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Abstract

Innate immunity is the first line of host defense against viral infection. After invading into the cells, pathogen-
associated-molecular-patterns derived from viruses are recognized by pattern recognition receptors to activate the
downstream signaling pathways to induce the production of type | interferons (IFN-I) and inflammatory cytokines,
which play critical functions in the host antiviral innate immune responses. Guanylate-binding proteins (GBPs) are IFN-
inducible antiviral effectors belonging to the guanosine triphosphatases family. In addition to exerting direct antiviral
functions against certain viruses, a few GBPs also exhibit regulatory roles on the host antiviral innate immunity. How-
ever, our understanding of the underlying molecular mechanisms of GBPs'roles in viral infection and host antiviral
innate immune signaling is still very limited. Therefore, here we present an updated overview of the functions of GBPs
during viral infection and in antiviral innate immunity, and highlight discrepancies in reported findings and current
challenges for future studies, which will advance our understanding of the functions of GBPs and provide a scientific

and theoretical basis for the regulation of antiviral innate immunity.
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Introduction
Viral infection triggers the recognition of pathogen-asso-
ciated molecular patterns or danger-associated molecu-
lar patterns by host pattern recognition receptors (PRRs),
including Toll-like receptors, retinoic-acid-inducible
gene I-like receptors, and also certain DNA sensors.
These PRRs then initiate rapid activation of downstream
signaling cascades leading to the production of type
I interferons (IFN-I) [1-4] and eventually interferon-
stimulated genes (ISGs), which exert direct antiviral and
immune-regulatory functions [5]. Intriguingly, some
ISGs are directly induced by viral infection independent
of IFN-I production [6-8].

Among the most abundant ISGs, IFN-inducible
guanosine triphosphatases (GTPases) are a conserved
superfamily, including myxoma resistance proteins,
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immunity-related GTPases, Guanylate-binding proteins
(GBPs), and very large inducible GTPases [9]. Recent
studies have uncovered that GBPs show vital roles in host
defense against diverse pathogens, including bacteria,
protozoa, and viruses. However, the underlying molec-
ular mechanisms of GBPs in the host antiviral innate
immunity have not been fully understood. Here we pre-
sent an updated overview of current findings on GBPs’
roles during viral infections, hoping to understand fur-
ther the relationship between GBPs and the host antiviral
innate immunity.

The structure and functions of GBPs

GBPs are anciently conserved and widely distributed in
eukaryotes. To date, seven human GBPs have been iden-
tified [10, 11]. GBPs share a common structure with
a globular N-terminal large GTPase (LG) domain fol-
lowed by a helical domain, further subdivided into a
middle domain and a C-terminal al2/13-domain [12,
13]. The LG domain is involved in GTPase and GDPase
activity and retains the main biochemical functions
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of GBPs. Once binding to the nucleotide, GBPs will
undergo oligomerization and subsequently mediate
the hydrolysis of guanosine-5'-triphosphate (GTP) to
guanosine-5'-diphosphate (GDP) and guanosine-5'-
monophosphate (GMP) [14], while the hydrolysis of
GTP mediates structural rearrangement of GBPs, which
is important for the proper localization and the forma-
tion of multimers [14-19], and the multimers may be
deposited on pathogen-associated membranes to con-
stitute sensory platforms, which induces antimicrobial
immunity [19-22]. Whereas the helical domain allows
for the interactions of protein-lipid as well as protein—
protein; for example, GBP1 binds p62-Ub for delivery
to light chain 3B (LC3B)* membranes and engulfment,
GBP1 participates along with GBP7 in the trafficking of
mono-ubiquitinated protein cargo into autolysosomes,
and GBP7 brings ATG4B for LC3b"™ membrane elonga-
tion and closure around the cargo [23].

Some GBPs, such as GBP1, GBP2, and GBP5, have
C-terminal CaaX motifs, which can be isoprenylated to
provide anchorage to endomembranes organelles [18, 24,
25]. GBPs are typically expressed in various cells and tis-
sues under physiological conditions, except for GBP6 and
GBP7, which are constitutively expressed mainly in the
oropharynx and liver, respectively [11]. As for the subcel-
lular distribution, GBPs are predominately localized in
the cytoplasm, with GBP1 displaying a diffuse or a granu-
lar pattern, or both distribution in the cytoplasm; GBP3
localizing in the cytoplasm diffusely; GBP5 being con-
centrated in the perinuclear region and co-localized with
the Golgi apparatus. However, GBP2 and GBP4 are dis-
tributed throughout both the nucleus and the cytoplasm.
Stimulation with IFN-y and aluminum fluoride-induced
a Golgi translocation of GBP1 and GBP2, but not GBP3,
GBP4, or GBP5, and the trafficking may facilitate the
association of GBPs with membranes and the formation
of protein multimers [26, 27].

Antiviral GBPs

Accumulating evidence has demonstrated that GBPs play
specialized roles in host defenses against intracellular
pathogens, including numerous viruses.

GBP1

As a family of ISGs, several human GBPs have been
reported to restrict viral infection, especially against
RNA viruses. GBP1 is one of the most studied GBPs
presenting antiviral effects. Early studies showed that
the ectopic expression of GBP1 resulted in reduced viral
progeny upon the infection of vesicular stomatitis virus
(VSV), encephalomyocarditis virus (EMCV), or dengue
virus, while knockdown of GBP1 facilitated viral replica-
tion [28, 29]. A recent study showed that GBP1 exhibited
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antiviral activity against VSV and herpes simplex virus
type 1 (HSV-1) infection [30]. Nucleoprotein (VSV-N),
large protein (VSV-L), and phosphoprotein (VSV-P)
encoded by VSV are necessary for viral genomic tran-
scription, among which VSV-P binds to both VSV-N and
VSV-L to stimulate RNA synthesis [31, 32]. But GBP1
repressed the viral genomic transcription by competi-
tively binding to the VSV-N substituting for the VSV-P,
which was independent of its GTPase and isoprenylation
activity [33] (Fig. 1a), while the inhibitory effect of GBP1
on HSV-1 is still waiting for exploration. Ectopic expres-
sion of GBP1 also suppressed the genomic replication
and viral particle formation and secretion of the hepatitis
C virus (HCV) [34]. Conversely, HCV nonstructural (NS)
protein 5B interacted with the GTPase domain of GBP1,
thus blocking its GTPase activity and antiviral effect to
establish persistent infection and intracellular replica-
tion of HCV [35]. GBP1 inhibited classical swine fever
virus (CSFV) replication in a similar vein depending on
its GTPase activity, while CSFV NS5A counteracted the
antiviral activity of GBP1 by targeting its GTPase activ-
ity [36]. Also, expression profiling and polymorphism
studies suggested that GBP1 was important for host
resistance against porcine reproduction and respiratory
syndrome virus infection [37-40] (Fig. 1a).

GBP1 displays a peculiar feature that hydrolyses GTP
to a mixture of GDP and GMP by successive cleavages,
with GMP being the main product. However, it is not
properly known if the oligomeric form is responsible for
the stimulated activity leading to enhanced GMP for-
mation and its effect on antiviral activity. Pandita et al.
found that transition-state-induced tetramerization is
associated with enhanced GMP formation supported by
chimeras defective in both tetramerizations with mutant
and truncated proteins. Also, ectopic expression of the
mutants deficient in tetramer formation does not pre-
vent HCV replication, suggesting the tetramer’s essential
antiviral functions. Their data underlines the significance
of GBP1 tetramer in stimulated GMP production and
demonstrates its role in the antiviral activity against HCV
[41].

GBP1 also exhibited antiviral activity against Kaposi’s
sarcoma-associated herpesvirus (KSHV). Further study
revealed that GBP1 disrupted the formation of actin
filaments via its GTPase activity to disturb the natural
cytoskeletal structure, which was required for the nuclear
delivery of KSHV particles (Fig. 1a). However, KSHV
encoded RTA, an E3 ligase, to interact with GBP1 and
mediate its degradation through the ubiquitin—protea-
some system [42]. In addition, a recent study showed that
ectopic expression of GBP1 inhibited hepatitis E virus
(HEV) replication dependent on its homodimers rather
than GTPase activity, in which GBP1 dimer inactivated
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Fig. 1 The direct antiviral functions of GBPs. a GBP1 suppresses the replication of EMCV, DENV, HSV-1, HCV, CSFV, PRRSV. GBP1 represses the
genomic transcription of VSV by competitively binding to the VSV-N substituting for the VSV-P, inhibits the nuclear delivery of KSHV virions by
disrupting the actin filaments, and inactivating the viral particle of HEV by targeting the viral capsid protein to the lysosomal compartment. b GBP2
inhibits the replication of VSV and EMCV, andorchestrates IFN-y-mediated immune responses against MNV-1. GBP2 and GBP5 inhibit the replication
of HIV, AV, MLV, ZIKV, MeV, MARV and HERV-K by suppressing furin to reduce the diverse viral envelope glycoproteins. GBP5 prevents RSV replication
by enhancing its SH protein release. ¢ GBP3 inhibits the replication of the influenza virus by disrupting the viral polymerase complex to reduce viral
RNA and protein synthesis. EMCV encephalomyocarditis virus, DENV dengue virus, HSV-1 herpes simplex virus type 1, HCV hepatitis C virus, CSFV
classical swine fever virus, PRRSV porcine reproduction and respiratory syndrome virus, VSV vesicular stomatitis virus, VSV-N nucleoprotein, VSV-L
large protein, VSV-P phosphoprotein, KSHV Kaposi's sarcoma-associated herpesvirus, HEV hepatitis E virus, MNV-1 murine norovirus-1, HIV human
immunodeficiency virus-1, AV influenza A virus, MLV murine leukemia virus, ZIKV Zika virus, Mev measles virus, MARV Marburg virus, HERV-K human
endogenous retrovirus K, RSV respiratory syncytial virus, SH small hydrophobic

the viral particle by targeting the viral capsid protein
to the lysosomal compartment [43] (Fig. la). Besides,
whether GBPs inhibit the other DNA viruses is still
unknown.

GBP2 and GBP5

A previous study showed that murine GBP2 inhibited
the replication of both VSV and EMCYV, with the GTP
binding motif being required to inhibit EMCV but not
VSV [44] (Fig. 1b). Later, GBP2 and GBP5 were reported
to exhibit broad antiviral activity. Ectopic expression
of GBP2 and GBP5 suppressed various viruses’ replica-
tion, including human immunodeficiency virus-1 (HIV-
1), influenza A, murine leukemia, Zika, measles, and
Marburg viruses. Knockdown of GBP2 and GBP5 led

to increased production of HIV-1, and complete deple-
tion of GBP5 also facilitated the replication of influenza
A, measles, and Zika viruses. The underlying mechanism
was that GBP2 and GBP5 reduced the maturation and
proteolytic activity of furin to inhibit the maturation and
priming of diverse viral envelope glycoproteins, and the
isoprenylation- and dimerization-mediated Golgi appa-
ratus localization but not the GTPase activity of GBP5,
is critical to its antiviral function. However, lentiviral
pseudoviruses were used in these experiments instead
of authentic viruses [45]. Notably, GBP2 and GBP5 tar-
geted only highly pathogenic avian influenza viruses har-
boring a furin cleavage site in their hemagglutinin [46,
47]. A recent study also showed that GBP2 and GBP5
suppressed furin-mediated maturation of the envelope
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protein of human endogenous retrovirus K [48] (Fig. 1b).
However, the exact mechanism of GBPs inhibiting the
host protease furin requires further exploration.

GBP5 also restricted the replication of the respira-
tory syncytial virus (RSV) by enhancing the release of
viral small hydrophobic (SH) protein into the cell culture
to decrease the intracellular SH protein level. This pro-
cess depended on the isoprenylation and Golgi appara-
tus localization of GBP5 instead of its GTPase activity
(Fig. 1b). However, RSV G protein counteracted the
antiviral activity of GBP5 by upregulating the E3 ligase
DZIP3 to induce K48-ubiquitination mediated degrada-
tion of GBP5 through the proteasome pathway [49].

In addition to playing wide-spectrum antiviral func-
tions directly, GBP2 and GBP5 also involve in antiviral
immune signaling pathways. GBP2 orchestrated IFN-
y-mediated immune responses against murine noro-
virus-1 (MNV-1) replication in mouse macrophages.
Further study showed that the Arg-48 and Lys-51 resi-
dues in the N-terminal LG domain, which are important
for the GTPase activity, were critical for GBP2-mediated
anti-MNV-1 activity. However, viruses have developed
sophisticated strategies to evade host defense. MNV-1
NS7 antagonized the antiviral activity of GBP2 [50], but
the underlying mechanism requires further investigation.

Feng et al. found that GBP5 was substantially upregu-
lated in influenza patients and influenza A virus (IAV)-
infected cells, and ectopic expression of GBP5 blocked
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viral replication. Further study revealed that GBP5 inter-
acted with the nuclear factor-kB (NF-xB)-essential mod-
ulator complex to enhance IFN-I and proinflammatory
factors production [51] (Fig. 2a).

GBP3

GBP3 and GBP1, especially the C-terminus truncated
GBP3 splice isoform (GBP3AC), were reported to repress
the influenza virus’s replication, relying on their LG
domain and GTP-binding but not hydrolysis activity.
GBP3AC also reduced viral RNA and protein synthesis
by inhibiting the viral polymerase complex [52] (Fig. 1c).
Interestingly, GBP3AC possessed strong anti-influenza
viral activity, while the antiviral function of GBP3 was
weak, indicating that the C terminus of GBP3 inhibited
the antiviral activity of the LG domain.

Proviral GBPs

GBP4

IEN-I regulator factor 7 (IRF7) is known as an impor-
tant regulator in virus-triggered IFN-I induction. Hu
et al. found that virus-induced GBP4 interacted with
IRF7 through its N terminal, thus disrupting the interac-
tion between TNF receptor-associated factor 6 (TRAF6)
and IRF7, which led to reduced TRAF6-mediated ubiq-
uitination and transactivation of IRF7. Moreover, knock-
down of GBP4 resulted in increased production of IFN-I
triggered by virus infection. In a word, GBP4 negatively
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Fig. 2 GBPs regulate host antiviral innate immune signaling pathways. a GBP4 negatively regulates IFN-I by impairing TRAF6-mediated
ubiquitination and transactivation of IRF7. GBP5 represses replication of IAV by interacting with the NF-kB-essential modulator complex to promote
IFN and proinflammatory factors expression. b GBP7 impedes NF-kB translocation to the nucleus by preventing the phosphorylation of IkBa and
inhibits the JAK-STAT signaling pathway by attenuating the phosphorylation of STAT1 and STAT2. P phosphate, Ub ubiquitin




Zhang et al. J Biomed Sci (2021) 28:17

regulated virus-induced IFN-I and antiviral immunity by
targeting IRF7 [53] (Fig. 2a).

GBP7

GBP7 was demonstrated to facilitate IAV replication by
inhibiting innate immune responses via NF-«kB and Janus
kinase-signal transducer and activator of transcription
(JAK-STAT) signaling pathways. Knockout of GBP7 sup-
pressed IAV replication by enhancing the expression of
IEN-I, IFN-III, and proinflammatory cytokines, while
overexpression of GBP7 facilitated viral replication. Fur-
ther study revealed that GBP7 prevented the phospho-
rylation of IxBa to impede NF-kB translocation to the
nucleus, and it also inhibited the JAK-STAT signaling
pathway by attenuating the phosphorylation of STAT1
and STAT?2 [54] (Fig. 2b).

Conclusion and perspectives

The diverse roles of GBPs get involved in human dis-
eases have been complemented by recent advances that
link GBPs to inflammatory syndromes, cancers, bacte-
rial, parasitic, and viral infections, in which the GBPs
are predicated to be potent therapeutical targets [9, 55,
56]. Furthermore, GBPs are also implicated in host-virus
interactions, which have now emerged as potent modu-
lators. On the one hand, they contribute to the cellular
antiviral functions by directly disrupting viral produc-
tion; for example, GBP1 competes with VSV-N in bind-
ing to the VSV-P to inhibit VSV’s genomic transcription,
GBP1 disrupts actin filaments to inhibit the nuclear
delivery of KSHV particles, GBP1 dimer targets HEV’s
capsid protein to the lysosomal compartment to inac-
tivate the viral particle, GBP2 and GBP5 suppress furin
to reduce the diverse viral envelope glycoproteins, GBP5
also enhances RSV SH protein release to inhibit RSV
replication, GBP3 represses viral polymerase complex
to reduce viral RNA and protein synthesis. On the other
hand, a few GBPs control viral replication by modulat-
ing key molecules in antiviral innate immune signalings,
such as GBP5 interacts with NF-kB-essential modulator
complex to promote IFN and proinflammatory factors
expression. However, some GBPs could promote the rep-
lication of viruses. GBP4 competes with IFR7 in binding
to TRAF6 to disrupt IRF7 ubiquitination, and GBP7 not
only inhibits IkBa phosphorylation to suppress nuclear
translocation of NF-«xB but also attenuates STAT1 and
STAT?2 phosphorylation to inhibit the JAK-STAT signal-
ing pathway.

In conclusion, the GBPs family’s functions in anti-
viral immunity may have been far underappreciated,
highlighting the need for investigations to expand our
understanding of GBPs biology and how to take advan-
tage of GBPs anti- and pro-viral roles during infection
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and develop new antiviral therapy. We are screening the
GBPs family to investigate their potential roles in antivi-
ral innate immunity.
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