
Thrombospondin-1 restrains neutrophil granule
serine protease function and regulates the innate
immune response during Klebsiella pneumoniae
infection
YZhao1, TFOlonisakin1, ZXiong1,MHulver1, S Sayeed1,MTYu1,ADGregory1, EJKochman1, BBChen1,
RK Mallampalli1,2, M Sun3, RL Silverstein4, DB Stolz3, SD Shapiro1, A Ray1, P Ray1 and JS Lee1,5

Neutrophil elastase (NE) and cathepsin G (CG) contribute to intracellular microbial killing but, if left unchecked and

released extracellularly, promote tissue damage. Conversely, mechanisms that constrain neutrophil serine protease

activity protect against tissue damage but may have the untoward effect of disabling the microbial killing arsenal. The

host elaborates thrombospondin-1 (TSP-1), a matricellular protein released during inflammation, but its role during

neutrophil activation following microbial pathogen challenge remains uncertain. Mice deficient in TSP-1 (thbs1� /� )

showed enhanced lungbacterial clearance, reduced splenic dissemination, and increased survival comparedwithwild-

type (WT) controls during intrapulmonary Klebsiella pneumoniae infection. More effective pathogen containment was

associatedwith reducedburdenof inflammation in thbs1� /� mouse lungs comparedwithWTcontrols. LungNEactivity

was increased in thbs1� /� mice following K. pneumoniae challenge, and thbs1� /� neutrophils showed enhanced

intracellular microbial killing that was abrogated with recombinant TSP-1 administration or WT serum. Thbs1� /�

neutrophils exhibited enhanced NE and CG enzymatic activity, and a peptide corresponding to amino-acid residues

793–801 within the type-III repeat domain of TSP-1 bridled neutrophil proteolytic function and microbial killing in vitro.

Thus, TSP-1 restrains proteolytic action during neutrophilic inflammation elicited by K. pneumoniae, providing a

mechanism that may regulate the microbial killing arsenal.

INTRODUCTION

Thrombospondin-1 (TSP-1) is a matricellular protein that
exists as a trimer of identicalB150–180 kDa subunits tethered
together by disulfide bonds.1,2 A major source of TSP-1 is
platelet a-granules, with TSP-1 being released upon platelet
activation.3–5 TSP-1 also exists in plasma at low concentrations
under basal conditions, and is made by numerous cells
including myeloid-derived cells such as neutrophils.6,7 Given
its adhesive nature, TSP-1 can bind to the surface of platelets,
extracellular matrix, and a number of other cells including
fibroblasts, smoothmuscle cells, endothelium, neutrophils, and
macrophages, providing amultiplicity of potential cell–cell and

cell–matrix interactions.2 Thus, it is not surprising that TSP-1
has been implicated in a number of important biological functions
such as embryogenesis, wound repair, tumor growth and
metastasis, angiogenesis, hemostasis, and inflammation.2,5,8–11

Others have previously shown that platelet proteins such as
TSP-1 are found in the airspace of patients with acute
respiratory distress syndrome and TSP-1 concentrations
correlate with composite injury scores that quantify the degree
of lung injury.12 The original description of mice deficient
in TSP-1 (thbs1� /� ) showed spontaneous development of
non-infectious pneumonia and the predisposition to develop
inflammation due to impaired homeostasis.13 We recently
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demonstrated that, although thbs1� /� mice do not sponta-
neously develop non-infectious pneumonia, these mice exhibit
a defect in their ability to resolve from injurious stimuli to the
lungs.14We have also shown that interleukin (IL)-10 is essential
for recovery of lung inflammation during the late phase of
bacterial infection.14,15 In an experimentalmodel of lung injury,
we further show that the bridging function of TSP-1 is required
for optimal triggering of macrophage IL-10 production
following contact recognition of apoptotic neutrophils that
is necessary for effective resolution of inflammation.14,15 It
remains unclear, however, what the role of TSP-1 is, if any,
during bacterial pneumonia, an important cause of morbidity
andmortality worldwide and a well-known risk factor for acute
respiratory distress syndrome.16

Neutrophils are innate immune effector cells of microbial
killing and are critical for pulmonary host defense against
pathogen. Twomajor modes of intracellular killing are operant
in neutrophils: (1) oxygen-dependentmechanism involving the
recruitment and activation of theNADPHoxidase complex, the
generation of oxygen free radicals and superoxide, resulting in
myeloperoxidase-mediated halogenation to form hypochlor-
ous acid; (2) the release of cytosolic granule contents within the
phagosome, comprised of neutrophil serine proteases, the
activation of these proteases within the phagosome,17–19 and
the contribution of antimicrobial proteins.20 Neutrophil
elastase (NE), a key granule serine protease, degrades outer
membrane protein A on the surface of Gram-negative
bacteria21 and is an important contributor to the oxygen-
independent arm of microbial killing. Although effective
neutrophil microbial killing is required to thwart collateral
tissue damage and organ injury induced by microbial–host
interactions, the host also requires mechanisms to curtail its
microbial killing arsenal to prevent subsequent collateral tissue
damage and organ injury. Indeed, unbridled neutrophil
protease activity is associated with lung injury or acute
respiratory distress syndrome in humans.22 Thus, a fine
balance is required for effective neutrophil microbial-killing
activity on one hand and the curtailment of an over-vigorous
host inflammatory response on the other.

TSP-1 is a competitive inhibitor of serine proteases such as
plasmin, preventing the cleavage of fibrinogen in vitro with

stoichiometric predictions demonstrating 1mol of TSP-1
interacting with 1mol of plasmin.23 This prompted further
studies showing that TSP-1 binds and competitively inhibits the
enzymatic activity of purified NE and cathepsin G (CG)
in vitro.3,4 These findings suggest a regulatory role for TSP-1
during inflammation, but how TSP-1 modulates neutrophil
function during the innate immune response to bacterial
pathogens is unclear.

RESULTS

Increased bacterial clearance from the lungs, reduced
splenic dissemination, and enhanced survival following
intratracheal instillation of Klebsiella pneumoniae in mice
deficient in TSP-1

To investigate the role of TSP-1 in pulmonary host defense,
thbs1� /� mice were inoculated with the bacterial pathogen K.
pneumoniae at 4� 103 colony-forming units (CFUs). At 48 and
72 h following intratracheal inoculation, thbs1� /� mice
showed reduced bacterial burden in the lungs compared with
wild-type (WT) mice, as measured by CFU/lung (Figure 1a).
Consistent with the findings in the lungs, thbs1� /� mice
showed reduced splenic dissemination compared with WT
mice (Figure 1b). Thus, pulmonary host defense is enhanced
during bacterial pneumonia in the absence of TSP-1 that is
associated with reduced systemic dissemination. We next
determined whether the enhanced bacterial clearance in
thbs1� /� mice confers a survival advantage during
bacterial pneumonia with K. pneumoniae. At an inoculum
of 1.2� 104 CFU, lethal dose (LD50) was achieved at 72 h inWT
mice (Figure 1c). Kaplan–Meier curve followed by the log-rank
test showed enhanced survival in thbs1� /� mice compared
with WT mice (P¼ 0.02, n¼ 20 per group). The median
survival for thbs1� /� mice was 312 h (13 days), comparedwith
72 h (3 days) for WT mice. A kinetics study examining
responses of WT and thbs1� /� mice 24, 48, 72, and 96 h
following intratracheal inoculation (1.8� 103 CFU) indicated
that, by 72 and 96 h, thbs1� /� micewere clearing bacteria from
the lungs faster than WT mice (Supplementary Figure 1
online). Consistent with our prior findings,24

thbs1� /� mice show deficiency in IL-10, which is required
for optimal resolution of lung inflammation during the late
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Figure 1 thbs1� /� mice show enhanced lung bacterial clearance, reduced splenic dissemination, and enhanced survival following intratracheal
K. pneumoniae inoculation.Colony-formingunits (CFU)obtained from(a) lung tissuehomogenateand (b) splenichomogenate culturesofWTand thbs1� /�

mice 48 and 72h after intratracheal (i.t.) inoculation withK. pneumoniae, n¼ 7–10mice per group. Kruskal–Wallis test with Dunn’smultiple comparisons,
*Po0.05. (c) A Kaplan–Meier survival curve of WT and thbs1� /� mice following i.t. infection with K. pneumoniae (n¼20 mice per genotype, P¼0.02).
The median survival for WT mice was 72 h (3 days) and 312 h (13 days) for thbs1� /� mice. WT, wild type.
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phase after infection.15 Taken together, TSP-1 deficiency
improves early lung bacterial clearance, reduces systemic
dissemination, and confers increased survival during bacterial
pneumonia induced by K. pneumoniae. However, thbs1� /�

mice may later succumb to sub-optimal resolution from injury
due to inability to trigger full IL-10 responses in the lungs.

thbs1� /� mice show enhanced lung NE activity and
reduced parenchymal inflammation following intratracheal
K. pneumoniae

TSP-1 can bind and induce the motility and chemotaxis of
neutrophils in vitro,25–28 and we have previously reported that
thbs1� /� mice show slightly higher leukocyte counts in the
airspaces under basal conditions.24 Despite this, total leukocyte
and neutrophil recruitment into the alveolar spaces were not
different between thbs1� /� and WT mice following intra-
tracheal K. pneumoniae (Figure 2a, b). Within the lung
parenchymal compartment, thbs1� /� mice showed reduction
in IL-6, IL-10, G-CSF, GM-CSF, KC, andMCP-1, but not TNF-
a concentrations compared with WT controls (Figure 2c).
Lung myeloperoxidase (MPO) activity, an indicator of total
neutrophil content in tissue homogenates, showed no
differences at 48 h (Figure 2d). By 72 h, however, thbs1� /�

lungs showed reducedMPO activity in agreement with reduced
total airspace protein concentrations (Figure 2e), a marker of
lung injury. Moreover, histologic examination showed lower
neutrophil burden in the lungs of thbs1� /� mice (Figure 2f;
Supplementary Figure 2), and semi-quantitative morphome-
tric analysis of lung tissue indicated a significantly lower
inflammation score in thbs1� /� lungs compared with WT
(Figure 2g). These findings suggest that a more effective
pulmonary host defense and early containment of bacterial
pathogen in thbs1� /� mice are associated with an overall
reduction in the intensity of the lung inflammatory response.
We next tested the possibility whether the absence of TSP-1
may contribute to enhanced neutrophil function and provide
effective containment of bacterial pathogen.

Previous reports have shown the requirement for NE, a
serine protease stored within azurophilic granules of neutro-
phils, for adequate bactericidal activity against Gram-negative
bacteria such as Escherichia coli and K. pneumoniae.21,29 Lung
tissue homogenates of thbs1� /� mice showed enhanced NE
compared with the lungs of WT mice at 48 and 72 h, following
intratracheal challenge withK. pneumoniae (Figure 2h). Taken
together, thbs1� /� mice show increased lung NE associated
with reduced intensity in the inflammatory response, suggest-
ing the possibility that TSP-1 may regulate NE activity to
restrain microbial killing with consequent alterations in the
host inflammatory response.

thbs1� /� neutrophils showenhancedmicrobial killing that
is reversed by administration of recombinant TSP-1 or WT
serum

To more closely examine intracellular microbial-killing
capacity, thbs1� /� and WT neutrophils were obtained
following intraperitoneal inoculation with K. pneumoniae.
Neutrophils were washed and treated with gentamicin to

remove extracellular, membrane-attached bacteria. At time 0,
neutrophils from thbs1� /� and WT mice ingested similar
numbers of bacteria as indicated by CFU following lysis of cells
(Figure 3a). However, after 60min incubation, thbs1� /�

neutrophil lysates showed significantly less viable bacteria
compared with WT neutrophil lysates (Figure 3a), indicating
enhanced microbial killing in the absence of TSP-1. The
addition of recombinant TSP-1 just prior to K. pneumoniae
challenge in vivo eliminated the enhanced bacterial killing
function of thbs1� /� neutrophils near to the level of WT
neutrophils, suggesting a specific role of TSP-1 in restraining
neutrophil microbial killing (Figure 3b). Moreover, whereas
WT neutrophils showed a 2.3-fold reduction in viable bacteria
over time with ex vivo incubation, thbs1� /� neutrophils
showed a 17.8-fold reduction (mean-fold reduction inCFU/106

polymorphonuclear cells±s.e.m.: 2.3±0.2 vs. 17.8±6.3,
Po0.05). Compared with thbs1� /� neutrophils treated
with vehicle alone, thb1� /� neutrophils pretreated with
recombinant TSP-1 showed a 5.5-fold reduction over time
with ex vivo incubation (mean-fold reduction in CFU/106

polymorphonuclear cells±s.e.m.: 17.8±6.3 vs. 5.5±0.3,
Po0.05). Thus, neutrophils show enhanced microbial
killing in the absence of TSP-1, and addition of
recombinant TSP-1 can mitigate this response.

We next examined microbial killing by WT and thbs1� /�

neutrophils following K. pneumoniae infection in vitro to
determine whether in vitro can recapitulate in vivo findings.
At a multiplicity of infection of 50:1, thbs1� /� neutrophils
showed enhanced microbial killing compared with WT
neutrophils (Figure 3c). The enhanced microbial killing
observed in thbs1� /� neutrophils could be reversed when
bacteria incubated with WT serum rather than homologous
serum was given to thbs1� /� neutrophils (Figure 3d).
Moreover, when bacteria incubated in thbs1� /� serum was
given to WT neutrophils, these neutrophils showed enhanced
microbial killing compared with WT neutrophils that received
bacteria incubated in homologous serum (Figure 3e). These
experiments collectively indicate that neutrophil microbial
killing is altered by TSP-1 and that the major source of TSP-1 is
extracellular in origin.

thbs1� /� neutrophils show enhanced NE and CG activity,
but normal respiratory burst and morphology

Previous reports have shown that TSP-1 can bind and
competitively inhibit purified CG and NE in vitro.3,4 However,
it is unknown whether TSP-1 can constrain neutrophil
proteolytic function by inhibiting granule serine protease
activity. As NE is the predominant serine protease critical in
non-oxidative effector killing of microbial pathogen and
degrades outer membrane protein A (OmpA) on the surface
of Gram-negative bacteria,18,21,29,30 we examined the NE
activity of tissue-recruited peritoneal-derived thbs1� /� and
WT neutrophils. Thbs1� /� neutrophils showed enhanced NE
activity compared with WT neutrophils, as measured by the
rate of enzymatic hydrolysis of substrate N-methoxysuccinyl-
Ala-Ala-Pro-Val p-nitroanilide (Figure 4a). Whereas
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N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide is an
excellent substrate for NE but not CG,31 protease 3 is a
neutrophil serine protease contained within azurophilic
granules that can also hydrolyze N-methoxysuccinyl-
Ala-Ala-Pro-Val p-nitroanilide.32–34 However, neutro-
phils obtained from mice deficient in NE (Ela2� /� )
showed minimal to no measureable ability to hydrolyze

N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide, indicat-
ing that NE accounts for the serine protease activity involved in
this reaction (Figure 4a).

A mixing experiment was conducted to test whether WT
neutrophils possessed a factor that could inhibit the enhanced
NE activity observed in thbs1� /� neutrophils. Increasing the
ratio of WT neutrophil lysates (1:3, 2:3, 3:3) added to the
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Figure 2 Reduced inflammatory response in the lung parenchyma of thbs1� /� mice is associated with enhanced neutrophil elastase (NE) activity
following bacterial pneumonia with K. pneumoniae. (a) Total bronchoalveloar lavage (BAL) leukocyte counts and (b) Total BAL polymorphonuclear cell
(PMN) counts obtained fromwild-type (WT) and thbs1� /� mice 48 and72h following intratracheal (i.t.) inoculationwithK. pneumoniae. (c) Lung cytokine
measurements in pgml� 1 from100 mgprotein of tissue homogenates obtained from the left lung ofmice48 h following i.t.K. pneumoniae. Cytokineswere
measured individually by enzyme-linked immunosorbent assay, and data are presented in one graph for simplicity. (d)Myeloperoxidase (MPO) activity in
left lung tissue homogenatesmeasured asU/lung fromWTand thbs1� /� mice 48 and 72 h after i.t. inoculationwithK. pneumoniae. (e) Total BAL protein
concentrations in mgml� 1 fromWT and thbs1� /� mice 48 and 72h after i.t. inoculation with K. pneumoniae. (f) Representative hematoxylin and eosin
sections ofR lung tissue obtained fromWTand thbs1� /� mice at 72 h postK. pneumoniae instillation. Experimentalmice underwent BALof the lung prior
to tissue fixation. Scale bar¼100 mm. (g) Lung histology shows a higher inflammation score inWT compared with thbs1� /� mouse lung tissue sections
from 72 h post K. pneumoniae instillation, n¼ 60 random high-powered images from three sections per group scored by three blinded reviewers. The
averaged score for each image is shown as an individual point. (h) NE activity measured in lung tissue homogenates at 48 and 72h following i.t.
K. pneumoniae. (a–e and h) n¼7–10mice per group, Mann–WhitneyU-rank sum test, ***Po0.0001, **Po0.01, *Po0.05. G-CSF, granulocyte-colony
stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL, interleukin; KC, keratinocyte-derived chemokine; MCP, monocyte
chemoattractant protein-1; TNF-a, tumor necrosis factor-alpha; WBC, white blood cells.
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substrate mixture containing a fixed amount of thbs1� /�

neutrophil lysates dose-dependently reduced the NE activity
to the level observed in WT neutrophils (Figure 4b).
Thus, neutrophils derived from an in vivo environment that
lacks TSP-1 show unrestrained NE activity, and reconstitution
with lysates from neutrophils derived from mice with intact
TSP-1 eliminated this effect. Suc-Ala-Ala-Pro-Phe-p-
nitroanilide is a chemical substrate for CG but not NE,31

and thbs1� /� neutrophils also showed enhanced CG activity
compared with WT neutrophils (Figure 4c). Taken together,
the data indicate TSP-1 regulates both NE and CG activity in
neutrophils.

To determine whether TSP-1 alters neutrophil respiratory
burst, we measured the oxidation of dihydro-rhodamine
to rhodamine in thbs1� /� and WT neutrophils, a clinically
relevant test performed on patient neutrophils suspected of
NADPH oxidase dysfunction. thbs1� /� neutrophils showed
similar respiratory burst to WT neutrophils (Figure 4d),
indicating that reactive oxygen species generation is not
exaggerated in thbs1� /� neutrophils that may account for
the altered pulmonary host defense. We also compared the
ultrastructure of thbs1� /� neutrophils with WT neutrophils,

and show similar morphology (Figure 4e). Furthermore,
thbs1� /� neutrophils show similar in vitro phagocytosis of
fluorescently labeled E. coli bioparticles compared with WT
neutrophils (Figure 4f). Collectively, these findings suggest that
TSP-1 impacts neutrophil proteolytic function by restraining
NE and CG activity, but does not significantly alter the
respiratory burst, phagocytosis, or morphology.

Peptides generated from the TSP-1 type-III repeat domain
inhibit protease activity of neutrophils

The type-III repeat domain is a region within TSP-1 that
harbors possible inhibitory reactive centers bearing striking
similarity to consensus sequences derived from the Kazal and
Streptomyces subtilisin inhibitor family members.35,36 We
generated peptides corresponding to residues 734–742 (DP-9
peptide) and 793–801 (DV-9 peptide), two stretches of eight
amino acids within the type-III repeat domain, bearing
reactive-site sequence similarity to select members of the
Kazal family of subtilisin inhibitors. Moreover, a peptide
corresponding to amino-acid residues 734–742 previously
showed the ability to inhibit activity of purified CG in vitro,
whereas a peptide corresponding to residues 793–801 showed
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neutrophils received bacteria opsonized with either 20% homologous or WT serum. Data points indicate neutrophils harvested from individual mouse,
n¼3 mice per group. (e) In vitro neutrophil microbial killing assay with WT neutrophils receiving either bacteria in WT or thbs1� /� serum. Data points
indicate neutrophils harvested from individual mouse, n¼ 4mice per group. Mann–WhitneyU-rank sum test for two group comparisons, Kruskal–Wallis
test followed by a Dunn’s Multiple Comparisons test for three group comparisons, *Po0.05, **Po0.01.
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inhibitory activity to both purified CG and NE.35We generated
a third peptide corresponding to residues 854–862 (DA-9)
without reactive-site sequence similarity or known inhibitory
activity35 that was used as control. Unlike in vitro conditions
involving purified enzyme and inhibitor of known concentra-
tions, activated neutrophils isolated from thioglycollate-sti-
mulated peritoneum possess numerous proteases and enzymes
that can reduce peptide efficacy. Thus, peptides were utilized in
excess concentration to determine whether discrete regions
of the type-III repeat domain exhibit inhibitory NE and CG
activity by a mechanism of substrate competition. Lysates
prepared from WT neutrophils were tested for NE activity,

as measured by the rate of enzymatic hydrolysis of substrate
N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide, in the
presence or absence of peptides DV-9, DP-9, and control
peptide DA-9.

NE activity was dose-dependently inhibited in the presence
of DV-9. DV-9 reducedNE activity by 28% at 1.25mM and 89%
at 2.5mM peptide, whereas DP-9 or DA-9 showed no effect
(Figure 5a). CG activity, on the other hand, as measured by the
rate of enzymatic hydrolysis of substrate N-Suc-Ala-Ala-Pro-
Phe p-nitroanilide, was dose-dependently inhibited byDV-9 by
54% at 1.25mM and 86% at 2.5mM (Figure 5b). DP-9 at the
higher concentration of 2.5mM inhibited CG activity by 20%,
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thbs1� /� mice at a ratio of 1:3, 2:3, 3:3, where three indicates 30 ml lysate containing 10mg protein. Data obtained from WT (3:0, black bar graph) and
thbs1� /� (0:3,white bar graph) neutrophil lysates. (c)CGactivitymeasured as the rate of enzymatic hydrolysis of syntheticCGsubstrateN-succinyl-Ala-
Ala-Pro-Phe-p-nitroanilide reflected by the increase in absorbance (Abs) at 405 nm over time utilizing lysates obtained from WT and thbs1� /�

neutrophils. Data points indicate neutrophils obtained from threemice per group performed in duplicates. Student’s t-test, *Po0.01. (d) Respiratory burst
ofWT and thbs1� /� peritoneal neutrophils as indicated by the shift in fluorescence following oxidation of dihydro-rhodamine (0.4mgml� 1) to rhodamine.
Gray-filled histogram: thbs1� /� neutrophils at baseline; black-filled histogram:WTneutrophils at baseline; gray unfilled histogram: thbs1� /� neutrophils
stimulated with phorbol myristate acetate (PMA) 2mgml� 1; black unfilled histogram:WT neutrophils stimulated with PMA 2 mgml�1. Data obtained from
neutrophils pooled from five mice per group. (e) Transmission electron microscopy of WT and thbs1� /� neutrophils pooled from five mice per group.
Images are representative of 15 neutrophils examined in each group. Scale bars¼500 nm. (f) In vitro phagocytosis of fluorescence-labeled E. Coli
bioparticles byWT and thbs1� /� neutrophils, as indicated by fluorescence intensity. Data points indicate neutrophils obtained from five mice per group
performed in quadruplicates.
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whereas DA-9 showed no effect (Figure 5b). Thus, residues
793–801 within the break sequence of the calcium-binding
loops, located in the type-III repeat domain of TSP-1, can
restrain neutrophil proteolytic function by effectively inhibiting
NE and CG enzymatic activity. Residues 734–742 of TSP-1
showed a weak inhibitory effect on CG enzymatic activity
within neutrophils.

Peptides corresponding to residues 793–801 of the
type-III repeat domain impair neutrophil microbial killing
of K. pneumoniae

We next tested whether administration of peptide DV-9,
showing inhibitory activity against NE and CG proteolytic
function contained within neutrophil lysates, can alter
neutrophil microbial killing. Neutrophils harvested from mice
administered DV-9 peptide showed significantly higher viable
bacteria at 30 and 90min post bacterial inoculation than
neutrophils from vehicle-treated mice (Figure 6). Neutrophils
from vehicle-treatedmice showed a 8.3-fold reduction in viable
bacteria with ex vivo incubation over time, whereas neutrophils
frompeptideDV-9-treatedmice showed a 3.5-fold reduction in
viable bacteria over time (mean-fold reduction in CFU/106

polymorphonuclear cells±s.e.: 8.3±2.0 vs. 3.5±0.6, Po0.05).
Thus, the administration of a peptide corresponding to the
type-III repeat region of TSP-1 can impair neutrophil
microbial-killing machinery against K. pneumoniae.

DISCUSSION

Mice deficient inTSP-1 show enhanced bacterial clearance from
the lungs induced by K. pneumoniae, reduced splenic dis-
semination, and increased survival comparedwithWTcontrols.
Lungs of thbs1� /� mice show enhanced NE activity but
reduced parenchymal inflammation and injury, suggesting that
early containment of bacterial pathogen and microbial killing
reduces overall intensity of the inflammatory response following
intratracheal challenge with K. pneumoniae. In the complete
absence of TSP-1, neutrophil serine proteaseNEandCGactivity
are intensified as is intracellular microbial killing in a model
dependent upon an effective host response to a live bacterial
pathogen. We suggest that TSP-1 provides an endogenous

mechanism to curtail neutrophil proteolytic function during
inflammation and identify a regionwithin the break sequence of
the calcium-binding loops, located in the type-III repeat domain
of TSP-1, that may be involved in this interaction.

We have recently shown that mice deficient in TSP-1 are
prone to experimental lipopolysaccharide-induced lung
injury,14 a well-known non-infectious inducer of inflammation
and injury causing vascular leak. However, with a live bacterial
pathogen, thbs1� /� mice show more effective containment of
bacteria and reduced lung inflammation and injury. Suscept-
ibility to sterile injury but enhanced ability to combat microbial
challenge is a phenotype that is consistent with unbridled
neutrophil protease activity. Others have shown improved host
defense in thbs1� /� mice against live bacterial or fungal
challenge,37,38 but the mechanisms for these observations were
not well understood. thbs1� /� mice showed improved survival
in a cecal ligation puncture model of sepsis, involving
polymicrobial infection in addition to an intraperitoneal
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Figure 5 Peptides generated from the thrombospondin-1 type-III repeat domain inhibit neutrophil proteolytic function. (a) Neutrophil elastase (NE)
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Figure 6 DV-9 peptide impairs neutrophil microbial killing of
K. pneumoniae. Intracellular killing by peritoneal neutrophils from
wild-type mice treated with peptide DV-9 or vehicle dimethyl sulfoxide just
prior to instillation ofK. pneumoniae in vivo. Thirtymin represents the initial
time point sampled, allowing for neutrophils to engulf bacteria in vivo.
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compared with DV-9 treatment, 3.5þ 0.6, Mann–Whitney U-test,
*Po0.05.
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challenge with live E. coli bacteria.37 In an experimental model
of systemic candidasis, thbs1� /� mice also showed less
dissemination of Candida albicans systemically and improved
survival.38 Although both studies suggested that TSP-1 impairs
phagocytic capacity as a potential mechanism for survival
differences following pathogen challenge, it remains unclear
how TSP-1 would mediate the defect in phagocytosis. In
contrast, we have previously reported WT and thbs1� /�

alveolar macrophages show similar ability to phagocytize
apoptotic neutrophils in vivo,14 and herein, show no significant
differences between WT and thbs1� /� neutrophils to
phagocytize fluorescently labeled E. coli bioparticles in vitro.
Similar to our findings, however, thbs1� /� mice showed
reduced fungal burden and reduced host inflammatory
response in the kidneys in the C. albicans model,38 inviting
speculation that effective containment of pathogen in thbs1� /�

mice also reduced the burden of inflammation following
systemic C. albicans challenge. Indeed, enhanced neutrophil
intracellular microbial killing in thbs1� /� mice due to
unopposed serine protease activity could potentially provide
an explanation for the findings in the prior studies.

Non-oxygen-dependent neutrophil microbial killing mechan-
isms are a critical component of host defense. Mice deficient in
NE (Ela2� /� ) show impaired host defense and survival in
Gram-negative bacterial sepsis from intraperitoneal K. pneu-
moniae or E. coli infection,29 systemic candidiasis from C.
albicans,18 and pneumonia from Pseudomonas aeruginosa.39

Mice deficient in CG (CtsG� /� ) show impaired survival
following Staphylococcus aureus18 and Streptococcus pneumo-
niae40 infection.Thus, it is not surprising thatNEandCGdouble-
knockout mice (Ela2� /�CtsG� /� ) show increased suscept-
ibility to fungal infection from Aspergillus fumigatus, despite
normal neutrophil recruitment and phagocytic activity,30 and
essentially worse survival than CtsG� /� mice from S. pneu-
moniaepneumoniawith greater degree of lung injury from failure
to effectively contain pathogen-derived virulence factors.40

Surprisingly, mice deficient in SERPINB1 (serpinb1� /� ), a
serine protease inhibitor of NE, CG, and proteinase 3, fail to
clear P. aeruginosa pneumonia and show worse survival and
inflammation.41 Although SERPINB1 is expressed in the
cytoplasm of neutrophils, the data would indicate that
SERPINB1 mainly functions to protect against the tissue
injurious effects of extracellular neutrophil serine proteases and
the degradation of host defense molecules such as surfactant
protein D.41,42 Interestingly, Ela2� /�CtsG� /� mice are
resistant to endotoxic shock, and are protected from vascular
leak and lung injury,30 supporting the notion that unmitigated
release of neutrophil serine proteases into the extracellular
space can lead to fulminant tissue injury. Thus, the phenotype of
thbs1� /� mice appears to be the reverse of Ela2� /�CtsG� /�

mice. Given the TSP-1 effects on neutrophil microbial killing
and intracellular protease activity, our data indicate that TSP-1
may be involved in the early regulation and compartmentaliza-
tion of neutrophil granule serine proteases.

TSP-1 is a matricellular protein with numerous ligands and
potential bindingpartners in vitro.11 In kinetic studies examining

TSP-1 inhibition of NE substrate hydrolysis, 1mol of TSP-1
trimer binds to 2.7±0.3mol of NE with a site-binding constant
of 57±13 nM.4 In assessing TSP-1 inhibition of CG substrate
hydrolysis, 1mol of TSP-1 trimer binds to 2.9±0.4mol of CG
with a site-binding constant of 7.0±3.5 nM.3 These site-binding
constants were obtained in the presence of calcium, as TSP-1
interactions with NE and CG are sensitive to calcium-dependent
conformational changes within the type-III repeat domain of
TSP-1.3,4 In the absence of calcium, the reversible inhibition of
NE and CG by TSP-1 is enhanced.3,4 Given the complex nature
of TSP-1 binding, predictions of physiological interactions
remain challenging, and highlight the importance of clarifying
the role of TSP-1 in the context of cell-based and in vivo studies.
Various reports in vitro suggest TSP-1, either released in solution
or adhered to a variety of ligands or binding partners, bind and
induce motility of neutrophils, conceivably directing their
migration in tissue.25–28,43 We found no evidence that TSP-1
significantly contributes to neutrophil recruitment in ourmodel.
Although activated rabbit and human neutrophils produce TSP-
1,6 our findings indicate that the major contributor of TSP-1 is
extracellular in origin, likely released in solution during
inflammation and adhering to neutrophils to modulate their
activity.

In conclusion, we have identified a novel role for TSP-1 in
regulating neutrophil function during the innate immune
response to K. pneumoniae infection. Our findings suggest that
TSP-1 can bridle neutrophil proteolytic activity and microbial
killing through the inhibitory action of its type-III repeat
domain, providing one mechanism by which TSP-1 regulates
the innate immune response. Although the host has evolved
mechanisms to curtail the extracellular tissue-damaging effects
of neutrophil serine proteases, TSP-1 appears to curb
neutrophil proteolytic function with unintended consequences
for host defense. Some chronic inflammatory lung diseases that
demonstrate protease/anti-protease imbalance paradoxically
show impaired ability to effectively kill colonizing bacteria,
despite large numbers of neutrophils. Free NE activity in the
bronchoalveloar lavage fluid of children, with cystic fibrosis
early in life, is a strong independent risk factor for the
development of bronchiectasis,44 and inability to control
infection precedes, initiates, and sustains inflammation in
cystic fibrosis airways.45 Neutrophils from cystic fibrosis
patients show increase in TSP-1 gene expression by microarray
compared with neutrophils from control healthy subjects.46

Moreover, cystic fibrosis patients show increased circulating
activated platelets with formation of heterotypic aggregates and
surface P-selectin expression,47,48 inviting speculation that
excessive TSP-1 release in some inflammatory lung diseases
may contribute to neutrophil dysfunction and impaired ability
to effectively kill colonizing microbes.

METHODS

Animals. Animal studies were conducted in accordance with the
recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The animal protocol was
approved by the Institutional Animal Care and Use Committee at the
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University of Pittsburgh. C57BL/6J (#000664) and thbs1� /�

(B6.129S2-Thbs1tm1Hyn/J, #006141) mice were obtained from the
Jackson Laboratory (Bar Harbor, ME). Thbs1� /� mice were back-
crossed to C57Bl/6 mice nine times and a colony was subsequently
established at the University of Pittsburgh. Ela2� /� (B6.129X1-
Ela2tm1Sds/J) mice were obtained from a colony at the University of
Pittsburgh. All experimental procedures were performed in age-
(8–12-week old) and gender-matched mice. The animals were housed
and maintained in a pathogen-free environment.

Experimental bacterial pneumonia model. K. pneumoniae strain
43816, serotype 2 (American Type Culture Collection, Manassas, VA)
was grown in tryptic soy broth overnight at 37 1C. One ml of this
overnight culture was inoculated into fresh tryptic soy broth and
grown for 2 h. A standard growth curve of bacterial culture measured
by absorbance at 600 nmwas generated to determine mid-log phase of
growth. Inoculum concentration, measured in CFU, was determined
by serial 10-fold dilutions of bacteria plated on tryptic soy agar plates
(Sigma, St Louis, MO). Bacteria was harvested, washed, and resus-
pended in phosphate-buffered saline before use. WT and thbs1� /�

micewere anesthetizedwith isoflurane, and 103 CFUofK. pneumoniae
in a total volume of 100ml was carefully administered intratracheally
under direct visualization using a sterile 200-ml pipet with the filtered
tip positioned just above the vocal cords. For mortality studies, 104

inoculumwas utilized. The inoculumswere confirmed by plating serial
10-fold dilutions on tryptic soy broth agar plates.

Bronchoalveloar lavage fluid collection. Animals were euthanized at
predetermined time points with isoflurane-inhaled anesthetic over-
dose within a closed container system, followed by cardiac puncture
and exsanguination. Methods for obtaining bronchoalveloar lavage
total cell counts and differential and lung histology have been pre-
viously reported.24

Measurements of lung and spleen bacterial burden. The left lung
and spleen were removed following euthanasia at specified time
points. For enumerating bacterial CFUs in the lungs and spleens,
tissue was homogenized in 1ml of sterile deionized H20. Homo-
genates (100 ml) were plated by 10-fold serial dilution on tryptic
soy agar plates. Bacterial CFU was counted after an overnight
incubation at 37 1C.

Measurement of lung cytokines and chemokines. Total protein in
lung tissue homogenates were quantified using the Pierce BCAProtein
Assay Kit (Thermo Scientific, Rockford, IL). The volume of lung tissue
homogenate corresponding to 100 mg total protein from each sample
was used to perform enzyme-linked immunosorbent assay. Enzyme-
linked immunosorbent assay duoset antibodies for measuring TNF-a,
IL-6, IL-10, G-CSF, GM-CSF, KC, MCP-1 were obtained from R&D
Systems (Minneapolis, MN).

MPO assay. Lung tissue homogenates in 0.5% hexadecyl-trimethy-
lammonium bromide (HTAB) buffer (5 g of hexadecyl-trimethy-
lammoniumbromide in 1 l ofMPObuffer, whereMPObuffer contains
6.8 g of KH2PO4 and 8.7 g of K2HPO4 in 1 l of water) were sonicated for
30 s and then centrifuged at 20,000 g for 4min. Supernatant (7ml ) was
transferred into a 96-well plate; 200 ml of O-dianisidine hydrochloride
solution is added immediately prior to reading the optical density at
450 nm at 0 and 6 sec. The MPO activity was calculated using the
following formula as previously described:49 units of MPO activity in
each well¼ (the change in absorbance (between 0 and 60 s)/time
(min))� 1.13� 10� 2.

Neutrophil serine protease activity measurements. NE activity in
lung tissue homogenates wasmeasured utilizing a previously described
method.50 Briefly, 1mg lung tissue homogenates were incubated with
0.1mol l� 1 Tris-HCl buffer (pH 8.0) containing 0.5mol l� 1 NaCl and
1mmol l� 1 N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide
(Sigma) at 37 1C for 24 h. The degradation of substrate in samples was

measured by spectrophotometry at 405 nm. To measure serine
protease activity within neutrophils, neutrophils were harvested from
the peritoneum at 6 h following intraperitoneal injection with 2ml of
3% thioglycollate. Cell counts were performed manually using a
hemocytometer. Cytospins confirmed 490% neutrophils at 6 h
harvest. Neutrophils, 1� 106 per well, were seeded into a 24-well plate.
Non-adherent cells were gently washed off after a 30-min incubation.
Remaining adherent cells were lysed with lysis buffer containing
leupeptin (Cell Signaling Technology, Danvers, MA). Ten mg total
protein of lysates from each sample was incubated with 0.1mol l� 1

Tris-HCl buffer (pH 8.0) containing 0.5mol l� 1 NaCl and 1mmol l� 1

of NE substrate N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide
(Sigma) or CG substrate N-Suc-Ala-Ala-Pro-Phe-p-nitroanilide at
37 1C for 1 h, utilizing a modified protocol from Niemann, et al.51

Peptides DP-9 (Ac-DNCPFHYNP-NH2), DV-9 (Ac-DNCQYVYNV-
NH2), andDA-9 (Ac-DNCPYVPNA-NH2), corresponding to amino-
acid residues 734–742, 793–801, and 854–862 of human TSP-1,
respectively,were generatedandused in select experiments (Chi Scientific,
Maynard,MA). Neutrophil lysates were incubatedwith 0, 1.25, or 2.5mM

peptides for 30min before NE and CG substrates were added. The
reaction was measured by spectrophotometry at 405nm over time.

Statistics. Results are reported as the mean plus or minus s.e.m.
A Student’s two-tailed t-test was used to compare two groups and
analysis of variance with Bonferroni multiple comparisons test was
used for experiments involving41 comparison. For data that was not
normally distributed, the Mann–Whitney rank sum test was used to
compare two groups and the Kruskal–Wallis test followed by a Dunn’s
Multiple Comparisons test was conducted for experiments involving
41 comparison. Log-rank test was performed to generate the Kaplan–
Meier survival curve. A P-value o0.05 was considered significant
using GraphPad Prism software version 5.0 (La Jolla, CA).
Methods for the transmission electron microscopy, phagocytosis

assay, microbial killing assay, and lung histology inflammation scoring
are detailed in the online Supplementary Materials section at http://
www.nature.com/mi.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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