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During angiogenesis and inflammatory processes,
endothelial cells acquire different activation pheno-
types, whose identification may help in understand-
ing the complex network of angiogenic and inflam-
matory interactions in vivo. To this goal we
investigated the expression of the human guanylate-
binding protein (GBP)-1 that is highly induced by
inflammatory cytokines (ICs) and, therefore, may
characterize IC-activated cells. Using a new rat mono-
clonal antibody raised against GBP-1, we show that
GBP-1 is a cytoplasmic protein and that its expression
in endothelial cells is selectively induced by interfer-
on-� , interleukin-1� , interleukin-1� , or tumor necro-
sis factor-� , but not by other cytokines, chemokines,
or growth factors. Moreover, we found that GBP-1
expression is highly associated with vascular endo-
thelial cells as confirmed by the simultaneous detec-
tion of GBP-1 and the endothelial cell-associated
marker CD31 in a broad range of human tissues. No-
tably, GBP-1 expression was undetectable in the skin,
but it was highly induced in vessels of skin diseases
with a high-inflammatory component including pso-

riasis, adverse drug reactions, and Kaposi’s sarcoma.
These results indicate that GBP-1 is a novel cellular
activation marker that characterizes the IC-activated
phenotype of endothelial cells. (Am J Pathol 2002,
161:1749–1759)

The healthy luminal endothelium consists of quiescent
endothelial cells that provide a regularly organized and
non-adhesive surface toward the blood constituents.1

However, this interface is dynamic and, under appropri-
ate stimulation, endothelial cells can undergo profound
changes leading to an activated phenotype.2 Activation
of endothelial cells is implicated in numerous physiolog-
ical functions and pathological dysfunctions of the vas-
culature, especially during development, inflammatory
processes,3 atherosclerosis,4,5 and tumor angiogene-
sis.6–8

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. Many soluble mediators including cytokines,
chemokines, and growth factors are involved in the regu-
lation of a restricted number of endothelial cell activities
such as proliferation, adhesiveness, apoptosis, and che-
motaxis. This suggests that different factors may have
redundant and/or overlapping activities. In particular, an-
giogenic growth factors such as vascular endothelial
growth factor (VEGF) and basic fibroblast growth factor
(bFGF) induce endothelial cell proliferation,9–12 whereas
inflammatory cytokines (ICs) such as interleukin (IL)-1�,
IL-1�, tumor necrosis factor (TNF)-�, and interferon
(IFN)-� induce endothelial cell adhesiveness for mono-
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cytes.13,14 Focusing on the activation phenotypes of en-
dothelial cells may help in elucidating the complex net-
work of cellular events present during angiogenesis and
inflammatory processes.

The guanylate-binding proteins (GBP)-1 and -2 are the
most abundant proteins induced by IFN-�.15,16 GBPs
have a concentration-dependent intrinsic high-turnover
GTPase activity.17–19 In particular, based on the crystal
structure of GBP-120,21 and on biochemical consider-
ations, it was proposed that GBP-1 belongs to the group
of large GTP-binding proteins such as Mx and dynamin,
all of which have a similar domain composition and
GTPase activity, although sequence homology is very
low.20

We have shown that GBP-1 is the key and selective
mediator of the anti-proliferative effect of ICs on both
microvascular and macrovascular endothelial cells in
vitro and that GBP-1 expression was inversely related
with cell proliferation in vessel endothelial cells of Kapo-
si’s sarcoma (KS) in vivo. In addition, GBP-1 expression in
endothelial cells was found to be highly induced by ICs
and inhibited by angiogenic growth factors.22

The latter findings suggested that GBP-1 may charac-
terize the inflammatory endothelial cell phenotype. In this
report we showed that GBP-1 expression in endothelial
cells is selectively induced by ICs but by none of several
other cytokines, chemokines, and growth factors exam-
ined. In addition, we found that GBP-1 was highly asso-
ciated with endothelial cells in a broad range of human
tissues and we demonstrated that GBP-1 characterizes
the IC-activated phenotype of endothelial cells in human
inflammatory skin diseases.

Materials and Methods

Tissues

All tissues including 37 cases of acquired immune defi-
ciency syndrome (AIDS)-associated KS, two cases of
adverse drug reaction of the skin, three cases of psoria-
sis, and a wide range of normal tissues (Table 1) were
routinely processed, formalin-fixed, paraffin-embedded
specimens retrieved from the archive files of the Depart-
ment of Dermatology, University of Vienna Medical
School, Vienna, Austria; from the Institute of Pathology,
Ludwig Maximilians University, Munich, Germany; and
from commercial suppliers (multitissue control slides;
Biogenex, San Ramon, CA).

Cell Culture

Human primary fibroblasts and the keratinocyte cell line
HaCaT were grown in Dulbecco’s modified Eagle’s medium
(Gibco BRL, Eggenstein, Germany) supplemented with
10% fetal bovine serum (FBS), 2 mmol/L L-glutamine, 50
U/ml penicillin G, and 50 �g/ml streptomycin sulfate (Gibco
BRL). The T-cell line HuT 78, the B-cell line Schlicht, and the
monocytic cell line U937 were grown in RPMI 1640 medium
(Gibco BRL) supplemented with 10% FBS, 50 U/ml penicil-
lin G, and 50 �g/ml streptomycin sulfate. Both primary

human macrovascular umbilical vein endothelial cells
(HUVECs) and primary microvascular endothelial cells
(MVEC) were purchased from Clonetics (San Diego, CA)
and grown in endothelial cell basal medium (Clonetics)
supplemented with 5% FBS and propagated in Roux flasks
(Greiner, Frickenhausen, Germany) coated with 1.5% bo-
vine skin gelatin, type B (Sigma-Aldrich Chemie, Deisen-
hofen, Germany) in phosphate-buffered saline (PBS). Fresh
peripheral blood mononuclear cells (PBMC) were isolated
from the blood of healthy donors by Percoll (Amersham
Pharmacia Biotech, Freiburg, Germany) gradient centrifu-
gation and cultivated in RPMI 1640 containing 10% FBS, 50
U/ml penicillin G, and 50 �g/ml streptomycin sulfate.

For stimulation experiments, cells were maintained in
the appropriate medium containing 0.5% FBS for 16
hours, with the exception of peripheral blood mononu-
clear cells that were kept in full medium. Subsequently,
growth factors, cytokines, and chemokines were added
in the respective medium containing 0.5% FBS. Cells
were harvested after the stimulation period by centrifu-
gation or by trypsinization (0.5 g/L trypsin and 0.2 g/L
ethylenediaminetetraacetic acid in Hank’s balanced salt
solution; Gibco BRL) and subsequent centrifugation. Cel-
lular proteins were extracted with RIPA buffer (50 mmol/L
Tris-HCl, pH 7.5, 150 mmol/L NaCl, 0.1% sodium dodecyl
sulfate, 0.5% sodium desoxycholate, 1% Nonidet P-40,
0.02 mg/ml pancreas extract, 5 �g/ml pronase, 0.5 �g/ml
thermolysin, 3 �g/ml chymotrypsin, and 0.33 mg/ml pa-
pain; Roche, Mannheim, Germany).

IL-1�, MCP-1, MIP-1�, PF4, IP-10, SDF-1�, and on-
costatin M were purchased from Promocell (Heidelberg,
Germany); IFN-�, bFGF, IL-1�, TNF-�, platelet-derived
growth factor (PDGF) B/B, IL-4, IL-6, and IL-10 from
Roche; VEGF and angiopoietin-2 (Ang-2) from R&D Sys-
tems (Abingdon, UK); and IL-18 from Medical & Biolog-
ical Laboratories (Nagoya, Japan).

Cloning, Expression, and Purification of
Recombinant GBP-1

The coding region of GBP-1 (GenBank accession no.
M55542) was amplified by polymerase chain reaction using
4 U of rTth DNA polymerase (Perkin Elmer, Wellesley, MA),
8 �mol/L of dNTPs, 7 �mol/L of magnesium acetate, and
0.3 �mol/L of primers, from the full-length GBP-1 cDNA
and cloned into the pCR-Script vector (Stratagene, La
Jolla, CA). Primers containing restriction sites (bold let-
ters) for cloning had the following sequence: 5�-CGG-
GATCCGGAATTCCTGCATCAGAGATCCACATG-3� (for-
ward primer) and 5�-CTAGATCTGAGCTCGCTTATGG-
TACATGCCTTTCG-3� (reverse primer). The polymerase
chain reaction product was purified using the QIAquick
polymerase chain reaction purification kit (Qiagen,
Hilden, Germany), digested with BamHI and BglII
(Roche) and cloned into the BamHI site of the pQE-60
expression vector (Qiagen). The correct sequence was
confirmed by sequencing.

Recombinant GBP-1-His (6XHis tag at C-terminus),
His-GBP-1 (6XHis tag at N-terminus), His-GBP-2, and
His-eGFP were produced in Escherichia coli M15 strains
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(Qiagen) and purified under native conditions using stan-
dard NiNTA affinity Sepharose column chromatography.
The cells were grown in 500 ml of LB (Luria-Bertani)
medium supplemented with ampicillin (100 �g/ml,
Sigma) and kanamycin (25 �g/ml, Sigma) at 37°C until an
A600 value of 0.6 was reached. Subsequently, isopropyl-
�-D-thiogalactopyranoside (Qiagen) was added to a final
concentration of 100 �mol/L and the culture was grown
for an additional 4 hours. The cell pellets were resus-
pended in 5 ml of 50 mmol/L NaH2PO4, 500 mmol/L NaCl,
10% glycerol, 2 mmol/L Tris(2-carboxyethyl)phosphine
(TCEP, Sigma), 20 mmol/L imidazole, pH 7.4, and lysed
by two passages at 1200 psi through a French press
apparatus (SLM Aminco; Polytec, Waldbronn, Germany).
The cell lysates were centrifuged at 37,000 � g for 60
minutes. The supernatants were filtered (45-�m Ø filters;
Millipore, Eschborn, Germany) and subjected to NiNTA
Sepharose column chromatography using a fast perfor-
mance liquid chromatography (FPLC) apparatus (Bio-
Rad, Munich, Germany). His-tagged proteins were eluted
with a 20- to 250-mmol/L imidazole gradient.

Production of Rat Monoclonal Antibodies

Purified recombinant GBP-1-His protein (50 �g) was in-
jected intraperitoneally and subcutaneously into LOU/C
rats. Two months later a final boost was given intraperi-
toneally and subcutaneously 3 days before sacrifice. Fu-
sion of P3X63-Ag8.653 myeloma cells with the rat spleen
cells was performed according to the standard proce-
dure.23 Hybridoma supernatants were tested in a solid-
phase immunoassay using the GBP-1-His fusion protein
adsorbed to polystyrene microtiter plates and reactive
colonies were stabilized by recloning through a limiting
dilution.

Western Blot Analysis

Protein concentrations in cell extracts were determined
using the DC protein assay (Bio-Rad). Samples were
boiled in Laemmli buffer24 for 5 minutes, size-separated
by 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, and electrophoretically transferred to a Hy-
bond-P membrane (Amersham Pharmacia Biotech) at
250 mA for 2 hours. After blocking in 1� Western block-
ing reagent solution (Roche) and 0.1% Tween 20 (Sigma)
in PBS overnight at 4°C, the blots were incubated with
rabbit anti-actin antiserum (1:1000, Sigma) and with
monoclonal antibody (mAb) 1B1 (1:500). After incubation
for 1 hour at room temperature with the primary antibod-
ies the blots were washed and incubated for 45 minutes
with goat anti-rat and goat anti-rabbit IgG coupled to
horseradish peroxidase (1:5000; Dianova, Hamburg,
Germany). All antibodies were diluted in 0.5� Western
blocking reagent solution (Roche) containing 0.1%
Tween 20 (Sigma). Detection was performed with the
enhanced chemiluminescence Western blotting detec-
tion system (Amersham Pharmacia Biotech).

Immunohistochemistry

Cells were plated in 8-chamber glass culture slides (Bec-
ton Dickinson Labware, San Diego, CA) and stimulated
as described. After stimulation, the cells were fixed in
ethanol (20 minutes, 4°C) washed in PBS and incubated
with mAb 1B1 (1:100 in antibody diluent with background
reducing component; DAKO, Glostrup, Denmark) for 1
hour. Subsequently, the cells were incubated for 30 min-
utes with biotinylated horse anti-rat IgG (ABC kit; Vector
Laboratories, Burlingame, CA), followed by 30 minutes of
incubation with the avidin-biotin complex (ABC kit, Vector
Laboratories). The reaction was developed with 3,3�-dia-
minobenzidine (Biogenex) for 8 minutes at room temper-
ature. Nuclei were counterstained with Gill-3 hematoxylin
(Shandon, Pittsburgh, PA) and mounted with Immuno-
mount (Shandon).

Paraffin-embedded sections (6 �m) were dewaxed in
xylene and rehydrated. After antigen retrieval by micro-
wave pretreatment (3 times at 7 minutes, 580 W) in target
retrieval solution, pH 9 (TRS9; DAKO), the slides were
treated with 7.5% hydrogen peroxide for 10 minutes at
room temperature to block endogenous peroxidases.
Then the slides were incubated for 1 hour with mAb 6F12
or mAb 1B1 (1:300) or with the respective isotype control
antibodies (R&D Systems) at room temperature. For con-
trols 1 �l of mAb 1B1 was incubated with 80 �g of
purified recombinant GBP-1-His for 2 hours at room tem-
perature. Antibody detection, counterstaining of the nu-
clei, and mounting was performed as described above.
Stained sections were photographed using a charge-
coupled device camera (Sony, Cologne, Germany)
mounted on an Aristoplan microscope (Leitz, Wetzlar,
Germany).

Immunofluorescence

HUVECs were plated in 8-chamber glass culture slides
(Becton Dickinson Labware), stimulated as described
and fixed in ethanol (20 minutes, 4°C). Slides were incu-
bated with mAb 1B1 (1:100) overnight at 4°C, washed,
and incubated with goat anti-rat antibody (1:500) cou-
pled to the fluorochrome AlexaFluor546 (Molecular
Probes Europe, Leiden, The Netherlands) for 1 hour at
room temperature. Nuclei were visualized with 4�,6�-
diamino-2-phenylindole (Molecular Probes Europe) at a
final concentration of 1 �g/ml and slides were mounted
with 50% glycerol/PBS.

Double-immunofluorescence labeling of tissues was
performed as described.25 Six-�m paraffin-embedded
sections were dewaxed in xylene and rehydrated. After
antigen retrieval as described above, the slides were
blocked with 10% normal goat serum for 10 minutes at
room temperature and subsequently incubated overnight
at 4°C with a mixture of mAb 1B1 (1:100) and mouse
anti-CD31 (1:20; Serotec, Oxford, UK). Afterward a mix-
ture of highly cross-absorbed goat anti-rat and goat anti-
mouse antibodies (1:500) coupled to the fluorochromes
AlexaFluor 488 (green fluorescence) and AlexaFluor 546
(red fluorescence), respectively, was applied for 1 hour
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at room temperature. Confocal microscopy was per-
formed on a scanning microscope (Zeiss, Jena, Germa-
ny). Pictures were split into RGB channels using the Corel
Photo-Paint 8 software (Corel Corporation, Unterschleiss-
heim, Germany) or the LSM 5 Image Browser (Zeiss).

Results

Induction of GBP-1 Expression by IFN-� in
Different Cell Types In Vitro

Monoclonal anti-GBP-1 antibodies (mAbs) were gener-
ated by immunization of LOU/C rats with purified GBP-1-
His. Two hybridoma clones were established. Clone 1B1
(IgG1) secreted a mAb that specifically reacted with
GBP-1 (Figure 1A, left). Another mAb was secreted by
clone 6F12 (IgG2a) and recognized both GBP-1 and
GBP-2 (Figure 1A, right). None of the mAbs reacted with
eGFP that was used as a negative control (Figure 1A).

Western blot analysis with mAb 1B1 showed that IFN-�
increases GBP-1 expression in many different cell lines and
primary cells including B-cells, monocytes, peripheral
blood mononuclear cells, keratinocytes, fibroblasts, and en-
dothelial cells, with the exception of T cells (Figure 1B).

Selective Induction of GBP-1 Expression in
Endothelial Cells by Inflammatory Cytokines

To investigate the effect of external stimulations on GBP-1
expression in endothelial cells in a greater detail,
HUVECs were treated with cytokines (IFN-�, IL-1�, IL-1�,
TNF-�, IL-4, IL-6, IL-10, IL-18, oncostatin M), chemokines
(MCP-1, MIP-1�, PF4, IP-10, SDF-1�), and growth factors
(bFGF, VEGF, Ang-2, PDGF B/B).

In the concentration used each factor induced a clear
biological response in HUVECs. Endothelial cell prolifera-
tion was activated by bFGF, VEGF, and PDGF B/B and
inhibited by IFN-�, IL-1�, TNF-�, oncostatin M, and PF4.
IL-4 up-regulated VCAM-1 expression. SDF-1�, MCP-1,
and IL-18 induced chemotaxis of the cells and IL-1� down-
regulated von Willebrand factor expression (data not
shown). All findings were in agreement with previously pub-
lished activities of these factors on HUVECs.9–14,22,26–36

Western blot analysis revealed that under these differ-
ent conditions GBP-1 expression was selectively induced
by ICs including IFN-�, IL-1�, IL-1�, and TNF-�, but by
none of the other factors (Figure 1C).

Induction of GBP-1 expression by ICs was confirmed
at the single cell level by immunocytochemistry (Figure 2,
A and B) and immunofluorescence (Figure 2, C and D).
Both methods produced a strong, exclusively cytoplas-
mic staining of GBP-1 in IFN-�-treated (Figure 2, B and
D), IL-1�-treated, and TNF-�-treated (data not shown)
cells, but not in untreated cells (Figure 2, A and C).

Expression of GBP-1 by Endothelial Cells of
Human Tissues

GBP-1 expression was highly associated with endothelial
cells in different human tissues (Table 1). Examples of

immunohistochemical detection of GBP-1 expression in
endothelial cells of spleen, uterus, lung, and heart are
shown in Figure 3; A to D, black arrows. GBP-1 was not
detected in endothelial cells of the skin (Figure 3, E and
F, negative vessels are indicated by a white arrow).

An antibody that detected GBP-1 and GBP-2 (mAb 6F12)
(Figure 3I) produced similar staining patterns in the various
tissues as compared to mAb 1B1 [compare Figure 3A (mAb
1B1) and Figure 3I (mAb 6F12)]. This indicated that GBP-1
is the major isoform expressed in endothelial cells.

In addition to endothelial cells, GBP-1 expression was
detected in mononuclear cells in the bladder, lung, stom-
ach, colon, and liver and in the epithelium in prostate,
lung, colon, stomach, and thyroid as assessed by mor-
phological analysis (Table 1).

Figure 1. Selective induction of GBP-1 expression in endothelial cells by ICs.
A: Purified recombinant GBP-1, GBP-2, and eGFP (100 ng each) were
detected by Western blot using mAb 1B1 and mAb 6F12. B: Western blot
analysis of GBP-1 expression in different cell types that were either untreated
(�) or stimulated with IFN-� (100 U/ml) for 16 hours. C: Western blot
analysis of GBP-1 expression in HUVECs stimulated with the indicated
factors for 24 hours. The following concentrations were used: IFN-�, 100
U/ml; IL-1�, 5 ng/ml; IL-1�, 200 U/ml; TNF-�, 300 U/ml; IL-4, 10 U/ml; IL-6,
50 U/ml; IL-10, 50 ng/ml; IL-18, 100 ng/ml; oncostatin M, 10 ng/ml; MCP-1,
50 ng/ml; PF4, 25 ng/ml; SDF-1�, 200 ng/ml; bFGF, 10 ng/ml; VEGF, 10
ng/ml; Ang-2, 800 ng/ml; and PDGF B/B, 100 ng/ml. It was confirmed by our
experiments and it is according to the literature that in the concentrations
used each factor induces a significant cell biological response in these
cells.9–14,22,26–36,56,57,64,65,71 In addition IP-10 (50 ng/ml) was used in a
concentration similar to that established in the supernatant of IFN-�-stimu-
lated endothelial cells.72 MIP-1� (50 ng/ml) in the concentration used exerts
maximal chemotactic activity on human T cells.73 mAb 1B1 was used in B
and C. Immunochemical detection of actin (Actin) demonstrated that equal
amounts of proteins were blotted onto the membranes.
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Control stainings with a primary antibody that had
been preadsorbed with GBP-1-His protein did not pro-
duce any signals (Figure 3G, lung). In addition, no sig-
nals were obtained when the staining procedure was
performed without the primary antibody (data not shown)
or with an isotype control antibody (Figure 3H, spleen).

Simultaneous detection of GBP-1 (Figure 4, left) and the
endothelial cell-associated antigen CD31 (Figure 4, middle)
in tissue sections of bladder (Figure 4A), endometrium (Fig-
ure 4B), heart (Figure 4C), and lung (Figure 4D) confirmed
that GBP-1 was highly associated with endothelial cells in
human tissues (Figure 4; GBP-1: green, left; CD31: red,
middle; co-localization: yellow, right, white arrows).

GBP-1 Expression in Endothelial Cells in
Diseases of the Skin with a High-Inflammatory
Component

To determine whether GBP-1 expression is induced by
ICs in endothelial cells in vivo, GBP-1 expression was

Figure 2. Localization of GBP-1 in the cytoplasm of endothelial cells. GBP-1 expression in HUVECs was analyzed by standard ABC immunoperoxidase staining
(A, B) or by indirect immunofluorescence (C, D) using mAb 1B1 before (A, C) or after (B, D) stimulation with 100 U/ml IFN-� for 16 hours. Original
magnifications: �450 (A, B); �630 (C, D).

Table 1. Expression of GBP-1 in Different Human Tissues

Tissue n
GBP-1-positive

vessels

Additional
GBP-1-positive

cells

Spleen 5 � �
Bladder 5 � �, m
Testis 5 � �
Prostate 5 � �, e
Ovary 5 � �
Endometrium 5 � �, g
Uterus 5 � �
Placenta 5 � �
Lung 10 � �, m, e
Heart 9 � �
Colon 6 � �, m, e
Stomach 10 � �, m, e
Thyroid gland 6 � �, e
Brain 3 � �
Kidney 8 � �, gt
Liver 6 � �, m
Skin 9 � �

n, number of samples; �, positive staining; �, no staining; m,
mononuclear cells; g, glands; e, epithelium; gt, glomeruli and tubuli.
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investigated in AIDS-associated KS (n � 37, Figure 5, B
and E), adverse drug reactions of the skin (n � 2, Figure
5C), and psoriasis (n � 3, Figure 5D) that express high
levels of ICs.22,37–44

Notably, GBP-1 was detected in the inflammatory skin dis-
eases and in KS (Figure 5; B to E, left) but not in healthy skin
(Figure 5A, left, compare also Figure 3, E and F). In addition, in
diseased skin, GBP-1 was selectively expressed in endothelial
cells as indicated by simultaneous detection of GBP-1 and
CD31 (Figure 5; A to D; GBP-1: green, left; CD31: red, middle;
co-localization: yellow, right, white arrows). The specificity of
the cross-absorbed secondary antibodies is demonstrated by
the facts that GBP-1-negative skin sections did not show any
green fluorescence of the anti-rat antibody-coupled fluoro-
chrome (Figure 5A, left) and that KS sections that were stained
without the anti-CD31 antibody did not reveal any red fluores-

cence of the anti-murine antibody-coupled fluorochrome (Fig-
ure 5E, middle).

GBP-1 expression was detected in small size vessels
in adverse drug reactions of the skin (Figure 5C), in
intermediate size vessels in KS (Figure 5, B and E), and
in larger vessels in psoriasis (Figure 5D). In all specimens
GBP-1 expression was restricted to single vessels (Fig-
ure 5; B to E). This is in agreement with the locally
restricted expression of ICs that has been reported in all
of these lesions.22,37–44

Discussion

The gene encoding human GBP-1 is among the major
IFN-�-induced genes.15,16,45–48 In fact, GBP-1 mRNA ex-

Figure 3. Expression of GBP-1 in blood vessels of various human tissues. Detection of GBP-1 expression using the standard ABC immunohistochemical method
in paraffin sections of spleen (A, I), uterus (B), lung (C), heart (D), and skin (E, G). Controls: preadsorption of mAb 1B1 with an excess (300-fold) of purified
GBP-1-His (G, lung) and staining with an isotypic control antibody (H, spleen); mAb 1B1 was used in A–F and mAb 6F12 was used in I. Examples of
GBP-1-positive (black arrows) and -negative (white arrows) vessels are indicated. Original magnifications, �250.
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Figure 4. Expression of GBP-1 in vascular endothelial cells in human tissues. Indirect immunofluorescence staining of tissue sections of bladder (A), endometrium
(B), heart (C), and lung (D) for GBP-1 (green, left) and the endothelial cell-associated antigen CD31 (red, middle). Merging of the two pictures (right) shows
co-localization of GBP-1 and CD31 (yellow, white arrows). Original magnifications, �400.
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Figure 5. Induction of GBP-1 expression in vascular endothelial cells in diseases of the skin with a high-inflammatory component. Indirect immunofluorescence
staining of tissue sections of healthy skin (A), KS (B, E), adverse drug reaction of the skin (C), and psoriasis (D) for GBP-1 (green, left, A–E) and the endothelial
cell-associated antigen CD31 (red, middle, A–D). Merging of the two pictures (right) shows co-localization (yellow, white arrows). Original magnifications:
�250 (A, B, E); �400 (C, D).
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pression has often been used as a marker to demonstrate
IFN-� activation of cells in culture.49–53 However, GBP-1
protein expression has not been investigated in detail as
yet. Here we identified GBP-1 as a novel molecular
marker of the IC-activated phenotype of endothelial cells
in vitro and in vivo. This was accomplished by the devel-
opment of an antibody for the detection of GBP-1 by
Western blot analysis and in paraffin sections.

By use of this antibody we confirmed at the protein
level that GBP-1 expression in vitro can be induced by
IFN-� in a variety of eukaryotic cells including B cells,
monocytes, keratinocytes, fibroblasts, and endothelial
cells.15,46–48

Endothelial cells express receptors for many different
cytokines,54–60 chemokines,26,34,61–63 and growth fac-
tors7,64,65 that mediate phenotypic changes of these cells
to the respective factors. Consequently, we tested sev-
eral cytokines, chemokines, and growth factors for their
ability to increase GBP-1 expression in HUVECs. We
found that in addition to IFN-�, selectively IL-1�, IL-1�,
and TNF-� increased GBP-1 expression in endothelial
cells but none of the other factors. Notably, all of the ICs,
which induced GBP-1 expression in endothelial cells,
have been shown to inhibit proliferation of these
cells22,66–69 and to induce in these cells adhesiveness
for monocytes.13,14 Therefore, GBP-1 expression charac-
terizes an IC-induced nonproliferative, adhesion-compe-
tent phenotype of endothelial cells.22

A detailed examination of GBP-1 expression in various
human tissues demonstrated that GBP-1, in contrast to
the in vitro situation, is highly associated with vascular
endothelial cells in vivo. This was confirmed by double-
labeling studies for simultaneous detection of the endo-
thelial cell-associated antigen CD31 and GBP-1.

Endothelial cells in healthy skin did not express GBP-1.
We took advantage of this fact to determine whether
GBP-1 expression in endothelial cells in vivo may be
induced by ICs. To this goal GBP-1 expression was in-
vestigated in three different vascularized and IC-regu-
lated diseases of the skin, namely KS, psoriasis, and
adverse drug reactions of the skin.

KS is an angioproliferative disease whose most ag-
gressive form, AIDS-associated KS, is associated with
infection of two different viruses (human herpesvirus-8
and human immunodeficiency virus-1).44,70 The tumori-
genic interplay of these two viruses is mediated by the
same ICs that have been shown to induce GBP-1 expres-
sion, and expression of all these cytokines has been
demonstrated in KS tissue sections.22,37–44 In addition, in
psoriasis and adverse drug reactions of the skin IFN-�
expression has been detected.39–42

In contrast to healthy skin, GBP-1 was detected in
each of the three different diseases of the skin with a
high-inflammatory component. GBP-1 was selectively ex-
pressed in vascular endothelial cells and positive cells
were restricted to single vessels (Figure 5; B to D). The
latter finding is well in agreement with the locally re-
stricted expression of ICs in these diseases.22,37–44

In summary, we show that GBP-1 expression is highly
associated with endothelial cells in vivo and is selectively
up-regulated by ICs in inflammatory skin diseases. These

findings indicate that GBP-1 is a novel activation marker
that characterizes the IC-activated phenotype of endo-
thelial cells. The anti-GBP-1 antibody described here will
be a useful tool to determine the temporal and spatial
appearance of the IC-activated phenotype of endothelial
cells in physiological and pathophysiological angiogen-
esis. This will help to decipher the multicellular and mul-
tifactorial interactions regulating angiogenesis and may
provide a platform for the development of novel anti- and
pro-angiogenic approaches targeting distinct activation
phenotypes of endothelial cells.
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