 DPPI ~/~ mice infected intranasally with 3000 CFU of K.

pneumonia(*P = 0.008). Similar results were found in three separate experiments. (B) Total
cell counts and cell differentials in BAL fluid obtained from DPPI */* and DPPI =/~ mice 12
h, 24 h, and 48 h after inoculation with K. pneumonia (7-10 mice per group, *p < 0.01). (B)
Representative sections of lung, stained with hematoxylin and eosin, obtained from DPPI */*
and DPPI ~/~ mice 48 h after inoculation with K. pneumonia. (C) Wet: dry lung weights of
DPPI ** and DPPI ~~ mice 24 and 48 h after inoculation of K. pneumonia (7-10 mice per

group).
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Figure 2. Bacterial clearance is enhanced in DPPI I~ mice
Quantification of K. pneumonia in BAL fluid (A) or blood (B) from DPPI */* and DPPI =/~

mice 12 h, 24 h, and 48 h after intranasal inoculation with K. pneumonia (n = 6-9 mice/
group; *P < 0.001).
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Figure 3. Lung SPD levels are increased in DPPI I~ mice
(A) Immunoblot of 5 pl of BAL fluid obtained 48 h after intranasal inoculation with 3000

CFU of K. pneumonia probed for SPD. Note: line indicates the bottom of the gel. (B)
Immunoblot of 5 ul of BAL fluid from uninfected mice probed for SPD or SPA. (C)
Average densitometric units of immunoreactive SPD in DPPI */* and DPPI =~ BAL fluid (n
= 6-9 mice/group). (D) PCR for SPD and B-actin of mRNA from lung lysates. (E)
Immunoblots of bone marrow mast cells (BMMC, positive control) and alveolar type 11 cells
(TI1) from DPPI */* and DPPI ~~ mice probed for DPPI demonstrate immunoreactive DPPI
in Tl cells isolated from DPPI */* but not DPPI ~/~ mice. (*P <0.01 compared to DPPI ~/~
mice).
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Figure 4. Characterization of BAL fluid from DPPI I~ mice
(A) Enhanced aggregation of bacteria by BAL fluid obtained from DPPI =/~ mice. E. coli

K12 suspended in media were mixed with BAL fluid from DPPI */* (squares) or DPP1 =/~
(circles) mice and incubated at 37°C. Bacterial density was monitored by absorbance at 400
nm (n= 6/group, *p= 0.006 at 60 min). (B) Amino terminal sequence of SPD purified from
the BAL fluid of uninfected DPPI */* and DPPI ~~ mice. (C) Immunoblot for SPD of BAL
fluid obtained from DPPI */* and DPPI =/~ mice separated under reducing conditions with
the relative amounts loaded normalized for levels of SPD. (D) Immunablot for SPD of the
same quantities of BAL fluid loaded in panel C separated by SDS-PAGE under non-
reducing conditions. (E) Relative densitometric units of the multimeric forms of SPD
compared to total SPD (panel C). (*P <0.02)
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