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Short Communication
Angiogenic Macrophages Produce the
Angiogenic Inhibitor Thrombospondin 1

Luisa A. DiPietro and Peter J. Polverini
From the Department ofPathology, Northwestern University,
Chicago, Illinois

Previous investigations have shown that mac-
rophages play a pivotal role in the induction of
angiogenesis in both physiological andpatholog-
ical settings. This investigation examines the rel-
ative production of the angiogenic modulator
thrombospondin-) (TSP)) by activated and non-
activated monocytes and macrophages. TSP), a
multifunctional extracelular matrix molecule,
has been reported recently to inhibit angiogenesis
both in vitro and in vivo. To examine the relation-
ship between the level ofTSP) production by mac-
rophages and expression of the angiogenic phe-
notype, murine monocytelike ceUs (WEHI-3) and
humanperipheral blood monocytes were each ac-
tivated invitroandexaminedfor TSP) production
and angiogenic activity in rat corneal bioassay.
Nonangiogenic monocytes produced low levels of
TSP) messenger RNA. Surprisingly, activated, po-
tently angiogenic monocytes andmacrophages ex-
hibited as much as a sixfold increase in steady
state TSP) messenger RNA over unstimulated lev-
els. Biosynthetic labeling studies demonstrated
that TSP1 protein secretion increased in conjunc-
tion with increased TSP) messenger RNA levels in
angiogenic macrophages. The results demon-
strate that activated monocytes and macrophages
actively produce the angiogenic modulator TSP1
and suggest that TSP) production may be a
component of the angiogenic phenotype. In
addition, the data suggest that the ability ofmac-
rophages to mediate angiogenesis resultsfrom a
complex interplay ofpositive and negative regu-
lators. (AmJ Pathol 1993, 143:678-684)

The process of angiogenesis is an important com-
ponent of a number of physiological and pathological

processes.1 Whereas many cell types play a role in
modulating capillary growth, the tissue macrophage
has been shown to be a key mediator of angiogen-
esis.23 The capacity of macrophages to induce an-
giogenesis has been documented in physiological
settings such as wound repair, as well as in patho-
logical settings such as tumorigenesis and rheuma-
toid arthritis.4-7 Macrophages are believed to regu-
late angidgenesis primarily through the production of
soluble mediators. Macrophages may also influence
the angiogenic process by modulating the composi-
tion of the extracellular matrix.89 However, the pre-
cise molecular genetic events that comprise the an-
giogenic phenotype in macrophages are not well
understood.

In 1985, Jaffe, et al.10 reported that both resting
and activated macrophages produce the glycopro-
tein thrombospondin-1 (TSP1). TSP1 is a large, mul-
tifunctional molecule that is a member of a family of
extracellular matrix molecules. TSP1 exhibits a com-
plex set of functional interactions with endothelial
cells as well as with other proteins of the extracellular
matrix.11'12 Of particular interest is the recently doc-
umented ability of TSP1 to modulate angiogenesis,
the process of new capillary growth. TSP1 has been
reported to inhibit the angiogenic response of endo-
thelial cells both in vivoand in vitro.13-15TSP1 inhibits
endothelial cell proliferation and the migration of
endothelial cells toward angiogenic mediators in
vitro. 13'14,16'17 In corneal angiogenesis bioassays,
TSP1 clearly inhibits the induction of angiogenesis by
growth factors such as basic fibroblast growth fac-
tor.13'14 As activated macrophages have been shown
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to be angiogenic, the production of TSP1, an inhibitor
of angiogenesis, by these cells, is paradoxical. To de-
termine if the production of TSP1 by macrophages is
temporally linked to the angiogenic phenotype, an
analysis of TSP1 synthesis in activated and nonacti-
vated monocytes and macrophages was performed.

Materials and Methods

Cells and Cell Culture

The murine monocyte/macrophage line WEHI-3 was
grown in complete Roswell Park Memorial Institute
(RPMI) medium (RPMI 1640 medium supplemented
with 10% fetal bovine serum, penicillin [100 U/mI]
and streptomycin [100 pg/ml]) at 37 C with 5% C02.
Human peripheral blood monocytes were prepared
from donor buffy coats as previously described.18
Cells were plated in complete RPMI, and cells that
were adherent after 24 hours were used for experi-
ments. Cells were activated by 2- to 24-hour treat-
ment with lipopolysaccharide (LPS) (Sigma Chemi-
cal Co., St. Louis, MO, Escherichia coli 026:B6) at
0.1, 1, or 10 pg/ml. Activation by this method has
been demonstrated previously to potently induce
monocytes and macrophages to express angio-
genic activity.2,3,19

Bioassay for Angiogenic Activity

Angiogenic activity was assayed in the avascular
cornea of the rat eye as previously described.6
Briefly, 24-hour conditioned media from cultures of
quiescent and LPS-activated WEHI-3 cells and hu-
man peripheral blood monocytes were concen-
trated 20-fold by ultrafiltration through a UM10
Amicon membrane and incorporated into noninflam-
matory Hydron polymer (Interferon Sciences, New
Brunswick, NJ), and 5-pl pellets were implanted into
the corneal stroma, 1 to 1.5 mm from the limbus.
Corneas were examined daily with a stereomicro-
scope to monitor capillary growth. Five to 7 days
later, rats were perfused intraarterially with colloidal
carbon to provide a permanent record of individual
responses. Corneas were then excised, fixed in 2%
glutaraldehyde 2.5% paraformaldehyde, flattened,
and photographed.

RNA Analysis

Total cellular RNA was prepared by the method of
Davis et al.20 Northern analysis was performed by
electrophoresis of RNA samples (10 pg/lane)

through 0.8% agarose 2 mol/L formaldehyde gels in
20 mmol/L MOPS buffer, pH 7, containing 5 mmol/L
sodium acetate and 1 mmol/L ethylenediaminetet-
raacetic acid. Gels were blotted onto Gene Screen
Plus (DuPont-NEN, Wilmington, DE), and prehybrid-
ized for at least 15 minutes at 60 C in 1 mol/L NaCI,
1% sodium dodecyl sulfate (SDS), 10% dextran sul-
fate, and 100 pg/mI denatured and sheared salmon
sperm DNA. Radiolabeled probe was added to a fi-
nal concentration of 105 cpm/m, and blots were hy-
bridized 16 to 24 hours at 60 C. Blots were washed
for two 30-minute periods in 2x standard saline cit-
rate (1 x standard saline citrate = 0.15 mol/L NaCI,
0.015 mol/L Na Citrate), 1% SDS at 60 C. Autorad-
iography was performed with intensifying screens at
-70 C for 3 to 48 hours. Densitometry was per-
formed on an LKB Ultrascan XL.

The TSP1 probe was a mixture of two 1.5-kb Pstl
fragments of the human TSP1 complementary
DNA.21 These fragments included the segments
from base pairs 1,006 to 2,519 and from 2,853 to
4,300. This probe is highly similar to murine TSP1
and thus strongly cross-hybridizes with murine
TSP1 messenger (m)RNA. As a control for RNA in-
tegrity, Northern blots were also hybridized to a
1.0-kb Pstl fragment of the human 13-actin comple-
mentary DNA. Probes were labeled with 32P by ran-
dom priming22 to a specific activity of at least 108
cpm/pg.

Immunoprecipitation

Immunoprecipitation was performed as previously
described.14 Cells were grown to approximately
70% confluence in 60-mm dishes and labeled for 4
hours in 1 ml cysteine- and methionine-free media
supplemented with 100 pC [35S]methionine-
cysteine (Trans-label, ICN Radiochemicals, Costa
Mesa, CA). In some experiments, cells were treated
with LPS at 1 pg/ml during the labeling period (4-
hour LPS treatment) or for 4 hours before and dur-
ing the labeling period (8-hour LPS treatment). The
culture medium was collected, and immunoprecipi-
tation was performed with rabbit anti-TSP1 anti-
serum (a gift of Dr. Noel Bouck) or pre-immune rab-
bit serum. An equal number of trichloroacetic acid
preciptible counts per sample were incubated for 1
hour at 4 C with a 1:30 dilution of anti-serum or pre-
immune serum. Immune complexes were precipi-
tated by incubation with 100 pl of Immunoprecipita-
tion (GIBCO Bethesda Research Laboratories,
Gaithersburg, MD) for 30 minutes at 4 C. The pre-
cipitates were washed extensively and then boiled
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for 3 minutes in sample buffer (50 mmol/L Tris-CI,
pH 6.8, 100 mmol/L dithiothreitol, 2% SDS, 0.1%
bromophenol blue, and 10% glycerol). Eluted pro-
teins were resolved by Lammeli gel electrophoresis
through an 8% SDS polyacrylamide gel under re-
ducing conditions. Gels were stained with Coo-
masie Brilliant Blue, dried, and subjected to autora-
diography at -70 C for 7 to 14 days.

Results

Angiogenic Phenotype of Activated Cells

Previous investigations have shown that stimulation
of monocytes and macrophages with LPS evokes
the angiogenic phenotype.23 19 To assure that the
cells investigated here were stimulated to produce
angiogenic mediators, the conditioned media form
LPS-treated WEHI-3 cells and human peripheral
blood monocytes was assayed for angiogenic activ-
ity in the rat cornea. In each case, the LPS-
activated WEHI-3 cells and human peripheral blood
monocytes were potently angiogenic (Table 1, Fig-
ure 1).

TSP1 Levels Are Increased in Activated
Monocytes and Macrophages

The steady state level of TSP1 mRNA in unstimu-
lated (nonangiogenic) and LPS-stimulated (angio-
genic) WEHI-3 cells and human monocytes was de-
termined by RNA analysis. RNA was prepared from
WEHI-3 cells that were exposed to LPS at 0, 0.1, 1,
and 10 pg/ml for 24 hours, and human monocytes
that had been exposed to 0 or 1 pg/ml LPS for 24
hours (Figure 2). RNA analysis with a TSP1-specific
probe revealed that TSP1 mRNA levels were in-
creased in LPS-activated WEHI-3 macrophages
and human monocytes. Densitometric comparison
of TSP1 mRNA in WEHI-3 cells revealed that the
level of TSP1 mRNA increased 2.7-, 5.6-, and 6.1-
fold over background when cells were treated for 24

Table 1. Angiogenic Phenotype ofActivated and
Nonactivated Macrophages

Proportion of positive
Conditioned media responses (%)

Cell-free control 0/6 (0)
Nonactivated WEHI-3 0/4 (0)
LPS-activated WEHI-3 5/5 (100)
Nonactivated human monocytes 0/4 (0)
LPS-activated human monocytes 5/5 (100)

Figure 1. Angiogenic activity of nonactivated and LPS-activated
monocytes. A: Nonactivated buman penpheral monocytes. B: LPS-
activated buman penpheral monocytes. Note the virtual absence of
capillaries in A and the abundant capillary sprouts in B. Similar re-
sults were observed with nonactivated and LPS-activated WEHI-3
cells.

hours with LPS at 0.1, 1, and 10 pg/mI respectively.
The increase seemed to be relatively concentration-
dependent, as greater levels of TSP1 mRNA were
present in cells incubated with higher concentra-
tions of LPS.

The time course of induction of TSP1 mRNA by
LPS in WEHI-3 cells was assessed by isolating RNA
from cells exposed to 1 pg/ml LPS for 0, 2, 4, 6, 12,
or 24 hours. RNA analysis with a TSP1-specific
probe demonstrated that the level of TSP1-specific
mRNA in these cells increased significantly after
just 2 hours of LPS stimulation (Figure 2). TSP1
mRNA levels reached a maximum by 4 hours and
then remained constant for the remainder of the 24-
hour LPS exposure.

Production of TSP1 protein in LPS-stimulated
WEHI-3 macrophages was assessed by biosyn-
thetic labeling and subsequent immunoprecipitation
of cell supernatants with polyclonal revealed that
the level of TSP1 mRNA increased 2.7-, 5.6-, and
6.1-fold over background when cells were treated
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Figure 2. Northern analysis of TSP1 mRNA levels in angiogenic and nonangiogenic monocytes and macrophages. A: RNAfrom WEHI-3, a murine
monocyte-macrophage cell line. The blot was sequentially hybridized to probesfor either TSP1 (toppanel) orf-actin (lowerpanel). Each lane con-
tains 10 pg total RNA isolatedfrom WEHI-3 cells that had been incubatedfor 24 hours in 1) media, 2) media + 10 pg/ml LPS, 3) media + 1 pg/mlLPS, or 4) media + 0.1 pg/ml LPS. The locations of TSP1 mRNA, )3-actin mRNA, and the 28s and 18s ribosomal bands are indicated. B: mRNAfrom human peripheral blood monocytes. The blot was sequentially hybridized to probesfor either TSP1 (toppanel) orf3-actin (lowerpanel). Lanes
contain 10 pg total RNA isolated from monocytes treated for 24 hours with 1) media alone or 2) media + 1 pg/ml LPS. The locations of TSP1
mR/VA, (-actin mRNA, and the 28s ribosomal band are indicated. C: Time course analysis of TSP1 mRNA induction in activated WEHI-3 cells. Theblot was sequentially hybridized to probesfor either TSP1 (top panel) or (3-actin (lowerpanel). Each lane contains 10 pg total RNA isolatedfromcells treated with 1 pug/ml LPSfor 0, 2, 4, 6, 12, 18, or 24 hours. The locations of TSP1 mRNA, /3-actin mRNA, and the 28s and 18s ribosomal bands
are indicated.
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for 24 hours with LPS at 0.1, 1, and 10 pg/ml re-
spectively. The increase seemed to be relatively
concentration-dependent, as greater levels of TSP1
mRNA were present in cells incubated with higher
concentrations of LPS.
The time course of induction of TSP1 mRNA by

LPS in WEHl-3 cells was assessed by isolating
RNA from cells exposed to 1 pg/ml LPS for 0, 2, 4,
6, 12, or 24 hours. RNA analysis with a TSP]-
specific probe demonstrated that the level of TSP]-
specific mRNA in these cells increased significantly
after just 2 hours of LPS stimulation (Figure 2). TSP1
mRNA levels reached a maximum by 4 hours and
then remained constant for the remainder of the 24-
hour LPS exposure.

Production of TSP1 protein in LPS-stimulated
WEHI-3 macrophages was assessed by biosyn-
thetic labeling and subsequent immunoprecipitation
of cell supernatants with polyclonal anti-TSP1 anti-
bodies (Figure 3). Unstimulated WEHI-3 secreted a
small but detectable amount of TSP1. Secretion of
TSP1 increased slightly after 4 hours of LPS treat-
ment and increased significantly after 8 hours of
LPS stimulation. Immunoprecipitation of cell ex-
tracts demonstrated that low levels of intracellular
TSP1 were detectable in both unstimulated and
LPS-stimulated cells (data not shown). Thus, the ob-
served increase in TSP1 mRNA in activated mac-
rophages results in an increase in TSP1 protein se-
cretion.

Oh 4h

Discussion

The genetics of macrophage activation have been
widely investigated and include an alteration in the
expression of large numbers of genes.23 This inves-
tigation demonstrates that an increase in TSP1
gene expression is an element of the activation re-
sponse and shows an unexpected linkage of TSP1
expression to the angiogenic phenotype. In two
systems-WEHI-3, a murine monocyte-macrophage
cell line, and human peripheral blood monocytes-
angiogenic cells exhibited a significant up-
regulation of TSP1 production as compared to their
nonangiogenic counterparts. The results suggest
that TSP1 production may play a functional role for
angiogenic monocytes and macrophages. In a pre-
vious investigation, Jaffe et al10 observed that acti-
vated macrophages secrete less TSP1 than their
nonactivated counterparts. Although this study did
not assess the angiogenic phenotype of the cells
examined, the results seem to conflict with our ob-
servation that activated, angiogenic, macrophages
show an increase in TSP1 production. One possible
reason for the apparent discrepancy lies in the
method by which the cells were activated and the
time after activation when TSP1 production was as-
sessed. Jaffe et al10 activated murine macrophages
in vivo by intraperitoneal injection of LPS and cul-
tured these macrophages for several days while as-
saying for TSP1 production. In the present study,
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Figure 3. SDS-polyacrylamide gel electro-
phoresis analysis of TSP1 immunoprecipitates
of biosynthetically labeled WIEHI-3 cells. Cul-
ture media from control or stimulated
WEHI-3 cells was immunoprecipitated either
anti-TSP1 (+) orpre-immune serum ( -). Cells
were exposed to LPSfor either 0, 4, or 8 hours
as indicated, all groups were biosyntheticallv
labeled for 4 hours immediately before bar-
vest.
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activation was performed in vitro, and TSP1 produc-
tion was assessed immediately. Our findings are in
accordance with a recent report by Varani et al,24
who have shown that TSP1 production by the hu-
man monocytic cell line U937 increases during in
vitro activation with phorbol myristate acetate. A re-
cent investigation by Ostergaard and Flodgaard25
also documents an increase in TSP1 production by
monocytes that had been stimulated with human
heparin binding protein, a molecule that is synthe-
sized by neutrophils and is chemotactic for mono-
cytes. We have also observed a similar increase in
TSP1 production in WEHI-3 cells stimulated with
phorbol myristate acetate or concanavalin A (L.
DiPietro and P. Polverini, unpublished results).
Taken together, the evidence strongly suggests that
TSP1 production is a common feature of macro-
phage activation. The data reported here provide
the first evidence that production of TSP1 occurs in
tandem with the expression of the angiogenic phe-
notype.
The finding that activated, angiogenic, macroph-

ages produce TSP1, a reported inhibitor of angio-
genesis, would seem paradoxical. Macrophages
have been shown to produce anti-angiogenic activ-
ity, and the angiogenic capability of macrophages
in vivo may rely on a timely and/or balanced
production of both positive and negative angio-
genic mediators. 19'26'27 Alternatively, macrophage-
derived TSP1 may not exert significant effects on
endothelial cells, particularly if TSP1 is rapidly de-
graded or quickly sequestered into the extracellular
matrix. In this case, the in vivo influence of activated
macrophages upon endothelial cells may be domi-
nated by diffusable angiogenic factors rather than
extracellular matrix components such as TSP1. Sev-
eral other functional roles for macrophage-derived
TSP1 are possible. The adhesive capacity of TSP1
might facilitate migration of the activated macro-
phage. Macrophages have surface receptors for
TSP128 and thus might lay down TSP1 upon the ex-
isting extracellular matrix as a scaffold upon which
to migrate. This hypothesis is supported by a recent
finding that anti-TSP antibodies inhibit macrophage
migration through endothelial layers in vitro.29 A
second possibility is that macrophages produce
TSP1 as a functional protease inhibitor. TSP1 has
been recently described to act as a protease inhib-
itor in vitro, a function which may be extremely im-
portant to the activated macrophage as it produces
other soluble mediators.30 Finally, TSP1 has been
shown to enhance neutrophil chemotaxis and to fa-
cilitate the phagocytosis of senescent neutrophils
by macrophages.31,32 The idea that angiogenic

macrophages might produce TSP1 to effect neutro-
phil migration and clearance is an intriguing one, as
it suggests a functional link between macrophages
and neutrophils in the inflammatory process.

In this investigation, angiogenic macrophages
are actively producing TSP1 at the time they are im-
planted in the corneal assay. However, we have not
yet rigorously examined these cells to be certain if
this same temporal relationship between TSP1 pro-
duction and angiogenic activity exists in vivo. A re-
cent investigation of Koch et al33 provides evidence
that angiogenic macrophages produce TSP1 in
vivo. Using immunohistochemistry, Koch et al have
shown that macrophages within the inflamed rheu-
matoid synovium of patients actively produce TSP1.
In other investigations, rheumatoid synovial mac-
rophages have also been shown to be angiogenic.7
Taken together with this study, the data suggest that
angiogenic macrophages in vivo may be a source
of TSP1. Further in vivo investigations of TSP1 pro-
duction by monocytes and macrophages at sites of
active angiogenesis may determine whether the
production of TSP1 is common characteristic of an-
giogenic responses that are associated with mac-
rophages. Such investigations may lead to a better
understanding of the functional significance of TSP1
production by angiogenic cells.
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