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Originally identified by their unusual ability to bind guanosine monophosphate (GMP) nucleotide agarose, the
guanylate-binding proteins (GBPs) were used extensively to promote our understanding of interferon-induced
gene transcription and as markers of interferon responsiveness. Structural and biochemical analyses of human
GBP-1 subsequently demonstrated that the GBPs are a unique subfamily of guanosine triphosphatase (GTPases)
that hydrolyze guanosine triphosphate (GTP) to both guanosine diphosphate (GDP) and GMP. As members of
the larger dynamin superfamily of GTPases, GBPs exhibit such properties as nucleotide-dependent oligomeri-
zation and concentration-dependent GTPase activity. Recently, progress has been made in assigning functions to
members of the GBP family. While many of these functions involve protection against intracellular pathogens, a
growing number of them are not directly related to pathogen protection. It is currently unclear how the unusual
properties of GBPs contribute to this growing list of functions. As future studies uncover the molecular mech-
anism(s) of action of the GBPs, we will gain a greater understanding of how individual GBPs can mediate what
currently appears to be a divergent set of functions.

Introduction

Four major families of large guanosine triphosphatase
(GTPases) contribute to interferon (IFN) responses in a

variety of organisms (reviewed in MacMicking 2004). These
are the Mx family, the very large inducible GTPases, the p47
immunity-related GTPases (IRGs), and the guanylate-binding
proteins (GBPs). The function of very large inducible GTPase-
1 is still unknown, but it is clear that the 280 kDa GTPase is
induced by both type I and type II IFNs (Klamp and others
2003). The Mx proteins are induced by type I and type III IFNs
and are best known for their antiviral activities (Haller and
others 2007a, 2007b). They will be covered in detail in this
issue. The response of murine cells to IFN-g is dominated by
the p47 IRGs and GBPs (Boehm and others 1998; Shenoy and
others 2008). Members of both families are induced by type I
IFNs but are much more robustly expressed after IFN-g ex-
posure. Studies in mice have elegantly characterized the ac-
tivity of p47 IRGs against intracellular pathogens (reviewed in
Howard 2008). However, the finding that humans lack IFN-
induced members of the IRG family (Bekpen and others 2005)
has shifted interest to the GBPs as the candidate proteins in-
volved in the cellular resistance to these same intracellular
pathogens in humans. Evidence will be presented that GBPs
may be very important in resistance to pathogens. However,
GBPs also mediate IFN responses that are not directly related
to defense against pathogens.

Introduction to the GBPs

The GBPs are a family of large cytokine-induced GTPases
that, based on their structural and biochemical properties, are
a large subfamily within the dynamin superfamily of large
GTPases. In mice there are 11 GBPs (designated mGBP-1
through �11), distributed within 2 clusters over 2 chromo-
somes (Olszewski and others 2006; Degrandi and others 2007;
Kresse and others 2008). Humans are believed to have 7 GBPs
(designated hGBP-1 through �7], all located within a single
cluster on chromosome 1 (Olszewski and others 2006). Un-
fortunately, similarly numbered GBPs are not the most clo-
sely related. For example, hGBP-5 is not necessarily the
ortholog of mGBP-5. All of the murine GBPs can be induced
by IFN-g (Degrandi and others 2007). It is unclear whether all
of the murine promoters possess interferon-sensitive response
elements (ISREs) and are inducible by type I IFNs. Some of
the murine GBPs are also transcriptionally induced by inter-
leukin-1a (IL-1a), IL-1b, and tumor necrosis factor-a (TNF-a).
While interferon-gamma activated sequence (GAS) and ISRE
elements are found in the promoters of many GBPs, not all of
the hGBPs have either 1 or both of these elements (Olszewski
and others 2006), so it remains unclear whether all of the
hGBPs are induced by either type I or type II IFNs. However,
hGBPs 1 through 5 can be induced by IFN-g in cultured en-
dothelial cells. In addition, hGBP-1, �2, and �3 can also be
induced by IL-1b and TNF-a (Tripal and others 2007).
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Isoprenylation of GBPs

Isoprenylation is the addition of either a C-15 farnesyl or
C-20 geranylgeranyl lipid moiety to the extreme carboxy
terminus of a protein (reviewed in Rando 1996; Gelb and
others 1998; Sinensky 2000) (Fig. 1). The addition of lipid and
the choice of which of the 2 lipids to add is directed by a
motif involving the last 4 amino acids at the C-terminus of
the protein, called a CaaX sequence. A CaaX sequence is
composed of a cysteine (C) followed by 2 amino acids that
are usually aliphatic (aa). It is the terminal amino acid (X)
that dictates which lipid is added to the protein. The terminal
amino acid for hGBP-2, mGBP-2, mGBP-1, and hGBP-5 is
leucine, which would predict addition of the C-20 ger-
anylgeranyl lipid (Table 1). hGBP-1 and mGBP-5 have serine
as the terminal amino acid, which should direct the addition
of the farnesyl lipid (Table 1). Just because a protein has a
CaaX sequence does not mean that it will be isoprenylated
in vivo. There are known exceptions (Marshall 1993; Pfeffer
and others 1995). Isoprenylation in vivo has been confirmed
for hGBP-1 and mGBP-2 (Nantais and others 1996; Vestal
and others 1998). Despite an identical CaaX sequence as
mGBP-2, mGBP-1 is poorly prenylated, if at all (Stickney and
Buss 2000). The remaining GBPs do not have CaaX sites and
therefore cannot be prenylated.

Isoprenylation is important in targeting proteins to intra-
cellular membranes and/or to facilitate protein/protein in-
teractions (Maltese and others 1996; Sinensky 2000). Where
examined, prenylation is critical for at least one of the
functions of any given prenylated protein. Whether pre-
nylated or not, GBPs are predominantly cytosolic and have,
at most, a relatively small portion of the total amount of the
protein associated with membranes (Nantais and others
1996; Vestal and others 1998; Stickney and Buss 2000).
However, as will be described below, some of the GBPs do

associate with intracellular membranes. The ability to asso-
ciate with membranes is an additional property that GBPs
share with other members of the dynamin superfamily.

Structural and Biochemical Properties of GBPs

Even before the sequence analyses of the first cloned GBPs
were completed, it was apparent that these GTPases would be
unusual members of the superfamily. GBPs were originally
identified by virtue of their ability to bind guanine nucleotide-
conjugated agaroses (Cheng and others 1983, 1985). This
ability is rare. Not only were GBPs able to bind guanosine
triphosphate (GTP)- and GDP-agarose, but they also bound
GMP-agarose (Cheng and others 1985). GBPs were later found
to have the first 2 motifs of the consensus sequence for gua-
nine nucleotide binding by GTPases (GxxxxGK(S/T) and
DxxG) but to lack the third conserved motif ((N/T)KxD) that
binds to the guanine base (Cheng and others 1991). An un-
usual sequence of TLRD at amino acid residues 181–184 was
later identified as the region of guanine base contact (Praefcke
and others 1999). Consistent with this unusual nucleotide
binding region, recombinant hGBP-1 hydrolyzes GTP to both
GDP and GMP, with GMP being the most abundant product
(Table 2) (Schwemmle and Staeheli 1994). While recombinant
hGBP-2 also hydrolyzes GTP to both GDP and GMP, GDP is
the most prominent of the 2 products (Table 2) (Neun and
others 1996). Because of a very fast dissociation rate, recom-
binant hGBP-1 has a much lower affinity for GTP than other
GTPases such as Ras or Ga (Praefcke and others 1999).

The first crystal structure of hGBP-1 was solved in the
absence of bound nucleotide and illuminated a number of
unusual properties for hGBP-1 (Prakash and others 2000a).
At the amino terminus of hGBP-1 there is a compact globular
domain, which investigators named the large G (LG) domain

FIG. 1. Schematic of hGBP-1 structure. The large G domain
of hGBP-1 is represented by a ball, and the a-helical regions
from helix 6 through 13 are represented by barrels (reprinted
from Vestal 2005). The schematic was based on the structural
information from the study by Prakash and others (2000a).

Table 1. CaaX Sites of Guanylate-Binding Proteins

CaaX Lipid

mGBP-1 CTIL C-20a

mGBP-2 CTIL C-20b

mGBP-5 CVIS C-15
hGBP-1 CTIS C-15b

hGBP-2 CNIL C-20
hGBP-5 CVLL C-20

The GBPs containing CaaX sites at their C-termini are listed, as
well as the amino acids contained within the CaaX site and the lipid
that would be directed to this site.

aGBP that is poorly prenylated, if at all.
bGBPs that have been demonstrated to be prenylated.
GBPs, guanylate-binding proteins.

Table 2. Products of GTP Hydrolysis

GDP (%) GMP (%)

hGBP-1 15 85
hGBP-1 lipid conj. 70 30
hGBP-2 89 11
hGBP-5 100 0

The percentages of GDP and GMP generated during GTP
hydrolysis by members of the GBP family are listed. hGBP-1 lipid
conj. is farnesylated hGBP-1 associated with liposomes.

conj., conjugated; GDP, guanosine diphosphate; GMP, guanosine
monophosphate; GTP, guanosine triphosphate.
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(Fig. 1). This is followed by an elongated series of a-helices.
The LG is connected to the C-terminal a-helical domain by a
short intermediate region consisting of an a-helical domain
and 2 b-sheets (Prakash and others 2000a). The a-helical
domain can actually be subdivided into 2 a-helical sub-
domains. A series of 5 a-helical regions extend distally from
the LG domain. These helices are followed by a turn, which
allows the very long a12 helix to double back and interact
with other regions of the protein, such as the LG domain
(Prakash and others 2000a). The overall length of the protein
is about 130 Å (Prakash and others 2000a), making it a long
and somewhat rodlike protein.

A second crystal structure for hGBP-1 was solved in the
presence of GppNHp, a nonhydrolyzable analog of GTP
(Prakash and others 2000b). Additional novel features
emerged. While the Mg2þ coordination and P-loop orienta-
tion of hGBP-1 is very similar to those in members of the Ras
and heterotrimeric G-protein families, the orientation of the
guanine base is very different (Prakash and others 2000b). In
hGBP-1, the glycosidic bond of the guanine nucleotide is at a
very different angle compared to the glycosidic bond in all
other GTPases, which have a very conserved angle to their
N-glycosidic bond. In addition, hGBP-1 has 2 unique regions
in the area of the guanine base and phosphate-binding re-
gions. These have been named the guanine and phosphate
caps (Prakash and others 2000b). The phosphate cap is found
in the region analogous to Switch I of Ras and is proposed to
shield the phosphate groups from the surrounding solution
in a manner that would prevent access by a potential
GTPase-activating protein (GAP) (Prakash and others
2000b). These observations, together with the findings of
internal GAPs in both Mx and dynamin, prompted the
suggestion of a possible internal GAP for hGBP-1. Indeed,
recently, the intermediate region a-helices have been shown
to function as an internal GAP (Abdullah and others 2009).

Further analysis of the purified hGBP-1 protein showed
that, unlike the small monomeric GTPases such as Ras, hGBP-
1 can form dimers and tetramers in solution. Multimerization
is nucleotide dependent. hGBP-1 is monomeric in the absence
of nucleotide or bound to GDP, but dimerizes when bound to
GppNHp, a nonhydolyzable analog of GTP (Prakash and
others 2000a). In addition, in the presence of GDP and alu-
minum fluoride, the protein forms a tetramer in solution
(Praefcke and others 2004). Binding to the combination of GDP
and aluminum fluoride is believed to be a transition state for
GTPases. GTP hydrolysis showed multiple-fold increases with
increasing concentrations of hGBP-1, consistent with a coop-
erative mechanism of hydrolysis (Prakash and others 2000a).
These properties of nucleotide-dependent oligomerization,
concentration dependence of GTP hydrolysis rate, and the
structure of hGBP-1 are consistent with hGBP-1 being a
member of the dynamin superfamily of large GTPases.

To provide additional information on how hGBP-1 mul-
timerizes, crystal structures were solved for the isolated LG-
domain of hGBP-1 (Ghosh and others 2006). This study
showed that homodimerization occurs through interactions
of the switch regions of the LG domain of hGBP-1 (Ghosh
and others 2006). Recently, the C-terminal a-helical region
(helices a12/13) was shown to interact with the LG domain
to facilitate tetramer formation (Vopel and others 2010).

hGBP-1 is farnesylated and is, under certain conditions,
associated with intracellular membranes. hGBP-1 can local-
ize to the Golgi in the presence of other IFN-g-induced

proteins but only when cells were treated with aluminum
fluoride and the protein has its lipid modification (Modiano
and others 2005). Recently, investigators have examined the
effect of farnesylation of hGBP-1 and its association with li-
pid membranes on its GTPase activity (Fres and others 2010).
To obtain farnesylated hGBP-1, hGBP-1 was expressed in
bacteria together with human farnesyltransferase a and b.
Modified protein could be separated cleanly from unmodi-
fied protein and their properties compared (Fres and others
2010). Lipid-modified hGBP-1 bound to liposomes only in
the presence of GDP*AlFx, the mimic for the transition state
(Fres and others 2010). Unmodified hGBP-1 did not bind to
liposomes under physiological salt conditions and in the
presence of GDP*AlFx, suggesting that membrane associa-
tion requires both the lipid modification and the transition
state (Fres and others 2010). Both modified and unmodified
hGBP-1 showed behavior consistent with self-association
(dimer or multimer formation). However, the modified form
in the presence of liposomes showed a 2-fold higher dimer
dissociation constant than the unmodified form. The 2 forms
had similar maximum GTPase activites. However, in the
presence of lipid the ratio of GMP produced by the modified
form changed from 85% GMP to 30% GMP for the lipid
modified version (Table 2) (Fres and others 2010). Thus, lipid
modification and association with lipid membranes alters the
GTPase activity of hGBP-1.

On the basis of the findings that both GDP and GMP were
the reaction products for hGBP-1 and hGBP-2 and that there
is tremendous conservation in the GTP binding region of all
of the hGBPs, it had been suggested that all GBPs would
produce both GDP and GMP. That was before the study of
hGBP-5. hGBP-5 is the only hGBP known to have splice
variants (Fellenberg and others 2004). There are 3 RNA
versions of hGBP-5 that result in expression of 2 different
proteins (Fellenberg and others 2004). Normal cells express
the full-length protein (hGBP-5a/b), but melanoma and
lymphoma cell lines also express a C-terminal truncated
version that lacks the final 97 amino acids (hGBP-5ta). This
tumor-specific variant has an identical GTP binding region to
the wild-type protein, but the C-terminal truncation removes
the CaaX site for isoprenoid addition (Fellenberg and others
2004). hGBP-5a/b differs from hGBP-1 in that it hydrolyzes
GTP to only GDP. It does not even bind GMP (Table 2). As
observed with hGBP-1, the rate of GTP hydrolysis is con-
centration dependent and there is weak self-activation. The
truncation of the C-terminus in hGBP-5ta resulted in only
minor changes in oligomerization, nucleotide binding, and
hydrolysis compared to hGBP-5a/b (Wehner and Herrmann
2010). Because the residues involved in GTP binding and
hydrolysis are conserved between hGBP-1 and hGBP-5a/b,
this suggests that there is more to be learned about how GTP
hydrolysis is regulated by the GBPs.

Functions of GBPs

Antiviral and antimicrobial activities

Studies using mice lacking either the type I IFN receptor
or the type II IFN receptor suggested that type I IFNs are
responsible for defense against many viruses, while type II
IFN is required for defense against intracellular bacteria and
parasites (van den Broek and others 1995). Since GBPs are
induced by both type I and type II IFNs, it seemed logical to
examine whether they are involved in host defense.

PROPERTIES OF GUANYLATE-BINDING PROTEINS 91



Antiviral activities. hGBP-1 has modest antiviral activity
against the negative strand RNA Rhabdovirus, vesicular
stomatitis virus, and the positive strand RNA Picornovirus
and encephalomyocarditis virus in cultured cells (Anderson
and others 1999). The putative murine ortholog of hGBP-1,
mGBP-2, also shows modest activity against those same
viruses (Carter and others 2005). Consistent with an antiviral
activity for hGBP-1, it was identified as one of the ISGs
whose RNA levels are repressed in Huh7 cells by the hepa-
titic C virus (HCV) replicon (Itsui and others 2006). Forced
expression of hGBP-1 in Huh7 cells containing the HCV re-
plicon inhibited replicon replication by 40% (Itsui and others
2006). hGBP-1 was shown to interact with HCV NS5B when
co-transfected into HEK-293T cells (Itsui and others 2009).
This interaction inhibited hGBP-1’s GTPase activity and
is proposed to inhibit the antiviral activity of hGBP-1 (Table
3). How expression of hGBP-1 is repressed by HCV is still
unknown.

Inhibition of Chlamydia. Chlamydia trachomatis is a highly
prevalent gram-negative obligate intracellular bacteria (re-
viewed in Roan and Starnbach 2008). Some serovars of
C. trachomatis infect ocular tissues, while others infect genital
tissues. While highly treatable, C. trachomatis infections are
frequently asymptomatic until they lead to such problems
as ectopic pregnancy, infertility, and trachoma, the leading
cause of preventable blindness worldwide. A significant
component of the pathology of these human diseases is the

consequence of damage to mucosal tissues from inflamma-
tory reactions that attempt to clear the pathogen but are
unable to. Chlamydia has 2 developmental forms, the ele-
mentary body (EB) and the reticulate body (RB) (Moulder
1991). The relatively metabolically inactive EBs are the in-
fective forms. EBs induce their own uptake by cells and the
formation of structures called inclusions. EBs differentiate
into metabolically active RBs within a couple of hours of
entering the cell. RBs then replicate within the inclusions
(which expands during this replication) and after about 18 h
they will change back into EBs before cell lysis and release of
the EBs (Moulder 1991).

Both hGBP-1 and hGBP-2 appear to be involved in the
inhibition of C. trachomatis growth by IFN-g (Tietzel and
others 2009). In HeLa cells infected with C. trachomatis and
transfected with either hGBP-1 or hGBP-2, both GBPs local-
ize to the chlamydial inclusion membrane. For hGBP-1, lo-
calization to the inclusion membrane does not require the
GTP binding domain but is mediated by the C-terminal a-
helices containing the CaaX site for lipid addition (Tietzel
and others 2009). Either hGBP-1 or hGBP-2 alone can delay
the growth of C. trachomatis and this inhibition does require
the GTPase activity of hGBP-1 (Tietzel and others 2009). This
inhibition of parasite growth is accompanied by decreased
size of Chlamydia inclusions. Together these data suggest that
hGBP-1 and hGBP-2 are involved in the IFN-g response
against Chlamydia (Table 3).

Table 3. Putative Functions of Individual Guanylate-Binding Proteins

Antimicrobial activities

hGBP-1
Inhibits replication of VSV and EMCV
Inhibits replication of the HCV replicon in Huh-7 cells
Interacts with HCV NS5B protein in vitro
Inhibits growth of Chlamydia
Localizes to chlamydial inclusion membranes

hGBP-2
Inhibits growth of Chlamydia

mGBP-2
Inhibits replication of VSV and EMCV
Localizes to the parasitophorous vacuole in Toxoplasma gondii infected cells

mGBP-5
Promotes Salmonella enterica seravar Typhimurium-induced pyroptosis

Other activities

hGBP-1
Inhibits growth factor-induced proliferation of endothelial cells
Inhibits expression of MMP-1 in endothelial cells
Reduced ability of HUVECs to form capillaries in culture
Inhibits HUVEC spreading on fibronectin
Localizes with CAR in the tight junctions of intestinal epithelial cells and regulates barrier function
Provides modest resistance to paclitaxel-induced death in vitro

mGBP-2
Promotes proliferation of NIH 3T3 cells
Inhibits spreading of NIH 3T3 and B16 melanoma cells on fibronectin
Inhibits Rac activation by integrin engagement and PDGF treatment
Inhibits PI3-K activation by integrin engagement
Inhibits paclitaxel-induced death in vitro

The functions ascribed to members of the GBP family are divided into those that are antimicrobial and those that are not.
CAR, Coxsackie-and adenovirus receptor; EMCV; encephelomyocarditis virus; HCV, hepatitis C virus; HUVEC, human umbilical vein

endothelial cells; MMP, matrix metalloproteinase; PDGF, platelet-derived growth factor; TNF, tumor necrosis factor; VSV, vesicular
stomatitis virus.
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Salmonella induction of pyroptosis. Pyroptosis is a unique
form of cell death induced by a range of microbial infections
and is believed to be important in their control (reviewed in
Bergsbaken and others 2009). In contrast to apoptosis, pyr-
optosis, also called caspase-1-dependent cell death, is
proinflammatory. Caspase-1 activation is unique to this form
of programmed cell death. Caspase-1 null mice have no de-
fects in apoptosis. Activation of caspase-1 by bacteria results
in a very rapid cell death as a consequence of plasma
membrane rupture and release of the cell’s proinflammatory
contents (Fink and Cookson 2006; Bergsbaken and others
2009). While pyroptosis is an important control mechanism
for these infectious agents, many bacteria have evolved
mechanisms to inhibit pyroptosis. The fate of an infection can
then be determined by the balance between the actions of the
bacteria and the host cell on pyroptosis.

Salmonella enterica can infect a number of different cell
types (reviewed in Fink and Cookson 2007). The form of cell
death induced by Salmonella infection varies between the
cell types. Infection of intestinal epithelial cells induces ap-
optosis, whereas infection of macrophages results in pyr-
optosis (Fink and Cookson 2007). The rapid pyroptosis
induced by Salmonella in macrophages requires the patho-
genicity island-1 type III secretion system and flagella. This
secretion of flagellar fragments into the cell cytoplasm is
what initiates caspase-1 activation. Bone marrow-derived
macrophages die by pyroptosis within 1 h of Salmonella en-
try, whereas macrophage cell lines require a bit longer (Fink
and Cookson 2006).

To characterize the IFN-g-induced or -repressed proteins
on isolated phagosomes of RAW 264.7 macrophages and
possibly identify novel proteins involved in regulating
pathogen internalization and survival, phagosomes were
induced by internalization of latex beads ( Jutras and others
2008). One of the proteins robustly induced by IFN-g and
incorporated into phagosomes was mGBP-5 ( Jutras and
others 2008). Because of the enrichment of mGBP-5 in pha-
gosomal membranes, a role for mGBP-5 in S. enterica seravar
Typhimurium–induced pyroptosis of RAW 264.7 cells was
explored (Rupper and Cardelli 2008). RAW 264.7 macro-
phages are relatively resistant to Salmonella-induced pyr-
optosis unless primed with IFN-g. mGBP-5 potentiates
Salmonella-induced pyroptosis, and, not unexpectedly, this
potentiation requires the activition of caspase-1, in part by
the secretion of flagellin subunits into the cell cytoplasm
through the type III secretion system. In addition, mGBP-5
localized to structures formed by the invading S. enterica
serovar Typhimurium (Rupper and Cardelli 2008). Before
invasion of Salmonella, mGBP-5 colocalizes with actin to the
sites on the membrane where Salmonella is attached and it is
later localized to the vacuolar membranes surrounding the
bacteria (Rupper and Cardelli 2008) (Table 3). The mecha-
nisms for how mGBP-5 enhances Salmonella-induced pyr-
optosis still require elucidation.

Listeria. Listeria monocytogenes is the intracellular bacteria
responsible for the most virulent of the foodborne diseases,
Listeriosis (reviewed in Barbuddle and Chakraborty 2009).
The primary cells infected are intestinal epithelial cells. While
internalization normally results in the bacteria being present
initially in a phagosome, the bacteria must escape to the
cytoplasm before fusion with the lysosome occurs to survive.
Consistent with the possible involvement of GBPs in the
protection against multiple intracellular pathogens, infection

of mice with L. monocytogenes resulted in the upregulation of
all of the RNAs for murine GBPs in the liver and spleen of
the animals (Degrandi and others 2007). Whether or not the
GBPs inhibit Listeria proliferation remains to be shown.

Toxoplasma. Toxoplasma gondii is an intracellular proto-
zoan that causes the disease toxoplasmosis (reviewed in
Laliberte and Carruthers 2008; Costa da Silva and Langoni
2009; Leng and others 2009). Toxoplasma is transmitted from
animals to humans through contaminated food. It is esti-
mated that 20%–50% of people are infected. However, after
initial infection the organism normally is latent in the CNS
and skeletal muscle in a cystic form. In normal individuals,
the immune system recognizes any parasites that change
back to the active form and maintains the latency, except
under conditions of compromised immune system or con-
genital transmission. During the invasion of cells, T. gondii
generates a special membrane enclosed structure called the
parasitophorous vacuole (PV) (Laliberte and Carruthers
2008; Leng and others 2009). Simplistically, the PV serves to
shield the organism from the cytoplasm and to block fusion
with the endosomal/lysosomal compartment. In reality, the
PV contains a number of parasite proteins that allow the
recruitment of nutrients from the cell, while altering a
number of cellular signal transduction cascades. The PV also
recruits a number of cellular proteins.

Infection of mice with T. gondii also results in the upre-
gulation of all of the murine GBP RNAs (Degrandi and
others 2007). When cells were infected with T. gondii in cul-
ture, within 30 min, mGBP-1, 2, 3, 6, 7, and 9 were found
around the PV (Degrandi and others 2007). It is appealing to
speculate that 1 or more GBPs will be involved in the im-
mune response against T. gondii.

Bacterial meningitis. hGBP-1 is found in the spinal fluid of
patients with bacterial meningitis at levels greater than ob-
served in the absence of infection (Naschberger and others
2006). The exact mechanism for how hGBP-1 gets to the
spinal fluid is not clear. However, studies showed that
hGBP-1 is secreted from cultured human umbilical vein en-
dothelial cells (HUVECs) but not appreciably from HeLa,
fibroblasts, smooth muscle cells, or the keritinocyte line,
HaCaT (Naschberger and others 2006). It has been suggested
that hGBP-1 might prove to be a marker of meningitis.

Other activities

Effects on proliferation. hGBP-1 inhibits the proliferation of
endothelial cells induced by the combination of basic fibro-
blast growth factor and vascular endothelial growth factor in
culture (Guenzi and others 2001). This inhibition is mediated
by the C-terminal a-helices of hGBP-1 and does not require
the presence of the globular GTP binding domain (Guenzi
and others 2001) (Table 3).

While IFN-g treatment inhibits the proliferation of growth
factor-stimulated endothelial cells, it was defined as a mito-
gen for fibroblasts many years ago. Indeed, IFN-g treatment
of NIH 3T3 fibroblasts promotes their proliferation (Gorba-
cheva and others 2002). This enhancement of proliferation can
be mimiced by the forced expression of mGBP-2 and the
promotion of proliferation in fibroblasts appears to require its
GTPase activity (Gorbacheva and others 2002). IFN-b, which
also induces mGBP-2, does not promote NIH 3T3 fibroblast
proliferation. However, IFN-b induces mGBP-2 to a lower
level than IFN-g and NIH 3T3 cell clones expressing mGBP-2
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at levels comparable to IFN-b induction also show no dif-
ference in proliferation from control cells (Gorbacheva and
others 2002) (Table 3). This prompts the question of whether
different functions for GBPs require different expression lev-
els. While much more would need to be done to demonstrate
this unequivocally, this might not be surprising given the
concentration dependence of the GTPase activity of GBPs.

Inhibition of matrix metalloproteinase expression. hGBP-1
inhibits expression of matrix metalloproteinase 1 (MMP-1)
by endothelial cells in culture (Guenzi and others 2003).
hGBP-1 appears to be the protein responsible for MMP-1
inhibition by IL-1b, TNF-a, and IFN-g (Guenzi and others
2003). The GTPase activity of hGBP-1 is required for the in-
hibition of MMP-1 levels (Guenzi and others 2003). Con-
sistent with hGBP-1 inhibition of MMP-1, the transmigration
of endothelial cells expressing hGBP-1 on substrates of rela-
tively low concentrations of collagen I or collagen IV is less than
control cells. This suggests that hGBP-1 inhibits the migratory
ability of these cells. Transmigration of hGBP-1-expressing en-
dothelial cells through higher concentrations of Col I or Col IV
suggested that on Col I the invasive activity of the cells was
inhibited (Guenzi and others 2003). Expression of hGBP-1 in
HUVECs also resulted in reduced ability to form capillaries in
Matrigel (Guenzi and others 2003). Expression of a single
amino acid substitution that inhibits GTPase activity (D184N)
and does not downregulate MMP-1 in HUVECs, also does not
inhibit tube formation (Guenzi and others 2003) (Table 3).

mGBP-2, the putative ortholog of hGBP-1, also down-
regulates an MMP (Balasubramanian et al., unpublished
data). Either IFN-g treatment, which induces mGBP-2, or
forced expression of mGBP-2 alone results in the down-
regulation of MMP-9 in NIH 3T3 fibroblasts (Table 3).

Inhibition of cell spreading. hGBP-1 inhibits HUVEC
spreading on fibronectin (Weinlander and others 2008). In
these cells forced expression of hGBP-1 upregulates integrin
a4, which can inhibit cell spreading in some cell types. As
expected, IL-1b and TNF-a, which modestly induce hGBP-1
in HUVECs, also induced a4 and reduced cell spreading.
While the more robust inducer of hGBP-1 in HUVECs, IFN-g,
also inhibits cell spreading, this inhibition does not involve
upregulation of a4 (Weinlander and others 2008) (Table 3).
The mechanisms by which IFN-g inhibits cell spreading in
HUVECs are yet to be fully resolved.

IFN-g treatment of NIH 3T3 fibroblasts inhibits cell
spreading on fibronectin (FN) (Messmer-Blust and others
2010). Forced expression of mGBP-2 is sufficient for this in-
hibition in both NIH 3T3 cells and B16 melanoma cells. mGBP-
2 does not upregulate a4 integrin in NIH 3T3 cells, but inhibits
cell spreading by inhibiting integrin-mediated activation of the
small GTPase Rac1. This inhibition of Rac activation by
mGBP-2 is also observed after treatment of these cells with
platelet-derived growth factor (Messmer-Blust and others
2010). A role for PI-3K in the inhibition of Rac by mGBP-2 is
suggested by the observation that Rac inhibition during cell
spreading is accompanied by the association of mGBP-2 with
the catalytic subunit of PI-3K, p110, and the inhibition of PI-3K
activity (Messmer-Blust and others 2010) (Table 3).

Intestinal epithelial cell barrier function. IFN-g treatment of
epithelial cells can result in apoptosis and loss or reduction in
barrier function. Proinflammatory cytokines have been im-
plicated in the pathogenesis of inflammatory bowel disease
(IBD). Investigators have found that IFN-g treatment of in-
testinal epithelial cells results in the upregulation of hGBP-1

(Schnoor and others 2009). hGBP-1 expression was also in-
creased in intestinal mucosa from patients with IBD (Schnoor
and others 2009). Consistent with a possible role in IBD,
hGBP-1 is localized to the tight junction in intestinal epithelia
but not in other epithelia (Schnoor and others 2009) (Table 3).
In tight junctions, hGBP-1 co-localizes with coxsackie- and
adenovirus receptor (CAR). Knockdown of hGBP-1 during
IFN-g treatment of SK-CO15 intestinal epithelial cells resulted
in reduction in transepithelial electrical resistance (Schnoor
and others 2009). It also enhanced caspase activation and
apoptosis. Caspase inhibition in the presence of siRNA
against hGBP-1 was able to reverse the reduction in barrier
function (Schnoor and others 2009). How these results fit into
a role for IFN-g in the pathogenesis of IBD will require further
study. On the basis of these in vitro data, the investigators
propose that early after the exposure to IFN-g, hGBP-1 is
protective. Certainly, there are in vitro data with endothelial
cells that IFN-a exposure or hGBP-1 expression protects en-
dothelial cells against apoptosis upon short exposure (Pam-
mer and others 2006). However, long-term exposure resulted
in senescence (Pammer and others 2006). The authors of the
study on intestinal epithelial cells speculate that prolonged
exposure to IFNs and hGBP-1 may also have different effects
in these cells (Pammer and others 2006).

Intestinal epithelial development. Human and murine in-
fants are born with sterile intestinal systems. How those
systems are populated with commensal bacteria determines
their healthy development. Population of the intestinal tract
of 2-week-old mice with commensal Escherichia coli induced
expression of IFN-aA and GBP-1 (Mirpuri and others 2010).
This upregulation of IFN-aA and GBP-1 is accompanied by
resistance to staurosporine-induced apoptosis. Treatment of
immature human epithelial cells in vitro or intestinal cells ex
vivo with IFN-aA also upregulated GBP-1 and protected the
cells from staurosporine-induced apoptosis (Mirpuri and
others 2010). This protection by IFN-aA requires GBP-1 as
evidenced by the ability of siRNA against GBP-1 to abrogate
the protection (Mirpuri and others 2010). These studies
suggest that IFN-aA induction by commensal bacteria pro-
tects the developing intestinal epithelia from apoptosis and
possibly necrotizing enterocolitis through the expression of
GBP-1 (Mirpuri and others 2010).

Paclitaxel resistance. hGBP-1 was identified as 1 of 5 genes
upregulated in 3 different cancer cell lines as they became
resistant to paclitaxel (Duan and others 2005b). Forced ex-
pression of hGBP-1 in OVCAR8 cells conferred some level
of resistance to paclitaxel treatment (Duan and others
2005a). Forced expression of the ortholog, mGBP-2, in NIH
3T3 cells also protected against paclitaxel-induced death
(Balasubramanian and others 2006) (Table 3).

Endothelial cell-related effects

hGBP-1 expression is associated with endothelial cells in
human tissues (Lubeseder-Martellato and others 2002). It was
also detected on mononuclear cells in a variety of tissues, but less
frequently in other cell types or tissues in vivo (Lubeseder-Mar-
tellato and others 2002). hGBP-1 was not detected on endothelial
cells in healthy skin. However, it was strongly expressed in
Kaposi sarcoma (KS) lesions and other inflammatory skin dis-
eases such as adverse drug reactions of the skin and pso-
riasis (Lubeseder-Martellato and others 2002). As such it is
proposed as an activation marker during inflammatory diseases.
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IFN-a can also induce hGBP-1 in HUVECs or human der-
mal microvascular endothelial cells in culture (Indraccolo and
others 2001; Pammer and others 2006). In HUVECs the time
course of hGBP-1 RNA expression is consistent with previous
promoter studies on the induction of hGBP-1 where induction
by type I IFNs was shown to be transient, while IFN-g in-
duction was more sustained (Decker and others 1989, 1991).
Treatment of HUVECs with IFN-a for 5 h resulted in the in-
duction of hGBP-1 RNA within 2 h and continued expression
through 5 h. However, the RNA levels returned to uninduced
levels within 18 h (Indraccolo and others 2001). After 5 h of
IFN-g treatment the induction was maintained through 96 h
(Indraccolo and others 2001). Either IFN-a treatment or forced
expression of hGBP-1 in HUVECs protects them from serum
and growth factor starvation (Pammer and others 2006).
However, addition of IFN-a to cultures of HUVEC in the
presence of serum and growth factors results in cellular se-
nescence. On the basis of this set of experiments the authors
propose that the anti-angiogenetic activities of IFN-a may be
due to the induction of senescence rather than apoptosis.

Because hGBP-1 had been shown to be involved in an-
giostasis, expression of hGBP-1 was examined in colorectal
carcinomas (Naschberger and others 2008). For this study,
388 sporadic colorectal carcinoma tissue samples were ex-
amined for hGBP-1 expression. Expression of hGBP-1 was
detected in 32% of colorectal carcinomas. This expression
was in the stroma, not in the tumor cells proper. Expression
of hGBP-1 correlated statistically with improved (16.2%)
5-year survival (Naschberger and others 2008). This suggests
that hGBP-1 expression can be a prognostic marker in colo-
rectal cancers.

Conclusions and Future Directions

Our understanding of the biochemical properties and
structure of GBPs has increased tremendously in the last
several years. In addition, a growing number of functions are
being ascribed to the GBPs. Future experiments will confirm
the role of GBPs in these aspects of the diverse responses to
IFNs and begin to dissect the mechanism(s) used by GBPs to
facilitate these changes.
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