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Abstract

Human guanylate binding protein-1 (GBP-1) belongs to the family of large GTPases. The expression of GBP-1 is inducible by inflammatory
cytokines, and the protein is involved in inflammatory processes and host defence against cellular pathogens. GBP-1 is the first GTPase which
was described to be secreted by eukaryotic cells. Here, we report that precipitation of GBP-1 with GMP-agarose from cell culture supernatants
co-purified a 47-kD fragment of GBP-1 (p47-GBP-1) in addition to the 67-kD full-length form. MALDI-TOF sequencing revealed that p47-GBP-1
corresponds to the C-terminal helical part of GBP-1 and lacks most of the globular GTPase domain. In silico analyses of protease target sites,
together with cleavage experiments in vitro and in vivo, showed that p67-GBP-1 is cleaved by the inflammatory caspases 1 and 5, leading to the
formation of p47-GBP-1. Furthermore, the secretion of p47-GBP-1 was found to occur via a non-classical secretion pathway and to be depen-
dent on caspase-1 activity but independent of inflammasome activation. Finally, we showed that p47-GBP-1 represents the predominant form
of secreted GBP-1, both in cell culture supernatants and, in vivo, in the cerebrospinal fluid of patients with bacterial meningitis, indicating that it
may represent the biologically active form of extracellular GBP-1. These findings confirm the involvement of caspase-1 in non-classical secre-
tion mechanisms and open novel perspectives for the extracellular function of secreted GBP-1.
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Introduction

The 65- to 73-kD guanylate binding proteins (p65-GBPs) belong to
the major interferon (IFN)-c-induced GTPases. Large GTPases of the
GBP family are involved in inflammatory processes [1–6]. In addition,
several human and mouse GBPs have been shown to be involved in
the response against intracellular pathogens including viruses as well
as bacterial, mycobacterial and parasitic infectious agents
[6–16]. The human GBP family consists of seven members, which
exhibit a high degree of homology among each other [17,18]. GBP-1
is the best characterized member of the family and comprises two
structural domains: an N-terminal globular domain with GTPase

activity and a C-terminal a-helical domain [19,20]. GBP-1 hydrolyses
GTP with a high turnover rate to GDP or GMP and orthophosphates
[21,22]. During the GTPase cycle, GBP-1 undergoes nucleotide-
dependent oligomerization [19].

GBP-1 is expressed in many different cell types under inflamma-
tory conditions in vitro, for instance after cytokine treatment (e.g.
IFN-c), but it is preferentially associated with endothelial cells in vivo
[1]. Expression analyses of all members of the human GBP family in
endothelial cells revealed that GBP-1, GBP-2 and GBP-3 are induced
by IFN-c, interleukin (IL)-1b and tumour necrosis factor (TNF)-a,
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whereas GBP-4 and GBP-5 are only induced by IFN-c [23–25].
Expression of GBP-6 and GBP-7 was not detectable upon stimulation
with IFNs, IL-1b or TNF-a in endothelial cells [18,23].

Analyses of the functions of GBP-1 showed that the protein medi-
ates the inhibition of proliferation, spreading, migration and invasion
of primary endothelial cells in response to inflammatory cytokines
[6,23,24,26]. Furthermore, GBP-1 was shown to be an independent
prognostic factor in colorectal carcinoma (CRC), associated with a
prolonged survival and the presence of an angiostatic micromilieu
characterized by a quiescent mature vasculature under the control of
SPARCL1 [27,28]. In CRC cells, GBP-1 was found to exert antitumori-
genic effects both in vitro and in vivo [29]. In addition, we previously
reported that GBP-1 can be detected in body fluids during infectious
and inflammatory diseases including bacterial meningitis, systemic
lupus erythematosus, rheumatoid arthritis and systemic sclerosis
[30,31]. Interestingly, we could show that GBP-1 is actively and
selectively secreted from endothelial cells in the absence of leader
peptide [30].

IL-1b is the prototype of a non-classically secreted protein
[32,33]. Secretion of IL-1b and other leaderless proteins has been
shown to depend on the enzymatic activity of caspase-1 [34]. In the
case of IL-1b, caspase-1 is also critical for processing of the inactive
pro-form to mature IL-1b [32,33,35,36].

In this study, we analysed the release of GBP-1 from endothelial
cells in more detail. A 47-kD protein fragment, which corresponds to
the C-terminal part of GBP-1, was co-precipitated together with the
full-length 67-kD form of the protein from the cell culture super-
natants of primary endothelial cells. As GBP-1 harbours a potential
inflammatory caspase cleavage site, we investigated whether cas-
pase-1/-4/-5 activity may be involved in the generation and the secre-
tion of the 47-kD GBP-1 fragment. In addition, we assessed the
quantitative relationship between the 67-kD and the 47-kD extracellu-
lar forms of the protein, as well as the mode of secretion and the
presence of p47-GBP-1 in vivo.

Materials and methods

Plasmids

The plasmids pMCV1.4 and pMCV2.2 (Mologen, Berlin, Germany) were

used for transient and stable cDNA expression, respectively. Each cDNA-

encoded protein was fused with a Flag tag (Flag or F) at the N-terminus.
pMCV-Flag-GBP-1, pMCV-Flag-GFP and pMCV-Flag-GBP-1-D184N were

described previously [30]. The pMCV-Flag-GBP-1-D192E vector was gen-

erated with QuikChange site-directed mutagenesis (Stratagene, La Jolla,
CA, USA) performed with pMCV-Flag-GBP-1 as a template. The pMCV-

Ost-Flag-GBP-1 plasmids were obtained by PCR-cloning of the Osteonec-

tin signal peptide (Ost: N-MRAWIFFLLCLAGRALA/AP-C) sequence in front

of the Flag tag, together with a glycine linker consisting of a stretch of
nine consecutive glycine codons. The plasmids pMCV1.4-Flag-GBP-1-

globular domain and pMCV1.4-Flag-GBP-1-helical domain consisted of

the Flag tag fused to the amino acids (aa) 1-290 (glob) and aa 291-592 of

human GBP-1 (hel), respectively. The integrity of all cDNAs was con-
firmed by sequencing.

Recombinant human GBP-1

The generation of recombinant human GBP-1 was described previously
[37].

Cell culture

Human umbilical vein endothelial cells (HUVECs) were purchased from

Lonza (Verviers, Belgium) or Promocell (Heidelberg, Germany) and used

between passage numbers 4 and 9. A 1:4 split ratio was defined as one
passage. Cells purchased from Lonza were grown in endothelial cell

basal medium (EBM-2-MV; Lonza), supplemented with 5% (v/v) foetal

calf serum (FCS) (EBM-2-full medium) and propagated in cell culture

flasks (Nunc, Wiesbaden, Germany) coated with 1.5% (w/v) bovine skin
gelatin, type B (Sigma-Aldrich, Munich, Germany) in PBS. Cells pur-

chased from Promocell were grown in endothelial cell basal medium

(ECGM, Promocell). The monocytic THP-1 cell line (ATCC�-TIB-202)

was cultivated in RPMI supplemented with 10% (v/v) foetal calf serum
(FCS). Cells were routinely tested with a mycoplasma detection kit

(Lonza) and were found to be not infected. IFN-c stimulation (100 U/

ml; Roche) was carried out in low-FCS medium (0.5% FCS, without
supplements). Z-VAD-fmk and Z-YVAD-fmk (both from R&D systems,

Wiesbaden, Germany) were added to the cultures 6 hrs after the stimu-

lation with IFN-c. Z-VAD-fmk and Z-YVAD-fmk were dissolved in

dimethylsulphoxide (DMSO). Glyburide [5-chloro-N-(4-(cyclohexylurei-
dosulfonyl)phenethyl)-2-methoxybenzamide] and monensin A sodium

salt were purchased from Sigma-Aldrich and dissolved in DMSO or

methanol, respectively. PMA (Phorbol 12-myristate 13-acetate) was pur-

chased from Sigma-Aldrich and dissolved in DMSO. LPS (Lipopolysac-
charide) and ATP (Adenosine triphosphate) were purchased from

Sigma-Aldrich. Final concentrations of organic solvents in culture med-

ium were always kept below 0.5% to avoid toxicity.

Transfection

HUVEC were seeded into a 25-cm² flask or a 10-cm dish at a density of
12,000 cells/cm2. After 24 hrs, a mixture of plasmid and Superfect

(Qiagen) [1:10 (m/v)] was diluted in basal culture medium and pre-incu-

bated for 10 min at room temperature before being added to the cells

kept in EBM-2-MV medium. Cells were washed after 2 hrs with PBS,
and fresh medium, optionally supplemented with glyburide, monensin

or Z-YVAD-fmk, was added. Cells were further cultured for 28–44 hrs

before cell culture supernatants (SN) were harvested and cell lysates

prepared.
Hela cells were seeded with 1.2 9 105 cells per well in six-well

plates and transfected using 5 lg plasmid by the calcium phosphate

method as previously described [38]. Medium was renewed 8 hrs after
transfection, and cells were harvested 48 hrs after transfection.

GMP-agarose and immunoprecipitation

IFN-c-stimulated HUVECs were resuspended in CSK buffer [1% Triton

X-100, 10 mM PIPES (pH 6.8), 300 mM sucrose, 100 mM KCl,

2.5 mM MgCl2, one protease inhibitor tablet without EDTA (Roche) per

10 ml buffer] for the generation of cell lysates as described previously
[39]. Supernatants from IFN-c-stimulated HUVECs were supplemented
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with protease inhibitor without EDTA, centrifuged (5 min; 1000 9 g)
and concentrated via Vivaspin (MWCO 10 kD) (Sartorius, Goettingen,

Germany). Lysates and supernatants were incubated in a rotator over-

night with 100 ll GMP-agarose (Sigma-Aldrich) at 4°C. The agarose

beads were centrifuged (1700 9 g; 5 min, 4°C), washed with 20 mM
Tris/HCl, 5 mM MgCl2, 15 mM NaCl and 1 mM DTT and boiled for

5 min in 29 Laemmli buffer with b-mercaptoethanol to eluate the pro-

teins. Immunoprecipitation using anti-Flag antibodies or polyclonal rab-
bit anti-GBP-1 antibodies was carried out as described previously [30].

Acetone precipitation

Cell culture supernatants of HUVECs (300 ll) and CSF samples

(400 ll) were precipitated with 4 volumes of pre-chilled acetone and

incubated overnight at �20°C followed by centrifugation for 10 min at

15,000 9 g and 4°C. Protein pellets were re-suspended in 29 Laemmli
buffer and boiled for 10 min.

Western blot analysis

Western blotting was performed as described previously [23]. The fol-

lowing primary antibodies were used: monoclonal rat anti-human GBP-

1 (clone 1B1, hybridoma supernatant, 1:500) [23], polyclonal rabbit
anti-human GBP-1 1:5000 [23], polyclonal rabbit anti-human caspase-

1 p20 1:200 (sc-622; Santa Cruz Biotechnology, Dallas, TX, USA),

monoclonal rabbit anti-human caspase-3 1:1000 (8G10, Cell Signaling,

Danvers, MA, USA), monoclonal mouse anti-human caspase-5 1:1000
(4F7, MBL, Woburn, MA, USA), monoclonal mouse anti-human IL-1b
1:1000 (MAB201; R&D Systems, Minneapolis, MN, USA), monoclonal

mouse anti-Flag 1:2500 (M2; Sigma-Aldrich), polyclonal rabbit anti-Flag
1:1000 (F7425; Sigma-Aldrich) and monoclonal mouse anti-human

GAPDH 1:40,000 (6C5; Millipore, Schwalbach, Germany). All horserad-

ish peroxidase-conjugated secondary antibodies were diluted 1:5000

and purchased from GE Healthcare. Protein detection was performed
using the enhanced chemiluminescence Western blot detection system

(ECL; GE Healthcare, Little Chalfont, UK) and Rx-films (Fuji, Tokyo,

Japan) or a chemoluminescence detector (Amersham Imager 600, GE

Healthcare). Quantification of Western blot band intensity was per-
formed using the ImageJ software [40].

Lactate dehydrogenase activity assay

Cellular toxicity was analysed by determination of lactate dehydrogenase

(LDH) activity in the cell supernatants using the CytoTox 96 non-radio-

active cytotoxicity assay (Promega, Mannheim, Germany). The assay
was performed according to the manufacturer’s protocol.

GBP-1-ELISA

MaxiSorp immunoplates (Nunc) were coated overnight with 1 lg/ml of

purified rat anti-GBP-1 monoclonal antibody (clone 1B1 [1,30]). Plates

were rinsed with PBS–0.1% Tween-20 (PBS-T), blocked with PBS–1%
skim milk for 30 min and incubated with the samples in triplicates for

2 hrs. Cell culture supernatants were used undiluted, and samples of
human CSF were diluted 1:8 in PBS. Subsequently, the plates were

incubated with rat anti-GBP-1 IgG2a monoclonal antibody for 2 hrs

(clone 6E6, 1:11, detection antibody, own laboratory), with a biotiny-

lated anti-rat IgG2a antibody for 1 hr (clone TIB173, 1:500 [41]) and
with avidin-horseradish peroxidase (1:2000) for 1 hr (Vector laborato-

ries, Peterborough, UK). Next, 1-Step Ultra TMB-ELISA Substrate

(Thermo Scientific, Whaltham, MA, USA) was added for 30 min., the
colour reaction was stopped by addition of 2 M sulphuric acid and

quantified at 450 nm in a microplate reader (model 680; Bio-Rad,

Munich, Germany). Standard curves were obtained with recombinant

purified GBP-1-His protein
(0–100 ng/ml), either diluted in EBM-2 (cell culture supernatant sam-

ples) or in PBS (liquor samples). The standard curves of the ELISA

were linear up to 100 ng/ml of GBP-1.

Caspase cleavage assay

To assess in vitro caspase cleavage, 500 ng of purified recombinant
human GBP-1 was incubated for 3 hrs in cleavage buffer (50 mM

HEPES pH 7.2, 50 mM NaCl, 0.1% CHAPS, 10 mM EDTA, 5% glyc-

erol and 10 mM DTT) with different amounts of recombinant human

caspase-1, caspase-3, caspase-4 or caspase-5 (BioVision, Mountain
View, CA, USA) with or without 0.5–1 mM Z-VAD-fmk or Z-YVAD-

fmk. The reaction products were analysed by Western blot.

Mass spectrometric analysis of proteins

Proteins were isolated from SyproRuby (Invitrogen, Karlsruhe, Ger-

many)-stained SDS-PAGE gels and subjected to commercial MS-MALDI
analysis (Toplab GmbH, Martinsried, Germany).

In silico analyses

The cleavage site prediction was performed with ‘PeptideCutter’ on the

exPASy server (http://www.expasy.org/tools/peptidecutter/) and the

Grabcas application [42]. The alignment of GBP-1 (accession number:
NP_002044) with different GBPs (GBP-2: NP_004111; GBP-3: NP_

060754; GBP-4: NP_443173; GBP-5: AAL02055; GBP-6: NP_940862;

GBP-7: Q8N8V2; GBP of Pongo pygmaeus: Q5RBE1; GBP of Cercopithe-

cus aethiops: Q5D1D6; GBP of Bos taurus: Q0II27) was performed with
Vector NTI (Invitrogen).

Clinical samples

Lumbar punctures were performed for diagnostic purposes after

informed consent of patients and in agreement with the recommenda-

tions of the local ethics committee of the University of Erlangen-Nur-
emberg. After centrifugation, the CSF samples were stored at �80°C
until analysis. In total, 41 patients were analysed: 20 of them were

diagnosed to suffer from bacterial meningitis and 21 were negative

controls (non-infectious diseases). The patients with bacterial meningi-
tis were infected with Streptococcus equi (n = 1), Streptococcus
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pneumoniae (n = 5), Neisseria meningitidis (n = 2), Escherichia coli
(n = 1), Listeria monocytogenes (n = 2), Acinetobacter Iwoffii (n = 1),

Staphylococcus epidermidis (n = 3), Staphylococcus aureus (n = 2),

Enterococcus faecium (n = 1) and Haemophilus influenzae (n = 2).

Sex distribution and age were not statistically different between
patients with bacterial meningitis (mean age 51.9 years, range 13–78;
female/male ratio 0.82) and controls (mean age 44.6 years, range

0.16–76; female/male ratio 0.91). In the meningitis versus control

patients, the mean leucocyte counts (per ll CSF) were 1914.1 (range
0–11,105; values in four patients missing or not determined) versus

270 (range 0–2871; 2 values missing), the mean erythrocyte counts

(per ll CSF) were 323.5 (range 0–2100; 6 values missing) versus
1542.7 (range 0–11,000; 3 values missing) and the mean protein

amounts (mg/ml CSF) were 1768.2 (range 132–6229; 7 values miss-

ing) versus 775.6 (range 151–1961; 4 values missing).

First, 50 ll of the samples was subjected to the GBP-1-ELISA to
determine the total GBP-1 levels. Second, up to 400 ll of CSF was sub-

jected to whole-protein acetone precipitation followed by anti-GBP-1

Western blot.

Results

A 47-kD cleavage product, corresponding to the
C-terminal helical part of GBP-1, is present in
the cell culture supernatants of IFN-c-treated
endothelial cells

In order to investigate whether secreted GBP-1 binds guanylate,
the supernatant of IFN-c-stimulated (100 U/ml, 24 hrs) HUVEC
was subjected to GMP-agarose precipitation. IFN-c treatment
induced GBP-1 expression, and full-length GBP-1 was precipitated
from the supernatant of IFN-c-stimulated cells, showing that the
protein had retained its guanylate-binding ability. No GBP-1-speci-
fic signal was obtained from the supernatant and cell lysate of
unstimulated control cells (Fig. 1A; mock). In addition to the 67-
kD full-length GBP-1 protein (p67-GBP-1), a 47-kD protein

Fig. 1 A 47-kD protein fragment corresponding to the C-terminal part of GBP-1 is detected in precipitated cell culture supernatants of IFN-c-treated
HUVEC. (A) HUVECs were either untreated (mock) or stimulated for 24 hrs with 100 U/ml IFN-c. Cell lysates were analysed by Western blot (left
panel) using a monoclonal anti-human GBP-1 antibody. In addition, cell lysates and supernatants were subjected to GMP-agarose precipitation under

identical conditions. The precipitates were analysed by Western blot using a monoclonal anti-human GBP-1 antibody (right panel). Two specific bands

were detected in the supernatant. (B) The 67-kD and 47-kD bands observed in Figure 1B were cleaved in-gel by trypsin and analysed by MALDI-TOF.
The measured peptide masses were used for a search with ProFound against the NCBI database. Identified peptides from the p67-GBP-1 band are

depicted in bold. Peptides derived from the 47-kD band are depicted in bold and green. The caspase-1 and caspase-5 cleavage sites are labelled in

red. (C) The position of 189-LEAD/G-193 is highlighted (red) in the crystal structure of GBP-1 [19]. (D) Protein sequence alignment of human GBPs

was performed to investigate the presence of the caspase cleavage site 189-LEAD/G-193 (bold, red). Numbers of the amino acids at the beginning of
the corresponding areas are given in brackets. A potential cleavage site of either caspase-1, caspase-5 or both is indicated by a slash.
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fragment was detected in the cell culture supernatant of IFN-c-
treated cells by Western blot analyses using a monoclonal anti-
human GBP-1 antibody (clone 1B1 [1]) (Fig. 1A, IFN-c, SN). How-
ever, the 47-kD protein was not detectable in the cell lysates
(Fig. 1A; left panel, lysates), and only a faint band was visible
when lysates were precipitated with GMP-agarose (Fig. 1A, right
panel, IFN-c, lysate), indicating that the 47-kD fragment is primar-
ily secreted but may arise from an intracellular cleavage. The epi-
tope of the monoclonal anti-human GBP-1 antibody 1B1 is located
within the C-terminal helical domain of GBP-1 (Fig. 1C and
Fig. S1). This suggested that the 47-kD protein might be a C-
terminal cleavage fragment of GBP-1. In order to determine
unequivocally the identity of the secreted 67-kD and 47-kD pro-
teins, GMP-agarose precipitates were subjected to an in-gel diges-
tion with trypsin and were analysed by MALDI-TOF. The identified
peptides from the 67-kD band were randomly distributed within
the whole GBP-1 sequence (sequence coverage: 33%) (Fig. 1B,
bold). Peptides derived from the 47-kD band covered the amino
acids 211-582 of the full-length GBP-1 sequence (Fig. 1B, bold
and green). This confirmed that the 47-kD protein is a C-terminal
product of full-length GBP-1. In the following, this 47-kD protein
fragment will be termed p47-GBP-1.

Inflammatory caspase cleavage activity is
required for p47-GBP-1 generation and secretion

Computer-assisted analysis of cleavage sites for proteases identified
a unique motif, which is potentially targeted by the inflammatory cas-
pases-1, -4 and -5 [43] at the position 189-LEAD/G-193 (the slash
indicates the caspase cleavage site) in GBP-1 (Fig. 1C and D, red).
This putative cleavage motif is localized at the C-terminal side of the
third GTPase binding motif and is exposed on the surface of the pro-
tein (Fig. 1C, red, arrow). Sequence comparison revealed that in
human GBPs, the LEAD/G cleavage site is only present in GBP-1 and
its closest homologue GBP-3, but in none of the other human GBPs
(Fig. 1D, red). An identical cleavage site was detected in the GBPs of
Pongo pygmaeus (orangutan), Cercopithecus aethiops (green mon-
key) and Bos taurus (cow) (data not shown).

Therefore, it was investigated whether p47-GBP-1 is generated
from full-length recombinant GBP-1 in the presence of caspases
using an in vitro cleavage assay (Fig. 2A). Incubation of recombinant
GBP-1 with inflammatory caspases-1 and -5 generated a cleavage
product of 47-kD, whereas no cleavage was observed with the exe-
cuter caspase-3, known for its role in the extrinsic and intrinsic apop-
tosis pathways (Fig. 2A). Furthermore, the 47-kD protein fragment
was not detected in the presence of the pan-caspase inhibitor Z-VAD-
fmk, of the caspase-1-specific inhibitor Z-YVAD-fmk or when cas-
pases were omitted (Fig. 2A). Cleavage of GBP-1 by caspase-4
resulted in the formation of a 40-kD fragment (Fig. S2). These data
indicated that the inflammatory caspases-1 and -5 are responsible for
the formation of p47-GBP-1. To confirm that p47-GBP-1 is generated
by caspase-1/-5 cleavage in the cellular context, HUVECs were stimu-
lated with IFN-c in the presence or absence of the pan-caspases inhi-
bitor Z-VAD-fmk or of the caspase-1-specific inhibitor Z-YVAD-fmk

(Fig. 2B), and the cell culture supernatants were precipitated with a
polyclonal anti-GBP-1 antibody (Fig. 2B). Treatment with both,
Z-VAD-fmk and Z-YVAD-fmk, reduced the amount of extracellular
p47-GBP-1 in a concentration-dependent manner (Fig. 2B; super-
natants, p47-GBP-1 and Fig. S2B), but did not affect the intracellular
expression of GBP-1 (Fig. 2B; lysates, GBP-1). Comparable levels of
GAPDH showed that similar amounts of proteins were blotted onto
the membrane (Fig 2B; lysates, GAPDH). Of note, the secretion of
full-length p67-GBP-1 was also reduced at the highest concentration
of Z-VAD-fmk (Fig. 2B; left panel, supernatants, p67-GBP-1). How-
ever, normalization of the p47-GBP-1 amount to precipitated p67-
GBP-1 revealed that the secretion of p47-GBP-1 was more strongly
decreased than the secretion of p67-GBP-1 by treatment with the
pan-caspase inhibitor (Fig. S2B). These results indicated that caspase
activity is necessary for the generation of p47-GBP-1.

As multiple attempts to specifically down-regulate caspase-1 and
caspase-5 in primary endothelial cells by transient or stable RNA
silencing have remained unsuccessful (data not shown), we gener-
ated a GBP-1 mutant with an inactivated caspase cleavage motif in
order to further investigate whether p47-GBP-1 is produced through
cleavage by inflammatory caspases. For this purpose, the aspartic
acid 192 was changed into glutamic acid (D192E) and the resulting
mutant protein was expressed with an N-terminal Flag tag in HUVEC
(Fig. 2C, D192E). Cells expressing Flag-tagged wild-type GBP-1 or
GTPase-deficient GBP-1 D184N (Fig. 2C, GBP-1 and D184N) were
used as control. After transient transfection, p47-GBP-1 was clearly
detected in the supernatant of control cells (Fig. 2C, GBP-1 and
D184N). However, no cleaved form could be detected when the
D192E mutant was expressed (Fig. 2C, supernatants, D192E). These
results demonstrated that cleavage of GBP-1 at the caspase recogni-
tion site 189-LEAD/G-193 is required for the generation and secretion
of p47-GBP-1.

P47-GBP-1 is the most abundant form of
secreted GBP-1 in vitro

The 47-kD fragment of the C-terminal part of GBP-1 does not contain
the GMP-binding motif, which resides in the N-terminal part of the
full-length protein. Using a yeast two-hybrid approach, it was
previously shown that full-length GBP-1 is able to interact with its
own C-terminal helical part [44]. This suggested that the 47-kD cleav-
age fragment was co-purified during GMP precipitation by binding to
the full-length protein. Similarly, p47-GBP-1 was not directly targeted
by Flag immunoprecipitation of Flag-tagged GBP-1 (Fig. 2C) indicat-
ing that it was co-precipitated also in this case.

The detection of only those p47-GBP-1 molecules which were
associated and co-precipitated with p67-GBP-1 may lead to an under-
estimation of the amount of extracellular p47-GBP-1. To determine
the quantitative relation between secreted p67- and p47-GBP-1, IFN-
c-treated HUVECs culture supernatants were precipitated as a whole
using acetone. This approach showed that p47-GBP-1 is present
extracellularly in the cell supernatants in higher amounts than p67-
GBP-1 (Fig. 3A and B). Treatment with increasing concentrations of
Z-YVAD-fmk resulted in the inhibition of both p47- and p67-GBP-1
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secretion by endothelial cells (Fig. 3A), while the intracellular
amounts of GBP-1 remained constant (as shown by normalization to
the GAPDH levels). The inhibition of GBP-1 secretion by Z-YVAD-fmk
was confirmed by quantification of the amount of secreted GBP-1
using a specific GBP-1-ELISA based on the 1B1 monoclonal antibody,
which detects both p67- and p47-GBP-1 (Fig. 3C). Of note, the
release of the intracellular enzyme LDH was not influenced by treat-
ment with Z-YVAD-fmk, indicating that caspase-1 inhibition did not
affect cellular toxicity and that p47-GBP-1 is not passively released as
a product of cell death (Fig. 3D).

P47-GBP-1 is generated in an inflammasome-
independent manner

Inflammatory caspases are known to be proteolytically activated
within large multi-protein complexes termed inflammasomes [35].
Inflammasome activation has been shown to occur primarily in mye-
loid cells, notably in monocytes/macrophages, upon engagement of

pattern recognition receptors [45]. Inflammasome activation results
in the processing of caspase-1, which thereby becomes active and
able to cleave pro-IL-1b or pro-IL-18 [36]. Cleaved IL-1b and IL-18
are then secreted via a non-classical pathway [45]. In monocytes,
efficient activation of the inflammasome can be triggered by ATP after
priming of the cells with lipopolysaccharide [35,46,47].

To address whether the inflammasome is activated by IFN-c in
HUVECs, we investigated caspase-1 and caspase-5 expression and
cleavage. Expression of caspase-1 was highly induced by IFN-c
whereas caspase-5 was constitutively expressed at a low level in
these cells (Fig. 3E). No proteolytic cleavage of both caspases could
be detected after treatment with either IFN-[gamma] or LPS+ATP
(Fig. 3E). In contrast, cleavage-associated activation of caspase-1
could be detected in THP-1 cells (Fig. S3). Detection of processing
and secretion of pro-IL-1b was attempted as an additional positive
control of inflammasome activation, but this cytokine was not
expressed in HUVECs (Fig. 3E). On the contrary, expression and
secretion of IL1-[beta] was induced by treatment with LPS+ATP in
THP-1 cells (Fig. S3). Highly increased expression of caspase-1 in

Fig. 2 Cleavage and release of p47-GBP-1 in the cell culture supernatant of HUVECs depend on inflammatory caspase activity. (A) Recombinant

GBP-1 (500 ng) purified from E. coli was incubated without (control) or with recombinant caspase-1, caspase-3 or caspase-5 for 3 hrs at 37°C at
the indicated concentrations in the absence or presence of the pan-caspase inhibitor Z-VAD-fmk (Z-VAD, 1 mM) and the caspase-1 inhibitor Z-

YVAD-fmk (Z-YVAD, 1 mM). The reaction products were separated on a SDS-PAGE and analysed by Western blot using a polyclonal anti-human

GBP-1 antibody. (B) HUVECs were treated with IFN-c (100 U/ml) in the presence or absence of Z-VAD-fmk or Z-YVAD-fmk (Z-YVAD) as indicated.

Lysates were harvested 48 hrs after treatment and subjected to Western blot analyses with a monoclonal anti-GBP-1 antibody (lysates, GBP-1) and
an anti-GAPDH antibody (lysates, GAPDH) as a loading control. Cell culture supernatants were subjected to immunoprecipitation using a polyclonal

anti-GBP-1 antibody. The precipitated proteins were analysed by immunoblotting using a monoclonal anti-GBP-1 antibody. (C) HUVECs were tran-

siently transfected with different expression plasmids encoding Flag-tagged wild-type GBP-1, D184N-GBP-1 (mutant with diminished GTPase activ-

ity), D192E-GBP-1 (mutant with inactivated caspase-1/-5 cleavage motif) and GFP (negative control). Intracellular expression of the different
proteins was analysed by Western blot of the cell lysates using a monoclonal anti-Flag antibody. Cell culture supernatants were subjected to an

anti-Flag immunoprecipitation and subsequent Western blot analysis using a monoclonal anti-human GBP-1 antibody.
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Fig. 3 p47-GBP-1 is the most abundantly secreted form of GBP-1 in vitro and is generated in an inflammasome-independent manner. (A) HUVECs
were untreated or treated with IFN-c (100 U/ml) for 6 hrs before the caspase-1 inhibitor Z-YVAD-fmk (Z-YVAD) was added for 18 hrs at the indi-

cated concentrations. DMSO, the solvent of Z-YVAD-fmk, was used as negative control. Upper panel: Lysates were harvested and subjected to Wes-
tern blot analyses with a monoclonal anti-GBP-1 antibody (lysates, GBP-1) and an anti-GAPDH antibody (lysates, GAPDH) as a loading control.

Lower panel: Cell culture supernatants were subjected to acetone precipitation. The precipitated proteins were analysed by immunoblotting using a

monoclonal anti-GBP-1 antibody (supernatants, p67-GBP-1 and p47-GBP-1). (B) The relative amount of p47-GBP-1 and p67-GBP-1 secreted by
HUVECs after treatment with IFN-c (100 U/ml) was quantified for three different Western blots from acetone-precipitated supernatants using the

ImageJ software, and the results are presented in percent of total secreted GBP-1. (C) The total concentration of secreted GBP-1 was quantified by

ELISA in the cell culture supernatants. The amount of GBP-1 secreted after treatment with IFN-c and in the absence of inhibitor (233 ng/ml) was

set to 100%. (D) Non-specific release of proteins due to cell death was determined by measurement of the activity of the intracellular enzyme lactate
dehydrogenase (LDH) in the supernatants. (E) HUVECs were untreated or treated with IFN-c (100 U/ml) or LPS (1 lg/ml) for 6 hrs before the cas-

pase-1 inhibitor Z-YVAD-fmk (Z-YVAD, 50 lM) was added and further incubated for 30 hrs and 16 hrs, respectively. DMSO, the solvent of Z-YVAD-

fmk, was used as negative control. ATP (5 mM) was added 30 min. before harvesting of cell lysates and supernatants. Left panel: Lysates were har-

vested and subjected to Western blot analysis. Recombinant IL-1b (rec. IL-1b, 2 ng) was used as a detection control, and GAPDH was used as
loading control. Right panel: Cell culture supernatants were subjected to acetone precipitation followed by Western blot and the total concentration

of secreted GBP-1 (ng/ml) was quantified by ELISA.
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IFN-c-treated HUVECs suggested that caspase-1 rather than caspase-
5 might be responsible for GBP-1 cleavage in endothelial cells. Taken
together, these data confirmed that secretion of GBP-1 is cell-type
specific and indicate that it occurs in a caspase-1-dependent manner
but independently of inflammasome activation.

P47-GBP-1 is released through a non-classical
caspase-1-dependent secretion pathway

GBP-1 does not contain a leader sequence for classical secretion.
Using whole GBP-1 ELISA, we previously showed that the secretion of
GBP-1 is impaired by treatment with glyburide, an inhibitor of non-
classical secretion [30]. Next, we investigated whether p47-GBP-1 is
also released via a non-classical secretion pathway. Treatment of IFN-
c-stimulated HUVEC with glyburide inhibited the secretion of p67- and
p47-GBP-1 in a dose-dependent manner as observed by Western blot
of acetone-precipitated supernatants and ELISA (Fig. 4A), showing
that p47-GBP-1, too, is secreted through a non-classical pathway. Of
note, at the highest glyburide concentration, the intracellular amount
of GBP-1 dropped to 41% as compared to the control in the absence
of glyburide (IFN-c and DMSO). In contrast, the extracellular amount
of GBP-1 decreased at the same experimental point down to 3.6%
(ELISA) and 5.9% (acetone precipitation) as compared to the control
indicating a more prominent impact of glyburide on GBP-1 secretion
as compared to its impact on intracellular GBP-1 expression. In addi-
tion, we constructed vectors for transient and stable expression of
Flag-GBP-1 fused with the leader peptide of Osteonectin in N-terminal
(Ost-F-GBP-1) in order to reroute the secretion into the classical path-
way. After ectopic expression of F-GBP-1 and Ost-F-GBP-1 in
HUVECs, the p47 fragment could only be detected in the cell super-
natant of HUVECs expressing F-GBP-1 (Fig. 4B, left panel, IP:Flag),
where its secretion was inhibited by treatment with the caspase-1 inhi-
bitor Z-YVAD-fmk (Fig. 4B, right panel, IP:Flag). The addition of mon-
ensin, an inhibitor of the classical secretion pathway, reduced the
secretion of Ost-F-GBP-1, but did not affect the release of F-GBP-1
nor its cleavage (Fig. 4C). Finally, a colorectal cancer cell line (DLD-1)
stably transfected with the Ost-F-GBP-1 expression plasmid was able
to express and secrete high amounts of the full-length protein but not
p47-GBP-1 (Fig. 4D), indicating an interdependence between protein
cleavage and secretion pathway. These results show that the genera-
tion and secretion of p47-GBP-1 depends on unconventional secretion
mechanisms involving caspase-1 activity. Moreover, this indicates
that the cleavage of GBP-1 does not ensue from unspecific proteolysis
in the cell culture supernatant as it was observed in the supernatant of
F-GBP-1 but not Ost-F-GBP-1-expressing cells (Fig. 4B and C).

In vivo, p47-GBP-1 is detected in the CSF of
bacterial meningitis patients

Finally, it was analysed whether the p47-GBP-1 protein fragment is
detectable in vivo. We previously showed that GBP-1 can be detected
by ELISA in the CSF of patients with bacterial meningitis [30,31]. To

investigate which form of the protein was present in vivo, the CSF of
patients with bacterial meningitis was analysed using GBP-1-ELISA
followed by whole-protein acetone precipitation. For this purpose, the
total GBP-1 concentration was determined by GBP-1-ELISA in CSF
samples of patients with bacterial meningitis (n = 20) and patients
who were suffering from other non-infectious diseases (n = 21) and
was found to be increased in the meningitis patients compared to the
controls (Fig. 5, diagram). Next, CSF probes were subjected to
whole-protein acetone precipitation. The precipitation was initially
standardized using CSF samples negative for GBP-1, as detected by
ELISA, that were supplemented with recombinant GBP-1. During the
analysis of these samples, we noted that the running behaviour of
p67-GBP-1 in the gel was altered towards lower size appearance most
likely due the presence of high protein amounts in the CSF samples
as compared to cell culture extracts (Fig. 5, right panel, p67-GBP-1
recombinant). The p47-GBP-1 protein fragment was detected after
acetone precipitation in the samples of the meningitis patients with
the highest amounts of total GBP-1 determined by ELISA (Fig. 5, red
bars and right panel). On the contrary, the p67-GBP-1 form was not
or only faintly visible (Fig. 4, right panel). The pathogenic agent
involved in those cases was Streptococcus pneumoniae and Staphy-
lococcus aureus, respectively. There was no association between the
infectious agent and the presence of p47-GBP-1 in the CSF, suggest-
ing that the latter rather depends on the concentration of the protein
and on the detection limit. Overall, these results indicated that p47-
GBP-1 is the predominant form of secreted GBP-1 also in vivo.

Discussion

It has been shown previously that GBP-1 is secreted by endothelial
cells but not by any other cell type tested including fibroblasts, smooth
muscle cells or tumor cell lines [30]. Here, we identified an additional
form of secreted GBP-1 corresponding to a C-terminal cleavage frag-
ment of the protein (aa 193-592) in the supernatants besides the full-
length p67-GBP-1. As this 47-kD fragment lacks the N-terminal part of
the globular domain containing the guanylate binding function, it
seemed likely that it was indirectly co-precipitated via its interaction
with full-length GBP-1 during GMP-agarose precipitation. Indeed,
GBP-1 has the property to form oligomers, and oligomerization acti-
vates the GTPase activity of the protein [48]. More precisely, it has
been shown that GBP-1 forms homodimers through its N-terminal
globular domain and tetramers via the C-terminal helical domain
[44,48]. The helical domain of GBP-1, which roughly corresponds to
the p47 fragment described here, has the ability to bind the full-length
protein, confirming our data [44]. We were able to detect both the p47
and p67 forms of GBP-1 in the cell culture supernatants of endothelial
cells by GMP or immunoprecipitation against p67-GBP-1. However,
using whole-protein acetone precipitation, we found that p47-GBP-1
represented the most prominent form (roughly 70%) of GBP-1
secreted by endothelial cells. P47-GBP-1 was also detected as the pre-
dominant form in CSF samples of some patients with bacterial menin-
gitis, whereas p67-GBP-1 was not or only faintly visible. Altogether,
these data suggest that p47-GBP-1 is generated both in vitro and
in vivo, and might therefore have a biological relevant role. Actually,
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Fig. 4 p47-GBP-1 is secreted through a non-conventional caspase-1-dependent secretion pathway. (A) HUVECs were treated with increasing concen-

trations of the non-classical secretion inhibitor glyburide for 2 hrs before IFN-c (100 U/ml) was added for 46 hrs. As negative control DMSO, the
respective solvent of glyburide was used. Lysates were harvested and subjected to Western blot analyses with a monoclonal anti-GBP-1 antibody

(Lysates, GBP-1) and an anti-GAPDH antibody (Lysates, GAPDH) as a loading control. Cell culture supernatants were subjected to acetone precipita-

tion and analysed by immunoblotting using a monoclonal anti-GBP-1 antibody (Supernatants, p67-GBP-1 and p47-GBP-1). The total concentration

of GBP-1 in the cell culture supernatants was assessed by ELISA (lower panel). (B) HUVEC were transiently transfected with expression plasmids
encoding Flag-tagged wild-type GBP-1 or a mutant containing the classical secretion signal peptide of osteonectin (Ost) in the absence (left panels)

or presence (right panels) of Z-YVAD (50 lM). The corresponding empty vector (EV) was used as control. Intracellular expression of the different

proteins was analysed by Western blot of the cell lysates using a monoclonal anti-Flag antibody. Cell culture supernatants were subjected to an

anti-Flag immunoprecipitation and subsequent Western blot analysis using a monoclonal anti-human GBP-1 antibody. (C) HUVECs were transiently
transfected to express Ost-F-GBP-1 or F-GBP-1. The empty vector (EV) was used as negative control. Cells were treated with increasing concentra-

tions of monensin, an inhibitor of the classical secretion pathway, or with methanol, the corresponding solvent (-). Lysates were harvested and sub-

jected to Western blot analyses with a monoclonal anti-Flag antibody (Lysates, GBP-1) and an anti-GAPDH antibody (Lysates, GAPDH) as a loading

control. Cell culture supernatants were subjected to anti-Flag precipitation and analysed by immunoblotting using a monoclonal anti-GBP-1 antibody
(Supernatants, p67-GBP-1 and p47-GBP-1). The total concentration of GBP-1 in the cell culture supernatants was assessed by ELISA (lower panel)

and is expressed in percent of secreted GBP-1 in Ost-F-GBP-1- (black) or F-GBP-1 (grey)-untreated cells. (D) DLD-1 cells were stably transfected

with expression plasmid encoding the Ost-Flag-GBP-1 mutant. Three independent stable clones were investigated (#1, #2 and #3). Cell culture
supernatants were subjected to an anti-Flag immunoprecipitation. Western blot analysis of intra- and extracellular expression was performed using a

monoclonal anti-human GBP-1 antibody. GAPDH was used as a loading control.
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intracellular expression of the helical domain of GBP-1 (aa 289-592),
which is also present in p47-GBP-1 (aa 193-592) and lacks GTPase
activity, has previously been shown to inhibit the proliferation of
endothelial cells [23]. We performed preliminary analyses to deter-
mine whether secreted p47-GBP-1 might contribute to the inhibitory
effects of GBP-1 on cell proliferation. Using conditioned medium
(CM), we observed that the proliferation of HUVEC was reduced in the
presence of p47-GBP-1 (data not shown). This suggested that p47-
GBP-1 may act as a paracrine inhibitor on endothelial cell proliferation.

Several different experimental approaches showed that p47-GBP-
1 originates from the full-length protein following cleavage by inflam-
matory caspases: (i) The incubation of recombinant GBP-1 with cas-
pase-1 and caspase-5, but not caspase-4, generated p47-GBP-1; (ii)
treatment of GBP-1-expressing endothelial cells with caspase inhibi-
tors abrogated the release of p47-GBP-1; and (iii) the mutation of the
potential caspase-1/-5 cleavage site blocked the formation of p47-
GBP-1. Cleavage by caspase-1/-5 was responsible for the formation
of p47-GBP-1, and the inhibition of caspase-1 activity alone by
Z-YVAD-fmk was sufficient to block the secretion of both p47- and
p67-GBP-1 from endothelial cells. These findings indicated that cas-
pase-1 activity is necessary for both the cleavage and the secretion of
GBP-1. However, the question still remained whether the cleavage of
GBP-1 only occurs in the cell culture supernatant and p47-GBP-1 rep-
resents a mere by-product of GBP-1 secretion. In fact, Tschopp and
coworkers showed that caspase-1 is activated in response to inflam-
matory signals at potassium concentrations below 90 mM [49]. Thus,
GBP-1 could be cleaved by caspase-1 in the cell culture supernatant,
where both proteins are present [30,50,51], and where the potassium
concentration is very low (4 mM). To address this issue, we investi-
gated whether the presence in the cell culture supernatant of GBP-1
is sufficient for the generation of the p47 form. To this purpose, the
secretion of GBP-1 was forced via the classical secretion pathway by

the addition of a leader peptide. After expression of a fusion protein
containing the signal peptide of osteonectin upstream to the Flag-
tagged full-length GBP-1 sequence, high amounts of p67-GBP-1 were
present in the cell culture supernatant but no p47-GBP-1 could be
detected, both in transiently transfected endothelial cells and in stably
transfected DLD-1 cells. This confirmed that the generation of p47-
GBP-1 is not occurring spontaneously in the cell culture supernatant.
Furthermore, the amount of extracellular p67-GBP-1 was not
increased when cleavage was inhibited, either chemically or by
expression of a mutant GBP-1, indicating that p47-GBP-1 is not pro-
duced by cleavage of already secreted p67-GBP-1, and suggesting
that cleavage and secretion of p47-GBP-1 are inextricable. The fact
that p47-GBP-1 is only observed in cell lysates after precipitation sug-
gests that the cleavage products are rapidly secreted and processing
of GBP-1 occurs at the plasma membrane in the course of the secre-
tion process, similarly to what has been described for IL-1b [46].

An additional concern was that the generation of p47-GBP-1
might constitute a by-product of cell death. The fact that GBP-1 is not
a target of caspase-3, the apoptosis effector caspase, strongly argues
against this possibility. In addition, neither IFN-c, which induced the
formation of p47-GBP-1, nor a caspase-1 inhibitor, which inhibited
the generation of p47-GBP-1, altered the viability of HUVECs. Further-
more, similar cytotoxicity levels were observed in endothelial cells
transfected with an empty vector and in cells expressing Flag-GBP-1
or Ost-Flag-GBP-1, while p47-GBP-1 was only observed in the super-
natant of cells expressing Flag-GBP-1 (data not shown). Altogether,
these results allowed us to exclude that p47-GBP-1 was produced as
a result of cell death.

Caspase-1 and Caspase-5 are the prototypical members of a sub-
class of caspases involved in cytokine maturation, termed inflamma-
tory caspases [36]. Inflammatory caspases are activated by cleavage
within multi-protein complexes, termed inflammasomes, following

Fig. 5 In vivo, p47-GBP-1 is detected in the CSF of patients with bacterial meningitis. Left panel: total GBP-1 levels were determined by ELISA in

liquor samples of patients with bacterial meningitis (n = 20, filled bars) and control patients with non-infectious diseases (n = 21, empty bars).
Samples with enough material remaining after ELISA measurement were subjected to whole-protein precipitation and WB (arrows). CSF samples, in

which p47-GBP-1 was detected after precipitation and WB, are marked in red. Right panel: detection of p47-GBP-1 in two patients with bacterial

meningitis compared to a GBP-1-negative CSF sample spiked with 250 ng of recombinant p67-GBP-1 as a control after whole-protein acetone pre-

cipitation followed by WB and detection with anti-GBP-1 monoclonal antibody.
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toll-like receptor (TLR) or P2X7 receptor engagement [35]. Both cas-
pase-1 and caspase-5 associate with the NALP1 inflammasome [36].
The main substrates of active caspase-1 identified to date are
pro-IL-1b and pro-IL-18, the precursor forms of two related cytoki-
nes, which play critical roles in inflammation [52–54]. In addition,
pro-IL-33 and several enzymes involved in glycolysis have been
shown to be targets for caspase-1 cleavage [55,56]. Substrates of
caspase-5 are for instance the transcription factor Max and periphilin
[57,58], but caspase-1 and caspase-5 have also been shown to coop-
erate in the processing of pro-IL-1b [35]. Secretion of pro-IL-1b
occurs via a non-classical secretion pathway involving a mechanism
which has not been unravelled as yet [59]. An increasing body of evi-
dence supports the hypothesis that IL-1b is not passively released via
protein leakage during cell death [59–61]. Actually, caspase-1 has
been shown to be generally involved in the secretion of numerous
leaderless proteins, including, for instance, pro-IL-1a and fibroblast
growth factor-2, although those proteins are not cleaved by the pro-
tease [34]. This is well in accordance with our results showing that
GBP-1 is actively secreted via a non-conventional secretion pathway
in a caspase-1-dependent manner but independently of cell death. In
addition, our data showed that the cleavage and the secretion of GBP-
1 occur in endothelial cells under conditions where inflammasomes
are not activated. This can be explained by the fact that caspase-1 can
also be activated by self-dimerization of the protein, which is induced
upon substrate binding [62]. Recently, it has been shown that cas-
pase-1 dimerization can induce cleavage and subsequent secretion of
pro-IL-1b/IL-1b in the absence of self-processing, and thus, in an
inflammasome-independent manner [61]. Caspase-1, like GBP-1,
belongs to the IFN-c-induced genes, and its expression is increased
after stimulation with the cytokine, increasing the probability of self-
dimerization [63]. Hence, caspase-1 may regulate different processes
in different cells, such as inflammasome activation and IL-1b secre-
tion in monocytes/macrophages, or GBP-1 cleavage and secretion in
endothelial cells. Our results do not exclude that GBP-1 may exert
inflammasome-related functions in monocytic cells, as GBP-2 and
GBP-5 have been shown to promote NLRP3 and AIM2 inflammasome
assembly in mouse and human macrophages [64,65].

Altogether, our data support the fact that the processing and
secretion of GBP-1 by inflammatory caspases occur in IFN-c-acti-
vated cells in an inflammasome-independent manner.
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Figure S1 The monoclonal anti-GBP-1 antibody (clone 1B1) specifi-
cally recognizes the helical domain of GBP-1. Hela cells were tran-
siently transfected by Flag-tagged GBP-1-helical (hel) or GBP-1-
globular (glo) domain. Western blotting using either the 1B1 mAb or
an anti-Flag-antibody revealed specific reaction of the 1B1 antibody
with the helical domain of GBP-1.

Figure S2 (A) In-vitro cleavage of GBP-1 by caspase-4 generates a
40-kD fragment. Recombinant GBP-1 (500 ng) purified from E. coli
was incubated without (control) or with recombinant caspase-1,
caspase-3 or caspase-5 for 3 hrs at 37°C at the indicated concen-
trations in the absence or presence of the pan-caspase inhibitor Z-
VAD-fmk (Z-VAD, 1 mM) and the caspase-1 inhibitor Z-YVAD-fmk
(Z-YVAD, 0.5 mM). The reaction products were separated on a
SDS-PAGE and analyzed by Western blot using a polyclonal anti-
human GBP-1 antibody. (B) Quantification of the relative amount of
immunoprecipitated p47-GBP-1 and p67-GBP-1 after Z-VAD and Z-
YVAD treatment. The band intensity of p67- and p47-GBP-1
observed on the Western-blot depicted in Figure 2B was quantified
for samples treated with IFN-c � Z-VAD or Z-YVAD using the Ima-
geJ software. Relative intensity is depicted in percent of the inten-
sity observed for samples treated with IFN-c + 0 lM Z-VAD/Z-
YVAD.

Figure S3 The inflammasome is activated in THP-1 cells by treat-
ment with LPS/ATP. THP-1 cells were differentiated with PMA
(0.5 lM) for 3 hrs and treated with IFN-c (100 U/ml) as indi-
cated. The caspase-1 inhibitor Z-YVAD-fmk (Z-YVAD, 20 lM) was
added after 12 hrs. DMSO, the solvent of Z-YVAD-fmk, was used
as negative control. LPS (1 lg/ml) and ATP (5 mM) were respec-
tively added 6 hrs and 30 min. before harvesting of cell lysates
and supernatants. Upper panel: Lysates were harvested and sub-
jected to Western blot analysis. GAPDH was used as loading
control. Lower panel: Cell culture supernatants were subjected to
acetone precipitation and analyzed by Western-blot.

1964 ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



References

1. Lubeseder-Martellato C, Guenzi E, J€org A,
et al. Guanylate-binding protein-1 expres-

sion is selectively induced by inflammatory

cytokines and is an activation marker of

endothelial cells during inflammatory dis-
eases. Am J Pathol. 2002; 161: 1749–59.

2. Naschberger E, Bauer M, St€urzl M. Human

guanylate binding protein-1 (hGBP-1) char-

acterizes and establishes a non-angiogenic
endothelial cell activation phenotype in

inflammatory diseases. Adv Enzyme Regul.

2005; 45: 215–27.
3. Martens S, Howard J. The interferon-induci-

ble GTPases. Annu Rev Cell Dev Biol. 2006;

22: 559–89.
4. Degrandi D, Konermann C, Beuter-Gunia C,

et al. Extensive characterization of IFN-

induced GTPases mGBP1 to mGBP10

involved in host defense. J Immunol. 2007;

179: 7729–40.
5. MacMicking JD. Interferon-inducible effec-

tor mechanisms in cell-autonomous immu-

nity. Nat Rev Immunol. 2012; 12: 367–82.
6. Britzen-Laurent N, Herrmann C, Naschber-

ger E, et al. Pathophysiological role of

guanylate-binding proteins in gastrointesti-

nal diseases. World J Gastroenterol. 2016;
22: 6434–43.

7. Itsui Y, Sakamoto N, Kakinuma S, et al.
Antiviral effects of the interferon-induced pro-

tein guanylate binding protein 1 and its inter-
action with the hepatitis C virus NS5B

protein. Hepatology. 2009; 50: 1727–37.
8. Anderson SL, Carton JM, Lou J, et al. Inter-

feron-induced guanylate binding protein-1
(GBP-1) mediates an antiviral effect against

vesicular stomatitis virus and encephalomy-

ocarditis virus. Virology. 1999; 256: 8–14.
9. Tietzel I, El-Haibi C, Carabeo RA. Human

guanylate binding proteins potentiate the

anti-chlamydia effects of interferon-gamma.

PLoS One. 2009; 4: e6499.
10. Ascierto ML, Kmieciak M, Idowu MO, et al.

A signature of immune function genes asso-

ciated with recurrence-free survival in breast

cancer patients. Breast Cancer Res Treat.
2012; 131: 871–80.

11. Zhu Z, Shi Z, YanW, et al. Nonstructural pro-
tein 1 of influenza A virus interactswith human

guanylate-binding protein 1 to antagonize
antiviral activity.PLoSOne. 2013;8:e55920.

12. Krapp C, Hotter D, Gawanbacht A, et al.
Guanylate Binding Protein (GBP) 5 Is an
Interferon-Inducible Inhibitor of HIV-1 Infec-

tivity. Cell Host Microbe. 2016; 19: 504–14.
13. Kim BH, Shenoy AR, Kumar P, et al. A fam-

ily of IFN-gamma-inducible 65-kD GTPases

protects against bacterial infection. Science.
2011; 332: 717–21.

14. Kim BH, Shenoy AR, Kumar P, et al. IFN-
inducible GTPases in host cell defense. Cell

Host Microbe. 2012; 12: 432–44.
15. Al-Zeer MA, Al-Younes HM, Lauster D,

et al. Autophagy restricts Chlamydia tra-

chomatis growth in human macrophages via

IFNG-inducible guanylate binding proteins.
Autophagy. 2013; 9: 50–62.

16. Selleck EM, Fentress SJ, Beatty WL, et al.
Guanylate-binding protein 1 (Gbp1) con-

tributes to cell-autonomous immunity
against Toxoplasma gondii. PLoS Pathog.

2013; 9: e1003320.

17. Olszewski MA, Gray J, Vestal DJ. In silico
genomic analysis of the human and murine

guanylate-binding protein (GBP) gene clus-

ters. J Interferon Cytokine Res. 2006; 26:

328–52.
18. Tripal P, Bauer M, Naschberger E, et al.

Unique features of different members of the

human guanylate-binding protein family. J

Interferon Cytokine Res. 2007; 27: 44–52.
19. Prakash B, Praefcke GJ, Renault L, et al.

Structure of human guanylate-binding pro-

tein 1 representing a unique class of GTP-
binding proteins. Nature. 2000; 403: 567–
71.

20. Prakash B, Renault L, Praefcke GJ, et al.
Triphosphate structure of guanylate-binding
protein 1 and implications for nucleotide

binding and GTPase mechanism. EMBO J.

2000; 19: 4555–64.
21. Kunzelmann S, Praefcke GJ, Herrmann C.

Transient kinetic investigation ofGTPhydroly-

sis catalyzed by interferon-gamma-induced

hGBP1 (humanguanylate bindingprotein 1). J
BiolChem. 2006;281:28627–35.

22. Schwemmle M, Staeheli P. The interferon-

induced 67-kD guanylate-binding protein

(hGBP1) is a GTPase that converts GTP to
GMP. J Biol Chem. 1994; 269: 11299–305.

23. Guenzi E, T€opolt K, Cornali E, et al. The
helical domain of GBP-1 mediates the inhibi-

tion of endothelial cell proliferation by
inflammatory cytokines. EMBO J. 2001; 20:

5568–77.
24. Guenzi E, T€opolt K, Lubeseder-Martellato

C, et al. The guanylate binding protein-1
GTPase controls the invasive and angiogenic

capability of endothelial cells through inhibi-

tion of MMP-1 expression. EMBO J. 2003;
22: 3772–82.

25. Naschberger E, Werner T, Vicente AB,
et al. Nuclear factor-kappaB motif and inter-

feron-alpha-stimulated response element

co-operate in the activation of guanylate-
binding protein-1 expression by inflamma-

tory cytokines in endothelial cells. Biochem

J. 2004; 379: 409–20.
26. Weinl€ander K, Naschberger E, Lehmann

MH, et al. Guanylate binding protein-1 inhi-

bits spreading and migration of endothelial

cells through induction of integrin alpha4

expression. FASEB J. 2008; 22: 4168–78.
27. Naschberger E, Croner RS, Merkel S, et al.

Angiostatic immune reaction in colorectal

carcinoma: impact on survival and perspec-

tives for antiangiogenic therapy. Int J Can-
cer. 2008; 123: 2120–9.

28. Naschberger E, Liebl A, Schellerer VS,
et al. Matricellular protein SPARCL1 regu-
lates tumor microenvironment-dependent

endothelial cell heterogeneity in colorectal

carcinoma. J Clin Invest. 2016; 126: 4187–
204.

29. Britzen-Laurent N, Lipnik K, Ocker M, et al.
GBP-1 acts as a tumor suppressor in col-

orectal cancer cells. Carcinogenesis. 2013;

34: 153–62.
30. Naschberger E, Lubeseder-Martellato C,

Meyer N, et al. Human guanylate binding

protein-1 is a secreted GTPase present in
increased concentrations in the cere-

brospinal fluid of patients with bacterial

meningitis. Am J Pathol. 2006; 169: 1088–
99.

31. Hammon M, Herrmann M, Bleiziffer O,
et al. Role of guanylate binding protein-1 in

vascular defects associated with chronic

inflammatory diseases. J Cell Mol Med.
2011; 15: 1582–92.

32. Nickel W. The mystery of nonclassical pro-

tein secretion. A current view on cargo pro-
teins and potential export routes. Eur J

Biochem. 2003; 270: 2109–19.
33. Rubartelli A, Cozzolino F, Talio M, et al. A

novel secretory pathway for interleukin-1
beta, a protein lacking a signal sequence.

EMBO J. 1990; 9: 1503–10.
34. Keller M, Ruegg A, Werner S, et al.

Active caspase-1 is a regulator of uncon-
ventional protein secretion. Cell. 2008;

132: 818–31.
35. Martinon F, Burns K, Tschopp J. The inflam-

masome: a molecular platform triggering
activation of inflammatory caspases and

processing of proIL-beta. Mol Cell. 2002; 10:

417–26.
36. Martinon F, Tschopp J. Inflammatory cas-

pases and inflammasomes: master switches

of inflammation. Cell Death Differ. 2007; 14:

10–22.

ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

1965

J. Cell. Mol. Med. Vol 21, No 9, 2017



37. Praefcke GJ, Geyer M, Schwemmle M,
et al. Nucleotide-binding characteristics of

human guanylate-binding protein 1 (hGBP1)

and identification of the third GTP-binding

motif. J Mol Biol. 1999; 292: 321–32.
38. Ostler N, Britzen-Laurent N, Liebl A, et al.

Gamma interferon-induced guanylate bind-

ing protein 1 is a novel actin cytoskeleton
remodeling factor. Mol Cell Biol. 2014; 34:

196–209.
39. Cheng YS, Colonno RJ, Yin FH. Interferon

induction of fibroblast proteins with guany-
late binding activity. J Biol Chem. 1983; 258:

7746–50.
40. Schneider CA, Rasband WS, Eliceiri KW.

NIH Image to ImageJ: 25 years of image
analysis. Nat Methods. 2012; 9: 671–5.

41. Springer TA, Bhattacharya A, Cardoza JT,
et al. Monoclonal antibodies specific for rat
IgG1, IgG2a, and IgG2b subclasses, and

kappa chain monotypic and allotypic deter-

minants: reagents for use with rat mono-

clonal antibodies. Hybridoma. 1982; 1: 257–
73.

42. Backes C, Kuentzer J, Lenhof HP, et al.
GraBCas: a bioinformatics tool for score-

based prediction of Caspase- and Granzyme
B-cleavage sites in protein sequences.

Nucleic Acids Res. 2005; 33: W208–13.
43. Thornberry NA, Rano TA, Peterson EP,

et al. A combinatorial approach defines
specificities of members of the caspase fam-

ily and granzyme B. Functional relationships

established for key mediators of apoptosis.
J Biol Chem. 1997; 272: 17907–11.

44. Syguda A, Bauer M, Benscheid U, et al.
Tetramerization of human guanylate-binding

protein 1 is mediated by coiled-coil forma-
tion of the C-terminal alpha-helices. FEBS J.

2012; 279: 2544–54.
45. Schett G, Dayer JM, Manger B. Interleukin-

1 function and role in rheumatic disease. Nat
Rev Rheumatol. 2016; 12: 14–24.

46. Brough D, Rothwell NJ. Caspase-1-depen-
dent processing of pro-interleukin-1beta is

cytosolic and precedes cell death. J Cell Sci.
2007; 120: 772–81.

47. Muruve DA, Petrilli V, Zaiss AK, et al. The
inflammasome recognizes cytosolic micro-

bial and host DNA and triggers an innate
immune response. Nature. 2008; 452: 103–
7.

48. Ghosh A, Praefcke GJ, Renault L, et al.
How guanylate-binding proteins achieve

assembly-stimulated processive cleavage of

GTP to GMP. Nature. 2006; 440: 101–4.
49. Petrilli V, Papin S, Dostert C, et al. Activa-

tion of the NALP3 inflammasome is trig-

gered by low intracellular potassium

concentration. Cell Death Differ. 2007; 14:

1583–9.
50. Laliberte RE, Eggler J, Gabel CA. ATP treat-

ment of human monocytes promotes cas-

pase-1 maturation and externalization. J Biol
Chem. 1999; 274: 36944–51.

51. Pammer J, Reinisch C, Birner P, et al.
Interferon-alpha prevents apoptosis of

endothelial cells after short-term exposure
but induces replicative senescence after

continuous stimulation. Lab Invest. 2006;

86: 997–1007.
52. Ghayur T, Banerjee S, Hugunin M, et al.

Caspase-1 processes IFN-gamma-inducing

factor and regulates LPS-induced IFN-

gamma production. Nature. 1997; 386: 619–
23.

53. Thornberry NA, Bull HG, Calaycay JR, et al.
A novel heterodimeric cysteine protease is

required for interleukin-1 beta processing in
monocytes. Nature. 1992; 356: 768–74.

54. Dinarello CA. Overview of the interleukin-1

family of ligands and receptors. Semin

Immunol. 2013; 25: 389–93.
55. Schmitz J, Owyang A, Oldham E, et al. IL-

33, an interleukin-1-like cytokine that signals

via the IL-1 receptor-related protein ST2 and

induces T helper type 2-associated cytoki-
nes. Immunity. 2005; 23: 479–90.

56. Shao W, Yeretssian G, Doiron K, et al. The
caspase-1 digestome identifies the glycoly-

sis pathway as a target during infection and
septic shock. J Biol Chem. 2007; 282:

36321–9.
57. Krippner-Heidenreich A, Talanian RV,

Sekul R, et al. Targeting of the transcription
factor Max during apoptosis: phosphoryla-

tion-regulated cleavage by caspase-5 at an

unusual glutamic acid residue in position
P1. Biochem J. 2001; 358: 705–15.

58. Kazerounian S, Aho S. Characterization of

periphilin, a widespread, highly insoluble

nuclear protein and potential constituent of
the keratinocyte cornified envelope. J Biol

Chem. 2003; 278: 36707–17.
59. Martin-Sanchez F, Diamond C, Zeitler M,

et al. Inflammasome-dependent IL-1beta
release depends upon membrane permeabili-

sation. Cell Death Differ. 2016; 23: 1219–31.
60. Stoffels M, Zaal R, Kok N, et al. ATP-

Induced IL-1beta specific secretion: true

under stringent conditions. Front Immunol.

2015; 6: 54.

61. Conos SA, Lawlor KE, Vaux DL, et al. Cell
death is not essential for caspase-1-

mediated interleukin-1beta activation and

secretion. Cell Death Differ. 2016; 23: 1827–
38.

62. Datta D, McClendon CL, Jacobson MP,
et al. Substrate and inhibitor-induced

dimerization and cooperativity in caspase-1

but not caspase-3. J Biol Chem. 2013; 288:
9971–81.

63. Saha B, Jyothi Prasanna S, Chandrasekar
B, et al. Gene modulation and immunoregu-
latory roles of interferon gamma. Cytokine.

2010; 50: 1–14.
64. Shenoy AR, Wellington DA, Kumar P, et al.

GBP5 promotes NLRP3 inflammasome
assembly and immunity in mammals.

Science. 2012; 336: 481–5.
65. Meunier E, Wallet P, Dreier RF, et al.

Guanylate-binding proteins promote activa-
tion of the AIM2 inflammasome during

infection with Francisella novicida. Nat

Immunol. 2015; 16: 476–84.

1966 ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.


