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Abstract There is a critical need to identify molecules that
modulate the biology of neutrophils because activated neu-
trophils, though necessary for host defense, cause exuberant
tissue damage through production of reactive oxygen spe-
cies and increased lifespan. Angiostatin, an endogenous
anti-angiogenic cleavage product of plasminogen, binds to
integrin «, (33, ATP synthase and angiomotin and its ex-
pression is increased in inflammatory conditions. We test
the hypothesis that angiostatin inhibits neutrophil activa-
tion, induces apoptosis and blocks recruitment in vivo and
in vitro. The data show immuno-reactivity for plasminogen/
angiostatin in resting neutrophils. Angiostatin conjugated to
FITC revealed that angiostatin was endocytozed by activat-
ed mouse and human neutrophils in a lipid raft-dependent
fashion. Co-immunoprecipitation of human neutrophil ly-
sates, confocal microscopy of isolated mouse and human
neutrophils and functional blocking experiments showed
that angiostatin complexes with flotillin-1 along with
integrin o33 and ATP synthase. Angiostatin inhibited
fMLP-induced neutrophil polarization, as well as caused
inhibition of hsp-27 phosphorylation and stabilization of
microtubules. Angiostatin treatment, before or after LPS-
induced neutrophil activation, inhibited phosphorylation of
p38 and p44/42 MAPKs, abolished reactive oxygen species

Electronic supplementary material The online version of this article
(doi:10.1007/s00441-013-1753-0) contains supplementary material,
which is available to authorized users.

G. K. Aulakh - Y. Balachandran - B. Singh

Veterinary Biomedical Sciences, Western College of Veterinary
Medicine, University of Saskatchewan, 52 Campus Drive,
Saskatoon, SK S7N 5B4, Canada

L. Liu

Department of Pharmacology, College of Medicine, University of
Saskatchewan, Saskatoon, Canada

e-mail: baljit.singh@usask.ca

production and released the neutrophils from suppressed
apoptosis, as indicated by expression of activated caspase-
3 and morphological evidence of apoptosis. Finally, intra-
vital microscopy and myeloperoxidase assay showed inhi-
bition of neutrophil recruitment in post-capillary venules of
TNF «-treated cremaster muscle in mouse. These in vitro
and in vivo data demonstrate angiostatin as a broad deacti-
vator and silencer of neutrophils and an inhibitor of their
migration. These data potentially open new avenues for the
development of anti-inflammatory drugs.

Keywords Neutrophil polarization - Apoptosis - Lipid raft -
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Introduction

The activation and migration of neutrophils are intricately
linked at the molecular and cellular levels. There is a critical
need to identify molecules that can effectively modulate both
the migration and activation, because many acute inflamma-
tory conditions such as peritonitis, pneumonia, sepsis, or
sterile injury are marked by chemotaxis of activated neutro-
phils, an essential early step in innate host defense, towards
the site of injury (Amulic et al. 2012). Activated neutrophils
combat infections, while diverging from their constitutive
programmed death to live longer. Persistent activation of
neutrophils leads to secondary necrosis that, in turn, triggers
production of reactive oxygen and nitrogen species that serve
as signalling molecules and modulate neutrophil functions
(Fialkow et al. 2007), further augmenting neutrophil recruit-
ment and activation. This eventually is held responsible for
collateral tissue damage and multiple complications in the
injured organs (Witko-Sarsat 2010; Witko-Sarsat et al.
2000). Therefore, one of the critical needs is to identify novel
molecules that regulate neutrophil migration and silence acti-
vated neutrophils, to prevent exuberant tissue damage.
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Migration of activated neutrophils into inflamed organs
occurs through development of one of the random pseudopods
towards directional cues emanating from chemoattractants
(Insall 2010; Insall and Machesky 2009). The key molecular
events guiding the migration of neutrophils include aggrega-
tion of filamentous (F) actin to support extension of a major
pseudopod also known as the leading edge. Chemoattractants
bind to G-protein coupled receptors that signal through By
subunits via GTP-bound small G-proteins such as Rho, Rac
and cdc42. Mitogen-activated protein kinases (MAPK) and
phosphatases are activated downstream of the Rho family of
GTP-binding small G proteins (Niggli 2003). Moreover, LPS
stimulates neutrophils through p38 MAPK activation (Khan
et al. 2005). During these events, the microtubule complex
destabilizes through heat shock protein (hsp)-27 phosphory-
lation to favour formation of a major protrusion in vitro and a
pseudopod in vivo (Hino and Hosoya 2003; Hino et al. 2000;
Jog et al. 2007; Yoo et al. 2012). The trailing edge is often
referred to as the uropod. The intracellular cytoskeletal ele-
ments are intricately linked to adhesive proteins such as
integrins and selectins expressed on the surface of neutrophils
(Barreiro et al. 2007, 2010; Ley et al. 2007). Neutrophils
express and recycle the «, 33 integrin during their directional
movement in a Ca®"-dependent manner and recently this
integrin has been implicated in recruitment of neutrophils in
endotoxin-induced lung inflammation (Lawson and Maxfield
1995; Moon et al. 2009; Rainger et al. 1999; Singh et al. 2005).
Therefore, neutrophil migration occurs through highly coordi-
nated molecular processes and cytoskeletal rearrangements.

Angiostatin is an endogenous protein generated after serial
enzymatic proteolysis of plasminogen. Tumor cells, macro-
phages, platelets and neutrophils generate high amounts of
angiostatin (Jurasz et al. 2006; O’Mahony et al. 1998; Scapini
et al. 2002; Westphal et al. 2000). Angiostatin induces anoikis
and apoptosis and inhibits endothelial and epithelial cell migra-
tion by binding to several cell surface proteins (Tabruyn and
Griffioen 2007; Wahl et al. 2005) such as F;F, ATP synthase
(Kenan and Wahl 2005; Lee et al. 2009), hsp-27 (Dudani et al.
2007), annexin I (Sharma et al. 2006; Syed et al. 2007), o, 33
integrin (Tarui et al. 2001) and angiomotin (Troyanovsky et al.
2001). We have learned about novel mechanisms of angiogen-
esis through the study of angiostatin biology and identification
of its cellular target proteins (Kenan and Wahl 2005; Lee et al.
2009). Interestingly, angiostatin is also expressed in high
amounts in bronchoalveolar lavage of patients with acute respi-
ratory distress syndrome (ARDS) (Hamacher et al. 2002; Lucas
et al. 2002) and has been shown to localize on the endothelium
of lungs from sepsis patients through immunohistochemistry
(Singh et al. 2005). Angiostatin inhibits monocyte as well as
neutrophil chemotaxis in response to MCP-1, fMLP, IL-8,
MIP-2, TPA and Gro-« in vitro (Benelli et al. 2002) and
peripheral blood leukocyte recruitment and angiogenesis in a
mouse model of acute peritonitis, whereby it inhibits tumor
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necrosis factor-o induced NFkB and tissue factor up-regulation
(Chavakis et al. 2005). Both angiostatin kringle 1-4 and
kringle 1-3 fragments show inhibitory activities in Boyden
chambers, whereas plasminogen does not (Benelli et al.
2002). In contrast to this, plasminogen Aringle 5 induces re-
cruitment of tumor-associated neutrophils (Perri et al. 2007b).
The actions of angiostatin are mediated through binding to
integrin (35, which is also expressed on neutrophils and plays
a role in their migration (Lawson and Maxfield 1995; Rainger
etal. 1999; Singh et al. 2000). However, other integrins such as
(31 and 3, have also been shown to mediate angiostatin effects.
Angiostatin K1-3 disrupts monocyte/macrophage actin cyto-
skeleton (Perri et al. 2007a). Moreover, neutrophils express
most of the angiostatin-binding proteins such as F;F, ATP
synthase. Because neutrophils influence pathophysiology
across multiple organs, there is a need to find fundamental ways
to modulate their behaviour. As angiostatin K1-4 is more potent
than the angiostatin K1-3 in inhibiting neutrophil chemotaxis
in vitro (Benelli et al. 2002), we proposed and tested a hypoth-
esis that angiostatin (K1-4) modulates neutrophil activation and
directed migration.

Materials and methods
Reagents

Lipopolysaccharide from E. coli 0127:B8, LPS (L4516),
fMLP, cytochalasin D (C2618), FluoroTag FITC Conjugation
Kit (FITC1), 3,3",5,5'-tetramethylbenzidine (TMB),
cetyltrimethylammonium chloride, water-soluble cholesterol
(C4951) and methyl-B-cyclodextrin (C4555) were obtained
from Sigma Chemicals (St. Louis, MO, USA); purified
angiostatin K1-4 was commercially obtained from
Haematologic Technologies Inc. (Essex Junction, VT, USA);
Pierce co-immunoprecipitation kit (26149) from Thermo
Scientific (Rockford, IL, USA), Escherichia coli derived re-
combinant murine TNFx from R&D Systems (Minneapolis,
MN, USA), DC™ Biorad protein assay kit from Biorad
(Nenzlingerweg, Switzerland); VECTASHIELD HardSet®
Mounting Media with DAPI from Vector Laboratories
(Burlingame, CA, USA). Rhodamine phalloidin, reduced
mitotracker orange (M7511), IMAGE-T LIVE Green ROS
Detection Kit (I36007), alexa fluor 633 conjugated secondary
goat anti-rabbit (A2107) and anti-mouse (A21052) antibodies
were purchased from Invitrogen (Carlsbad, CA, USA). Mouse
monoclonal Alexa 555 conjugated anti--tubulin (05-829X-
555), mouse monoclonal 3; blocking antibody clone LM609
(MAB1976H) and rabbit polyclonal anti-(35 integrin antibody
(AB2984) were from Millipore (Billerica, MA, USA). Rat
monoclonal anti-plasminogen/angiostatin (ab61387), rabbit
polyclonal anti-angiostatin (ab2904), rabbit polyclonal anti-3
actin (ab8227) and mouse monoclonal anti-ATP synthase [3
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subunit primary antibody (ab5432) were purchased from
Abcam (Cambridge, MA, USA). Donkey anti-goat
allophyocyanin conjugated secondary antibody (sc-3860), goat
anti-mouse (33 subunit (sc-6627), goat polyclonal anti-
angiomotin s-20 (sc-82494), goat polyclonal anti-angiomotin
L-16 (sc-82493), rabbit polyclonal anti-phospho hsp-27 ser82
(sc-101700), goat polyclonal anti-hsp-27 (sc-1048), normal
rabbit FITC conjugated IgG (sc-2341) and goat TR conjugated
anti-mouse IgG1 isotype control (sc-2979) were from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Rabbit
monoclonal anti-phospho p38 MAPK (4511), rabbit monoclo-
nal anti-p38 MAPK (8690), rabbit polyclonal anti-p44/42
(4372), rabbit monoclonal anti-phospho p44/42 MAPK
(4370) and rabbit monoclonal IgGl isotype control antibody
(3900) were from New England Biolabs Inc. (Ipswich, MA,
USA). Rabbit polyclonal anti-cleaved caspase-3 antibody
(IMG 5700) and mouse monoclonal full length or pro and
active caspase-3 antibody (IMG-144A) were purchased from
Imigenex (San Diego, CA, USA). Mouse monoclonal anti-
flotillin-1 (610820) was from BD Biosciences (San Jose, CA,
USA). Secondary anti-rat, anti-mouse, anti-goat and anti-rabbit
HRP (horseradish peroxidase) conjugated antibodies for immu-
noblotting were purchased from Dako, Denmark. All other
chemicals, if not specified, were purchased from Sigma
Chemicals.

Animal care ethics and human research ethics

All the animals and protocols (protocol number 20070065)
were approved by the Research Ethics Board of the University
of Saskatchewan, Saskatoon, Canada and complied with
Canadian Council in Animal Care in Science guidelines
(CCAC). Male C57BL/6 mice were procured from the
Animal Resource Centre and housed at the Animal Care
Unit at the University of Saskatchewan. The study of neutro-
phils from healthy human volunteers was approved under
protocol Bio number 10-103 and informed consent was ob-
tained from all subjects.

FITC conjugation of angiostatin

FluoroTag kit from Sigma was utilized for angiostatin conju-
gation to FITC in order to visualize angiostatin in neutrophils.
An F/P ratio (i.e., FITC to protein ratio) of 4:1 was achieved
after conjugation with a final FITC—angiostatin concentration
of 26.7 ng/ml according to small-scale production protocol.
The extinction coefficient of unconjugated angiostatin as per
the manufacturer's data sheet is 1.74 at 1 mg/ml.

Isolation of mice and human neutrophils

Briefly, peripheral blood was withdrawn by cardiac puncture
after ketamine/xylazine anaesthesia from mice and from the

intercubital vein of healthy humans. Blood was carefully
overlayed onto a discontinuous gradient of Histopaque-1119,
1083 and 1077 according to an established protocol (Nuzzi
et al. 2007). After centrifugation at 700g, the neutrophil rich
layer was aspirated at the interface of Histopaque 1119 and
1083. RBCs were lyzed with ammonium-chloride—potassium
(Gibco® ACK) lysing buffer for 3 min for mice or subjected to
cold hypotonic lysis in the case of human blood. The washed
neutrophil pellet was used for further experiments. The pro-
cedure yielded >95 % viable neutrophils upon trypan blue
exclusion and staining cytospins for differential leukocyte
count.

Confocal microscopy

Confocal images were taken using Leica TCS SP5
(Germany). Images were acquired using a 63X/1.20 oil ob-
jective (Leica Plan Apochromat). Neutrophils were equilibrat-
ed for 1 h before subjecting them to pre-treatment with PBS,
12.5 pg/ml ANG/FITC-ANG, 500 nMol/l SB230963,
1 uMol/l U0126, or 100 uM cytochalasin D for 30 min.
Neutrophils were stimulated with 1 uM fMLP for 1 min, or
1 nug/ml LPS for 30 min, 4 h, or 8 h to either initiate formation
of leading edges, or stimulate MAPKinases or caspase-3
cleavage, respectively. Thereafter, the neutrophils were fixed
with paraformaldehyde, permeabilized with saponin for
15 min and stained with the respective tagging dyes such as
rhodamine phalloidin or reduced mitotracker. In the case of
immunofluorescence, neutrophils were adhered to 12 mm
circle coverslips coated with fetal bovine serum (FBS) or
vitronectin for 5 min. Lipid rafts were depleted by 1 mM
methyl-3-cyclodextrin (MCD) for 30 min, whereas 60 pg/
ml cholesterol was added for 30 min following MCD treat-
ment to reverse MCD disrupted lipid rafts. Neutrophils were
fixed with either 0.7 % glutaraldehyde for 15 min for tubulin
only staining or ice-cold methanol for 5 min for multiple
protein staining and proceeded for standard immunofluores-
cence labeling (Allen 2007; Nuzzi et al. 2007). Briefly, the
cells were permeabilized with saponin for 15 min, except after
methanol fixation, washed with PBS, blocked with 3 % BSA
for 1 h, incubated with corresponding primary antibody or
isotype controls overnight at 4 °C followed by PBS washes.
The secondary antibody was incubated for 1 h and washed
with PBS (Allen 2007). To avoid auto-fluorescence from glu-
taraldehyde, during the tubulin-only staining, the cells were
subjected to reduction with 1.5 mg/ml NaBH, for 30 min just
before the blocking step during tubulin staining. The following
are the various dilutions of antibodies used: anti-tubulin 1:100,
anti-angiomotin 1:100, anti-p-hsp-27 1:100, anti-p-p38MAPK
1:500, anti-p-p44/42 MAPK 1:300, anti-activated caspase-3
1:200, anti-ATP synthase 3 1:200. The slides were mounted
with VECTASHIELD HardSet® mounting medium that
contained DAPI for identification of nuclear morphology.
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Fig. 1 Uptake of FITC tagged angiostatin in neutrophils and the role of
lipid rafts. a Localization of FITC tagged angiostatin (FI/7C-ANG) in
resting and fMLP activated neutrophils. Suspended mouse neutrophils
(0.8x10° cells/ml) were pretreated with PBS or 12.5 pg/ml FITC-ANG
for 30 min and then treated with PBS or 1 uM fMLP for 1 min. Cells were
fixed with 4 % paraformaldehyde for 15 min before making cytospin slides
and then coverslipped using hard-set DAPI mounting media (n=3). Note
the presence of FITC-ANG (in green) in the fMLP activated neutrophils
only, as indicated by the arrow and arrowhead. The images are a compi-
lation of the cross-section of the cell. Bar=2.5 pm b, ¢ Lipid raft dependent
uptake of angiostatin. Immunofluorescence of flotillin-1 (in fizschia) and
FITC-ANG (in green, shown as insets in the corresponding merge panels)
inb 1 ug/ml LPS (30 min) and ¢ 1 uM fMLP (1 min) stimulated human
neutrophils (0.8 10° cells/ml) adhered on FBS-coated coverslips (12=3).
FITC-ANG distributes in a similar way as lipid raft marker, flotillin-1, in
activated neutrophils. The uptake of ANG is blocked under cold conditions.
MCD treatment inhibited angiostatin uptake and altered flotillin-1 distribu-
tion. Note that the merge for the angiostatin treatment groups show the
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merge of FITC-ANG (green) in addition to DAPI (blue), flotillin-1
(fuschia) and bright-field panels. The bright-field as well as the merge
panels depict cell morphology. Angiostatin is represented as ANG and
FITC-ANG represents FITC conjugated angiostatin. The images are a
compilation of the cross-section of the cell. Bar=2.5 um. d Localization
of Alexa 555 phalloidin for actin staining (in red) and FITC-ANG (in
green) in 1 uM MLP (1 min) stimulated human neutrophils (0.8x10°
cells/ml) pretreated with 1 mM 3 methyl cyclodextrin (MCD) adhered on
FBS-coated coverslips (2=3). MCD treatment abolished uptake of FITC-
ANG and induced cortical actin aggregation and leading edge formation.
Arrows indicate leading edge. Angiostatin is represented as ANG and
FITC-ANG represents FITC conjugated angiostatin. The images are a
compilation of the cross-section of the cell. Bar=2 pm for the magnified
views; 50 pm for the wide-field. e Quantification of FITC positive cells,
represented as percent FITC positive cells, in resting (ANG+PBS), ANG+
fMLP and MCD pre-treated followed by angiostatin and fMLP treatment.
Angiostatin is taken up by nearly 100 % of fMLP activated neutrophils, to
suggest wide-spread lipid-raft dependent phenomenon. *p <0.05
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For the ROS assay, human neutrophils were either pre-
treated with 12.5 pg/ml angiostatin for 30 min, followed by
1 pg/ml LPS for 30 min, or the 30 min treatment with 1 pg/ml
LPS was followed by 12.5 pg/ml angiostatin post-treatment
for 30 min. After the required treatments, the cells were
incubated with the ROS detection dye for 30 min more before
coverslipping and confocal imaging.

Apoptotic potential of angiostatin was evaluated by routine
light microscopy and immunofluorescence and immunoblot-
ting for activated caspase-3. Human neutrophils were either
incubated with 12.5 pug/ml ANG for 30 min followed by LPS
1 pg/ml incubations for varying time periods ranging from 2,
4,6,8,10,12,14,to 16 h, or 1 pug/ml LPS was incubated for
2 h followed by 4 h ANG treatment.

Western blots

Isolated human neutrophils (5% 10° cells/ml) were subjected
to a 30-min treatment with vehicle, angiostatin (ANG),
SB230963, or U0126 before activating them with 1 pg/ml
LPS for 30 min. The reaction was terminated by adding cold
lysis buffer followed by extraction and centrifugation. The
protein concentration was measured in neutrophil lysates by
the DC™ Biorad protein assay kit. Equal protein was loaded
across groups and subjected to electrophoresis in 12 % SDS-
PAGE (180 V), transferred onto nitrocellulose membrane
(100 V, 60 min.), blocked with 5 % BSA-0.1 % PBST and
immunoblotted for phosphorylated (p-) p38 MAPK (1:1000),
p44/42 MAPK (1:1000), total p38 MAPK (1:1000), total p44/
42 MAPK (1:1000) p-hsp-27 (1:200), total hsp-27 (1:200),
cleaved caspase-3 (1:1000) or full-length (pro and active)
caspase-3 (1:500). Membranes were washed with 2.5 %
BSA-0.05 % PBST and developed with chemiluminescence
GE ECL blot detection reagent.

Co-immunoprecipitation of angiostatin and other proteins

Human neutrophils were treated with ANG only, ANG+
fMLP and MCD+ANG+fMLP. Thereafter, they were sub-
jected to lysis with RIPA buffer in the presence of protease and
phosphatase inhibitor cocktails and PMSF for 15 min. After a
freeze thaw, the samples were centrifuged at 40,000g for
30 min at 4 °C and the supernatants were incubated overnight
with amino-coupled rat monoclonal anti-plasminogen anti-
body (10 pg/ml) resin spin columns. Control agarose column
was run as a negative control. The protein complex was eluted
by boiling with 0.5 % SDS at 95 °C for 5 min. Antibody
coupling, column flow-through after sample incubation and
elution of protein complex were evaluated for protein concen-
tration through A,g, absorbance readings (Nanodrop, Fisher
Scientific). The protein complex was blotted with the alterna-
tive angiostatin antibody (rabbit polyclonal anti-angiostatin
antibody), o35 integrin (1:1000), angiomotin (1:200), ATP

synthase beta subunit (ATP-[3) (1:1000), phosphorylated hsp-
27 (p-hsp-27) (1:200) and flotillin-1(1:1000).

Intravital cremaster muscle microscopy

To evaluate the effects of ANG on leukocyte adhesion and
emigration in vivo, we performed intravital microscopy of the
cremaster muscle. Mice were divided into four groups: nega-
tive control saline treated (n=10), positive control TNFx
treated (n=9), angiostatin (ANG) only treated (n=5) and
TNFa+ANG treated (n=5).

Mouse recombinant TNFx was injected intrascrotally at a
concentration of 0.5 ng/0.05 ml, 3 h before recording. For the
TNFx+ANG group, ANG was employed along with TNFx
ata dose of 260 pg/mice intrascrotally in a 0.1 ml volume. We
used a higher dose of angiostatin because the glycosylated
angiostatin used in our experiments, reportedly, has a lower
potency in inhibition of endothelial cell proliferation than
recombinant angiostatin (Warejcka and Twining 2005). Mice
were anaesthetized at a dose of 100 mg/kg ketamine+10 mg/
kg xylazine intraperitoneally. The cremaster muscle was care-
fully exteriorized to avoid activation and tied onto a custom-
made cremaster board. The muscle was neither stretched too
far nor was it let loose on the stage. After 30 min stabilization,
an unbranched post-capillary venule of 2540 um diameter
was recorded for 5 min at 4.0, 4.5 and 5.0 h time points after
specific treatment. An infra-red lamp maintained the body
temperature in case of any anaesthetic-induced hypothermia.
During the entire experiment, the muscle was superfused with
bicarbonate buffer continuously bubbled with air to maintain a
pH of 7.4. A BX51 Olympus microscope with a Gibraltar
stage was utilized for capturing brightfield images with 10x
and 20x objectives coupled to Canon high-definition digital
video recording. At the end of the experiment, heparinized
peripheral blood was withdrawn by cardiac puncture for total
and differential leukocyte counts and cremaster tissue was
fixed in 4 % paraformaldehyde for H&E staining.

For image analysis, the recorded video sequences were
projected onto a monitor and analyzed off-line for rolling flux
(cells/min), rolling velocity (um/s), adherent cells per 100 pm
vessel segment length and emigrated cells per 100 pm vessel
length that included any cells that had emigrated below or
above the vessel in the cremaster preparation. Rolling flux is
described as the average number of leukocytes crossing a
fixed reference line, perpendicular to the axis of flow, in
1 min. Rolling velocity is calculated by measuring the time
required for the first 20 rolling leukocytes to cross a distance
of 100 um along the vessel. Adhesion is defined as the
number of leukocytes adhering to the vessel wall for a mini-
mum of 30 s within a vessel segment of 100 pum in length.
Emigration is defined as the number of cells that are observed
above and below the vessel at 20%, in the neighbouring
interstitial space, within the field of observation.
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Cremaster muscle myeloperoxidase (MPO) assay

At the end of the intravital recording, the second cremaster
muscle was snap frozen and stored at —80 °C for MPO assay.
Cremaster muscle homogenates were centrifuged in 50 mM
HEPES (pH 8.0) at 900 g (3,000 rpm) for 20 min at 4 °C.
The pellet was resuspended in 0.5 % CTAC (cetyl
trimethylammonium chloride) solution and rehomogenized.
MPO colorimetric assay was performed (Schierwagen et al.
1990) using 3,3',5,5'-tetramethylbenzidine as the substrate for
H,0, under low pH conditions. Results were expressed as
MPO units per mg muscle tissue.

Statistical analysis

All quantitative data are expressed as means+=SEMs. The
Shapiro—Wilk test was employed for assessing normality of data
and equivalence of variance within groups was ascertained by
Barlett’s test utilizing Stata/SE 10.0 software (Stata Corp.,
College Station, TX, USA). Quantitative data across multiple
groups were analyzed by application of one-way ANOVA
followed by Bonferroni’s all group comparison and unpaired
t-test to assess differences between two groups utilizing
Graphpad software. We established a p level of 0.05 to establish
statistical difference.

Results

Angiostatin is internalized by activated neutrophils in lipid raft
dependent fashion

Immunolocalization of angiostatin to visualize its cellular
interaction and uptake is nearly impossible because the avail-
able angiostatin antibodies react with plasminogen and other
angiostatin-like fragments too. Therefore, we conjugated
angiostatin to FITC to directly demonstrate surface and cy-
tosolic localization of angiostatin in the fMLP-activated but
not in resting neutrophils (Fig. 1a and c) or cold fMLP-
activated neutrophils incubated at 4 °C (Fig. 1c). Lipid rafts
are cell signalling and endocytic membrane platforms
(Fabbri et al. 2005; Singh et al. 2010; Tuluc et al. 2003). We
found that FBS adhered fMLP-stimulated human neutro-
phils endocytose angiostatin in a lipid raft dependent fash-
ion, because angiostatin uptake was disrupted with MCD
treatment (Figs. 1c, d, e and 2a) and the uptake was restored
with the addition of cholesterol to MCD-treated neutrophils
(Fig. 2a).

We further examined the role of lipid rafts in the uptake of
FITC—angiostatin in normal and activated neutrophils through
localization of flotillin-1. Flotillin-1 shows distribution pro-
files similar to FITC-angiostatin in LPS-activated (Fig. 1b) or
fMLP-activated (Fig. 1¢) human neutrophils to allude to a role
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Fig.2 Localization of 35 integrin subunit in angiostatin pretreated fMLP P
activated neutrophils. a Angiostatin is internalized by activated
neutrophils in a lipid raft dependent fashion, as indicated by lack of its
uptake in lipid raft disrupted neutrophils and reversal after cholesterol
treatment. Localization of 33 integrin subunit (in red ) and FITC-ANG (in
green, shown as insets in the corresponding merge panels) in PBS or
1 uM fMLP (1 min) stimulated human neutrophils (0.8 10° cells/ml)
adhered on FBS coated coverslips (#=3). Note polarized distribution of
[3; integrin upon fMLP treatment is altered in ANG+{MLP cells. Integrin
(33 distribution in ANG+{fMLP cells is disrupted when pretreated with
MCD and is reversed after cholesterol (CH) treatment. Green arrows
indicate the polarized distribution of (3; integrin subunit in the fMLP
group. Please note that the merge for the last three treatment groups show
the merge of FITC-ANG (green) in addition to DAPI (blue), 35 integrin
subunit (red) and bright-field. The bright-field as well as the merge panel
depict cell morphology. Fluorescent intensity distributions (#7D) of
representative (33 integrin subunit and FITC-ANG images are shown by
red and green histograms, respectively. Angiostatin is represented as
ANG and FITC-ANG represents FITC conjugated angiostatin. The
images are a compilation of the cross-section of the cell. Bar=75 pm
for wide-field views; 5 um for the magnified views. b Angiostatin
abolishes formation of polarized edges in response to fMLP in human
neutrophils. Localization of Alexa 555 phalloidin for actin (in red) in PBS
or I uM fMLP (1 min) stimulated human neutrophils (0.8 x 10 cells/ml)
adhered on FBS-coated coverslips (n=3). fMLP clearly forms an actin-
rich leading edge (as marked by the arrow). Note attenuation of polarized
head in fMLP incubated cells treated with 12.5 pg/ml ANG. LM609 does
not affect resting neutrophils. Pre-treatment of fMLP activated neutrophils
with LM609 to block the integrin 35 shows relatively less deformed cells,
which are still able to form the leading edge (marked by arrow). ANG
could not abolish aggregation in LM609 (1:100 dilution) pretreated
neutrophils. Arrows indicate actin aggregation. Angiostatin is represented
as ANG. The images are a compilation of the cross-section of the cell.
Bar=25 um for the wide-field views; 2.5 pm for magnified views

for lipid rafts in endocytosis of angiostatin. Flotillin-1 expres-
sion as well as angiostatin uptake was disrupted when fMLP-
activated neutrophils were incubated at 4 °C (Fig. lc) or
treated with MCD (Fig. 1c). The functional role of lipid rafts
in the uptake of FITC-angiostatin in human neutrophils was
further shown by inhibition of FITC-angiostatin uptake and
restoration of actin aggregation in fMLP-activated neutrophils
upon pre-incubation with 1 mM MCD to disrupt their lipid
rafts (Fig. 1d). Upon counting the number of FITC positive
cells in the three groups, it is clear that the phenomenon is
widespread in fMLP-activated neutrophils (Fig. 1e). Isotype
controls were performed for all the antibodies used in the
immunofluorescence experiments and we did not observe
any non-specific reactivity for any of the isotypes (Suppl.
Fig. la).

Angiostatin abolishes formation of polarized edges and alters
(33 integrin distribution in response to fMLP in neutrophils

Because chemotaxis involves formation of a polarized
edges, often referred to as pseudopod at the leading edge
and uropod at the trailing edge (Insall 2010), we examined
the cytoskeletal dynamics in fMLP-activated mouse and



Cell Tissue Res (2014) 355:375-396 381

ANG  MCD+ MCD+CH+
a PBS L +MLP_ANGHMLP ANG+MLP

Wide

Bright Bs
Integrin ~ DAP

field

FID

a,f3; block a,B; block ANG+ o, block +
+PBS +fMLP fMLP  ANG+MLP

33
= 2

o

Merge

@ Springer



382 Cell Tissue Res (2014) 355:375-396

a c 3
PBS fMLP  ANG+fMLP o 0 L Sa
= a ZE€ Q=
— M~ = < + % =
o N %
<C o
o 2
A
M~
c o
= o
= o |
E <
5 d
I
©
© I
E b 2o
© =
5 2
! e
(4]
@ (|
O] ——
o 2
= a
b e
a- P-  Bright
DAPI Tubulin hsp- fielg Merge FID o
<
a
%)
o)
a 3

fMLP

ANG
+fMLP

FID Merge AMOT Tubulin

pernlbEienil
MENRRNRAANNL
NS REN

@ Springer



Cell Tissue Res (2014) 355:375-396

383

<« Fig. 3 Microtubule stabilization by angiostatin. a Angiostatin stabilizes
and co-localizes with the microtubule network in fMLP-stimulated
neutrophils. Localization of o«-tubulin (in red) and FITC-ANG (in
green, shown as inset in the corresponding merge panel) in PBS or
1 uM fMLP (1 min) stimulated human neutrophils (0.8x10° cells/ml)
adhered on FBS-coated coverslips. Cells were fixed for 30 min in 0.7 %
glutaraldehyde, followed by reduction with 1.5 mg/ml NaBH, to avoid
auto-fluorescence and allow clear visualization of the tubulin network.
Note stabilization of tubulin network with 12.5 pg/ml ANG incubated
cells. Arrows indicate destabilized -tubulin (7 =3). Please note that the
merge for the last treatment group, i.e., ANG+fMLP shows the merge of
DAPI (blue) and o-tubulin (red) and FITC-ANG (green). The bright-
field as well as the merge panel depict cell morphology. Angiostatin is
represented as ANG and FITC-ANG represents FITC conjugated
angiostatin. The images are a compilation of the cross-section of the
cell. Bar=5 um. b Immunofluorescence of phosphorylated hsp-27 (p-
hsp-27) (in cyan) and o-tubulin (in red) in fMLP (1 min) stimulated
human neutrophils (0.8 10° cells/ml) adhered on FBS-coated coverslips.
Cells were fixed for 5 min in ice-cold methanol to permeabilize and
immunostain tubulin as well as php-27. The bright-field as well as the
merge panels depict cell morphology. Note stabilization of tubulin
network with 12.5 pg/ml ANG+{fMLP treated neutrophils (n=3).
Fluorescent intensity distributions (FID) of representative p-hsp-27 and
a-tubulin are shown by cyan and red histograms, respectively.
Angiostatin is represented as ANG. The images are a compilation of the
cross-section of the cell. Bar=2 pm. ¢ Representative western blots
showing expression of p-hsp-27 and hsp-27 in human neutrophil lysates
subjected to SDS electrophoresis (n =3). Human neutrophils (5 10%/ml)
were activated with 1 pM fMLP (1 min). Angiostatin is represented as
ANG. d Average pixel densitometry of phsp-27 with hsp-27 as control
from three separate western blots. Note attenuation of phsp-27 in 12.5 ug/
ml ANG as well as 500nM SB239063 pretreated neutrophils activated
with fMLP. *p <0.05. e Immunofluorescence of angiomotin (AMOT) (in
cyan) and o-tubulin (in red) in 1 pM fMLP (1 min) stimulated human
neutrophils (0.8x10° cells/ml) adhered on FBS-coated coverslips. Cells
were fixed for 5 min in ice-cold methanol to permeabilize and
immunostain tubulin as well as php-27. Note stabilization of tubulin
network and altered angiomotin distribution in ANG+fMLP treated
cells (n=3). Fluorescent intensity distributions (FID) of representative
angiomotin and «-tubulin are shown by cyan and red histograms,
respectively. Angiostatin is represented as ANG. The images are a
compilation of the cross-section of the cell. Bar=2 pm

human neutrophils. Angiostatin pre-treatment prevented
reorganization of actin filaments and formation of a pola-
rized head in mouse (Suppl. Fig. 1b) and human neutrophils
(Fig. 2b). Mouse neutrophils treated with cytochalasin D,
a potent inhibitor of actin polymerization, also failed to
develop the polarized edge (Suppl. Fig. 1b) in response to
fMLP. (35 integrins, a receptor of angiostatin, localize in a
Ca**-dependent manner to the leading edge during chemo-
taxis of neutrophils on vitronectin (Hendey et al. 1996;
Lawson and Maxfield 1995). 35 integrin distribution is also
altered by angiostatin as well as MCD treatment of fMLP-
activated neutrophils (Fig. 2a). The altered morphology of
[35 integrin was restored through addition of cholesterol to
MCD-treated fMLP-activated human neutrophils (Fig. 2a).
Moreover, the fluorescent intensity histogram for {33
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Fig. 4 Angiostatin co-immunoprecipitation with interacting proteins.
Anti-rat monoclonal plasminogen/angiostatin antibody (10 pg/reaction)
was linked to activated agarose beads through amino linkage. One reac-
tion had control agarose beads that served as the negative control. Whole
human peripheral blood neutrophil lysates (5% 107 cells/treatment) were
prepared from three different treatment groups: ANG only, ANG+{MLP
treated and MCD pretreated ANG+{MLP group. The lysates were incu-
bated overnight with antibody coupled beads as well as with the negative
control beads at 4 °C. The complex was thoroughly washed with modi-
fied Dulbecco’s wash buffer and eluted by boiling the beads with 50 pl of
0.5 % SDS at 95-100 °C for 5 min. The eluted complex was subjected to
electrophoresis with 12 % SDS-PAGE. PVDF membrane with transferred
proteins was thereafter immunoblotted overnight with either rabbit poly-
clonal anti-angiostatin antibody (1:1000), rat monoclonal anti-plasmino-
gen/angiostatin antibody (1:1000), mouse monoclonal anti-ATP synthase
antibody (1:1000), or mouse monoclonal anti-flotillin-1 (flot-1) antibody
(1:1000). The blots are representative of three separate experiments

integrin superimposes with angiostatin (Fig. 2a). Because
ours and earlier data show that angiostatin binds with (35
integrin on neutrophils (Tarui et al. 2001), we treated human
neutrophils with a humanized function-blocking o, 35 anti-
body (clone LM609) to study whether angiostatin is acting
via the integrin. LM609, per se, did not affect the actin
dynamics (Fig. 2a). Treatment of fMLP-activated neutro-
phils with LM609 did not prevent actin aggregation.
However, it did prevent whole cell deformation and reduced
the intensity of phalloidin staining in the leading edge that is
normally observed in response to fMLP (Fig. 2b).
Intriguingly, treatment of fMLP-treated human neutrophils
with angiostatin and LM609 antibody, in contrast to
angiostatin alone, did not prevent formation of pseudopods
(Fig. 2b).

Angiostatin stabilizes the microtubule network
in fMLP-stimulated neutrophils

Microtubules are destabilized in fMLP-stimulated neutrophils
(Fig. 3a) (Eddy et al. 2002). Angiostatin stabilized x-tubulin

@ Springer



384

Cell Tissue Res (2014) 355:375-396

(tubulin) in fMLP-stimulated human neutrophils (Fig. 3a, b
and e). Phosphorylated heat shock protein-27 (p-hsp-27)
(Dudani et al. 2007) and angiomotin (Wells et al. 2006) are
known to interact with angiostatin. Resting neutrophils
showed little, if any, p-hsp-27 staining, as indicated by low
fluorescence intensities in PBS-treated neutrophils (Fig. 3b
and Suppl. Fig. 1c). As reported by others (Hino et al. 2000;
Hino and Hosoya 2003; Jog et al. 2007), we observed similar
distribution profiles of p-hsp-27 with tubulin in resting as well
as fMLP-stimulated human neutrophils and that fMLP pro-
duces a strong polarization of p-hsp-27 and tubulin (Fig. 3b
and Suppl. Fig. 1¢), as indicated by the overlapping regions of
fluorescence intensity histograms of p-hsp-27 and tubulin
(Fig. 3b). Angiostatin treatment reduced the morphological
expression for p-hsp-27 as depicted in the near basal intensity
values in the ANG+fMLP group (Fig. 3b), which was con-
firmed with western blots (Fig. 3¢ and d) and stabilized the
tubulin network in fMLP-stimulated human neutrophils
(Fig. 3b and Suppl. Fig. 1c). The p38 MAPK inhibitor,
SB239063, effectively blocked the phosphorylation of hsp-
27, as indicated in Western blot quantification (Fig. 3¢ and d).
Total hsp-27 protein remained unaltered across groups.
Angiomotin is recognized as an angiostatin-binding protein,
and is widely expressed in endothelial and epithelial cells,
where it has been shown to interact with cdc-42 Rho GTPase
activating protein (GAP), Rich1(Gagne et al. 2009) and its
transcript is expressed in neutrophils (Benelli et al. 2002). We
found that angiomotin expression in neutrophils was similar to
the tubulin network in resting as well as fMLP-treated human
neutrophils (Fig. 3e and Suppl. Fig. 1d). fMLP induces polar-
ization of angiomotin as well as the alpha-tubulin (Fig. 3e).
Angiostatin pretreatment stabilized the tubulin and appeared
to reduce expression of angiomotin (Fig. 3e). Collectively,
angiostatin’s inhibitory effects on p-hsp-27, alpha-tubulin
and angiomotin may block chemotaxis and affect mainte-
nance of cell shape in activated neutrophils.

Angiostatin co-immunoprecipitates with integrin 33, ATP
synthase-beta subunit and flotillin-1

We performed co-immunoprecipitation to confirm co-
localization of proteins examined in our experiments. While
no bands were observed in the negative control agarose spin
columns that were disabled for amino-coupling of
plasminogen/angiostatin antibody (Fig. 4), we confirmed the
presence of angiostatin by blotting with rabbit anti-angiostatin
antibody that recognizes internal kringle fragments, as well as
with rat anti-plasminogen/angiostatin antibody raised against
whole plasminogen as the immunogen. The data show that
57 kDa ATP synthase-[3 subunit and 48 kDa flotillin-1 bands
co-cluted with the immunoprecipitated angiostatin complex
(Fig. 4 and Suppl. Fig. 2a). Immunoreactivity for 50 kDa
angiostatin as well as 85 kDa integrin 35 was observed in
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Fig. 5 Effect of angiostatin on neutrophil redox status and F;F, ATP p>
synthase localization. a Angiostatin attenuates mitochondrial dye
oxidation and attenuates reactive oxygen species (ROS) production.
Localization of reduced mitotracker (Red Mito in red) in 1 uM fMLP
(1 min) stimulated mouse neutrophils (0.8x10° cells/ml) in suspension,
adhered on fetal bovine serum (FBS)- or vitronectin-coated coverslips.
Notice attenuation of mitochondrial activation after 12.5 pg/ml FITC-
ANG pre-incubation (n=3). Please note that the merge for the last
treatment group, i.e., ANG+LPS on vitronectin-coated coverslips
shows the merge of DAPI (blue), reduced mitotracker (red) and FITC-
ANG (in green, also shown as inset in the merge panel). The fluorescence
intensity distribution (FID) of the region of interest, RO!, (encircled in
yellow) shows overlapping distribution of FITC-ANG and the reduced
mitotracker dye in vitronectin-coated LPS activated neutrophils,
suggesting their co-localization. Angiostatin is represented as ANG.
The images are a compilation of the cross-section of the cell. Bar=
2 um. b Immunofluorescence of F|F, ATP synthase (3 subunit (in
fuschia) and reduced mitotracker (in red) in 1 pg/ml LPS (30 min)
stimulated human neutrophils (0.8x10° cells/ml) adhered on
FBS-,coated coverslips (n=3). Note attenuation of fluorescent signal for
ATP synthase as well as reduced mitotracker in 12.5 pg/ml ANG
incubated cells. Arrows indicate expression of ATP synthase.
Angiostatin is represented as ANG. The images are a compilation of the
cross-section of the cell. Bar=2 um. ¢ Fluorescence intensity
quantification of ATP synthase (fitschia channel) for PBS, LPS and
LPS+ANG treatment groups as indicated in the confocal experiment
described above (n=3). Average intensities, for the fuschia channel,
from 100 neutrophils per slide were measured by Image J software.
Angiostatin is represented as ANG. *p <0.05. d Representative western
blot showing expression of FF, ATP synthase (3 subunit in human
neutrophil lysates subjected to SDS electrophoresis (n=3). Human
neutrophils (5% 106/ml) were treated with PBS, activated with 1 pg/ml
LPS (30 min), 12.5 ng/ml ANG+1 pg/ml LPS. Angiostatin is represented
as ANG. e Average pixel density from three separate western blots depicts
the expression of F;F, ATP synthase {3 subunit.*p <0.05. No significant
differences were observed in the expression of ATP synthase across
groups. Angiostatin is represented as ANG

resting as well as fMLP-activated neutrophils (Suppl. Fig. 2a).
While flotillin-1 band was very faint in MCD-treated cell
isolates, angiostatin and ATP synthase-3 immuno-reactivity
was not altered (Fig. 4).

Angiostatin inhibits mitochondrial activation and attenuates
ROS production

In addition to increased migration into inflamed tissues, acti-
vated neutrophils have active mitochondria that cause in-
creased ROS production (Fialkow et al. 2007). Reduced
mitotracker dye, which binds to mitochondria in the presence
of ROS, stained mitochondria in fMLP or LPS-activated
mouse neutrophils in suspension as well as those adhered to
fetal bovine serum or vitronectin (Fig. 5a). Angiostatin atten-
uated the signal for reduced mitotracker dye in suspended or
adhered mouse neutrophils treated with LPS or fMLP
(Fig. 5a). Mouse neutrophils adhered to vitronectin and stim-
ulated with LPS showed partial co-localization of angiostatin
with reduced mitotracker dye, as indicated by the overlapping
fluorescence intensity histogram for mitotracker in red and
FITC conjugated angiostatin in green (Fig. 5a; Suppl. Mow. 1).
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Fig. 6 Inhibition of reactive oxygen species production by angiostatin
pre- as well as post-treatment. a Localization of reactive oxygen species
(ROS) detected by carboxy-H, DCFDA (in green) in PBS- or LPS-
stimulated human neutrophils (0.8 x 10° cells/ml). Neutrophils were either
pre-treated with 12.5 pg/ml angiostatin for 30 min, followed by 1 pg/ml
LPS for 30 min, or the 30-min treatment with 1 pg/ml LPS was followed
by 12.5 pg/ml angiostatin post-treatment for 30 min more. After the
required treatments, the cells were incubated with the ROS detection
dye for 30 min more before putting cover slips and confocal imaging.

Mitochondrial F{F, ATP synthase upon translocation to the
plasma membrane is proposed as a receptor for angiostatin
(Lee et al. 2009). Angiostatin attenuated FFy ATP synthase
staining in LPS—stimulated human neutrophils (Fig. 5b and c).
Western blots of human neutrophil lysates showed no signif-
icant differences in the amount of F;Fy ATP synthase in PBS-,
LPS- or angiostatin+LPS-treated neutrophils (Fig. 5d and e).

Angiostatin attenuated ROS production, which was evalu-
ated with carboxy-H,DCFDA (5-(and 6-) carboxy-2',7'-
dichlorodihydrofluorescein diacetate), in LPS-treated human
neutrophils (Fig. 6a). This finding further confirmed our pre-
ceding observation of angiostatin’s attenuation of reduced
mitotracker dye, which is used to determine the redox status
(Fig. 5). Interestingly, ROS production was reduced in neu-
trophils even when they were activated with LPS prior to
angiostatin treatment (Fig. 6a and b). Taken together, these
data show that angiostatin inhibits mitochondrial activation
and production of ROS in activated neutrophils.

Angiostatin inhibits MAPK signalling in activated neutrophils

We investigated the impact of angiostatin on MAPK because
p38 MAPKinase is implicated in cell migration signalling
(Niggli 2003; Spisani et al. 2005; Underwood et al. 2000)
and p44/42 MAPKinase or ERK1/2 is involved in activation
of NADPH oxidase required for generation of ROS (Espinosa
etal. 2006; Markvicheva et al. 2010). Mouse as well as human
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Note attenuation of ROS in cells treated with ANG before or after
exposure to LPS (n=3). Angiostatin is represented as ANG. The images
are a compilation of the cross-section of the cell. Bar=2.5 um for the
magnified views; 25 pum for the merged wide-field views. b Fluorescence
intensity measurements of carboxy-H, DCFDA (green channel) in PBS,
LPS ANG+LPS and LPS+ANG treatment groups, as indicated in the
confocal experiment described above (n=3). Average intensities, for the
green channel, from 100 neutrophils per slide were measured by Image J
software. Angiostatin is represented as ANG. *p <0.05

neutrophils activated with LPS showed strong signals for
phosphorylated p-p38 (Fig. 7a; Suppl. Fig. 2b) and p-p44/42

Fig. 7 Effect of angiostatin on p38 as well as p44/42 MAPK P>
phosphorylation in human neutrophils. a Angiostatin inhibits MAPK
signalling. Immunofluorescence of phosphorylated p38 MAPKinase
(p-p38 MAPK) (in cyan), actin (in red) in PBS- or 1 pg/ml LPS
(30 min)-stimulated human neutrophils (0.8x10° cells/ml) adhered on
FBS-coated coverslips. Note attenuation of the signal in ANG incubated
cells. (n=3). Angiostatin is represented as ANG. The images are a
compilation of the cross-section of the cell. Bar=2 pum. b Expression of
phosphorylated p38 MAPKinase (p-p38 MAPK) and total p38 MAPK in
human neutrophil lysates subjected to SDS electrophoresis. Neutrophils (5 x
10° cells/ml) were activated with 1 pg/ml LPS for 30 min. SB239063 was
used as standard p38 MAPK inhibitor. Angiostatin is represented as ANG. ¢
Pixel density from three separate western blots depicts the expression of p-
p38 MAPK protein. Note attenuation of p-p38MAPK in 12.5 pug/ml ANG
as well as 500nM SB239063 pre-treated (30 min.) neutrophils activated with
LPS. Angiostatin is represented as ANG. *p <0.05. d Immunofluorescence
of phosphorylated p42/44 MAPKinase (p-p44/42 MAPK) (in cyan) and
actin (in red) in PBS- or LPS (30 min)-stimulated human neutrophils (0.8 x
10° cells/ml) adhered on FBS-coated coverslips. U0126 was used as
selective p44/42 MAPK inhibitor. Angiostatin is represented as ANG. The
images are a compilation of the cross-section of the cell. Bar=2 ym. e
Representative western blot showing expression of p-p44/42 MAPK and
total p44/42 MAPK protein in human neutrophil lysates subjected to SDS
electrophoresis (n=3). Neutrophils (5x10° cells/ml) were activated with
1 pg/ml LPS for 30 min. Angiostatin is represented as ANG. f Average
pixel density from three separate western blots depicts the expression of p-
p44/42 MAPK protein. Note attenuation of p-p44/42 MAPK in 12.5 pg/ml
ANG as well as 1 uM U0126 pre-treated (30 min) neutrophils. Angiostatin
is represented as ANG. *p <0.05
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MAPKinases (Fig. 7d; Suppl. Fig. 2¢) and angiostatin dimin-
ished these signals, as shown with microscopy (Fig. 7a and d;
Suppl. Fig. 2b and c) and western blots (Fig. 7b, c, ¢ and f).
Similar to angiostatin treatment, the expression of p-p38 and
p44/42 MAPKinase was reduced by known inhibitors of p38
and p44/42 MAPK phosphorylation, SB239603 and U0126,
respectively, in LPS-stimulated human neutrophils (Fig. 7b, c,
e and f). These data show that angiostatin significantly inhibits
phosphorylation of p38 MAPK and p44/42 MAPK to induce
other downstream effects in neutrophils.

Angiostatin induces apoptosis in LPS-activated human
neutrophils

Lastly, we examined the effects of angiostatin on apoptosis in
activated human neutrophils because it is known that LPS pro-
longs neutrophil survival by delaying their constitutive apoptosis
(Aoshiba et al. 1999). To determine whether angiostatin induces
apoptosis in LPS-activated neutrophils, we incubated human
neutrophils with LPS with or without angiostatin pre-treatment
and stained them for cleaved caspase-3 as an indicator of apo-
ptosis. LPS treatment suppressed expression of cleaved caspase-
3 in human neutrophils compared to PBS-treated neutrophils
(Fig. 8a and b). On the other hand, angiostatin treatment of
human neutrophils, as early as 4 h, either before or after the
LPS treatment, significantly increased the expression of activated
caspase-3 compared to both control and LPS-activated neutro-
phils (Fig. 8a and b). Lysates from respective neutrophil treat-
ments were subjected to SDS-PAGE electrophoresis to confirm
confocal data for activated caspase-3 expression. Western blot
densitometry performed with full-length caspase-3 as the control
showed a significant increase in cleaved caspase-3 protein in
human neutrophils treated with angiostatin either before or after
incubation with LPS compared to the LPS-only treatment
(Fig. 8c and d). Furthermore, the cleaved caspase-3 protein
expression was lower in all of the LPS groups compared to the
saline-treated human neutrophils (Fig. 8c and d). SB239603,
employed as a standard p38 MAPK inhibitor for the western
blot experiments, restored the caspase-3 expression to control
values in LPS-treated neutrophils (Fig. 8c and d). Finally, we
used light microscopy on neutrophil cytospins to morphologi-
cally quantify the number of apoptotic cells. The data show that
angiostatin treatment of human neutrophils before or after the
exposure to LPS caused a significant increase in the numbers of
apoptotic cells compared to the LPS-control at all the observed
time points and at 4, 6 and 8 h when compared to PBS-treated
neutrophils (Fig. 8e and f).

Angiostatin inhibits adhesion and transendothelial migration
in TNFa-activated cremaster muscle

To find out whether the in vitro effects of angiostatin on
neutrophils translate in vivo, we did intravital microscopic
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evaluation of effects of angiostatin on recruitment of leuko-
cytes under flow conditions in post-capillary venules in
cremaster muscle. The rolling flux was significantly reduced
in the TNFx group at all time-points compared to the control
groups as well as angiostatin treatment groups (Fig. 9a).
Adhesion and emigration was significantly higher in the
TNFo group compared to all other groups. The TNFx+
angiostatin treatment group had a significantly higher number
of adhered and emigrated cells compared to the saline and
angiostatin-only groups but was less when compared to the
TNF« group (Fig. 9 ¢ and d). Control groups such as saline or
angiostatin only had significantly higher rolling velocity com-
pared to the TNFa or TNFo+angiostatin treatment groups
(Fig. 9b). TNFo upregulates chemokine expression and pro-
duces acute inflammation in the cremaster muscle with sig-
nificantly lower rolling flux, velocity and a markedly high
index of neutrophil adhesion and emigration (Liu and Kubes
2003; Wong et al. 2010). Angiostatin treatment produces
significantly higher rolling flux and velocity and a

Fig. 8 Effect of angiostatin on neutrophil apoptosis a Angiostatin P>
induces apoptosis in LPS-activated human neutrophils. Neutrophils
were either incubated with 12.5 pg/ml ANG for 30 min followed by
LPS 1 pg/ml incubations for varying time periods ranging from 2, 4, 6, 8,
10, 12, 14, to 16 h, or 1 pg/ml LPS was incubated for 2 h followed by 4 h
ANG treatment. Immunofluorescence of cleaved caspase-3 (Cleav Casp-
3 in cyan) in human neutrophils (0.8 10° cells/ml) adhered on FBS-
coated coverslips. Note activation of cleaved caspase-3 in cytosol of
12.5 pg/ml ANG pre- and post-LPS treatments (n=3). Angiostatin is
represented as ANG. The images are a compilation of the cross-section of
the cell. Bar=2 um for magnified views; 25 pum for the wide-field views.
b Fluorescence intensity measurements of cleaved caspase-3 (cyan
channel) in PBS, LPS, ANG+LPS and LPS+ANG treatment groups, as
indicated in the confocal experiment described above (n=3). Average
intensities, for the cyan channel, from 100 neutrophils per slide were
measured by Image J software. Angiostatin is represented as ANG. *p <
0.05. ¢ Representative western blots showing expression of cleaved
caspase-3 (Cleav Casp-3) and full-length (pro and active) caspase-3
(Casp-3) protein in human neutrophil lysates subjected to SDS
electrophoresis (1 =3). Neutrophils (5x 10 cells/ml) were activated with
1 pg/ml LPS for 30 min. SB239063 was used to selectively block p38
MAPK and used as the control. The levels of total caspase-3 are relatively
constant across the groups. Angiostatin is represented as ANG. d Average
pixel density from three separate western blots depicts the expression of
cleaved caspase-3 protein. While all of the LPS-treated groups have lower
expression of cleaved caspase-3 compared to PBS control and SB239063
pre-treated neutrophils, both ANG-treated groups have significantly
higher cleaved caspase-3 expression compared to LPS-only group.
Angiostatin is represented as ANG. *p <0.05. e Representative light
microscopic neutrophil morphology in PBS, LPS ANG+LPS and
LPS+ANG treatment groups at 6 h time-point (n=3). f Apoptotic
neutrophils were identified under a high power oil-field at 2, 4, 6, 8, 10
and 12 h time-points for all the mentioned treatment groups (n=3) and
counted in ten different fields or a total of 500 neutrophils per slide.
Percent apoptosis was then represented across the groups. ANG+LPS
and LPS+ANG show a significant increase in the numbers of apoptotic
cells compared to the LPS-control at all the time points and 4, 6 and 8 h
compared to PBS-treated neutrophils. Values are expressed as mean (%
apoptotic cells)=SE from three different experiments. Angiostatin is
represented as ANG. *p <0.05. Bar=10 pm
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significantly lower adhesion and emigration compared to
TNF« treatment. H&E data (Fig. 9¢) showed reduced recruit-
ment and extravascular migration of neutrophils, to support
the off-line video analysis (Suppl. Mov. 2, 3, 4, 5). The dose of
TNFx employed in our study did not produce systemic ef-
fects, as indicated by similar leukocyte counts in the periph-
eral blood (Suppl. Table 1).

Angiostatin reduces neutrophil recruitment in TNF« inflamed
cremaster muscle

To further determine the effects of angiostatin on neutrophil
recruitment into cremaster tissues, we used MPO as a surro-
gate marker to quantify infiltrated neutrophils. TNFx group
has significantly higher MPO compared to the saline, ANG
only and TNFx+ANG groups (Fig. 91).

Discussion

There is a pressing need to identify molecules that modulate
neutrophil function and associated tissue damage in various
inflammatory diseases. The series of in vitro experiments
detailed in this manuscript provide conclusive morphological
and molecular data that angiostatin silences activated neutro-
phils through inhibition of MAPK cell signals, cytoskeletal
reorganization, attenuation of ROS formation and induction of
activated caspase-3. We also report that neutrophil inhibitory
effects translate in vivo as angiostatin inhibits TNF x-induced
neutrophil migration in post-capillary venules of cremaster
muscle. Because angiostatin is an endogenous protein
expressed at augmented levels in inflammation and is pro-
duced by neutrophils (Lucas et al. 2002; Scapini et al. 2002),
the data open possibilities to exploit angiostatin for therapeutic
purposes.

First, we determined that angiostatin does not bind to
resting neutrophils but binds to and is endocytozed by
fMLP-activated neutrophils. It is challenging to study the
localization of angiostatin, because most of the antibodies
cross-react with plasminogen. The immuno-reactivity of
angiostatin in resting, fMLP-activated and lipid raft-
disrupted neutrophil lysates could be due to many reasons.
For example, it may be due to binding of native angiostatin in
the cytosolic compartments of neutrophils, as evidenced by
co-elution of ATP synthase-f3 in lipid raft-disrupted neutro-
phils. Also, angiostatin reactivity in neutrophils could be due
to microplasmin, another 50 kDa cleavage product, formed
after activation of plasminogen to plasmin (Hermel et al.
2010). We overcame the challenge of lack of specific
plasminogen/angiostatin antibodies by using FITC conjuga-
tion with angiostatin in confocal microscopy. The data also
show that angiostatin uptake by activated neutrophils may be
an active energy-dependent process, because the uptake was
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Fig. 9 Effect of angiostatin on TNFa-induced neutrophil migration P
under flow conditions. Angiostatin inhibits adhesion and
transendothelial migration in TNFx-activated cremaster muscle. a
Rolling flux (cells/min) of leukocytes in post-capillary venules of
cremaster muscle at 4, 4.5 and 5 h, along the x-axis, after intrascrotal
injection of saline (n=10), ANG (260 pg/mice) (n=5), TNFx (0.05 ng/
mice) (n=9) and TNFx (0.05 pg/mice)+ANG (260 pg/mice) (n=5). *p
<0.05. Angiostatin is represented as ANG. b Rolling velocities (pnm/s) of
first 20 rolling leukocytes in post-capillary venules of cremaster muscle at
4,4.5 and 5 h, along the x-axis, after intrascrotal injection of saline (n =
10), ANG (260 pg/mice) (n=5), TNFe (0.05 pg/mice) (n=9) and TNFx
(0.05 pg/mice)+ANG (260 pg/mice) (n=5). Angiostatin is represented
as ANG. *p<0.05. ¢ Adhesion (number of cells per 100 pm vessel
length) of leukocytes in post-capillary venules of cremaster muscle at 4,
4.5 and 5 h, along the x-axis, after intrascrotal injection of saline (2 =10),
ANG (260 pg/mice) (n=5), TNFo (0.05 pg/mice) (n=9) and TNFx
(0.05 pg/mice)+ANG (260 pg/mice) (n=5). Angiostatin is represented
as ANG. *p<0.05. d Emigration (number of cells per field of view, i.e.,
two screens wide) of leukocytes above and below the post-capillary
venules of cremaster muscle at 4, 4.5 and 5 h, along the x-axis, after
intrascrotal injection of saline (n =10), ANG (260 pg/mice) (n =5), TNFx
(0.05 pg/mice) (n=9) and TNF (0.05 pg/mice)+ANG (260 pg/mice)
(n=5). Angiostatin is represented as ANG. *p <0.05. e Representative
differential interference contrast and H&E stained images of cremaster
muscle 5.5 h after intrascrotal injection of saline (n=10), ANG (260 png/
mice) (n=5), TNFx (0.05 pg/mice) (n=9) and TNFx (0.05 pg/mice)+
ANG (260 pg/mice) (n=5). Angiostatin is represented as ANG. Thin
arrows indicate adhering leukocytes, whereas the thick arrows indicate
extravasated leukocytes, which are mainly polymorphonuclear
neutrophils in morphology. Bar=50 um. f Angiostatin reduces
myeloperoxidase (MPO) in TNF« inflamed cremaster muscle.
Myeloperoxidase (MPO) assay of mouse cremaster muscle after
intrascrotal injection of saline (n=10), ANG (260 pg/mice) (n=5),
TNFx (0.05 pg/mice) (n=9) and TNFx (0.05 pg/mice)+ANG
(260 pg/mice) (n=5). Angiostatin is represented as ANG. *p <0.05

inhibited at 4 °C. It appears that lipid rafts may play a role in
the uptake of angiostatin as angiostatin distributed similar to
the lipid raft marker, flotillin-1, in LPS- as well as fMLP-
stimulated neutrophils. The disruption of lipid rafts as shown
by loss of flotillin-1 in confocal microscopy was supported by
the coimmuno-precipitation data, and was accompanied by
inhibition of uptake of FITC-angiostatin by the neutrophils.
The uptake of angiostatin in MCD-treated neutrophils was
restored through addition of cholesterol to the experiment
set-up. These data, taken together with the restoration of lipid
rafts and angiostatin uptake through addition of cholesterol to
MCD-treated neutrophils, suggest a role for the lipid rafts in
the uptake of angiostatin by activated neutrophils.

It has been established by Tarui et al. that angiostatin
interacts with one of its receptors, «, 35 integrin, in a lysine-
dependent manner, as shown in ;-transfected CHO cells
(Tarui et al. 2001). Our data also detected integrin (3; along
with flotillin-1 in the co-immunoprecipitated angiostatin com-
plex. Angiostatin co-localized with (35 integrin, which is one
of its known receptors and recycles to and from lipid rafts
during chemotaxis (Castel et al. 2001; Fabbri et al. 2005). The
finding that blockade of integrin 3; did not prevent the
leading-edge formation in fMLP-activated neutrophils is not
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surprising, keeping in mind the well-established role of  2001; Kuijpers et al. 1997; Liu et al. 2012). While the integrin
integrins (3, and (3; in neutrophil migration (Harris et al.  blocking with LM609 antibody did not prevent angiostatin
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endocytosis, it restored polarization of neutrophils in the pres-
ence of angiostatin and fMLP to suggest that angiostatin and
the LM609 antibody bind to the same (33 integrin. In addition
to LM609, another antibody 7E3 is also used to block integrin
[35. Based on the published evidence that 7E3 blocks binding
of LM609 to integrin (353 and that both LM609 and 7E3 are
equally effective in blocking angiostatin binding (Puzon-
McLaughlin et al. 2000; Artoni et al. 2004; Tarui et al.
2001), we chose to use only LM609. There are three possible
explanations for this partial reversal of angiostatin’s effects
with blockade of 35 integrin. First, LM609 is an allosteric
inhibitor of o, 35 integrin but angiostatin interacts with the
RGD binding site on this integrin. Second, it has recently been
shown that integrins are dispensable for neutrophil migration
(Lammermann et al. 2008). Based upon the lipid raft blocking
experiment, we speculate that proteins like flotillin and
caveolin-rich microdomains are possibly more important in
the process of endocytosis of angiostatin (Castel et al. 2001;
Fabbri et al. 2005; Tuluc et al. 2003). Third, angiostatin and
LM609 may not be stoichometrically balanced, so that the
block was not sufficient. Nevertheless, the data show some
interaction of angiostatin with (35 integrin expressed on neu-
trophils, resulting in a reversal of the effects of angiostatin.
Because LM609 requires cross-linking to activate integrin
35 signaling (Tsukada et al. 1995), we believe that
LM609 alone would not activate the integrin in neutrophils.
While the issue can be fully addressed using integrin 5/
neutrophils, the fact that LM609 reverses rather than competes
with angiostatin suggests that angiostatin might either be acting
independently of integrin 33, or that the LM609-integrin f35-
angiostatin complex might inhibit the angiostatin-mediated
downstream small G-protein signaling cascade, as is the case
with some chemokine CXCR?2 or formyl peptide, fMLP, recep-
tor inverse agonists (Bradley et al. 2009; Mustafa et al. 2012;
Wenzel-Seifert et al. 1998). However, more studies are needed
to address the interactions of angiostatin with integrin f35.
Polarization in response to chemo-attractants is a primal
event in chemotaxis (Insall 2010). In vitro confocal microsco-
py on mouse as well as human neutrophils revealed that
angiostatin abolished polarization as well as activation of
neutrophils in response to fMLP and LPS. The response of
angiostatin to non-receptor mediated chemotactic agents such
as IL-8 and MIP-2 should also be further explored, as
angiostatin inhibits neutrophil chemotaxis in response to IL-
8, MIP-2 and Gro-« (Benelli et al. 2002). Hsp-27 induces
actin capping and phosphorlyation of hsp-27 is essential for
maintaining polarized heads (Jog et al. 2007). Immuno-
precipitation data have revealed that hsp-27 binds to both «
and 3 tubulin and inhibits tubulin polymerization (Hino and
Hosoya 2003; Hino et al. 2000). While it is still not clear
whether inhibition of hsp-27 phosphorylation observed with
confocal microscopy and western blots is a direct effect of
angiostatin or due to angiostatin-mediated inhibition of
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MAPKinases observed in our experiments, angiostatin
inhibited phosphorylation of hsp-27 and blocked formation
of polarized heads. The ability of angiostatin to cause redis-
tribution of and to localize with angiomotin suggests its inter-
actions with angiomotin to inhibit formation of polarized
heads in neutrophils. Angiomotin can bind to cdc-42 Rho
GTPase activating protein (GAP), Richl and produce a
hypermigratory state in endothelial and epithelial cells
(Gagne et al. 2009; Ernkvist et al. 2008, 2009). Angiostatin
can also bind to actin in cultured macrophages and endothelial
cells to inhibit their migration and polarization (Dudani et al.
2005; Perri et al. 2007a). Because blockade of (33 integrin with
function blocking antibodies restored polarization in
angiostatin-treated neutrophils without altering uptake of
angiostatin, it appears that angiostatin may be inducing its
actions through its receptors other than 3; integrin. While
some of the molecular mechanisms require further investiga-
tion, the in vitro effects of angiostatin on neutrophils are
supported by our in vivo intravital microscopic data that
angiostatin blocks neutrophil adhesion, emigration and accu-
mulation in cremaster muscles.

We also explored the effects of angiostatin on LPS activat-
ed neutrophils. Activated neutrophils perform their roles in
innate defense of the host through molecules such as ROS. We
found that angiostatin treatment silences generation of ROS in
LPS-activated neutrophils. Because FFy, ATP synthase trans-
locates to lipid raft caveolae and also resides in cytosol (Wahl
et al. 2005), it is possible that angiostatin and the synthase
interact with each other. This possibility is supported through
co-immunoprecipitation data showing presence of FFy, ATP
synthase in the angiostatin-precipitated immune complex
from neutrophils. These results suggest the important role of
ATP synthase as a mitochondrial as well as cell surface
receptor for angiostatin-mediated inhibition of LPS-induced
neutrophil activation. Not only did angiostatin reduce ROS
production, we also found that it increased expression of
activated caspase-3 and induced apoptosis to silence the neu-
trophils for good, which is in accordance with earlier obser-
vations (Pluskota et al. 2008). Activated neutrophils also
generate ROS through p44/42 MAPKinase phosphorylation
(Espinosa et al. 2006; Khan et al. 2005; Markvicheva et al.
2010; Zhong et al. 2003), which, in turn, act as signaling
molecules (Espinosa et al. 2006; Fialkow et al. 2007). The
respiratory burst is also mediated by integrin 35 signalling
(Yan and Novak 1999). Angiostatin significantly inhibited the
phosphorylation of p38MAPK and p44/42 MAPK without
affecting the levels of total MAPK proteins in LPS-treated
neutrophils and these results were validated with pharmaco-
logical inhibitors of p38 as well as p44/42 MAPK.
Downstream molecules for chemotaxis regulation are in part
mediated by phosphorylation of p38 MAPKinase in LPS-
treated neutrophils (Jog et al. 2007; Khan et al. 2005;
Kutsuna et al. 2004; Lokuta and Huttenlocher 2005; Niggli
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2003; Sabroe et al. 2005) and suppression of MAPK signal-
ling by angiostatin may underlie its inhibition of neutrophil
migration. LPS-stimulated neutrophils live longer because of
suppression of their constitutive apoptosis and they potentially
cause more tissue damage through continued production of
ROS and ROS also contributes to suppression of apoptosis.
Angiostatin not only shut down production of ROS and phos-
phorylation of p44/42 MAPKinase in activated neutrophils, it
also induced robust expression of activated caspase-3, which
is central to the induction of apoptosis in neutrophils. We
confirmed the role of p38 MAPK in angiostatin-induced

Fig. 10 Schematic diagram for
mechanism of action of
angiostatin (ANG) in acute
inflammation. ANG inhibits
neutrophil adhesion as well as
trans-endothelial migration in an
acute inflammation setting by
inhibiting the leading edge actin
dynamics. Angiostatin is
endocytozed in activated
neutrophils via lipid raft domains,
which express integrin o, 35 as
well as FFy ATP synthase. We
hypothesize that ANG binds to a
GTPase activating protein (GAP)
associated angiomotin (AMOT)
that inhibits guanosine
triphophate (GTP) recycling
required for F-actin aggregation at
the leading edge, thereby
inhibiting neutrophil chemotaxis.
Shut-down of the mitochondrial
ATP synthesis upon inhibition of
F,Fy ATP synthase leads to
mitochondrial redox inhibition
and reduction in ROS production
and ultimately induces apoptosis,
as evidenced through the presence
of apoptotic nuclear bodies
(depicted in blue) after LPS and
4 h angiostatin incubation. For
further explanation, refer to text
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caspase-3 expression by showing restoration of caspase-3
cleavage in LPS-treated neutrophils with SB239063 pre-
treatment, which is a potent inhibitor of p38 MAPK inhibitor.

Collectively, the data show multifaceted effects of
angiostatin across a broad spectrum of neutrophil activities.
Angiostatin diminishes abilities of activated neutrophils to
migrate in vivo and in vitro and silences activated neutrophils
through inhibition of signalling and ROS production and
silences them for good through induction of apoptosis.
Based on the data reported in this manuscript, we propose a
schematic model (Fig. 10) to highlight the possible role of
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angiostatin in acute inflammation. While further work is
needed to establish a precise relationship between the various
angiostatin-binding proteins as receptors and (or) downstream
signaling molecules, the data create the possibility of devising
anti-inflammatory therapies based on angiostatin.

Conclusions

Taken together, the data show abilities of angiostatin to com-
plex with flotillin-1, integrin .33, as well as F;F, ATP
synthase and attenuate polarization, MAPK phosphorylation,
mitochondrial activation and ROS production while activating
caspase-3 expression and inducing apoptosis in activated neu-
trophils. The in vitro effects of angiostatin translate into in
vivo inhibition of migration of neutrophils in post-capillary
venules in TNFo-treated cremaster muscle. These data are of
significance because of the critical double-edged role of neu-
trophils in numerous acute inflammatory pathologies such as
sepsis, transfusion-induced injuries and acute pancreatitis that
require modulation of activated neutrophils to preserve their
beneficial effects and minimize deleterious tissue effects.
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