Heparin-binding protein targeted to mitochondrial
compartments protects endothelial cells from apoptosis
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Neutrophil-borne heparin-binding protein (HBP) is a multifunctional protein involved in the pro-
gression of inflammation. HBP is stored in neutrophil granules and released upon stimulation of
the cells in proximity to endothelial cells. HBP affects endothelial cells in multiple ways; however, the
molecular and cellular mechanisms underlying the interaction of HBP with these cells are unknown.
Affinity isolation and enzymatic degradation demonstrated that HBP released from human neu-
trophils binds to endothelial cell-surface proteoglycans, such as syndecans and glypican. Flow cytom-
etry indicated that a significant fraction of proteoglycan-bound HBP is taken up by the endothelial
cells, and we used radiolabeled HBP to determine the internalization rate of surface-bound HBP. Con-
focal and electron microscopy revealed that internalized HBP is targeted to perinuclear compart-
ments of endothelial cells, where it colocalizes with mitochondria. Western blotting of isolated mito-
chondria from HBP-treated endothelial cells showed that HBP is present in 2 forms — 28 and 22 kDa.
Internalized HBP markedly reduced growth factor deprivation-induced caspase-3 activation and pro-
tected endothelial cells from apoptosis, suggesting that uptake and intracellular routing of exoge-
nous HBP to mitochondria contributes to the sustained viability of endothelial cells in the context

of locally activated neutrophils.

J. Clin. Invest. 104:885-894 (1999).

Introduction

The interplay between circulating white blood cells
and the vascular endothelium has attracted consider-
able interest over the past decade (for a recent review,
see ref. 1). Polymorphonuclear neutrophils (PMNs)
represent the first line of host defense against infec-
tion (2). They roll on the endothelium, probing for
signs of infection. Upon sensitization by inflammato-
ry signals, neutrophils adhere to the endothelium of
postcapillary venules adjacent to the infected tissue
(3). Adhesion proteins, such as selectins, integrins,
members of the Ig superfamily, and proteoglycans,
play pivotal roles in these processes (3). After physical
attachment to the endothelium, the neutrophils
extravasate, migrate to the infected area, and begin to
combat the infection. In the inflamed tissue, neu-
trophils produce oxygen radicals and mobilize a vast
array of effector proteins stored in their internal com-
partments, i.e., the azurophilic, specific, and gelatinase
granules, as well as the secretory vesicles (4).

Among the components present in these granules,
special attention has been paid to heparin-binding pro-
tein (HBP), also known as CAP37 or azurocidin (5).
Originally, human HBP was studied because of its
intrinsic antibiotic activities and LPS-binding proper-
ties (6, 7). For example, in animal models of fecal peri-
tonitis, HBP treatment rescues mice from otherwise
lethal injury (8). More recent evidence suggests that
HBP, in addition to its bactericidal role, contributes to
the maintenance and progression of inflammation by
recruitment and activation of monocytes (9, 10) and
mobilization of T cells (11), and by the detachment and
homotypic aggregation of endothelial cells and fibrob-
lasts in vitro (12). Hence, neutrophil-borne HBP
appears to be a multifunctional protein endowed with
LPS- and heparin-binding capacity (13). Despite the
far-reaching implications for host defense and inflam-
mation, the molecular mechanisms and cellular sig-
naling pathways underlying the biological roles of HBP
have remained largely unknown.
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Structurally, HBP belongs to the serprocidin sub-
group of the chymotrypsin-like protease superfamily
comprising neutrophil elastase, cathepsin G, and pro-
teinase-3 (14). Unlike these latter enzymes, HBP lacks
proteolytic activity owing to mutations that change 2 of
the essential amino acid residues of the catalytic triad,
H41S and S175G (13-15), thereby crippling the critical
charge-transfer system required for peptide-bond
hydrolysis. Hence, HBP represents another member of
the small group of pseudoproteases that includes hepa-
tocyte growth factor and haptoglobin. The crystal struc-
ture of human HBP has been resolved (13) and com-
pared with that of human elastase (the most similar
protein), with a 44% sequence identity (15, 16). Human
HBP contains a serine protease fold exposing 2 charged
patches, a basic area and an acidic area on each side of
the protein surface, which are not present in elastase
(13). The basic patch likely represents the docking site
for heparin, whereas the function of the acidic patch —
if any — is unknown. Adjacent to its heparin binding
site, HBP exposes a high-affinity binding site for lipid A,
which likely mediates LPS attachment (13).

To date, no attempts have been made to characterize
the fate of HBP after its secretion by neutrophils. Here
we demonstrate that neutrophil-borne HBP binds to
surface-exposed proteoglycans of human umbilical
vein endothelial cells (HUVECs). We show that
HUVECs bind, sequester, and route neutrophil-borne
HBP from the cell surface to perinuclear compart-
ments, where it colocalizes with mitochondria. Inter-
nalized HBP confers beneficial effects to endothelial
cells, such as protection from growth factor depriva-
tion-induced apoptosis.

Methods

Antibodies and proteins. Recombinant human HBP was
produced using the baculovirus expression system in
Sf9 insect cells (Invitrogen Corp., Carlsbad, California,
USA) and was purified as described (10). Biotinylation
and coupling of HBP to FITC were done as described
(17, 18). Iodination of HBP was done with N-succin-
imidyl 3-(4-hydroxy-['2°IJiodophenyl)propionate (Amer-
sham International, Amersham, United Kingdom) (19).
Mouse mAb 2F23C3 and rabbit antisera to recombi-
nant HBP (anti-HBP) (20), rabbit antibody (AS385) to
human mitochondrial protein p33/gC1qR (anti-p33)
(21), and mouse mAb 3G10 to heparitinase-digested
heparan sulfate proteoglycan, reactive with the A4,5 glu-
curonates at the nonreducing ends of the heparan sul-
fate chain remnants (22), were prepared and affinity-
purified as detailed previously (20-22). Mouse mAb
1273 directed against 65-kDa protein of human mito-
chondria (23) was from Chemicon International
(Temecula, California, USA). Texas red-conjugated goat
anti-rabbit IgG was from Jackson ImmunoResearch
Laboratories Inc. (West Grove, Pennsylvania, USA);
FITC-conjugated goat anti-mouse IgG was from Sigma
Chemical Co. (St. Louis, Missouri, USA); peroxidase-
conjugated antibody to rabbit IgG was from Bio-Rad

Laboratories Inc. (Richmond, California, USA); and
alkaline phosphatase-conjugated rabbit anti-mouse Ig
was from Promega Corp. (Madison, Wisconsin, USA).
Gold-labeled goat anti-rabbit and goat anti-mouse Ig
were from Amersham International.

Isolation and activation of neutrophils. Neutrophils were
isolated from heparinized human blood using
Macrodex sedimentation of erythrocytes and Percoll
(Pharmacia Biotech AB, Uppsala, Sweden) separation
of leukocyte-rich plasma (24). PMNs (2 % 105 cells/200
ML) were stimulated with varying concentrations of
PMA, FMLP, or leukotriene B4 for 30 minutes at 37°C
in the presence or absence of HUVECs grown to con-
fluence in 48-well plates. The PMN suspensions were
removed and centrifuged for 10 seconds at 20,800 g,
and the HBP concentration of the supernatants was
determined by ELISA.

Cell culture. HUVECs were isolated from umbilical
cords by digestion with collagenase (Worthington Bio-
chemical Corp., Freehold, New Jersey, USA) and were
cultured on gelatinized surfaces (Sigma Chemical Co.)
in the presence of FCS and adult calf serum (1:1
vol/vol; GIBCO BRL, Paisley, Scotland), endothelial cell
growth factor, heparin (Sigma Chemical Co.), and
antibiotics in M199 with Earle’s salt (GIBCO BRL) (25,
26). Primary cultures were passaged once (unless stat-
ed otherwise) with trypsin/EDTA. Cells were used
when expressing cobblestone morphology, except for
microscopic studies, where subconfluent cells were
applied. For metabolic labeling, HUVECs were cultured
in the presence of 100 UCi/mL [3°S]Na,SO4 (specific
activity: 1,310 Ci/mmoL) in culture media. After 24
hours, the cells were washed 4 times with cold PBS and
lysed on a shaker for 1 hour at 4°C with 1% Triton X-
100, 20 mM Tris-HCI (pH 8.0), including 1 mM CacCl,,
1 mM MgCl,, 2 mM PMSF, 5 mM 1,10-phenanthro-
line, 4 pg/mL leupeptin, 4 pg/mL pepstatin A, and 100
Mg/mL aprotinin. The lysate was centrifuged at 10,000
g for 30 minutes at 4°C, and the supernatant was fur-
ther processed. CHO-K1 (from Chinese hamster ovary)
and the heparan sulfate-deficient cell line CHO-K1
variant pgsD-677 (27) were grown in F12K nutrient
mixture with Kaighn’s modifications (GIBCO BRL)
and supplemented with FCS and antibiotics.

Cell fractionation. Confluent HUVECs, grown on 6
dishes (145 cm? each), were washed once with M199 in
HBSS (GIBCO BRL). Plates were incubated with 25
Mg/mL of HBP in 5 mL of the same solution for 24
hours at 37°C. Cells were washed once with
Ca?*/Mg?*-free PBS (GIBCO BRL) and scraped from the
plates. After centrifugation (800 g for 10 minutes), cells
were resuspended in 2.5 mL of 50 mM phosphate (pH
7.4),0.28 M sucrose, 100 pg/mL PMFS, 1 pg/mL apro-
tinin, 0.5 pg/mL leupeptin, 1 pg/mL pepstatin A, and
3.6 Pg/mL trans-epoxylsuccinyl-L-leucylamido-(4-guani-
dino)butane (E-64) and pressurized with N, for 5 min-
utes at 350 psi and 4°C. The resultant suspension was
used for cell fractionation as detailed previously (21).
Pellets P3 (vesicular fraction), P4 (membrane fraction),
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Figure 1

Release and uptake of HBP. (a) Release of HBP from activated human neutrophils was followed after stimulating isolated PMNs with the
indicated concentrations of PMA in the absence (gray bars) or presence (open bars) of HUVECs (ECs) cultured in 48-well plates. After
removal of the cell suspension from the plate and centrifugation, the concentration of HBP in the cell-free supernatant was determined by
ELISA. Experiments were done in triplicate; means + SD are presented. (b) 3°S-labeled HBP binding sites were isolated from whole lysates of
HUVECs by affinity chromatography on HBP-streptavidin agarose. Fractions eluted at 300, 400, or 500 mM NaCl were incubated in the
presence (+) or absence (-) of Cagc (top) or HNO, (bottom). Cleavage products were separated on agarose gels and viewed by phospho-
imaging. (c) Affinity-purified HBP binding sites eluted at 300 mM NaCl (left) or whole HUVEC lysates (right) were incubated in the absence
(=) or presence (+) of Cagc and heparitinase. The cleavage products were separated by SDS-PAGE, electrotransferred to Zeta-Probe mem-
branes, and probed by mAb 3G10. The relative positions of known endothelial proteoglycans of the heparan sulfate type are indicated by
stars (from top to bottom): perlecan (>200 kDa), syndecan-3 (125 kDa), syndecan-1 (90 kDa), glypican (64 kDa), syndecan-2 (48 kDa),
and syndecan-4 (35 kDa). The relative molecular masses of marker proteins are given on the left.

and PS5 (microsomal fraction), as well as supernatant S3
(cytosolic fraction), were collected. Mitochondria were
isolated from HUVECs incubated in the absence or
presence of 50 mg/mL HBP for 12 hours by differential
ultracentrifugation (28). Aliquots of the eluted fractions
were subjected to 4-16% PAGE in the presence of SDS
(29) and 5% 2-mercaptoethanol. Immunoblotting was
done with polyclonal anti-HBP (from rabbit) and the
chemiluminescence detection method.

Isolation and identification of proteoglycans. HBP binding
sites were isolated from the lysates of 3%S-labeled
HUVECs by affinity chromatography on biotinylated
HBP-streptavidin agarose. Proteoglycans were isolated
from the eluted material by the Alcian blue method
(30). A fraction of the sample was treated with HNO, at
pH 1.5 for 10 minutes at room temperature to cleave
heparan sulfate (31). Another fraction was dissolved in
50 mM Tris-HCI, 0.1 M NaCl at pH 7.3, and digested
with 150 mU/mL chondroitinaseapc (Capc; Sigma
Chemical Co.) (30). Samples were run on 1.2% agarose
gels (32). For Western blotting, affinity-purified mate-
rial from HBP-streptavidin agarose was concentrated on
100 pL DEAE-Trisacryl columns (BioSepra SA, Vil-
leneuve-la-Garenne, France) and eluted with buffer A
containing 1 M NaCl (5 x 50 UL). Samples were digest-
ed for 3 hours at 37°C with 0.5 U/mL Cagc (Seikagaku
Corp., Tokyo, Japan) or 10 mU/mL heparitinase (Seika-
gaku Corp.) in 100 mM NaCl, 1 mM CacCl,, 0.1% Triton
X-100, 50 mM 6-aminohexanoic acid, 20 pg/mL leu-
peptin, 2.5 pg/mL pepstatin A, 1 mM PMSF, and 50

mM HEPES at pH 7.0. After 6-20% SDS-PAGE under
nonreducing conditions, separated proteins were trans-
ferred to Zeta-Probe membranes (Bio-Rad Laboratories
Inc.). Immunoblotting was done with antibody 3G10,
followed by rabbit anti-mouse Ig conjugated to alkaline
phosphatase (1:5,000). Bound antibody was viewed
using the chemiluminescence method.

Flow cytometry. HUVECs grown to confluence in 12-well
plates were washed once with M199/HBSS and incubat-
ed for various periods of time at 37°C with 50 pg/mL of
HBP in the same medium; controls were processed in the
absence of HBP. The cells were washed twice with PBS
containing 0.5% HSA (Calbiochem-Novabiochem Corp.,
San Diego, California, USA), once with Ca?'/Mg?*-free
PBS, and then exposed to 500 UL dissociation solution
(Sigma Chemical Co.) at 37°C for 15 minutes. The
detached cells were harvested, fixed in 1% formaldehyde
overnight at 4°C, and incubated with 25 plg/mL of mAb
2F23C3 to HBP in PBS, including 0.02% NaNj and 1%
heat-inactivated human serum, in the presence or
absence of 1% saponin and 0.0125% digitonin (Sigma
Chemical Co.). Next, the cells were incubated with FITC-
conjugated goat anti-mouse Ig diluted 1:100 in the same
buffer. The cells (5 x 10° per experiment) were analyzed
on a FACSort (Becton Dickinson Immunocytometry Sys-
tems, San Jose, California, USA) using a FACStation with
CellQuest software. Background staining was the same
in the absence of either HBP or primary antibody. The
fluorescence intensity was calculated on channel values
and normalized (see Figure 2). The results are given as
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means * SD. In some experiments, cells were treated for
1 hour with 50 mM NH4Cl, 1 UM cytochalasin D, or 1
nM cycloheximide prior to and following incubation
with HBP for 30 minutes. In another experiment, a mix-
ture of 50 lg/mL of HBP and 100 pg/mL heparin was
prepared for 30 minutes before addition to the cells.

Confocal laser microscopy. HUVECs grown overnight on
microscope slides were incubated with 50 Jg/mL FITC-
labeled or unconjugated HBP in M199/HBSS for vari-
ous periods of time. After a brief wash with PBS, the
cells were fixed in 4% formaldehyde for 1 hour. Cells
were washed with 100 mM glycine for 1 hour, perme-
abilized with cold methanol for 10 minutes, and incu-
bated with 1% BSA in PBS before incubation with 10
Hg/mL of anti-p33 for 30 minutes, followed by 30
Hg/mL Texas red-conjugated goat anti-rabbit Ig. The
slides were equilibrated and mounted with SlowFade
Antifade (Molecular Probes Europe BV, Leiden, the
Netherlands) following the manufacturer’s instruc-
tions. Cells were viewed at 590 nm, with excitation at
543 nm, using an LSM 310 Laser Scan microscope
(Carl Zeiss, Oberkochen, Germany). Horizontal sec-
tions of double-stained cells were used for colocaliza-
tion studies; for FITC, the excitation wavelength was at
488 nm and the emission was at 525 nm. A color shift
from green and red to yellow was considered indicative
of colocalization; alternatively, the subtraction method
was applied where black areas indicated colocalization.
When unconjugated HBP was used, the fixed cells were
incubated with 50 pg/mL of biotinylated rabbit anti-
HBP for 30 minutes, followed by 10 pg/mL of FITC-
conjugated streptavidin for 30 minutes.

Electron microscopy. HUVECs were grown on polycar-
bonate filters (Corning-Costar Corp., Cambridge,
Massachusetts, USA) with a pore size of 3 um. Cells
were washed twice in M199/HBSS and incubated for 3
hours in 50 pg/mL HBP added to the upper and lower
compartments. Cells were fixed in 0.5% glutaraldehyde
and 1.5% paraformaldehyde in 0.1 M Sérensen buffer
at pH 7.3 for 1 hour, dehydrated in ethanol, and then
further processed for Lowicryl embedding (33). For
immunostaining, free aldehyde groups were blocked
with 50 mM glycine and incubated for 1 hour with 5%
Aurion BSA (Aurion ImmunoGold Reagents and Acce-
sories, Wageningen, the Netherlands) and 5% goat sera
in PBS. Next, the sections were incubated with 0.2%
Aurion BSA, 0.1% fish gelatin (Amersham Internation-
al) in PBS for 3 x 15 minutes, followed by overnight
incubation with 5 pg/mL rabbit anti-human HBP
diluted in the same buffer. Sections were washed in
0.1% Tween-20 followed by PBS, and incubated with
15-nm gold-labeled goat anti-rabbit antibodies diluted
1:20. After washes (described above), the sections were
postfixed in 2% glutaraldehyde. The sections were fur-
ther processed overnight with mAb 1273 at 1:50, fol-
lowed by 10-nm gold-labeled goat anti-mouse antibody
at 1:20. Sections were contrast-stained with uranyl
acetate and viewed in an electron microscope.

HBP internalization. The internalization rate constant
(Ky) of 12I-labeled HBP was determined by the method
of Wiley and Cunningham (34). Briefly, HUVECs were
incubated with 0.65 nM '?’I-labeled HBP at 4°C or
37°C in 0.25 mL M199. At indicated times, the cells
were washed with 1.0 mL M199 and treated with 0.25

a b c
20,000 o
= [ intact E 37°C
E 100 M Permeabilized 17,500+ 4°C
iz 15,000 Control
.g 75 - € Heparin
3 § 12500 NH,CI
g 50 % 10,000+ Cytochalasin D
5 = Cycloheximid
5 25_ b 7500_ ycoelelel T T —71 r 1 .1 1
Z 0 20 40 60 80 100
3 B 5000 Mean fluorescence intensity (%)
= 0.08 0256 05 1 3 6 24 2500
Time (hours) 0
T T T T T
0 1 2 3 4 5 6
Time (hours)
Figure 2

Internalization of HBP by HUVECs. (a) HUVECs were incubated with 50 pig/mL of HBP for the indicated periods of time. The cells were
washed, fixed in 1% formaldehyde, permeabilized, and stained with mAb 2F23C3 to human HBP, followed by an FITC-labeled anti-mouse
Ig (from goat); they were then subjected to flow cytometry. Negative controls were stained excluding the primary antibody. Background
staining was subtracted. The data represent mean fluorescence intensity normalized for HBP binding at 24 hours and are given as means +
SD. (b) HUVECs were incubated with 0.65 nM of '25|-labeled HBP at 37°C. At the indicated times, the radioactivity present on the cell sur-
face (squares) or in the interior of the cell (diamonds) was quantified. Data represent means + SD of 3 independent experiments, each done
in duplicate. (c) HUVECs were incubated with 50 pig/mL HBP for 30 minutes at 37°C, washed, fixed, permeabilized, incubated with mAb
2F23C3 and FITC-anti-mouse Ig, and analyzed by flow cytometry (top bar). To test for specificity, cells were incubated with buffer alone
(Control) at 4°C or with a mixture of 50 pg/mL HBP and 100 pg/mL heparin. Alternatively, cells were incubated for 60 minutes with 50 mM
NH4Cl, 1 nM cycloheximide, or T UM cytochalasin D before adding 50 pg/mL HBP. Data represent mean fluorescence intensity normalized
for HBP binding at 37°C (=100%) and are given as means + SD (n = 5).
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mL 0.1 M sodium acetate, 0.1 M NaCl (pH 2.5) for S
minutes (surface bound fraction [Sur]). Then cells were
lysed with 0.25 mL 0.1 M NaOH, 1% (wt/vol) SDS
(internalized fraction [In]). The radioactivity associat-
ed with surface-bound fraction or the internalized frac-
tion was quantified, and the internalization rate con-
stant was calculated as d(In/Sur)/dt.

Effect of HBP on HUVEC apoptosis. HUVECs in their first
passage were trypsinized, seeded at a density of 10* cells
per well in 96-well culture plates (Packard Instrument
Co., Meriden, Connecticut, USA), precoated with gela-
tin, and grown to confluence in complete growth medi-
um as described. After overnight culture, the medium
was changed to M199/Earle’s salt, including 10% FCS
(GIBCO BRL). HBP was added to final concentrations
of 0, 10, or 50 pg/mL, and cells were incubated for 24
hours. Apoptosis was induced by replacing the HBP-con-
taining medium with M199/Earle’s salt in the absence
of FCS. Alternatively, cells were kept in M199/Earle’s salt
with 10% FCS. After 24 hours of incubation, DNA frag-
mentation was measured by the TUNEL method (35)
using terminal deoxynucleotidyl transferase and
[>*P]dCTP (Amersham International). For control, cells
were incubated without transferase under otherwise
identical conditions. Specific labeling was obtained by
subtracting the background level of the controls. To fol-
low the caspase-3 activation, HUVECs were cultured and
seeded at a density of 200,000 cells per well in 6-well
plates as detailed earlier here. HBP was added to final
concentrations of 0, 1, 5, 10, or 50 lg/mL, incubated for
24 hours, and apoptosis was induced as described. Cas-
pase-3 activity was measured by the CaspACE Assay Sys-
tem (Promega Corp.) following the instructions of the
manufacturer. Released 7-amino-4-methyl coumarin
(AMC) was detected by a fluorescence plate reader using
excitation and emission filters at 355 and 460 nm,
respectively. In parallel runs, the caspase-3 inhibitor Ac-
DEVD-CHO was added; the resultant values were
regarded as background and subtracted from the exper-
imental values. A calibration curve was established using
an AMC standard to calculate the amount of cleaved
DEVD-AMC substrate (pmol AMC/|lg protein).

Results

Release of HBP from neutrophils and binding of HBP to
HUVECs. HBP is a protein that is synthesized and stored
in PMNs (5). To demonstrate that HBP can be released
from these cells, we stimulated human neutrophils with
increasing concentrations of PMA, FMLP, or leukotriene
B, in the presence or absence of HUVECs. The agonist-
triggered release of HBP was followed by sandwich
ELISA and is exemplified for PMA (Figure 1a). PMA and
FMLP promoted HBP release from neutrophils in a
dose-dependent manner, whereas leukotriene By failed
to cause HBP secretion (data not shown). The presence
of endothelial cells tended to further increase the release
of neutrophil-borne HBP. Hence, stimulated human
neutrophils have the capacity to efficiently secrete HBP
in proximity to HUVECs. We wondered what the fate of
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Immunoblotting of HBP and p33 in subcellular fractions and isolated
mitochondria of HUVECs. (a) Proteins from the cytosolic fraction (S3),
vesicular fraction (P3), membrane fraction (P4), and microsomal frac-

tion (P5) were separated by SDS-PAGE, blotted to nitrocellulose,

and

detected with polyclonal anti-HBP (top) or anti-p33 (bottom). The
nomenclature given (S3, P3, P4, P5) follows the form used previously
(21). (b) Total extracts from HUVECs preincubated in the absence or
presence of 50 pig/mL HBP for 12 hours, or isolated mitochondria of
HBP-treated cells, were applied to SDS-PAGE (30 pg of protein per
lane), blotted to nitrocellulose, and detected with anti-HBP. Relative

molecular masses of marker proteins are given on the left.

the released HBP might be. Because HBP binds with
high affinity to heparin (15), our initial hypothesis was
that neutrophil-borne HBP may interact with endothe-
lial cells through heparin-like surface molecules such as
heparan sulfate-containing proteoglycans. We metabol-
ically labeled HUVECs with [3°S]SO4?" to allow incorpo-
ration into sulfated carbohydrate structures. After 24
hours of incubation, the cells were lysed, and the total
cellular lysate was affinity-purified on HBP-streptavidin
agarose. SDS-PAGE of the radioactive material eluted
from the HBP column gave a broad smear of bands over
amolecular mass range of 40 kDa to more than 400 kDa
(datanot shown), as typically observed for proteoglycans
(22). To characterize further the affinity-purified mate-
rial, we employed enzymatic and chemical degradation
of the radiolabeled products. Eluted material from the
HBP column was treated with Cagc or HNO,. The result-
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Figure 4

Time course of internalization and subcellular distribution of HBP.
For control, the biotinylated antibody was omitted (a). HUVECs were
incubated with 50 pg/mL HBP for 0.5 hours (b), 2 hours (c), and 24
hours (d). Cells were washed to remove unbound ligand, fixed with
4% formaldehyde, and successively incubated with 50 pg/mL biotiny-
lated anti-HBP and 10 pg/mL FITC-conjugated streptavidin. Inter-
nalized HBP was viewed using a confocal laser scanning microscope
at an excitation wavelength of 488 nm. x300. Scale bar: 4 pm.

ing mixtures were electrophoretically separated on
agarose gels (Figure 1b). The 35S-labeled material was
sensitive to treatment with Capc (top) or HNO; (bot-
tom), indicating that proteoglycans containing chon-
droitin sulfate and dermatan sulfate side chains sensitive
to Cagc, and/or heparan sulfate side chains sensitive to
HNO,, were bound by immobilized HBP. No radioac-
tivity in the position of the free glycosaminoglycan
chains were found after HNO, treatment (Figure 1b).
Treatment with heparinase III, which cleaves heparan
sulfate side chains, partially digested HBP-binding pro-
teoglycans, and the combined action of heparinase III
and Capc completely degraded them (data not shown).

Identification of HBP-binding proteoglycans. Endothelial
cells are known to express proteoglycans such as per-
lecan, glypican, syndecan-1,-2, -3, and -4 of the heparan
sulfate type, and biglycan and decorin of the chon-
droitin sulfate type. We digested affinity-purified HBP
binding sites with a combination of heparitinase and
Cagc to completely remove their glycosaminoglycan
side chains. The resulting cleavage products were sepa-
rated by SDS-PAGE and subjected to Western blotting
using mAb 3G10 (22), which selectively binds to a
neoepitope (i.e., desaturated glucuronate) that is gen-
erated upon heparitinase treatment of heparan sul-
fate-type proteoglycans (Figure 1c). For comparison,
proteoglycans of total HUVEC lysates were run in par-
allel and identified by the relative molecular masses of

their core proteins. The heparan sulfate-containing
proteoglycans present in total HUVEC lysates were also
present in the HBP-binding fraction, thus proving that
proteoglycans represent major docking sites for HBP.
The binding of HBP was not restricted to a particular
proteoglycan present in the HUVEC extract, consistent
with the notion that HBP binds to the glycosamino-
glycan moieties rather than to the core proteins of the
proteoglycans associated with endothelial cells.
Internalization of HBP. Because syndecans have been
shown to mediate internalization of external proteins
(36), we asked whether binding of HBP to proteoglycans
may be followed by its uptake by HUVECs. To address
this hypothesis, we incubated unlabeled HBP with cul-
tured HUVEC:s for various time periods. After extensive
washing, the cells were fixed, permeabilized, and incu-
bated with the mAb to HBP, followed by an FITC-con-
jugated secondary antibody. Flow cytometry revealed an
intracellular accumulation of HBP that steadily in-
creased over the first 6 hours and then plateaued (Figure
2a). Control experiments, where HBP or the first anti-
body had been omitted, demonstrated the specificity of
the test system (not shown). Unlike permeabilized cells,
the intact HUVECs showed only a minor increase of flu-
orescence intensity (Figure 2a), indicating that a signifi-
cant fraction of the ligand had been sequestered from
the cell surface before fixation. We conclude that
HUVECs bind and internalize exogenous HBP. To
address further the role of proteoglycans in cellular HBP
internalization, we employed a variant of CHO cells
(pgsD-677) that is deficient in heparan sulfate proteo-
glycans. Heparan sulfate-deficient pgsD-677 cells inter-
nalized HBP with reduced efficiency (data not shown),
suggesting that sites other than heparan sulfate-type
proteoglycans capable of binding and sequestering HBP
must exist, e.g., chondroitin sulfate-containing proteo-
glycans overexpressed by the pgsD-677 cells (27). These
data also demonstrate that cells other than HUVECs
specifically bind and internalize HBP, suggesting that we
are not dealing with a cell type-specific phenomenon.
Characterization of HBP internalization. To quantify the
internalization process, we radiolabeled human HBP
with 12T and followed the kinetics of the HBP uptake by
HUVECs. The internalization rate constant K for radio-
labeled HBP was 0.035 + 0.0091 min-! at 37°C (Figure
2b). This process was reversible, because increasing con-
centrations of unlabeled HBP effectively competed for
internalization with an apparent ICsy 0of 78.3 + 23.8 nM.
Unexpectedly, we also observed internalization at 4°C,
though at a considerably lower rate of K; = 0.008 +
0.0065 min! (see below). To study the HBP internaliza-
tion process in more detail, we performed flow cytome-
try of HUVECs preincubated with 50 plg/mL of HBP at
37°C for 0.5 hours, followed by extensive washing to
remove unbound ligand (Figure 2c). As a negative con-
trol, cells were incubated in the absence of HBP. Prein-
cubation of HBP with 100 plg/mL heparin effectively pre-
vented uptake of the ligand by 83 * 8%, most likely
owing to competition with glycosaminoglycans for HBP
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binding. Incubation at 4°C attenuated HBP internaliza-
tion by 53 * 3%, and addition of NH4Cl reduced HBP
internalization by 66 + 19%. Cytochalasin D, an inhibitor
of actin filament polymerization, lowered HBP internal-
ization by 37 + 6%, whereas cycloheximide, an inhibitor
of protein synthesis, reduced HBP internalization by 32
+ 12%. Collectively, these findings indicate that HBP
internalization is a receptor-mediated process that
requires an intact and functional cytoskeleton.
Subcellular fractionation of HBP-treated HUVECs. What
are the intracellular target compartments of HBP? To
address this issue, we used cell fractionation to exam-
ine the subcellular localization of HBP in HUVECsS that
had been incubated with unlabeled HBP for 24 hours
at 37°C before lysis. Equal amounts of protein from
the various cell fractions were subjected to Western
blotting using anti-HBP (Figure 3a, top). A major 28-
kDa band and a minor 22-kDa band were present in
the vesicular and microsomal fractions, but not in the
cytosolic or membrane fractions. The majority of inter-
nalized HBP retained the molecular mass of the native
protein of 28 kDa, suggesting that it is still present in
the full-length form. HUVECs that had been kept with
buffer alone failed to reveal specific immunoreactive
bands (not shown), confirming that native HUVECs do
not express appreciable amounts of HBP. An endoge-
nous marker protein, p33, present in the vesicular frac-
tion of HUVECs (21), verified the efficiency of the frac-
tionation procedure (Figure 3a, bottom). We conclude
that HBP is taken up by HUVECs and routed to their
vesicular and/or microsomal compartments.
Subcellular localization of internalized HBP. To define
more precisely the intracellular targets of internalized
HBP, we employed confocal laser microscopy. When
unlabeled HBP was applied to HUVECs, followed by a
biotinylated antibody to HBP and FITC-conjugated
streptavidin, a specific granular staining pattern of HBP
in HUVECs became apparent (Figure 4). Controls in the

absence of anti-HBP (Figure 4a), or in the presence of
preabsorbed anti-HBP (not shown), failed to produce
specific staining. The staining intensity increased over
time (0.5-24 hours), indicating that HBP is continu-
ously taken up by HUVECs. Staining for HBP was most
intense in vesicular structures adjacent to the cell nucle-
us (Figure 4d). Experiments with FITC-coupled HBP
revealed similar staining patterns (data not shown).
Because internalized HBP colocalizes with the mito-
chondrial protein p33 (37) in the vesicular fraction of
HUVECs, we performed double staining for the 2 pro-
teins. HUVECs were incubated with FITC-labeled HBP
for up to 24 hours, and were fixed and incubated with
antibodies to human p33 and Texas red-conjugated
anti-rabbit Ig. Controls were done in the absence of
FITC-HBP (not shown). Both FITC-conjugated HBP
(green) and endogenous p33 antigen (red) were abun-
dant in perinuclear spots (Figure 5, a and b). Confocal
overlay of the staining patterns in Figure 5, a and b
revealed yellowish spots (Figure 5c). Black spots became
visible in the corresponding subtraction overlay (Figure
5d), indicating that the majority of HBP colocalizes
with mitochondrial compartments housing p33.
Electron microscopy and Western blotting of isolated mito-
chondria. To define more precisely the cellular structures
associated with HBP, we employed electron microscopy
using anti-HBP (15-nm gold particles) and mAb 1273
to a 65-kDa mitochondrial marker protein (10-nm gold
particles). Gold particles of both sizes were confined to
the same intracellular structures (mitochondria), where-
as the nucleus, cytoplasm, and extracellular compart-
ment were essentially free of staining (Figure 6). We
observed that cells that had taken up much HBP (as
judged by the number of 15-nm gold particles) had an
altered morphology; i.e., their membranes appeared
fuzzy. The reasons for this morphological change are
unknown. No immunoreactivity for HBP was observed
in HUVECs in the absence of exogenous HBP, and no

Figure 5

Colocalization of HBP and p33. HUVECs were
incubated with 50 pg/mL FITC-labeled HBP (a)
for 6 hours, fixed in 4% formaldehyde, and
incubated with 10 pig/mL anti-p33, followed by
30 pg/mL Texas red-conjugated anti-rabbit Ig
(b), and were imaged by confocal laser scan-
ning microscopy. (c¢) An overlay of a and b,
where yellowish coloring indicates colocaliza-
tion of HBP and p33. (d) A subtraction overlay
of a and b, where black dots indicate colocal-
ization. X1000. Scale bar: 25 um. The pictures
are representative of 3 independent experiments
done under identical conditions.
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Figure 6

Electron microscopy of internalized HBP. HUVECs were incubated
with 50 pg/mL HBP for 3 hours, and fixed in 0.5% glutaraldehyde
and 1.5% paraformaldehyde for 1 hour. Staining was done with 5
Hg/mL of rabbit anti-HBP and 15-nm gold-labeled goat anti-rabbit
Ig (open arrowheads), and with mouse mAb 1273 (1:50) to a 65-
kDa mitochondrial marker protein and 10-nm gold-labeled goat
anti-mouse g (filled arrowheads). The sections were postfixed in 2%
glutaraldehyde. Scale bar: 200 nm. A representative section is shown.
C, cytosol; M, mitochondrion; N, nucleus.
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staining was seen with preimmune rabbit sera in sec-
tions of HBP-treated cells (data not shown). To probe
directly for the association of internalized HBP with
mitochondria, we treated HUVECs with 50 pg/mL of
HBP for 12 hours and isolated their mitochondria.
Western blotting demonstrated the presence of HBP in
the total extracts of HBP-treated HUVECs, and a high
enrichment of HBP in the mitochondprial fraction of
HBP-treated HUVECs (Figure 3b). No HBP was found
in untreated HUVECs. Collectively, our findings indi-
cate that a significant fraction of internalized HBP is
targeted to the mitochondria of endothelial cells.
Functional role of internalized HBP in endothelial cell apop-
tosis. Given the fact that internalized HBP is in associa-
tion with mitochondrial compartments, we wondered
whether HBP might have a functional role in endothe-
lial cell apoptosis. Therefore, we chose the established
model of growth factor deprivation-induced apoptosis
to test for potential biological readouts of HBP uptake
(38). HUVEC:s in their second passage were grown to
confluence and incubated with varying concentrations
(up to 50 pg/mL) of HBP. After 24 hours, free HBP lig-
and was removed, and apoptosis was induced by with-
drawal of FCS from the medium for the next 24 hours.
Cells that had been continuously kept in the presence
of FCS-borne growth factors served as the control. DNA
fragmentation was measured by the TUNEL assay using
terminal deoxynucleotidyl transferase in the presence of

[33P]dCTP. Extensive [33P]dCTP incorporation, indicat-
ing DNA fragmentation, was seen after deprivation in
the absence of HBP (Figure 7a). Preincubation of the
cells with 10 pg/mL of HBP significantly reduced
[33P]dCTP incorporation into DNA, and treatment with
50 pg/mL of HBP showed a marked reduction of
[3*P]dCTP incorporation, indicating that HBP effec-
tively prevented apoptosis of HUVECs. This protective
effect — though less dramatic — was also seen in control
cells kept continuously in the presence of FCS. The
cytoprotective effect of HBP was further demonstrated
by the quantitative analysis of caspase-3 activity, indi-
cating a dose-dependent reduction of caspase activation
in the presence of HBP (Figure 7b). We observed a sig-
nificant reduction of caspase-3 activity at 10 jg/mL
HBP; at 50 pg/mL of HBP, caspase-3 activity was down
to approximately 50% of the control in the absence of
HBP. Hence, internalization of neutrophil-borne HBP
by HUVECs may protect endothelial cells from growth
factor deprivationinduced apoptosis.

Discussion

Proteoglycans bind important proteins involved in
inflammatory processes, including bFGF (39) and
TGEF-B (40). Upon binding to cell-surface proteogly-
cans, these proteins are targeted to high-affinity trans-
membrane receptors, which, in turn, trigger intracellu-
lar signaling cascades (39, 40). Thus, proteoglycans
serve as carriers and reservoirs for powerful intercellu-
lar communicators, act as scavengers to avoid their
uncontrolled spreading, and thereby render inflam-
mation a local phenomenon (39, 40). Our results indi-
cate that HUVEC surface proteoglycans may serve as
primary docking sites for HBP. Major heparan sul-
fate-type proteoglycans expressed by endothelial cells
(i.e., syndecan-1 through syndecan-4, glypican, and per-
lecan) were enriched by affinity chromatography on
immobilized HBP, suggesting that HBP binds to them
through their glycosaminoglycan side chains. We have
not addressed the structural elements of HBP involved
in proteoglycan binding. However, we infer from the
distinct surface pattern of charged patches of HBP (13)
that ionic interactions between the basic surface area of’
the protein and the negatively charged glycosamino-
glycan side chains of the major endothelial proteogly-
cans are responsible for these interactions.

It has been shown recently that the syndecan family of
proteoglycans provides a new internalization pathway
(36). The precise mechanism driving the proteoglycan-
mediated internalization of protein ligands is not yet
understood. Our finding that the heparan sulfate-defi-
cient cell line pgsD-677 (27) showed an attenuated HBP
internalization lends further credence to such a proteo-
glycan-mediated endocytic mechanism. Interestingly,
Capc treatment of pgsD-677 cells failed to nullify uptake
of HBP (data not shown), thus leaving room for the pres-
ence of hitherto unknown receptors that could be
involved in HBP internalization. Indeed, previous stud-
ies have shown that bFGF is internalized by endothelial
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cells (41), and that the internalization of FGF by CHO
cells is mediated by cell-surface receptors as well as by
heparan sulfate-containing proteoglycans (42). Our
present study demonstrates a role for proteoglycans in
HBP binding and internalization in vitro, although the
observed biological effects of internalized HBP on
HUVECs may also point to a function in vivo (see below).

One of the intriguing findings of this study is colocal-
ization of internalized HBP with p33, an established
mitochondrial marker protein (37, 43). This observation
raises questions as to (a) the identity of the compart-
ments targeted by HBP, (b) the intracellular routing of
internalized HBP, (c) the integrity of targeted HBP, and
(d) the functional roles of internalized HBP. Typical intra-
cellular destinations of endocytosed material are the lyso-
somes, the Golgi complex, or the cytosol (44). In the case
of lysosomal targeting, the position of endocytosed mate-
rial reaches more central regions of the cell, because early
endosomes mature to late endosomes (44). Furthermore,
endocytosed material may travel from the Golgi complex
to the endoplasmic reticulum (45), and the latter may be
found in proximity to mitochondria (46). Indeed, our cell
fractionation studies indicate that the microsomal frac-
tion comprising mostly endoplasmic reticulum-derived
vesicles contained significant amounts of HBP.

The distinct possibility remains that internalized HBP
reaches the cytoplasm and subsequently associates with
mitochondria. The results from confocal laser scanning
microscopy, electron microscopy, and Western blotting
of isolated mitochondria from HBP-treated HUVECs all
suggest that a sizeable fraction of neutrophil-borne
HBP is targeted through unknown routes to mito-
chondria, where it may protect endothelial cells against
programmed cell death after withdrawal of growth fac-
tors (38). This conclusion is supported and extended by
our finding that HBP dose dependently reduced cas-
pase-3 activation. Our present notions are in line with
the previous finding that HBP confers improved sur-
vival rates and longevity to human monocytes (12). At
present, we do not know which of the 2 HBP forms (28
kDa or 22 kDa) detected by Western blotting of isolat-
ed mitochondria and cell fractions of HBP-treated
HUVECs mediates the cytoprotective effects. In flow
cytometry we were able to use an mAb directed to an
epitope lost upon denaturation. This indicates that a
fraction of internalized HBP remains in its intact form.

It has been demonstrated that the Bcl-2 oncoprotein
protects cells from apoptosis through yet unknown
mechanisms of interaction with the outer mitochon-
drial membrane (47). Accumulating experimental evi-
dence points to a pivotal role of mitochondria in the
initiation of the apoptosis process (38, 48). Numerous
pathways, including those induced by growth factor
withdrawal that drive cells to enter the death pathway,
converge on mitochondria. Indeed, formation of mito-
chondrial megachannels and outflow of cytochrome ¢
from the intermembrane spaces are processes associat-
ed with the outer mitochondrial membrane (38, 49). It
is tempting to speculate that uptake and routing of
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Effect of HBP on endothelial cell apoptosis. (a) HUVECs were incu-
bated for 24 hours with the indicated concentrations of HBP in
M199 Earle’s salt containing 10% FCS. The medium was removed,
and cells were kept for 18 hours in M199Earle’s salt in the presence
(+FCS) or absence (-FCS) of 10% FCS. Controls were processed in
the absence of HBP. DNA fragmentation was measured by the
TUNEL method and is given as cpm per 10% cells. Values represent
means + SD (n = 3). (b) Inhibition of caspase-3 activation by HBP.
HUVECs were incubated with increasing concentrations of HBP
(0-50 pg/mL) for 24 hours. Then cells were incubated in FCS-free
M199Earle’s salt medium, and caspase-3 activity was measured after
18 hours. For control (c), cells were kept in the continuous presence
of 10% FCS without previous HBP addition. Activity is presented as
picomole of AMC liberated per microgram of protein.

HBP to mitochondria is a prerequisite for its protective
role against apoptosis in endothelial cells. Thus, HBP
may serve important roles as an intercellular signal
connecting neutrophils and endothelial cells, and may
help to minimize endothelial cell damage in the con-
text of circumscribed neutrophil activation in vivo.
More detailed studies are warranted to unravel the
molecular and cellular mechanisms underlying the del-
icate role of neutrophil-borne HBP in endothelial cells.
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