
Introduction

Pauci-immune granulomatous anti-neutrophil cytoplasmic anti-
body(ANCA)-associated vasculitis (GAAV), microscopic polyangi-
itis (MPA) and immune complex associated systemic lupus ery-
thematosis (SLE), all feature large numbers of circulating dead or
dying cells [1, 2]. The host’s ability to clear these damaged cells
by phagocytosis is presumably impaired in these diseases [3, 4].
Here, a defect in the macrophage phagocytosis rate and the
appearance of membrane-bound or soluble factors that delay
apoptotic cell uptake appear responsible [5–7]. For instance, the
ANCA target in GAAV, proteinase 3, prevents clearance of apop-

totic neutrophils without affecting macrophages directly [3]. On
the other hand, macrophages from SLE patients display cellular
defects resulting in delayed engulfment of apoptotic cells [8].
However, rapid apoptotic cell removal is important for tissue
homeostasis. Once cells undergo apoptosis, they are rapidly
engulfed by specialized immunocompetent phagocytes, including
macrophages, immature dendritic cells and neutrophils. A key fea-
ture of apoptotic cell clearance is inhibition of pro-inflammatory
signals and prevention of immune responses. Moreover, under
certain conditions engulfment of apoptotic cells actively induces
an anti-inflammatory and immunotolerant environment [9, 10]. On
the other hand, defects in apoptotic cell removal lead to secondary
necrosis and the release of noxious and immunogenic cytoplasmic
contents, shifting the responses to inflammation and autoimmu-
nity [11, 12]. In systemic AAV the endothelial layer is exposed to
highly increased numbers of circulating late apoptotic or necrotic
endothelial cells (ECs) and neutrophils [1, 13]. We recently found

Endothelial-derived thrombospondin-1 promotes 

macrophage recruitment and apoptotic cell clearance

Torsten Kirsch a, *, Alexander Woywodt a, b, Johannes Klose a, Kristin Wyss a, Michaela Beese a, 
Uta Erdbruegger a, Marieke Grossheim a, Hermann Haller a, Marion Haubitz a

a Division of Nephrology, Department of Internal Medicine, Hannover Medical School, Germany
b Renal Unit, Lancashire Teaching Hospitals NHS Foundation Trust, Preston, Lancashire, UK

Received: February 6, 2009; Accepted: May 24, 2009

Abstract

Rapid apoptotic cell engulfment is crucial for prevention of inflammation and autoimmune diseases and is conducted by special
immunocompetent cells like macrophages or immature dendritic cells. We recently demonstrated that endothelial cells (ECs) also par-
ticipate in apoptotic cell clearance. However, in contrast to conventional phagocytes they respond with an inflammatory phenotype. To
further confirm these pro-inflammatory responses human ECs were exposed to apoptotic murine ECs and changes in thrombospondin-1
(TSP-1) expression and in activation of intracellular signalling cascades were determined by real-time qPCR, immunoblotting and
immunocytochemistry. Human primary macrophages or monocytic lymphoma cells (U937) were incubated with conditioned super-
natant of human ECs exposed to apoptotic cells and changes in activation, migration and phagocytosis were monitored. Finally, plasma
levels of TSP-1 in patients with anti-neutrophil cytoplasmic antibody(ANCA)-associated vasculitis (AAV) were determined by ELISA. We
provided evidence that apoptotic cells induce enhanced expression of TSP-1 in human ECs and that this increase in TSP-1 is mediated
by the mitogen-activated protein kinases  (MAPK) ERK1 and 2 and their upstream regulators MEK and B-Raf. We also showed that plasma
TSP-1 levels are increased in patients with AAV. Finally, we showed that conditioned supernatant of ECs exposed to apoptotic cells
induces pro-inflammatory responses in monocytes or U937 cells and demonstrated that increased TSP-1 expression enhances 
migration and facilitates engulfment of apoptotic cells by monocyte-derived macrophages or U937 cells. These findings suggest that under
pathological conditions with high numbers of uncleared dying cells in the circulation endothelial-derived elevated TSP-1 level may serve
as an attraction signal for phagocytes promoting enhanced recognition and clearance of apoptotic cells.

Keywords: endothelial cells • phagocytosis • thrombospondin-1 • autoimmune disease • phosphatidylserine

J. Cell. Mol. Med. Vol 14, No 7, 2010 pp. 1922-1934

*Correspondence to: Torsten KIRSCH, Ph.D.,
Medical School Hannover, Division of Nephrology,
Carl-Neuberg-Strasse 1, 30625 Hannover, Germany.
Tel.: (�49)-511-532-6319
Fax: (�49)-511-552366
E-mail: Kirsch.Torsten@MH-Hannover.de

© 2009 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

doi:10.1111/j.1582-4934.2009.00799.x



J. Cell. Mol. Med. Vol 14, No 7, 2010

1923© 2009 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

that ECs participate in apoptotic cell clearance, although their
engulfment kinetics is inferior to macrophages. Unlike immuno-
competent phagocytes, ECs become activated and respond with
the release of inflammatory chemokines [14]. The aim of this
study was to investigate the cellular pathways that are important
to this process.

Materials and methods

Endothelial cell culture

Human umbilical cord endothelial cells (HUVEC) were isolated from umbil-
ical cords as previously described [14]. HUVEC were cultured in EGM2
medium (Lonza, Vervier, France) and used up to passage 3. HMEC-1 cells
were obtained from the CDC (Atlanta, GA, USA) and maintained in 
MCDB-131 medium supplemented with 10% foetal calf serum (FCS, PAA,
Coelbe, Germany), 50 �g/ml gentamycin, 10 mM L-glutamine (Invitrogen,
Karlsruhe, Germany) 10 ng/ml EGF and 1 �g/ml hydrocortisone (BD
Biosciences, Heidelberg, Germany). Mouse embryonal microvascular ECs
(eEND2) were a gift from Dr. Michael Leitges and cultured in D-MEM con-
taining 4500 mg/l glucose, GlutaMaxI and pyruvate (Invitrogen) and sup-
plemented with 10% FCS and gentamycin. U937 were maintained in RPMI
1640 supplemented with 2 mM L-glutamine, 10% FCS and gentamycin.

Isolation and culture of monocytic cells

Blood was obtained from healthy volunteers. Mononuclear cells were iso-
lated by density-gradient centrifugation over isotonic Biocoll (Biochrom,
Berlin, Germany) and cultivated in RPMI 1640 supplemented with 10%
FCS and gentamycin at 37�C and 5% CO2. After 1 hr non-adherent 
lymphocytes were removed and monocytes were cultivated for further
6–8 days in RPMI 1640. For some experiments macrophages were
labelled with 5-chloromethylfluorescein diacetate (CMFDA, Invitrogen) for
30 min. Approval for these studies was obtained from the institutional
review board of the Medical School Hannover.

Induction of apoptosis in eEND2 cells

Apoptosis in eEND2 cells was induced by ultraviolet light (254 nm) as
described previously for HMEC-1 cells [14]. Initiation of apoptosis was
determined by annexinV/propidiumiodid staining (Roche Diagnostics,
Penzberg, Germany), activity of caspase 3/7 and fragmentation of nuclear
DNA (caspase-Glo 3/7 assay and Dead-End Fluorometric TUNEL system,
Promega, Mannheim, Germany).

Phagocytosis assay

Human ECs were plated at 4 � 105 cells/ml in culture dishes or on 
�-slides (IBIDI GmbH, Martinsried, Germany) and cultivated until reach-
ing confluence. Cells were synchronized by cultivation for 16 hrs in
MCDB-131 basal medium (HMEC-1 cells) or in EBM2 medium with

reduced FCS content (0.5% FCS, HUVEC). After washing ECs were
exposed to apoptotic eEND2 cells (1 � 106 cells/ml) for different time-
points. Unbound or loosely adherent apoptotic eEND2 cells were removed
by intensive washes with ice-cold PBS and cells were processed accord-
ing to the subsequent assays.

Monocyte-derived macrophages or U937 cells were seeded onto 
�-slides and synchronized over night in low-FCS medium. In some exper-
iments cells were pre-incubated with RGD or RAD peptides (final concen-
tration 50 �M, Enzo Life Sciences, Loerrach, Germany) for 30 min.
Apoptotic eEND2 cells were pre-incubated for 30 min. with conditioned
supernatant of HUVEC before they were added to the macrophages or
U937 cells for further 60 min. To block thrombospondin-1 (TSP-1) the
endothelial supernatant was pre-incubated with a neutralizing anti-TSP-1
antibody (clone A6.1 at a final concentration of 5 �g/ml, Invitrogen) or a
corresponding mouse isotype control (5 �g/ml). Cells were washed inten-
sively with ice-cold PBS, fixed with 4% paraformaldehyde (PFA) in PBS
and counterstained with haematoxylin and eosin. The slides were
analysed by bright field microscopy and phagocytosis was recorded as
the phagocytic index, defined as the number of internalized apoptotic
eEND2 cells per 100 macrophages or U937 cells based on assessment of
at least 300 cells.

Chemotaxis assay

HUVEC were seeded in the lower chamber of a transwell device
(Corning/Fisher Scientific, Schwerte, Germany) and cultivated until reach-
ing confluence. After synchronization cells were exposed to apoptotic
eEND2 cells for 8 hrs. Subsequently, CMFDA-labelled human macrophages
or PMA-stimulated U937 cells were added to the upper chamber and incu-
bated for additional 60 min. In some experiments macrophages or PMA-
stimulated U937 cells were pre-incubated for 30 min. with an RGD or RAD
peptide. To block TSP-1, the neutralizing anti-TSP-1 antibody (5 �g/ml) 
or a corresponding isotype control was added to the supernatant in the
lower chamber 30 min. prior to the experiment. After 60 min., transwell
membranes were fixed with 4% PFA, stained with DAPI and mounted
upside down onto microscope slides. The number of CMFDA-labelled
macrophages that had migrated to the lower side of the transwell mem-
brane was determined by fluorescence microscopy.

RNA extraction and real-time qPCR

Total RNA was extracted using the RNeasy Mini kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol and reverse tran-
scribed using the total-script-OLS kit (Omni Life Science, Hamburg,
Germany). qPCR was performed on a SDS 7700 system (Applied
Biosystems, Darmstadt, Germany) with FastStart taq Polymerase (Roche
Diagnostics) and gene-specific primers (Operon, Cologne, Germany) in
combination with SYBR-Green chemistry (Invitrogen). Data were analysed
using Q-gene software. Oligonucleotides for detection of TSP-1 (ordering
number QT00028497)) and interleukin (IL)-8 (ordering number
QT00000322) were purchased from Qiagen. The sequences for the remain-
ing oligonucleotides were as follows: HPRT-1: TGACACTGGCAAAACAAT-
GCA; GGTCCTTTTCACCAGCAAGCT, IL-10: CATCAAGGCGCATGTGAACT;
ATTCTTCACCTGCTCCACGG, IL-1�: CTTTGAAGCTGATGGCCCTAAA; 
AGTGGTGGTCGGAGATTCGT, MCP-1: GCTCAGCCAGATGCAATCAA; CTC-
CTTGGCCACAATGGTCT, tumour necrosis factor (TNF)-�: GCCCATGTTG-
TAGCAAACCC; CCTCTGATGGCACCACCAG.
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SDS-PAGE and immunoblot

Cells were lysed in ice-cold RIPA buffer containing protease and phos-
phatase inhibitor cocktail tablets (Roche Diagnostics) and protein content
was determined using the BCA protein assay kit (Perbio Science, Bonn,
Germany). Fifty micrograms of whole cell lysates were separated by SDS-
PAGE electrophoresis and blotted on a PVDF nylon membrane. Filters were
hybridized with the appropriate primary antibody followed by incubation
with a HRP-conjugated secondary antibody. The bands were visualized by
Western Lighting chemiluminiscence reagent (Perkin Elmer, Monza, Italy)
and quantified by densitometry using a CCD camera and Quantity One soft-
ware (Biorad, Muenchen, Germany). The individual primary antibodies
used were anti-p-ERK1/2 and anti-pB-Raf (1:1000 dilutions, Cell Signaling,
Danvers, MA, USA). Equal protein loading was verified by stripping off the
original antibodies and reprobing with anti–ERK and anti-B-Raf antibody
(1:1000, Cell Signaling).

Immunocytochemistry

Cells were grown onto collagen-coated glass cover slips or �-slides (IBIDI
GmbH) and fixed in ice-cold (–20�C) methanol. After aspirating the cells
were blocked in normal donkey serum and incubated with the appropriate
primary antibody for 1 hr. After washing the cover slips cells were incu-
bated with a fluorochrome-conjugated secondary antibody for 1 hr,
mounted on glass slides and processed for fluorescence or confocal
microscopy. For counterstaining with phalloidin-Alexa 546 (Invitrogen)
cells were fixed in 4% PFA and permeabilized with 0.1% Triton-X100. The
following primary antibodies were used: rabbit anti-pB-Raf and rabbit anti-
pErk1/2 (Cell Signaling) and mouse anti-TSP-1 (R&D Systems,
Wiesbaden, Germany).

Measurement of TSP-1 concentrations in cell 
culture supernatant or plasma samples

HUVEC were grown to confluence in 24-well plates followed by a 16-hr
incubation in synchronization medium. The next morning, HUVEC were
cultivated in EBM basal medium supplemented with gentamycin.
Apoptotic eEND2 cells were added to the endothelial monolayer for 
3 and 8 hrs. The medium was removed, cleared of apoptotic cells and
cellular debris by centrifugation for 10 min. at 14,000 � g. For meas-
urement of plasma TSP-1 concentrations citrated blood samples were
centrifuged twice for 5 min. at 5000 � g at room temperature to obtain
platelet-poor plasma. Concentration of TSP-1 was determined using the
Thrombospondin-1 Quantikine kit according to the manufacturers pro-
tocol (R&D Systems).

Patients

For measurement of plasma TSP-1 we collected blood from 19 patients
with AAV. Fourteen patients had Wegener’s granulomatosis and five
patients had MPA. Patients with vasculitis were classified in accordance
with the Chapel Hill Consensus Conference. Patients with systemic infec-
tions were excluded. Characteristics of the patients are summarized in
Table 1. Nine healthy age-matched volunteers without a history of hyper-
tension, cardiovascular and inflammatory diseases served as controls.

This study was conducted in accordance with the Declaration of Helsinki
and the study protocol was approved by the local Institutional Ethical
Committee. Informed consent was obtained from all patients included in
this study prior to blood collections.

Statistical analysis

Results were expressed as mean � S.D. or S.E.M. of at least three inde-
pendent experiments. Where human donors were used, cells were from
different donors. Results were analysed for statistical significance using
two-tailed Mann-Whitney U test or Wilcoxon-signed ranks test.

Results

Binding of apoptotic cells enhances expression 
of TSP-1 in human ECs

Following our hypothesis that accumulation of apoptotic cells
leads to the release of endothelial-derived chemokines and other
soluble factors that facilitate phagocyte attraction as well as recog-
nition and engulfment of apoptotic cells we examined changes in
the expression of TSP-1 in human ECs exposed to apoptotic
mouse eEnd2 cells. The assays used here to detect TSP-1 level,
namely qPCR and ELISA or immune cytochemistry, were highly
specific for the human TSP-1 ortholog and did not generate any
signals for mouse TSP-1 (data not shown). Therefore, the use of
a murine EC line for the generation of apoptotic cells allowed us to
clearly distinguish between signals derived from the apoptotic
mouse cell or from the engulfing human cell.

In both, HUVEC and HMEC-1 cells, we observed a significant
increase in TSP-1 transcripts 4 hrs after addition of apoptotic
eEND2 cells (Fig. 1A). Interestingly, the basal levels of TSP-1 tran-
script in unstimulated EC did not differ markedly between the two

Active AAV (n 	 19) 

WG/MPA 14/5

Male/female 15/4

Age mean � S.D., years 59 � 13

BVAS (mean � S.D.) 6–23 (11.7 � 6.9)

Creatinine mean � S.D., �mol/l 268 � 212

CRP mean � S.D., mg/dl 60 � 59

AAV: active ANCA-associated vasculitis; WG: Wegener’s granulomatosis;
MPA: microscopic polyangiitis; BVAS: Birmingham Vasculitis Activity
Score and CRP: C-reactive protein.

Table 1 Characteristics of the patients
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cell types (the ratio of TSP-1/HPRT-1 mRNA in untreated HUVEC
was 0.59 � 0.3 compared to a ratio of 0.41 � 0.1 in untreated
HMEC-1 cells). In addition, the increase in TSP-1 expression after
incubation with apoptotic eEND2 cells followed a similar pattern in
both cell types (3.6-fold increase in HUVEC (P 
 0.001; n 	 8)
compared to 3.9-fold increase in HMEC-1 (P 
 0.05; n 	 8). To
verify that the observed up-regulation of TSP-1 expression was
specific for the binding of apoptotic cells we incubated human ECs
with necrotic (obtained by several freeze-thaw cycles) or with
untreated eEND2 cells. Under both conditions we did not record
any changes in TSP-1 expression (data not shown).

We also measured a significant increase in the release of
TSP-1 protein from HUVEC following 8-hr incubation with
apoptotic eEND2 cells. The extended time period for protein
measurement was chosen to account for the different kinetics
in transcript and protein synthesis. Exposure to apoptotic cells
for 3 hrs did not result in any significant changes in TSP-1 pro-
duction whereas exposure to apoptotic cells for 8 hrs increased
the TSP-1 protein content in the cell culture supernatant from
1523.4 ng/ml � 288 to 2833.3 ng/ml � 219 (n 	 4, P 


0.005) (Fig. 1B).
Next, we pre-incubated HUVEC with cytochalasin D (CytD) to

prevent engulfment but not binding of apoptotic eEND2 cells.
CytD is a toxin that rapidly inhibits the polymerization of micro-
tubules. Pre-treatment with CytD for 30 min. did not result in
significant changes in apoptotic cell-induced TSP-1 expression
in HUVEC (Fig. 1C). These findings implicate that binding but
not necessarily engulfment of apoptotic cells is sufficient to ini-
tiate the intracellular signals required for enhanced TSP-1
expression in ECs.

We also wondered whether the increase in TSP-1 transcripts
was due to paracrinic signalling of HUVEC that have bound and
phagocytosed apoptotic eEND2 cells. Therefore, we incubated
HUVEC with either Golgi-plug or Golgi-stop for 30 min. prior to the
exposure to apoptotic eEND2 cells. Treatment with Golgi-plug or
Golgi-stop inhibits the release of secretory proteins from the cell.
Single or combined treatment with both drugs did not interfere
with the observed increase in TSP-1 transcript expression in
HUVEC after incubation with apoptotic cells (data not shown).
Therefore, we concluded that the increase in TSP-1 generation
represents an event that is directly linked to the binding of the
apoptotic cell to the surface of the EC and is not induced by
paracrine or autocrine signals.

Fig. 1 Apoptotic cells induce increased TSP-1 expression in ECs. (A)
HUVEC or HMEC-1 cells were exposed to apoptotic eEND2 cells for 4 hrs
and differences in the expression of TSP-1 transcript was measured by
real-time qPCR (n 	 8). (B) HUVEC were exposed to apoptotic eEND2 cells
for three and for 8 hrs and TSP-1 protein in the supernatant was measured
by ELISA (n 	 4). (C) Pre-incubation with cytochalasin D did not prevent
apoptotic-cell-induced increase in TSP-1 mRNA expression in HUVEC 
(n 	 3). Data are given as mean � S.D. (*P 
 0.05 **P 
 0.001).
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Fig. 2 Apoptotic cell-induced expression of TSP-1 in HUVEC is 
mediated by the B-Raf/MEK/ERK pathway. (A) Exposure of HUVEC to
apoptotic eEND2 cells led to a rapid activation of ERK1/2 (left) and 
B-Raf (right). Changes in phosphorylation were determined by calcu-
lation of the ratio of phosphorylated to unphosphorylated ERK1/2 or
B-Raf protein, respectively (n 	 6). (B) Immunocytochemical stain-
ing of pERK1/2 and pB-Raf in HUVEC exposed to apoptotic eEND2
cells. Cells were counterstained with phalloidin-Alexa546 and
analysed by confocal microscopy. Shown are representative micro-
graphs of three independent experiments. Scale bars represent 
50 �m. (C) Inhibition of ERK phosphorylation by U0126 or PD98059
circumvented apoptotic cell-induced enhanced TSP-1 expression 
in HUVEC as assessed by real-time qPCR measurement (n 	 4; 
**P 
 0.001).
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Apoptotic cell-induced TSP-1 expression 
is mediated by the B-Raf/MEK/ERK pathway

Next, we examined the intracellular signalling pathways that are
responsible for apoptotic cell-induced increase in TSP-1 genera-
tion. Expression of TSP-1 is known to be modulated by members
of the MAPK pathway in several cell types. Therefore, we further
assessed whether members of the MAPK pathway are involved in
apoptotic cell-induced TSP-1 expression. We first measured
changes in the phosphorylation status of ERK1/2 by immunoblot
analysis. Exposure of HUVEC to apoptotic eEND2 cells resulted in
a rapid activation of both ERK isoforms with a peak after 10 min.
and a subsequent decline to basal phosphorylation level in the
next 30 min. whereas non-apoptotic cells did not have any impact
on ERK activation (data not shown). B-Raf, one of the main effec-
tor kinases regulating activation of the MEK/ERK pathway, showed
similar phosphorylation pattern in HUVEC incubated with apop-
totic eEND2 cells (Fig. 2A). In contrast, we could not detect any
short-term changes in the activation of c-Jun N-terminal kinase
(JNK) or p38 MAPK, respectively (data not shown). Immunostaining
of HUVEC with an anti-pERK1/2 or an anti-pB-Raf antibody
demonstrated increased ERK1/2 and B-Raf phosphorylation
shortly after exposure to apoptotic eEND2 cells (Fig. 2B). We also
measured phosphorylation of the B-Raf homologues A-Raf and 
C-Raf but did not detect any changes in their phosphorylation
status (data not shown).

In additional experiments, we demonstrated that activation of
ERK1/2 is necessary for apoptotic cell-induced TSP-1 expres-
sion in HUVEC. Blocking ERK phosphorylation by pre-incubating
HUVEC for 30 min. with the MEK-specific inhibitors U0126 or
PD98059 completely prevents the observed increase in TSP-1
expression following incubation with apoptotic eEND2 cells 
(Fig. 2C). Interestingly, blocking of ERK1/2 phosphorylation 
by U0126 or PD98059 did not have any impact on the basal 
TSP-1 expression suggesting that apoptotic cell-induced TSP-1
synthesis and basal TSP-1 generation in HUVEC are controlled
by different pathways.

HUVEC-derived TSP-1 is bound by apoptotic
mouse eEND2 cells

Although it is well known that TSP-1 serves as a bridging mole-
cule that facilitates recognition and binding of apoptotic cells by

phagocytes little is known about the role of endothelial-derived
TSP-1 in the course of apoptotic cell clearance. Therefore, apop-
totic mouse eEND2 cells were incubated for 1 hr with condi-
tioned supernatant of HUVECs that were exposed to apoptotic
cells for 8 hrs (cS/N). Subsequently, the apoptotic eEND2 cells
were fixed and stained with a monoclonal antibody against
human TSP-1. As shown in Fig. 3A and B the antibody recog-
nizes human TSP-1 bound to the outer plasma membrane of the
apoptotic mouse eEND2 cell. Control staining of apoptotic
eEND2 cells incubated with endothelial basal medium or native
eEND2 cells as well as with an unspecific mouse IgG control did
not reveal any positive TSP-1 staining (data not shown). Next,
we incubated HUVEC with apoptotic eEND2 cells for 30 min. and
again stained against human TSP-1. TSP-1 staining could be
seen predominantly at perinuclear regions and to a lesser extent
at the plasma membrane of HUVEC. Apoptotic eEND2 cells dis-
played TSP-1 staining at the whole surface of the cell (Fig. 3C, D).
Using confocal microscopy we could confirm the TSP-1 staining
pattern around the nucleus and at the plasma membrane.
Moreover, the surface of the apoptotic cell that is attached 
to the plasma membrane of the EC displays a strong TSP-1 
signal (Fig. 3E, F).

Conditioned supernatant of ECs induced
macrophage activation

We recently showed that apoptotic cells have the potential to
induce an inflammatory phenotype in human ECs [14]. To
answer the question whether this effect has any impact on
macrophage activation we measured different cytokine and
chemokine transcript profiles in human primary monocyte-
derived macrophages and U937 cells. In primary macrophages
cS/N of HUVEC induced a 4- to 10-fold increase in transcript
amount of IL-1�, TNF-� and IL-8 after 3 hrs compared to super-
natant of unstimulated cells whereas expression of MCP-1 and
IL-10 was reduced after stimulation with cS/N. M-CSF obviously
had no effect on expression of the pro-inflammatory markers
and IL-10 whereas MCP-1 transcript amount was slightly
increased (Fig. 4A). U937 cells exposed to conditioned super-
natant respond with slight increases in IL-8 and TNF-� expres-
sion and a reduction in IL-10 transcript amount (Fig. 4B). Taken
together, these results suggest that cS/N of HUVEC exposed to
apoptotic ECs led to an activation of primary human monocytes
and, to a lesser extent, of U937 cells.

Fig. 3 HUVEC-derived TSP-1 is bound by apoptotic murine eEND2 cells. (A, B) Apoptotic murine eEND2 cells were incubated with conditioned super-
natant of HUVEC exposed to apoptotic cells and stained for human TSP-1. Shown are representative confocal images of four independent experiments.
The nucleus was counterstained with DAPI. Scale bar represents 10 �m. (C, D) HUVEC were exposed to apoptotic eEND2 cells for 30 min. Cells were
counterstained with haematoxylin and eosin and analysed by conventional microscopy. (E, F) HUVEC were seeded onto �-slides and exposed to apop-
totic eEND2 cells for 30 min. Cells were stained for human TSP-1 and applied to confocal microscopy. The nucleus was counterstained with DAPI. Scale
bars represent 50 �m.



J. Cell. Mol. Med. Vol 14, No 7, 2010

1929© 2009 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Endothelial TSP-1 enhances recognition 
and binding of apoptotic cells by macrophages

We next examined whether HUVEC-derived TSP-1 facilitates
clearance of apoptotic mouse eEND2 cells. In a first set of exper-
iments we neutralized secreted TSP-1 with an inhibitory antibody
or blocked �V�3 integrin or CD36 on the surface of HUVEC and
measured changes in the binding or uptake of apoptotic eEND2
cells after 1 and 6 hrs. Surprisingly, pre-incubation of HUVEC
with the RGD peptide or an anti-CD36 antibody as well as 
neutralizing TSP-1 in the cS/N did not result in any changes in
apoptotic cell engulfment or even cell binding. We repeated
these experiments with both �V�3 integrin and CD36 being
blocked by a mix of antibodies and RGD peptides before apop-
totic cells were added. Additionally, TSP-1 in the cS/N was 
neutralized by an inhibitory anti-TSP-1 antibody. Even under

these conditions binding of apoptotic eEND2 cells to HUVEC was
not significantly altered (Fig. 5A).

We then tested whether HUVEC-derived TSP-1 augmented
engulfment of apoptotic cells by monocyte-derived
macrophages or by PMA-treated U937 cells (Fig. 5B). Pre-
incubation of apoptotic eEND2 cells with cS/N of HUVEC
increased the phagocytic index of monocyte-derived
macrophages from 48.6 � 12.4 (supernatant of untreated
HUVEC) to 151 � 21.32 (cS/N). This increase in engulfment
could be prevented by either blocking RGD peptide-sensitive
receptors (50 � 7.6 compared to 99.6 � 11.8 for the control
RAD peptide) or by neutralizing TSP-1 in the cS/N (36.17 � 11.1
compared to 101 � 6.2 for a mouse IgG isotype control). On the
other hand, supplementation of supernatant of untreated HUVEC
with 3 �g/ml of recombinant human TSP-1 slightly increased the
numbers of ingested apoptotic eEND2 cells (78.83 � 10.63)
compared to S/N of untreated HUVEC alone.

Fig. 4 Supernatant of HUVEC exposed to
apoptotic eEND2 cells activates monocyte-
derived macrophages and U937 cells. (A)
Human monocyte-derived macrophages
were exposed to supernatant of HUVEC
exposed to apoptotic eEND2 cells, to super-
natant of untreated HUVEC or to rh M-CSF
for 3 hrs and expression level of different
cytokines and chemokines were determined
by real-time qPCR. Plotted are the average
expression levels of three experiments with
macrophages derived from different donors.
Note the different y-scale for expression of
IL-8. (B) U937 mRNA expression profiles of
the same set of cytokines/chemokines after
stimulation for 3 hrs with supernatant of
untreated HUVEC, HUVEC exposed to apop-
totic cells and PMA (n 	 3). Note the differ-
ent y-scale for expression level of MCP-1,
TNF-� and IL-10. GoI: Gene of interest.
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Fig. 5 TSP-1 mediates engulfment of apop-
totic cells by macrophages but not by ECs.
(A) Blocking TSP-1 in the supernatant with a
neutralizing anti-TSP-1 antibody (5 �g/ml)
or pre-treatment of HUVEC with RGD-
containing peptides (50 �M) or anti-CD36
antibodies (10 �g/ml) did not influence
binding and engulfment of apoptotic eEND2
cells. (n 	 7). For each experiment at least
10 visual fields were counted and averaged.
(B) Blocking RGD-sensitive receptors of
monocyte-derived macrophages and PMA-
stimulated U937 cells or neutralizing TSP-1
in the conditioned supernatant of apoptotic
cell-activated HUVEC reduced the number of
engulfed apoptotic cells whereas exogenous
TSP-1, added to supernatant of untreated
HUVEC, slightly increased the engulfment of
apoptotic eEND2. Shown are the results of
four to five independent experiments (*P 

0.05; **P 
 0.001 compared to pre-incuba-
tion with conditioned supernatant alone).

Monocytic U937 cells showed similar results although the
overall phagocytosis index was much lower compared to mono-
cyte-derived macrophages. Pre-incubation of apoptotic eEND2
cells with cS/N raised the phagocytic index from 20.8 � 13.2 to
39.7 � 8.4 whereas neutralizing TSP-1 or blocking RGD sensitive
receptors led to a decline of the phagocytosis rate (17.7 � 3.4 for
the anti-TSP-1 antibody and 25.8 � 7.3 for the RGD peptide). Pre-
incubation with the control RAD peptide or with the mouse IgG
isotype control did not reveal any differences to supernatant from
untreated HUVEC (39.1 � 13.5 for the RAD peptide and 36 � 6.7
for the isotype control). Addition of recombinant TSP-1 led to only
a slight increase in the phagocytosis rate (25.33 � 8.19 compared
to 20.8 � 13.2 for supernatant of untreated HUVEC).

Endothelial TSP-1 has chemotactic properties

Having demonstrated that ECs respond with enhanced TSP-1 syn-
thesis upon exposure to apoptotic cells we tested whether
increased TSP-1 secretion plays a role in attraction of
macrophages or PMA-stimulated U937 cells. We used a transwell
chamber system with HUVEC seeded into the lower compartment.
After exposure to apoptotic eEND2 cells for 8 hrs monocyte-
derived macrophages or PMA-treated U937 cells were placed in
the upper chamber and allowed to transmigrate for 60 min. As
shown in Fig. 6 conditioned medium of HUVEC exposed to apop-
totic eEND2 cells significantly increased migration of
macrophages and U937 cells more than two-fold compared to
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supernatant of untreated HUVEC. To further ascertain whether
TSP-1 directly influences migration of macrophages or U937 cells
RGD peptide-sensitive receptors of the cells were blocked by
adding a RGD peptide before they were added to the upper com-
partment. Pre-treatment with the RGD peptide circumvented the
increased transmigration of both monocyte-derived macrophages
and PMA-stimulated U937 cells in response to HUVEC-derived
TSP-1 whereas the control RAD peptide had no significant impact
on macrophage migration. Also neutralizing TSP-1 in the condi-
tioned supernatant led to a decrease in migration of both
macrophages and U937 cells. These results suggest that endothe-
lial TSP-1 acts, at least partly, as a chemoattractant for
macrophages.

Plasma TSP-1 level are increased in patients 
with AAV

In our in vitro model apoptotic cells are capable of inducing TSP-1
production in ECs. To investigate, whether these findings have any
equivalence in vivo we measured TSP-1 protein concentrations in
platelet-poor plasma of patients with AAV and in healthy controls.
As shown in Fig. 7, TSP-1 plasma concentrations are significantly
increased in patients with AAV (657.47 � 64.17 pg/ml) compared
to healthy controls (253.78 � 37.10 pg/ml, P 
 0.005).

Discussion

Autoimmune diseases like AAV or SLE as well as other diseases
with vascular involvement are characterized by high numbers of
detached inflammatory ECs in the circulation [1, 15–17]. To delin-
eate the impact of these damaged cells on healthy endothelium we
established an in vitro cell culture model and showed recently that
ECs exhibit a pro-inflammatory phenotype in response to dam-

aged ECs [14]. In the present study we demonstrated that expo-
sure of apoptotic murine ECs to human endothelium enhances
synthesis and release of the homotrimeric glycoprotein TSP-1. We
provided evidence that binding but not uptake of the apoptotic cell
is sufficient for increased TSP-1 synthesis and that apoptotic cell-
induced TSP-1 expression in ECs is mediated by the 
B-Raf/MEK/ERK pathway. We further demonstrated that human
TSP-1 is recognized by surface proteins of apoptotic mouse cells
and acts as chemoattractant for monocyte-derived macrophages
or monocytic U937 cells. To note, besides its chemoattractant
properties cS/N of HUVEC exposed to apoptotic ECs induces pro-
inflammatory responses in macrophages. Finally, we showed that
TSP-1 plasma levels are significantly elevated in patients with AAV.
These in vitro and in vivo data led us to the conclusion that
increased TSP-1 expression, in response to elevated numbers of
circulating apoptotic cells, serves as an endothelial emergency
signal recruiting and activating phagocytes and thus facilitating
clearance of apoptotic cells.

Although there is no evidence that engulfment of apoptotic
cells is defective in acute AAV there are many hints suggesting
that clearance of apoptotic cells is at least delayed. Harper and col-
leagues showed that opsonizing neutrophils with ANCA IgG
resulted in accelerated apoptosis and delayed clearance rates
compared to normal IgG [7]. Also proteinase-3, one of the major
ANCA antigens, negatively affects the clearance rate of
macrophages [3]. We do not have a proof that elevated TSP-1
amounts in active AAV are derived from activated endothelium and
not from other cell types like apoptotic fibroblasts as reported by
Moodley and colleagues [18]. Nevertheless, ECs are known con-
stitutive producers of TSP-1. Moreover, apoptotic fibroblasts play
a minor role in acute AAV whereas activated or detached ECs as
well as primed neutrophils are believed to be the most important
cell types involved in AAV. Therefore, it is conceivable that elevated
TSP-1 level in AAV may derive, at least in parts, from the endothe-
lium. But certainly, further in vivo studies are necessary to verify
the hypothesis that enhanced TSP-1 amounts modulate apoptotic
cell clearance in active AAV.

Fig. 6 Migration of macrophages or U937
cells is influenced by TSP-1. HUVEC were
seeded into the lower compartment of tran-
swell devices and exposed to apoptotic
eEND2 cells for 8 hrs or left untreated.
Fluorescence-labelled macrophages or U937
cells were added to the upper compartment.
In some experiments macrophages or U937
cells were pre-incubated with RGD peptides
(50 �M) or TSP-1 in the supernatant 
was blocked by neutralizing antibodies 
(5 �g/ml). After 60 min. transmigration of
macrophages or U937 cells through the
transwell membrane was counted using flu-
orescence microscopy. Results are given as
mean � S.D. of at least three independent
experiments (*P 
 0.05).
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Our findings provide new insights into the as yet poorly under-
stood interactions between circulating inflammatory ECs and the
vascular endothelium. Apoptosis and the subsequent removal of
dying cells are natural occurring processes and of vital importance
for maintaining homeostasis and integrity of the organism. Under
normal circumstances one of the hallmarks of apoptotic cell clear-
ance is the prevention of pro-inflammatory signalling and the
absence of immune responses [19, 20]. Whereas mostly profes-
sional phagocytes like macrophages, immature dendritic cells or
neutrophils are involved in apoptotic cell clearance also neigh-
bouring cells like epithelial or ECs could actively participate in the
rapid removal of their dying fellows [21]. We recently demon-
strated that in vitro both HUVEC and immortalized microvascular
ECs recognized, bound and phagocytosed their apoptotic counter-
parts. In contrast to the anti-inflammatory responses that are 
normally associated with apoptotic cell clearance ECs became
activated and released a number of chemotactic and inflammatory
chemokines [14]. As a consequence, monocytes incubated with
the supernatant of activated ECs respond with an inflammatory
phenotype in vitro. Interestingly, elevated serum level of these
cytokines have also been found in patients with acute AAV 
[22, 23]. The increase in endothelial TSP-1 production and release
in response to apoptotic cells, as reported in this study, further
strengthen the hypothesis of apoptotic cell-induced EC activation.

We also demonstrated that apoptotic cell-induced TSP-1 syn-
thesis in HUVEC is mediated via activation of the B-Raf/MEK/ERK
pathway and that blocking ERK1/2 phosphorylation abolishes this
increase in TSP-1 expression. Currently, ERK1/2 activation in the
context of cell clearance is mostly ascribed to engulfment of
necrotic cell corpses or apoptotic cells entering secondary necro-
sis. These processes are mostly accompanied by pro-inflamma-
tory responses [24]. Recently, Patel and colleagues demonstrated
very elegantly that incubation of bone marrow-derived
macrophages with apoptotic cells not only failed to activate
ERK1/2 but even restored necrotic cell-induced activation of ERK

[25]. On the other hand, p38 and JNK, the main MAPK in
macrophage-mediated apoptotic cell engulfment [25], seemed not
to be activated during EC-mediated cell clearance. Therefore, it is
assumable that ECs utilize different signalling pathways compared
to macrophages or other professional phagocytes. A possible
explanation for these altered molecular responses could be the
fact that ECs do not belong to the typical group of phagocytes.
Moreover, due to their proximity to blood-derived leucocytes or
dendritic cells it seems conceivable that the ability of the endothe-
lium to engulf apoptotic cells is only rudimentarily developed and
that ECs have to take part in apoptotic cell clearance only under
pathological conditions like AAV or other vascular diseases where
large amounts of damaged circulating cells are present in the cir-
culation [26, 27].

There is evidence that the responses of the phagocyte are
dependent on the nature of the apoptotic cell and the physiologi-
cal conditions found at the site of cell clearance. For instance,
although macrophages normally exhibit an anti-inflammatory phe-
notype during apoptotic cell clearance exposure to late apoptotic
cells led to ERK-mediated synthesis of inflammatory chemokines
[28]. Moreover, treatment of macrophages with oxidized 
lipoprotein as an in vitro model to mimic the conditions found in
chronically inflamed tissues shifts the cellular response towards
inflammation [29]. This idea of an interdependency between the
phenotype of the apoptotic cell and the microenvironment on the
one hand and the responses of the engulfing cell on the other hand
certainly raises the question whether ECs would also become acti-
vated if they would be exposed to apoptotic cells under physiolog-
ical conditions.

ECs, as well as platelets, are known as constituent producers
of TSP-1. Therefore, it was quite surprising that exposure of
HUVEC to apoptotic eEND2 cells even further enhanced TSP-1
synthesis. Moreover, our finding that basal endothelial TSP-1
expression is not affected by ERK inhibition suggests that the
apoptotic cell-induced increase in TSP-1 relies on alternative path-
ways compared to TSP-1 synthesis in HUVEC under physiological
conditions. TSP-1 is a secreted multidomain glycoprotein that
possesses many different functions. Besides its role in cell prolif-
eration, adhesion and migration TSP-1 facilitates recognition and
binding of apoptotic cells by phagocytes and exhibits anti-inflam-
matory properties [30, 31]. In fact, TSP-1 expression is rapidly
increased at sites of tissue inflammation or injury and TSP-1 null
mice display persistent multi-organ inflammation [32–34]. The
functional significance of enhanced TSP-1 generation in ECs in
response to apoptotic cells is yet not clear. TSP-1 serves as bridg-
ing molecule linking externalized phosphatidylserine of the apop-
totic cell and �V�3 integrin or CD36 on the membrane of the
phagocyte facilitating recognition and binding of the apoptotic cell
[35]. Furthermore, TSP-1 has been shown to play a role in attract-
ing macrophages to the site of inflammation or injury [18, 36]. In
the present study, we demonstrated that apoptotic murine eEND2
cells bound human TSP-1. We also showed that conditioned
supernatant of HUVEC exposed to apoptotic eEND2 cells signifi-
cantly enhanced migration of macrophages in vitro and that this
effect was partly reversed by blocking macrophage �V�3 integrin

Fig. 7 Plasma TSP-1 concentrations are increased in patients with AAV.
Platelet-poor plasma from 19 patients with AAV and from nine healthy
volunteers were collected and assayed for TSP-1 concentration using 
the TSP-1 Quantikine ELISA kit. Results are given as mean � S.E.M. 
(*P 
 0.005).
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