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In¯ammatory cytokines (IC) activate endothelial cell
adhesiveness for monocytes and inhibit endothelial
cell growth. Here we report the identi®cation of the
human guanylate binding protein-1 (GBP-1) as the
key and speci®c mediator of the anti-proliferative
effect of IC on endothelial cells. GBP-1 expression was
induced by IC, downregulated by angiogenic growth
factors, and inversely related to cell proliferation both
in vitro in microvascular and macrovascular endo-
thelial cells and in vivo in vessel endothelial cells
of Kaposi's sarcoma. Experimental modulation of
GBP-1 expression demonstrated that GBP-1 mediates
selectively the anti-proliferative effect of IC, without
affecting endothelial cell adhesiveness for monocytes.
GBP-1 anti-proliferative activity did not affect
ERK-1/2 activation, occurred in the absence of apop-
tosis, was found to be independent of the GTPase
activity and isoprenylation of the molecule, but was
speci®cally mediated by the C-terminal helical domain
of the protein. These results de®ne GBP-1 as an
important tool for dissection of the complex activity of
IC on endothelial cells, and detection and speci®c
modulation of the IC-activated non-proliferating
phenotype of endothelial cells in vascular diseases.

Keywords: angiogenesis/interferon/interleukin/TNF/
VEGF

Introduction

Activation of endothelial cells is implicated in numerous
physiological and pathological processes including cell-
mediated immunity and angiogenesis during development,
in¯ammation or tumor growth (reviewed by Cines et al.,
1998; Carmeliet and Jain, 2000).

The activated endothelial cell phenotype represents a
time- and dose-integrated response to various stimuli
originating from the blood and/or from neighboring cells
and tissues. In¯ammatory cytokines (IC) such as inter-
leukin-1b (IL-1b), tumor necrosis factor-a (TNF-a) and
interferon-g (IFN-g), as well as angiogenic growth factors
(AGF) such as vascular endothelial cell growth factor
(VEGF) and basic ®broblast growth factor (bFGF), are the
best characterized and most potent paracrine regulators
of endothelial cell activity. For example, IC activate
endothelial cell adhesiveness for leukocytes (Bevilacqua
et al., 1985; Cavender et al., 1991) and are potent
inhibitors of endothelial cell proliferation (Frater-Schroder
et al., 1987; Friesel et al., 1987; Schweigerer et al., 1987;
Cozzolino et al., 1990). In contrast, VEGF and bFGF
activate endothelial cell proliferation (Folkman and
Klagsbrun, 1987; Ferrara and Henzel, 1989; Keck et al.,
1989). VEGF, in addition, induces endothelial cell
adhesiveness for leukocytes (Melder et al., 1996; Detmar
et al., 1998), whereas bFGF inhibits the expression of
adhesion molecules on endothelial cells (Grif®oen et al.,
1996a,b).

In vivo, several of these factors are simultaneously
present and active on endothelial cells. Moreover, the
effect of a single factor on the endothelium may vary
from tissue to tissue. For example, IC have been
shown to induce angiogenesis in some in vivo models
(Frater-Schroder et al., 1987; Mahadevan et al., 1989;
Montrucchio et al., 1994; Gerol et al., 1998; Torisu et al.,
2000) or to inhibit angiogenesis in others (Cozzolino et al.,
1990; Norioka et al., 1994; Yilmaz et al., 1998; Fathallah-
Shaykh et al., 2000). In addition, according to their
concentrations IC may act either as pro- or anti-angiogenic
molecules in the same model systems (Fajardo et al.,
1992). The angiogenic effect of IC has been attributed to
the recruitment of monocytes into tissues that, in turn, may
release angiogenic factors (Frater-Schroder et al., 1987;
Fajardo et al., 1992; Montrucchio et al., 1994; Joseph and
Isaacs, 1998) or to the induction of bFGF or VEGF
expression in resident cells (Samaniego et al., 1997;
Torisu et al., 2000). The anti-angiogenic effect of IC may
be caused by their anti-proliferative activity. However,
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only little is known about how IC can induce opposite
effects on angiogenesis.

The aim of this study was to identify genes that mediate
the anti-proliferative effect of IC on endothelial cells and
that may characterize the IC-activated endothelial cell
phenotype in tissues. To this goal, gene expression of
endothelial cells in the presence of IC or AGF was
analyzed by differential display RT±PCR (DDRT±PCR)
(Liang and Pardee, 1992). Using this approach, we
detected the human guanylate binding protein-1
(GBP-1), which belongs to the group of large GTP-
binding proteins (Prakash et al., 2000a). GBP-1 was found
to be strongly induced by IC and downregulated by AGF.
Detailed analyses of GBP-1 expression in cultivated
microvascular and macrovascular endothelial cells and in
vessel endothelial cells of Kaposi's sarcoma (KS) tissues
demonstrated that GBP-1 characterizes the IC-activated
non-proliferating phenotype of endothelial cells in vitro
and in vivo. Additionally, we showed that GBP-1 mediates
the anti-proliferative effect of IC on endothelial cells
without affecting cell adhesiveness. The anti-proliferative
activity of GBP-1 was found to be independent of its
GTPase function, but was found to be mediated by the
C-terminal helical domain of the molecule.

Results

GBP-1 expression is induced in endothelial cells
in vitro by IL-1b, TNF-a and IFN-g
Initial studies were carried out to determine the appropri-
ate concentrations of IC (IL-1b, TNF-a, IFN-g) or AGF
(bFGF, VEGF) that clearly affected proliferation of both
human macrovascular umbilical vein endothelial cells
(HUVEC) and microvascular endothelial cells (MVEC).
Combined application of bFGF and VEGF in concentra-
tions of 10 ng/ml each potently activated endothelial cell
proliferation of both cell types, whereas IL-1b, IFN-g and
TNF-a inhibited this AGF-induced proliferation in a dose-
dependent manner (Figure 1A). In order to identify genes
that may mediate the anti-proliferative effect of IC on
endothelial cells and may characterize the IC-activated
endothelial cell phenotype, the pattern of endothelial cell
gene expression in the presence of IC or AGF was
compared by DDRT±PCR in MVEC (data not shown).

The gene encoding GBP-1 was the only one of several
differently expressed genes identi®ed in the DDRT±PCR
study that was upregulated by IL-1b, TNF-a or IFN-g at
both the mRNA (Figure 1B, upper panel) and protein
(Figure 1B, lower panels) levels. In contrast, VEGF- or
bFGF-treated or untreated cells only weakly expressed
GBP-1 (Figure 1B). These results were con®rmed at the
single cell level by immunocytochemistry (Figure 1C).

IL-1b-induced GBP-1 mRNA expression reached the
maximal level at 5 h after stimulation, remaining high for
at least 24 h (Figure 1D). This induction was not
secondarily mediated via induction of IFN-g expression
because it was also observed when cellular protein
synthesis was abolished by cycloheximide (Figure 1E).
In addition, IL-1b did not induce IFN-g expression in
HUVEC (Figure 1F).

GBP-1 mRNA and protein expression induced by
IC correlate inversely with endothelial cell
proliferation in vitro
Experiments with combined IC and AGF showed that
GBP-1 expression can be induced by IL-1b, TNF-a or
IFN-g in the presence of AGF either by adding the
cytokines to the cells simultaneously (Figure 2A) or in
AGF-pretreated cells (Figure 2C). On the other hand, IC-
induced GBP-1 expression was consistently reduced by
the addition of AGF, both in HUVEC and MVEC
(Figure 2B). A more detailed analysis con®rmed that
VEGF as well as bFGF signi®cantly reduced IL-1b-
induced GBP-1 expression and that both factors together
had additive inhibitory effects on GBP-1 expression at
both the RNA (Figure 2D, white columns) and protein
(Figure 2E, white columns) levels. Most importantly,
in the presence of IC endothelial cell proliferation
(Figure 2D and E, black columns) was inversely related
to GBP-1 mRNA and protein expression (Figure 2D and E,
white columns; compare also Figures 1A and 2A). This
indicated that GBP-1 characterizes the IC-activated non-
proliferating phenotype of endothelial cells in vitro.

GBP-1 expression correlates inversely with
endothelial cell proliferation in KS in vivo
To investigate whether GBP-1 expression may de®ne the
IC-induced non-proliferating phenotype of endothelial
cells in vivo also, double staining experiments and in situ

Fig. 1. In¯ammatory cytokines inhibit endothelial cell proliferation and
induce expression of GBP-1. (A) Proliferation assay with HUVEC and
MVEC upon addition of AGF (VEGF and bFGF, 10 ng/ml each,
except control) and increasing concentrations of IL-1b, TNF-a or
INF-g. (B) Northern blot (upper panel) and western blot (lower panels)
analyses of GBP-1 expression in MVEC incubated with either bFGF
(10 ng/ml), VEGF (10 ng/ml), IL-1b (20 U/ml), TNF-a (300 U/ml),
IFN-g (100 U/ml), or control medium for 5 h and 8 h, respectively.
Polyclonal rabbit anti-GBP-1 peptide antibody (aGBP-1 pAb),
polyclonal rabbit anti-GBP-1 antibody (aGBP-1 rAb), actin control
(Actin). (C) Immunostaining for detection of GBP-1 expression in
HUVEC stimulated for 8 h as described in (B). (D) Northern blot
analyses of GBP-1 mRNA expression in MVEC after incubation for
various periods of time with IL-1b; (E) in the presence or absence of
cycloheximide (CHX, 50 mM) and IL-1b (20 U/ml, 5 h induction).
(F) RT±PCR analysis of IFN-g expression in HUVEC and HUT 78
lymphocytes stimulated for 5 h with IL-1b (20 U/ml) and phytohem-
agglutinin-L (PHA, 5 mg/ml), respectively. Actin mRNA was ampli®ed
as a control.
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hybridization studies were performed on KS (reviewed by
Ensoli et al., 2001; StuÈrzl et al., 2001). KS lesions were
chosen as the in vivo model because they are highly
vascularized (Figure 3A, black arrows) due to the
production of bFGF and VEGF by the KS spindle cells,
which are regarded as the tumor cells of KS [Figure 3A,
white arrows (Xerri et al., 1991; Ensoli et al., 1994;
Cornali et al., 1996)]. However, lesions are also in®ltrated
by monocytes and lymphocytes, which locally produce
IL-1b (Figure 3B, arrows), TNF-a (Figure 3C, arrows) and
IFN-g (Figure 3D, arrows), which activates endothelial
cells (StuÈrzl et al., 1995; Fiorelli et al., 1998).

Tissue sections were stained simultaneously for GBP-1
protein and the monocyte speci®c marker CD68
(Figure 3E). GBP-1 was selectively detected in endothelial
cells of vessels (Figure 3E, brown, arrow) that are
surrounded by numerous perivascular monocytes

(Figure 3E, red). Consecutive control sections of a positive
specimen with GBP-1-expressing endothelial cells
(Figure 3F, arrow) did not show any staining when the
primary anti-GBP-1 antibody was omitted (Figure 3G) or
applied in the presence of an excess of the puri®ed
recombinant GBP-1 protein (Figure 3H).

GBP-1 expression in vessel endothelial cells was
con®rmed at the RNA level by in situ hybridization
using a GBP-1-speci®c antisense RNA probe (Figure 3I,
bright ®eld; J, corresponding dark ®eld, arrow). Control
hybridizations with the GBP-1 sense probe did not
produce any signals (Figures 3K and L).

To investigate whether GBP-1 expression may de®ne
the non-proliferating phenotype of vessel endothelial cells
in KS, immuno¯uorescence studies for the simultaneous
detection of GBP-1, the endothelial cell-associated antigen
CD31 or the proliferation-associated antigen Ki67 were
performed. Simultaneous expression of GBP-1 (Figure 4A,
arrow; C, green) and CD31 (Figure 4B, arrow; C, red) was
found only in endothelial cells of some well-differentiated
vessels (Figure 4C, GBP-1/CD31 colocalization, yellow).
No staining was observed in the epidermal layer overlay-
ing KS (Figure 4C, asterisk) and in the perivascular areas
containing the KS spindle cells, monocytes, lymphocytes,
®brocytes and smooth muscle cells (cellular composition
of KS reviewed by StuÈrzl et al., 2001). In contrast, in no
case were GBP-1 (Figure 4D and G, arrows; F and I,
green) and Ki67 (Figure 4E and H, arrows; F and I, red)
found to be co-expressed in the same cell (Figure 4F and
I), demonstrating that GBP-1 is not expressed in prolif-
erating endothelial cells. Speci®city of Ki67 staining was
demonstrated by the positive reaction of proliferating
basal cells in the epidermis (Figure 4I, asterisk).

To further prove that GBP-1 is only expressed in non-
proliferating but not in proliferating endothelial cells
within KS lesions, triple labeling experiments for the
simultaneous detection of GBP-1, Ki67 and CD31 were
performed. CD31-positive endothelial cells surrounding
tumor vessels were evenly distributed in the tissue sections
(Figure 4L, arrow and M, red cytoplasmic staining). In
contrast, the highest numbers of GBP-1- (Figure 4J, arrow
and M, green cytoplasmic staining) or Ki67- (Figure 4K,
arrow and M, blue nuclear staining) positive endothelial
cells were detected in different areas of the tissue section.
Interestingly, areas with many Ki67-expressing endothe-
lial cells (Figure 4M, upper part, blue arrows) revealed
only few GBP-1-expressing endothelial cells, and vice
versa, in areas with many GBP-1-expressing endothelial
cells (Figure 4M, lower part, yellow arrows) only a few
Ki67 positively stained cells were detected. The opposite
local distribution of GBP-1- or Ki67-expressing endothe-
lial cells in KS tissue sections was also observed when
GBP-1 expression was investigated at the RNA level by
in situ hybridization (data not shown).

Altogether, these data demonstrate that in KS tissues
GBP-1 expression is closely associated with vessel
endothelial cells and speci®cally detected in areas with
high IC expression, whereas its expression is low or absent
in proliferating endothelial cells. Since GBP-1 expression
both in vitro and in vivo was inversely related to
endothelial cell proliferation these data strongly suggest
that this protein may mediate the anti-proliferative effect
of IC on these cells.

Fig. 2. IC-induced GBP-1 expression is inversely related to endothelial
cell proliferation. (A) Western blot analyses of GBP-1 expression in
HUVEC and MVEC treated as described in Figure 1(A), (B) after
the addition of IL-1b (200 U/ml), TNF-a (300 U/ml) and IFN-g
(100 U/ml) alone or in the presence of AGF (VEGF and bFGF,
10 ng/ml each; corresponding signal intensities were densitometrically
determined, lower panels) and (C) after the addition of IL-1b
(20 U/ml), TNF-a (300 U/ml) or IFN-g (100 U/ml) to HUVEC that
were pre-incubated overnight (O.N.) in the presence or absence of
AGF. (D) Northern blot and (E) western blot analyses of GBP-1
expression in MVEC after the addition of AGF or IL-1b (20 U/ml),
alone or combined. Recombinant His6-tagged GBP-1 was used as a
protein standard for quanti®cation. Corresponding signal intensities
were densitometrically determined (lower panels, white columns) and
compared with the proliferative capacity of MVEC under the same
conditions (lower panels, black columns). Ethidium bromide (EtBr)
visualization of blotted RNA, actin control (Actin). Northern blot
analyses were carried out 5 h and western blot analyses 24 h after
stimulation of the cells. A monoclonal rat anti-GBP-1 antibody was
used for the detection of GBP-1.

E.Guenzi et al.

5570



GBP-1 mediates the IC-induced inhibition of
endothelial cell proliferation
To determine whether GBP-1 mediates the anti-prolifera-
tive effect of IC, HUVEC were transduced with retroviral
vectors that express a GBP-1 full-length cDNA in sense
(Figure 5A, S) or antisense (Figure 5A, AS) orientation or
with the control vector (Figure 5A, CR). In a long-term
growth experiment similar proliferation rates were ob-
served with CR- and AS-GBP-1-transduced cells (seven
cell passages at a 1:4 splitting ratio after 3 months of
culture in the presence of puromycin), whereas S-GBP-1-
transduced cells grew signi®cantly less (three cell passages
for the same period of time), indicating that GBP-1 inhibits
cell growth.

For a detailed analysis of cell growth under different
conditions of stimulation, a short-term selection procedure
(10 days) was used (see Materials and methods). After this
time, GBP-1 protein synthesis was increased in IL-1b-
treated control cells (Figure 5B, CR), but not in IL-1b-
treated AS-GBP-1-expressing cells (Figure 5B, AS),
demonstrating that expression of the endogenous GBP-1
gene was not impaired by the transduction procedure and
that induction of the cellular GBP-1 protein was ef®ciently

inhibited by the GBP-1 antisense RNA. HUVEC trans-
duced with S-GBP-1 synthesized high levels of GBP-1
protein irrespective of the cell stimulation (Figure 5B, S).

Proliferation of HUVEC transduced with the control
vector was stimulated in a dose-dependent manner by
increasing the concentration of AGF (Figure 5C, gray
bars). Under the same conditions AGF-stimulated prolif-
eration of S-GBP-1-transduced cells was signi®cantly
lower (Figure 5C, white bars). On the other hand, AGF-
induced proliferation of CR-transduced HUVEC was
inhibited by IL-1b in a dose-dependent manner
(Figure 5D, gray bars), whereas proliferation of AS-
GBP-1-expressing cells was signi®cantly higher especially
in the presence of high IC concentrations (Figure 5D,
black bars). Similar results were obtained with IFN-g at
concentrations of 10 up to 1000 U/ml (data not shown).

GBP-1 selectively inhibited cell proliferation, whereas
IL-1b-induced adhesiveness for monocytes was un-
changed in S-GBP-1-, AS-GBP-1- or CR-transduced
HUVEC (Figure 5E). In addition, constitutive expression
of GBP-1 in S-GBP-1-transduced cells did not impair the
activation of the extracellular signal-regulated kinase
(ERK)-1/2, a central MAP kinase, which is activated via

Fig. 3. GBP-1 is expressed in vessel endothelial cells of KS. (A±D) Staining of KS tissue sections by hematoxylin±eosin [A, blood vessels (black
arrows), KS spindle cells (white arrows)] and by immunohistochemistry for detection of IL-1b (B, arrow), TNF-a (C, arrow) and IFN-g (D, arrow).
(E) Simultaneous staining of GBP-1 (brown, arrow) and the monocytic marker protein CD68 (red). (F±H) Immunodetection of GBP-1 in endothelial
cells (F, arrow) and control staining of consecutive sections in the absence of the anti-GBP-1 antibody (G) or in the presence of a 320-fold molar
excess of puri®ed recombinant GBP-1 protein (H). (I±L) In situ hybridization for detection of GBP-1 RNA (I, bright ®eld; J, corresponding dark
®eld). Overview pictures of control hybridizations with the GBP-1 sense control probe (K, bright ®eld; L, dark ®eld).
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the Ras-Raf-MEK pathway in response to mitogenic
stimulation (Figure 5F). Furthermore, TUNEL (TdT-
mediated dUTP nick end labeling) analyses of apoptosis-
associated nuclear DNA fragmentation (Figure 5G) and

western blot analyses of activation of the apoptotic
initiator caspase 8 and the executioner caspase 3
(data not shown) yielded negative results in S-GBP-1-,
AS-GBP-1- and CR-transduced cells, irrespective of their
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GBP-1 expression level. These results demonstrated that
GBP-1 selectively inhibits cell proliferation and that this is
not due to the inhibition of ERK-1/2 activation and occurs
in the absence of apoptosis.

The helical domain of GBP-1 is suf®cient to inhibit
endothelial cell proliferation
Structural hallmarks of GBP-1 are a large globular a/
b-domain harboring the GTPase activity, an elongated
C-terminal part organized in an a-helical structure with
unique features and a CaaX motif at the C-terminal end
that causes isoprenylation of GBP-1 (Nantais et al., 1996;
Prakash et al., 2000a,b). In order to identify the structural
or functional component of the GBP-1 molecule respon-
sible for the inhibition of endothelial cell proliferation,
various mutants of the GBP-1 protein were generated
(Figure 6A). First, the aspartate residue of the GTPase
active site located at position +184 in the N-terminal
globular domain of GBP-1 was mutated to an asparagine
residue (Figure 6A, D184N). This mutation, in agreement
with a previous report (Praefcke et al., 1999), abolished
the GTPase activity of the molecule (Figure 6B, insert).
Secondly, a TAA stop codon was introduced directly
upstream of the sequences encoding the isoprenylation
motif at the C-terminus of GBP-1 to block isoprenylation
of the protein (Figure 6A, DCaaX). Thirdly, the cDNA
fragments encoding the N-terminal globular domain
(amino acids 1±290), which fully retains GTPase activity
(C.Herrmann and G.Praefcke, personal communication)
and the C-terminal helical domain (amino acids 288±592)
were cloned separately into a retroviral vector (Figure 6A,
Glo, Hel). Transduction of HUVEC with these constructs

Fig. 5. GBP-1 mediates the inhibition of endothelial cell proliferation
in response to IC. (A) Schematic presentation of the retroviral
expression vector pBabePuro (control, CR) containing the full-length
GBP-1 cDNA in sense (S-GBP-1, S) or antisense (AS-GBP-1, AS)
orientation. (B) Western blot analysis of GBP-1 expression. Polyclonal
rabbit anti-GBP-1 peptide antibody (aGBP-1 pAb), polyclonal rabbit
anti-GBP-1 antibody (aGBP-1 rAb), actin control (Actin). After
transduction, HUVEC were grown for 10 days in 0.3 mg/ml puromycin
and then incubated for 24 h in the presence or absence of IL-1b (20 U/
ml). (C) Proliferation experiments with S-GBP-1- (white columns) and
CR- (gray columns) transduced HUVEC in the presence of increasing
concentrations of AGF, and (D) with AS-GBP-1- (black columns) and
CR- (gray columns) transduced HUVEC in the presence of AGF and
increasing concentrations of IL-1b. (E) In vitro adhesion assay with
S-GBP-1-, AS-GBP-1- and CR-transduced HUVEC stimulated with
increasing concentrations of IL-1b and U937 monocytes. In (C), (D)
and (E) the mean values obtained in three different transduction
experiments are shown. (F) Western blot analyses of phospho-ERK-1/2
(upper panel) and GBP-1 (lower panel) expression in S-GBP-1- and
CR-transduced HUVEC stimulated with either VEGF (10 ng/ml),
bFGF (10 ng/ml) or AGF (VEGF and bFGF, 10 ng/ml each) for
15 min, respectively. (G) TUNEL analyses (upper panels) and the
respective phase contrast images (lower panels) of untreated S-GBP-1-,
AS-GBP-1- and CR-transduced HUVEC and as a positive control of
apoptotic CR-transduced HUVEC incubated for 24 h in the presence of
TNF-a (30 U/ml).

Fig. 6. The helical domain of GBP-1 is suf®cient to inhibit endothelial
cell proliferation. (A) Schematic presentation of the retroviral
expression vector pBabePuro encoding various mutants of GBP-1:
GTPase-de®cient (D184N-GBP-1, D184N) and isoprenylation motif-
deleted (DCaaX-GBP-1, DCaaX) GBP-1, separated N-terminal globular
domain (Glo-GBP-1, Glo) and C-terminal helical domain (Hel-GBP-1,
Hel). The numbers refer to the positions of the amino acids in GBP-1.
The D to N mutation in the GTPase motif is indicated by an open
triangle and the black triangle indicates the TAA stop codon inserted
upstream of the encoded CaaX motif. (B) Proliferation experiments
with transduced HUVEC in the presence of AGF (10 ng/ml) and
GTPase assay of puri®ed wild-type GBP-1 and D184N-GBP-1 (insert).

Fig. 4. GBP-1 expression correlates inversely with endothelial cell proliferation in KS. (A±C) Immuno¯uorescence staining of KS tissue sections for
the detection of GBP-1 and CD31 antigens. Detection of GBP-1 (A, arrow), CD31 (B, arrow) alone and in combination (C, GBP-1, green cytoplasmic
staining; CD31, red cytoplasmic staining, colocalization yellow). The epidermal layer overlaying the lesions is indicated by an asterisk.
(D±I) Detection of GBP-1 (D and G, arrows) and Ki67 (E and H, arrows) alone and in combination (F and I, GBP-1, green, Ki67, red nuclear
staining) in different KS specimens. Ki67 positive basal cells in the epidermis are labeled by an asterisk. (J±M) Triple labeling experiment for the
detection of GBP-1 (J, green arrow), Ki67 (K, blue arrow) and CD31 (L, red arrow) alone or in combination (M, CD31, red; GBP-1, green; Ki67,
blue). Ki67/CD31 (blue arrows) and GBP-1/CD31 (yellow arrows) double-positive endothelial cells are indicated.
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and determination of the proliferative capability of these
cells in the presence of AGF revealed that expression of
the globular domain did not inhibit proliferation, whereas
the C-terminal helical domain as well as the D184N and
DCaaX mutants had similar inhibitory activity to wild-type
GBP-1 (Figure 6B). This demonstrated that the anti-
proliferative effect of GBP-1 is not dependent on the
GTPase activity or the isoprenylation motif of the
molecule but is speci®cally mediated by its helical
domain.

Discussion

GBP-1 is among the major IFN-g-induced factors and
belongs to the group of large GTP-binding proteins that
includes Mx proteins and dynamin (Prakash et al., 2000a).
It is characterized by a high-turnover GTPase activity (van
der Bliek, 1999; Prakash et al., 2000a) and has been shown
to mediate antiviral effects against the vesicular stomatitis
virus and the encephalomyocarditis virus in HeLa cells
(Anderson et al., 1999). In this study we showed that
GBP-1 is a key mediator of the anti-proliferative effect of
IC on endothelial cells and a molecular marker of the IC-
activated non-proliferating phenotype of endothelial cells
in vitro and in vivo.

GBP-1 was identi®ed by DDRT±PCR to be expressed in
endothelial cells stimulated with IL-1b, TNF-a or IFN-g,
but not in AGF-stimulated or unstimulated cells. Since the
same IC are also potent inhibitors of AGF-induced
endothelial cell proliferation, this suggested that GBP-1
expression may characterize the non-proliferating pheno-
type of endothelial cells that is induced by IC. We
con®rmed this hypothesis by demonstrating that the
expression of GBP-1 induced by IC correlated inversely
with endothelial cell proliferation and was inhibited by
AGF in both microvascular and macrovascular endothelial
cells (Figure 2).

Although IFN-g can induce in vitro expression
of GBP-1 in several different cell types including
monocytes/macrophages, ®broblasts and keratinocytes
(Bandyopadhyay et al., 1992; Shuai et al., 1992;
Saunders et al., 1999), in KS tissues GBP-1 expression
was almost exclusively detected in vessel endothelial cells
but not in the KS spindle cells, monocytes/macrophages,
lymphocytes, ®brocytes of the dermis or in the keratino-
cytes of the epidermis (Figure 4), suggesting that GBP-1
expression in vivo is more closely associated with vessel
endothelial cells as compared with cultivated cells in vitro.

As was observed in vitro, GBP-1 expression was
selectively associated with the IC-activated non-prolifer-
ating phenotype of endothelial cells also in vivo. In fact, in
KS lesions GBP-1 expression was only detected in
non-proliferating endothelial cells (CD31-positive, Ki67-
negative) of vessels that were surrounded by numerous
in®ltrating monocytes and lymphocytes, which produced
IC (Figure 3) (StuÈrzl et al., 1995; Fiorelli et al., 1998).
By contrast, GBP-1 was never detected in proliferating
endothelial cells (CD31-positive, Ki67-positive) that are
stimulated by the bFGF and VEGF released from the KS
spindle cells (Xerri et al., 1991; Ensoli et al., 1994; Cornali
et al., 1996). In KS tumor areas characterized by numerous
KS spindle cells and little in¯ammatory cell in®ltration,

GBP-1 expression was generally restricted to a few non-
proliferating endothelial cells in areas with high concen-
trations of IC. These results de®ne GBP-1 as a novel
marker of the IC-induced non-proliferative phenotype of
endothelial cells in vitro and in vivo.

The close association of GBP-1 expression with the
non-proliferating phenotype induced by IC on endothelial
cells in vitro and in vivo suggested that GBP-1 is an
inhibitor of endothelial cell proliferation. In fact, experi-
ments with retrovirally transduced endothelial cells
demonstrated that the constitutive expression of GBP-1
inhibits cell proliferation, whereas the inhibition of
endogenous GBP-1 expression abrogates the anti-prolif-
erative effect of IC (Figure 5). Therefore, GBP-1 is a major
mediator of the anti-proliferative effect of IC on
endothelial cells. Notably, GBP-1 inhibits cell prolifer-
ation in the absence of apoptosis, suggesting that the
GBP-1-mediated inhibition of cell proliferation may be
reversible.

The structure±function analysis of the GBP-1 mol-
ecule demonstrated that the isoprenylation of the
protein at the C-terminal end as well as the GTPase
activity and the whole globular domain encoding this
activity are not required for inhibition of cell prolif-
eration (Figure 6). In contrast, expression of the
C-terminal helical domain inhibited AGF-induced pro-
liferation to a similar extent to wild-type GBP-1. This
indicated that the helical domain is the mediator of the
GBP-1 anti-proliferative activity.

Neither constitutive expression of GBP-1 nor the
inhibition of cellular GBP-1 synthesis affected the IC-
induced adhesiveness for monocytes of transduced
endothelial cells. This is in agreement with data showing
that VEGF, similarly to IC, induces adhesiveness of
endothelial cells in vitro (Melder et al., 1996; Lu et al.,
1999; Kim et al., 2001) and in vivo (Detmar et al., 1998)
but has opposite effects on cell proliferation. Both ®ndings
clearly suggest that adhesiveness and proliferation are
independently regulated cellular responses of endothelial
cells.

The independent regulation of the IC-induced anti-
proliferative response and cell adhesiveness may open
new avenues for the therapeutic use of GBP-1 or its
active domain as an anti-angiogenic molecule. On the
other hand, inhibition of GBP-1 expression may restore
vessel proliferative activity under in¯ammatory condi-
tions, for example to support collateral vessel forma-
tion. In addition, GBP-1 expression may be used as a
molecular marker of IC-activated endothelial cells.
Thus, GBP-1 may provide an important tool and target
to dissect the complex activity of IC on endothelial
cells, and to detect and speci®cally modulate the IC-
induced non-proliferating phenotype of endothelial cells
in vascular diseases.

Notably, the major activation pathways of endothelial
cells, namely the IC pathway and the AGF pathway,
converge in the regulation of GBP-1 expression. Thus, the
natural function of GBP-1 in tissues may be the induction
of a transient potentially reversible non-proliferating
endothelial cell phenotype as a dose-integrated response
to a microenvironment with relatively increased IC
concentrations.
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Materials and methods

Cell cultures
HUVEC and MVEC were maintained in endothelial cell basal medium
(EBM, Clonetics) supplemented with 5% fetal bovine serum (FBS). The
U937 monocytic cell line was grown in RPMI 1640±10% FBS. Before
stimulation, cells were cultured overnight in EBM±0.5% FBS.
Recombinant human VEGF165 was purchased from R&D Systems,
recombinant human bFGF, IL-1b, IFN-g and TNF-a from Roche.

Cell proliferation assays. Cells were seeded into 24-well plates in
EBM±0.5% FBS at 103 cells/cm2 (HUVEC) or 0.5 3 103 cells/cm2

(MVEC), respectively. Cytokines and/or growth factors were added
every second day. After 6 days cell numbers were determined with a
Coulter counter (Coulter Electronics). Each experiment was carried out in
triplicate and the results expressed as the mean of cell numbers (6 SD).

Cell adhesion assays. Transduced HUVEC were seeded at 7 3 104

cells/cm2 in eight-well microchamber slides (Nunc) and incubated
overnight in EBM±2.5% FBS. Cytokines were added in EBM±0.5%
FBS for 6 h at concentrations indicated in the ®gures. Subsequently,
500 ml of a suspension of U937 cells (5 3 105 cells/ml) were added, and
after 15 min non-adherent monocytes were gently removed by dipping
the slides into RPMI 1640±1% FBS. Afterwards, the cells were ®xed
(30 min, RPMI 1640±1% FBS±5% glutaraldehyde) and the adherent
U937 cells were counted using a photo-imaging system (Optimas,
Stemmer Electronics). Each experiment was carried out in triplicate and
the results expressed as the mean of adherent cells in 10 different optical
®elds/well (6 SD).

DDRT±PCR
The RNAimage kit (GenHunter Corporation) was used for this procedure
according to the manufacturer's instructions.

Retroviral vectors
The cDNA encoding full-length human GBP-1 (GBP-1 cDNA) was
generated by RT±PCR using total cellular RNA isolated from IFN-g/
IL-1b-treated (100 U/ml, 20 U/ml, 5 h) MVEC. cDNA fragments
encoding the helical (Hel-cDNA) or globular (Glo-cDNA) domain were
synthesized by PCR using the ampli®ed GBP-1 cDNA as a template.
cDNA fragments were cloned into the Moloney murine leukemia virus-
derived retroviral vector pBabePuro (Morgenstern and Land, 1990). All
PCR primers encoded a unique restriction site (underlined). In addition,
an optimal Kozak consensus sequence (italic) was introduced in front of
the ATG start codon (bold) in all 5¢ primers. Sequences of 5¢ primers:
GBP-1 cDNA and Glo-cDNA, 5¢-CCGGAATTCGCCGCCATGGCAT-
CAGAGATCCACATG-3¢ [positions +69 to +89, for reference
see sequence of human GBP-1 mRNA (Cheng et al., 1991)]; Hel-
cDNA, 5¢-CCGGAATTCGCCGCCATGGTCAACGGGCCTCGTCT-
AGAG-3¢ (+930 to +950). Sequences of 3¢ primers: GBP-1 cDNA and
Hel-cDNA, 5¢-CGCGGATCCGAATTCTTAGCTTATGGTACATGC-
CTTTCG-3¢ (+1824 to +1847); Glo-cDNA, 5¢-CGCGGATCCGAATTC-
TTACCCGTTGACCTGGATGCC-3¢ (+938 to +921).

The mutant D184N- and DCaaX-cDNAs were generated by site-
directed mutagenesis (QuickChange kit, Stratagene). In the
D184N-cDNA a G to A transition was introduced at position +618 and
in the DCaaX-cDNA a 5¢-TAA-3¢ stop codon was introduced at position
+1833. Identity of all cDNA molecules was con®rmed by sequence
analysis.

Transduction of HUVEC
The packaging cell line PG13/J7 (Miller et al., 1991) was cultured in
DMEM±10% FBS±13 HAT supplement (Life technologies) and
transfected with 5 mg of puri®ed plasmid DNA using Superfect
(Qiagen). Stably transfected cell lines were established by cultivation in
the presence of 3 mg/ml puromycin (Sigma). Recombinant viruses were
obtained from these cells at 80% con¯uence, by adding fresh
DMEM±10% FBS without puromycin for 12 h. Cell culture supernatants
were harvested and ®ltered (0.45 mm, Millipore). Titers of retroviral
particles in the cell supernatants were compared by subjecting isolated
viral RNA to two different endpoint titration approaches of semi-
quantitative RT±PCR using primer pairs binding speci®cally to the viral
genomic RNA. Isolated viral RNA was either serially diluted and
subjected to 35 ampli®cation cycles, or diluted 1:40 and subjected to
increasing numbers (25, 30, 35, 40) of PCR cycles.

Retroviral infection of HUVEC was carried out by incubating the cells
twice (4 h each) with titer-adjusted virus in the presence of polybrene
(®nal concentration 8 mg/ml). Between the two infection steps, the cells
were kept for 4 h in EBM±5% FBS. Under these conditions transduction
ef®ciency was 50%, as determined by immunochemical detection of
GBP-1 at the single-cell level. Forty-eight hours after infection, 0.3 mg/ml
of puromycin was added and transduced cells were cultured for an
additional 10 days (short-term selection procedure) and used for
proliferation experiments.

For the long-term proliferation experiments, 1 3 104 transduced
HUVEC were seeded into Petri dishes (3 cm diameter) in EBM±5%
FBS containing puromycin (0.3 mg/ml), grown to con¯uence and split in
a 1:4 ratio. This was de®ned as one passage.

Puri®cation of His6-tagged GBP-1
His6-tagged GBP-1 and D184N-GBP-1 were produced in Escherichia
coli M15 and puri®ed by standard Ni-NTA±agarose column chromatog-
raphy (Qiagen).

Antibody production
Anti-GBP-1 antibodies were generated by using either af®nity-puri®ed
His6-tagged GBP-1 (polyclonal rabbit anti-GBP-1 antibody, monoclonal
rat anti-GBP-1 antibody) or a peptide with the 21 C-terminal amino acids
(MKNEIQDLQTKMRRRKAYTIS) of GBP-1 (polyclonal rabbit anti-
GBP-1 peptide antibody) by standard procedures.

GTPase assay
GTPase assays were carried out as described (Pitossi et al., 1993) using
125 ng/ml puri®ed His6-tagged wild-type GBP-1 or D184N-GBP-1.

Northern blot and western blot analyses
Northern blot analysis was carried out with 25 mg of total cellular RNA as
described (Cornali et al., 1996). For western blot analysis the following
antibodies diluted in 0.53 Western Blocking Reagent Solution (Roche)
and 0.1% Tween 20 (Sigma) were used: polyclonal rabbit anti-GBP-1
antibody (1:5000), polyclonal rabbit anti-GBP-1 peptide antibody
(1:250), rat monoclonal anti-GBP-1 antibody (1:500), polyclonal rabbit
anti-actin antibody (1:2000), polyclonal rabbit anti-phospho-ERK-1/2
antibody (1:1000, New England Biolabs), mouse monoclonal anti-
caspase 3 and anti-caspase 8 antibodies (1:350, Zymed).

RT±PCR analyses
The Titan one-tube RT±PCR system (Roche) was used for this procedure
according to the manufacturer's instructions. Primers: IFN-g, forward,
5¢-GACCAGAGCATCCAAAAGAGTGTG-3¢, reverse, 5¢-AAGCACT-
GGCTCAGATTGCAGG-3¢ (644 bp fragment); actin, forward, 5¢-CCA-
AGGCCAACCGCGAGAAGATGAC-3¢, reverse, 5¢-AGGGTACATG-
GTGGTGCCGCCAGAC-3¢ (585 bp fragment).

TUNEL analyses
The in situ cell death detection kit, ¯uorescein (Roche), was used for this
procedure according to the manufacturer's instructions. Transduced
HUVEC subjected to this procedure were seeded at 104 cells/cm2 in eight-
well microchamber slides (Lab-Tec) and incubated overnight in
EBM±0.5% FBS. Then cells were incubated for 24 h in EBM±5% FBS
or EBM±0.5% FBS±30 U/ml TNF-a (positive control) and ®xed in 100%
EtOH (30 min, 4°C). Apoptotic cells were detected by ¯uorescence
microscopy.

Tissue biopsies
Twelve KS biopsy specimens derived from skin lesions of human
immunode®ciency virus (HIV)-1-infected homosexual male patients
classi®ed as Centers for Disease Control and Prevention group C were
studied. Four control biopsy specimens were obtained from an
uninvolved area of the skin of the patients. All biopsies were taken for
diagnostic purposes after the informed consent of the patients.
Immediately after excision, tissues were either cryopreserved (i.e. for
detection of TNF-a and IFN-g) or ®xed in 4% paraformaldehyde and
embedded in paraf®n (for all other stainings).

In situ hybridization
In situ hybridization was carried out on paraf®n-embedded tissue sections
as described (StuÈrzl et al., 1999). The plasmid pCR-Script SK(+)
(Stratagene) containing the full-length GBP-1 cDNA was used for the
synthesis of 35S-radiolabeled sense and antisense RNA hybridization
probes (sp. act. > 1 3 109 c.p.m./mg RNA).
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Immunostaining of cells
HUVEC were ®xed in ethanol for 20 min at 4°C. The rat monoclonal
anti-GBP-1 antibody (1:100) was used as primary antibody. For the
detection reaction the ABC Elite kit (Linaris) and the 3,3¢-diaminobenzi-
dine (DAB) substrate (Biogenex) were used.

Immunostaining of tissue sections
Frozen sections. Specimens were ®xed in cold acetone (±20°C) and
stained by the alkaline phosphatase±anti-alkaline phosphatase (APAAP)
method. Mouse monoclonal antibodies to IFN-g (1:25, Genzyme
Diagnostics) and TNF-a (1:200, Dako) were used as described previously
(Fiorelli et al., 1998).

Paraf®n sections. Sections were microwave-treated (three times,
10 min, 580 W) in Target Retrieval Solution pH 9.0 (Dako). The
monoclonal rat anti-GBP-1 antibody (1:300 in dilution medium, Dako)
and a monoclonal mouse anti-IL-1b antibody (1:10, Dianova) were used
as primary antibodies. For the detection reactions either the ABC Elite kit
and the AEC substrate or an APAAP staining kit and the Fast Red
substrate were used according to the manufacturers' instructions.

For simultaneous detection of GBP-1 and CD68, DAB was used as a
substrate in the peroxidase reaction for detection of GBP-1. Subsequently,
sections were washed twice for 5 min in Tris (0.05 M, pH 7.4/Brij 0.5%),
incubated with a monoconal mouse anti-CD68 antibody (1:200, Dako)
and subsequently with a rabbit anti-mouse IgG antibody (1:25, Dako) and
the APAAP (mouse) complex (Dako). VectorRed (Linaris) was used as a
substrate for the color reaction.

After the immunohistochemical procedure, sections were counter-
stained with hematoxylin and mounted with Immunomount (Shandon).

Fluorescence staining
Double staining. For double staining of GBP-1 and Ki67 or CD31,
tissue sections were microwave-treated (three times, 10 min, 580 W)
either in Enhancer Receptor buffer (Linaris) for detection of GBP-1/Ki67
or in Target Retrieval Solution pH 9.0 (Dako) for GBP-1/CD31 detection.
The slides were then incubated with a mixture of rat anti-GBP-1 (1:20)/
mouse anti-CD31 (1:20, Serotec) or rat anti-GBP-1 (1:20)/mouse anti-
Ki67 (1:20, Dako) monoclonal antibodies, respectively. Bound primary
antibodies were detected with a mixture of highly cross-absorbed goat
anti-rat and goat anti-mouse antibodies (1:500) coupled to the
¯uorochromes AlexaFluor488 and AlexaFluor546 (Molecular Probes
Europe), respectively.

Triple staining. For triple staining of GBP-1, CD31 and Ki67 sections
were initially treated as described above for GBP-1/CD31 double staining
and than successively incubated with 10% normal mouse serum and goat
Fab anti-mouse fragments 1:20 (Dianova), for 40 min each. Afterwards,
the slides were incubated with the anti-Ki67 antibody (1:20) and, ®nally,
with a highly cross-absorbed goat anti-mouse antibody (1:500) coupled to
the AlexaFluor350 ¯uorochrome.

For visualization of bound ¯uorochromes, slides were mounted in PBS
and examined using a Zeiss light scanning confocal microscope.
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