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From mechanisms to therapies:
the multifaceted roles of
guanylate-binding protein 2 in
immunity, cancer, and beyond
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2Department of Neurology, The First Affiliated Hospital of Jinzhou Medical University, Jinzhou, China
Guanylate-binding protein 2 (GBP2) is an interferon-inducible GTPase that plays

a critical role in innate immunity by defending against viral, bacterial, and parasitic

infections through mechanisms such as furin inhibition and inflammasome

activation. Beyond infectious disease, GBP2 demonstrates a context-

dependent dual role in cancer—acting as either a tumor suppressor or an

oncogene by modulating key signaling pathways including JAK-STAT, Wnt/b-
catenin, and PI3K/AKT/mTOR. Its dysregulation is also increasingly implicated in

autoimmune, neurological, and metabolic disorders, underscoring its promising

utility as a diagnostic biomarker and therapeutic target. This review systematically

synthesizes current knowledge on GBP2’s structural features, biological

functions, and functional duality. We further explore the paradoxical nature of

its context-dependent roles and propose a unifying hypothesis to explain its dual

functions, while outlining translational strategies to leverage GBP2’s potential in

biomarker development and targeted therapies.
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1 Introduction

Guanylate-binding proteins (GBPs) belong to the dynamin superfamily of GTPases, a

group that also includes the very large inducible GTPases, Mx proteins, and other immune-

related GTPases (1). In mice, the 11 GBP (GBP1–11) genes are distributed across two

chromosomal clusters, whereas humans possess seven GBP genes (GBP1–7) located within

a single cluster on chromosome 1. This gene family has ancient evolutionary origins and

mediates diverse physiological functions, including immune regulation and host defense

against pathogens (2). Among the various GBP family members, GBP2 has gained

widespread attention due to its distinctive immunological roles. Structurally, GBP2 has a

molecular weight of 65–67 kDa and belongs to the interferon (IFN)-inducible guanylate-

binding protein family within the dynamin superfamily of large GTP hydrolases (3). In

humans, the GBP2 gene is located on chromosome 1, while in mice, it is found on
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chromosome 3 (4). Within cells, GBP2 is widely distributed, present

in the nucleus, cytoplasm, and perinuclear membrane, where it

performs various functions (5). Functionally, GBP2 can be induced

by IFN and inflammatory cytokines and is known to influence

several signaling pathways, such as phosphatidylinositol 3-kinase

(PI3K)/Ak strain transforming (AKT)/mammalian target of

rapamycin (mTOR) and wingless-type MMTV integration site

family (Wnt)/b-catenin (6, 7). It was initially recognized for its

essential role in cell-autonomous immunity against diverse

intracellular pathogens, including bacteria, viruses, and parasites

(1, 8). Additionally, GBP2 is involved in inflammatory activation

during inflammasome assembly and pyroptosis (9, 10). Beyond

infectious contexts, dysregulation of GBP2 has been increasingly

linked to carcinogenesis. Numerous studies have highlighted

GBP2’s dual role in cancer biology, with some defining it as a

tumor suppressor across various cancer types (11, 12), while others

characterize it as an oncogene (13, 14). We investigate the

paradoxical nature of its context-dependent functions and

propose a unified hypothesis to elucidate its mechanistic duality.

The mechanism of GBP2 involving carcinogenesis includes

regulating development and metastasis, immune surveillance and

immunotherapy, chemoresistance, immunity against infections,

apoptosis, and treatment (9, 15). Moreover, GBP2 contributes to

a range of systemic disorders, such as rheumatoid, neurological, and

metabolic diseases, as well as hematological conditions and

transplant-related pathologies (16, 17). Although earlier research

predominantly focused on GBP1, recent investigations have

increasingly uncovered unique functions of GBP2, substantially
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expanding our understanding of its biological and pathological

significance. In this review, we provide a comprehensive overview

of GBP2, covering its structural features, enzymatic properties,

associated signaling pathways, and multifunctional roles, thereby

establishing a scientific and theoretical foundation for future

research on GBP2.
2 GBP2: structures, biological and
enzymatic activities and regulation

2.1 Structure of GBP2

GBP2 is a 65 kDa IFN-inducible GTPase that belongs to the

dynamin superfamily. Structurally, it comprises three principal

domains: an N-terminal globular large GTPase domain (LG) and

an elongated purely a-helical region, the latter subdivided into the

middle domain (MD) and the GTPase effector domain (GED)

(Figure 1) (5, 18). The N−terminal LG domain adopts a globular

conformation and contains five canonical motifs—G1 (P−loop), G2

(switch I), G3 (switch II), G4 ((N/T)KxD), and G5 (guanine cap)—

which together facilitate GTP binding, Mg2+ coordination, and

hydrolysis (5, 19). Notably, K51A substitutions in the LG domain

have been associated with loss of GBP2 GTPase activity (20). A

flexible hinge region, formed by a6 and a7 helices and also referred

to as the intermediate region, connects the LG domain to the

elongated a−helical MD. This hinge is critical for GBP2’s

immune functions; mutations of hinge residues, either singly
FIGURE 1

Structure of GBP2. (A) Crystal structure depicting the architecture of GBP2 (PDB:7e58); (B) A schematic diagram of the GBP2 structure.
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(L307A and P308A) or in combination (L307A/P308A and D306A/

L307A/P308A), nearly abolish GBP2’s ability to impair infectivity

(21). The MD consists of five a−helices and its interface is essential

for furin inhibition, a function important for antiviral activity (21,

22). The GED of GBP2 contains two helices and contacts the LG

domain through electrostatic interactions. Importantly, the C

−terminus of the GED in GBP2—like that of GBP1 and GBP5—

features a CaaX motif that undergoes geranylgeranylation, a key

post−translational modification (23, 24). Upon geranylgeranylation,

nucleotide binding and hydrolysis regulate the release of the “aaX”

tail from the C−terminal a−helical domain. After removal of “aaX”,

the carboxyl group at the end of the “C” residue is methylated,

enhancing the protein’s capacity to associate with endomembrane

organelles (25). GBP2, along with GBP5, is modified by

geranylgeranyltransferase I, whereas GBP1 is suggested to be

modified by farnesyltransferase (24). Finally, C586S substitutions

in the CaaX domain of GBP2 have been shown to prevent its

isoprenylation (26).
2.2 Biological and enzymatic activities of
GBP2

GBP2 undergoes conformat iona l changes and/or

oligomerization upon guanosine triphosphate (GTP) binding and
Frontiers in Immunology 03
hydrolysis, processes that are likely crucial for its biological

functions (21). Structurally, GBP2 adopts a closed monomeric

conformation stabilized by salt bridges within the LG domain and

between the LG and GED domains (18). In the presence of

substrate, GBP2 dimerizes—a step essential for GTP hydrolysis

(27). This dimerization is facilitated by an 18-residue hydrophobic

helix within the intermediate region, while tetramerization involves

the R−II region (residues 482–556) of the helical domain (28).

Notably, heterodimers of GBP2 exhibit extended half-lives

compared to homodimers (18). Although GBP2 shares high

sequence identity with GBP1, the two proteins display significant

functional differences. GBP2 primarily hydrolyzes GTP to

guanosine diphosphate (GDP), whereas GBP1 can further process

GTP to guanosine monophosphate (GMP). This divergence stems

from structural variations in their LG and intermediate domains.

The isolated GED of GBP2 hydrolyzes GTP to GDP but remains

monomeric; however, when the intermediate region is present,

substrate-induced dimerization enables subsequent hydrolysis to

GMP. This occurs because, in the free protein, the helix is likely

buried within the GTP-binding domain, and substrate binding may

expose this helix to promote dimerization (28, 29). Additionally, the

two enzymes show distinct feedback inhibition profiles: GDP

potently inhibits GBP2 but not GBP1, while GMP strongly

inhibits GBP1 but not GBP2 (29). Unlike GBP1, the tetrameric

form of GBP2 plays no role in GMP formation (28) (Figure 2).
FIGURE 2

GTP hydrolytic activity and oligomerization process of GBP2. In the closed state, the monomeric structure is stabilized by salt bridges between the
LG and GED domains. Upon GTP binding to the LG domain of the open-conformation GBP2, an induced conformational change exposes a
hydrophobic helix within the intermediate hinge region, priming the protein for dimerization. Following dimerization, GTP is hydrolyzed to GDP and
inorganic phosphate (Pi), and the resulting GDP exerts potent feedback inhibition on GBP2.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1708319
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cui et al. 10.3389/fimmu.2025.1708319
2.3 Regulation of GBP2 and related signal
pathway

The transcription of the GBP2 gene is dependent on promoter

binding sites for Signal transducer and transcription activator 1

(STAT1) dimers and interferon regulatory factor (IRF) family

transcription factors (30). STAT1 contributes to GBP2 gene

activation through two distinct mechanisms: first, by inducing IRF1

mRNA expression, and second, by directly facilitating GBP2

promoter activation through the recruitment of CREB-binding

protein and other histone acetyltransferases, thereby establishing a

permissive chromatin environment for RNA polymerase II. Histone

deacetylase 1 is also recruited to the GBP2 promoter upon IFN-g
stimulation and is involved in the deacetylation of specific

transcriptional activators required for their full activity. Moreover,

STAT1 is essential for the association of histone deacetylase 1 with

the GBP2 promoter chromatin, which is important for GBP2

expression (31, 32). IRF1, a transcriptional factor regulated by the

IFN-STAT signaling pathway, controls the expression levels of GBP2,

with its association to the GBP2 promoter occurring after that of

STAT1. IRF1 binding takes place independently of STAT1 binding or
Frontiers in Immunology 04
histone hyperacetylation and may assist in recruiting RNA

polymerase II-containing transcriptional complexes (33, 34).

Additionally, p53 can upregulate GBP2 expression by stabilizing

IRF-1 and promoting the formation of an IRF-1–p53 complex (35).

Another IRF family member, IRF7, also regulates GBP2; however,

unlike IRF1, its promoter activation depends on the S/T kinase

TANK-binding kinase 1 and/or inhibitor of IkB kinase-related

IKKe (36). Furthermore, the nuclear factor kB (NF-kB) family

transcription factor cRel is rapidly recruited to the GBP2 promoter

following IFN stimulation and significantly contributes to its

transcriptional activation (Figure 3) (37).
3 The role of GBP2 in defense against
bacterial, parasitic, and viral
pathogens

GBP2 plays a major role in cell-autonomous innate immunity

against bacterial, parasitic, and viral infections (5). The mechanisms

of GBP2 in defensing against bacterial, parasitic, and viral

pathogens were summarized in Figure 4.
RE 3FIGU

Regulation of GBP2 and related signal pathway. Upon binding of IFN to its receptor, the JAK/STAT signaling pathway is activated, leading to
dimerization and nuclear translocation of STAT1. Within the nucleus, STAT1 facilitates the transcriptional activation of GBP2 through the recruitment
of co-regulators including histone deacetylase 1 (HDAC1), CREB-binding protein, and cRel, ultimately promoting IRF1-mediated transcription and
subsequent translation of GBP2. Additionally, in the presence of TANK-binding kinase 1(TBK1) and/or IKKe, IRF7 is activated and further enhances
GBP2 expression.
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3.1 The role of GBP2 in anti-viral immunity

GBP2 exerts broad antiviral activity by targeting multiple stages

of the viral life cycle. It suppresses the replication of diverse viruses

—including HIV, avian influenza A, murine leukemia virus, Zika

virus, measles virus, and Marburg virus—by inhibiting the host

protease furin and attenuating its proteolytic activity, thereby

impeding the cleavage and maturation of viral envelope

glycoproteins (1, 2, 38). Notably, the inhibition of furin by GBP2

may have implications beyond viral infection, as several bacterial

toxins, such as anthrax toxin protective antigen and diphtheria

toxin, also depend on furin-mediated activation (39). Furin itself is

involved in multiple cellular processes, including the proteolytic

activation of cytokines, collagens, hormones, and growth factors;

GBP2 can also inhibit furin-mediated cleavage of substrates such as

glypican-3, a proteoglycan that regulates cell growth and

proliferation, and matrix metalloproteinase-14. Beyond furin,

GBP2 reduces the infectivity of viral particles bearing the PCSK8-

dependent glycoprotein of Lassa virus (38). The N-terminal GTPase
Frontiers in Immunology 05
activity of GBP2 is critical for its antiviral function. For instance,

GBP2 suppresses ectromelia virus replication in a dose-dependent

manner, an effect abolished by the GTP-binding-deficient mutant

K51A (25). Similarly, in murine macrophages, GBP2 mediates IFN-

g–triggered anti-murine norovirus activity, whereas the R48A and

K51A mutants attenuate this effect, indicating a potential

requirement for GTPase activity. Murine norovirus nonstructural

protein 7, however, can co-localize with GBP2 in the cytoplasm and

antagonize its anti-viral function (20). GBP2 also contributes to

host defense against other viruses. It interferes with SARS-CoV-2

spike cleavage and significantly inhibits infection by early-lineage

strains such as Wuhan-Hu-1 and VIC (40). In addition, GBP2

inhibits the replication of vesicular stomatitis virus and

encephalomyocarditis virus (41). Notably, GBP2 expression is

associated with dengue disease severity. During dengue infection,

endothelial cells upregulate GBP2 as an initial protective response,

which mitigates viral impact via reduced oxidative stress. However,

in severe cases, GBP2 levels decline during the defervescence phase,

likely due to heightened oxidative stress, and this decrease correlates
FIGURE 4

The role of GBP2 in defense against bacterial, parasitic, and viral pathogens. (A) During antiviral responses, GBP2 targets viral infectivity by inhibiting
host proteases furin and PCSK8, and directly restricts bacterial replication and infectivity; (B) In antibacterial immunity, GBP2 is recruited to
pathogen-containing vacuoles (PVs) via Galectin-3/8 to exert antimicrobial effects. It also disrupts bacterial membrane integrity, releasing LPS to
activate inflammasomes, and inhibits actin polymerization to suppress bacterial dissemination; (C) GBP2 modulates susceptibility to M. tuberculosis
Bacille Calmette–Guérin (BCG) and restricts chlamydial infection by regulating inclusion bodies; (D) In response to Toxoplasma gondii, GBP2
controls recruitment to parasitophorous vacuoles, promotes activation of Irga6 and inducible nitric oxide synthase(iNOS), and contributes to
antiparasitic defense. Conversely, T. gondii secretes the effector rhoptry effector protein 54 (ROP54) to counteract GBP2 recruitment to
parasitophorous vacuoles.
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with increased plasma leakage—a hallmark of severe dengue. Thus,

GBP2 plasma levels, alongside clinical symptoms, may serve as a

biomarker for dengue severity (42). Furthermore, GBP2 expression

can be modulated by viral elements integrated into the host genome.

For example, HIV-1 infection activates a cryptic transcription start

site within the long terminal repeat 12C repeat upstream of the

GBP2 gene, leading to a unique transcript variant and enhancing

cytokine-responsive expression of this antiviral gene (43).
3.2 The role of GBP2 in antibacterial
immunity

GBP2 plays a significant role in cell-autonomous immunity

against bacterial infections. Many invasive bacteria establish

pathogen-containing vacuoles as intracellular niches for

replication, and GBP2 contributes to immunity by facilitating

pathogen-containing vacuol recognition and mediating the

transport of host defense proteins to these compartments. The

disintegration of such vacuoles attracts Galectin-3, -8, and -9,

though to date the functional consequences of this recruitment

have only been characterized for Galectin-8 (44). GBP2 identifies

bacterial secretion systems as “patterns of pathogenesis” associated

with pathogen-containing vacuols, and its delivery varies depending

on the bacterial species and galectin involved. For instance, GBP2

delivery to Legionella-containing vacuoles requires the bacterial

Dot/Icm system, whereas its delivery to Yersinia vacuoles depends

on hypersecretion of translocon proteins. Galectin-3 assists GBP2

localization to pathogen-containing vacuoles by forming a complex

with it, and Galectin-8 also promotes this process, albeit less

efficiently (45). The C-terminal CAAX motif of GBP2 enhances

its recruitment to Francisella novicida compared to GBP1, likely

owing to GBP2’s longer lipid anchor, which increases membrane

stability in bacteria containing long-chain lipid A (46). GBP2 also

targets cytosolic F. novicida and promotes bacteriolysis, indicating

that beyond defending against vacuolar pathogens, GBPs facilitate

ligand presentation by directly attacking cytosolic bacteria (47).

Additionally, infection with Gram-negative bacteria such as

Salmonella, Citrobacter, Chlamydia, and Escherichia in innate

immune cells activates the caspase-11 inflammasome, a process

that primarily requires GBP2 (48). GBP2 has been shown to

promote caspase-11 and caspase-1 inflammasome activation in

response to Gram-negative bacteria and intracel lular

lipopolysaccharide (LPS) (49). In infection with Moraxella

catarrhalis , GBP2 acts as the dominant GBP driving

inflammasome activation. It is recruited to cytosolic bacteria,

exhibits dose-dependent bactericidal activity, and disrupts

bacterial membranes to release LPS, thereby facilitating NOD-like

receptor protein 3 (NLRP3) inflammasome activation (50).

Similarly, GBP2 contributes to Brucella abortus DNA-mediated

inflammasome activation, although full host protection depends

on cooperation among multiple GBPs (51, 52). Beyond direct

bactericidal effects, GBP2 restricts bacterial dissemination by

modulating actin dynamics. For example, the cytosolic bacterium

Burkholderia thailandensis exploits host actin to induce cell fusion,
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spreading to form multinucleated giant cells that support its

replication. Accordingly, GBP2 deficiency led to significantly

increased susceptibility to B. thailandensis in both macrophages

and mice. Recruitment of GBP2 to bacteria limited the actin tail

formation required for bacterial motility and cell fusion. Its

association with non-motile bacteria suggests that GBP2 directly

—or via actin regulators—restricts bacteria-mediated actin

polymerization. Mechanistically, this inhibition required both

GTPase activity and the CAAX membrane localization domain

(49). Pseudomonas aeruginosa frequently causes chronic airway

infections in cystic fibrosis patients, most isolates of which have

defective type III secretion systems (T3SS). GBP2 can detect T3SS-

mutant Pseudomonas and contribute to bacterial killing by

activating caspase-11 and regulating noncanonical NLRP3

inflammasome activation and IL-1b release (53). Notably, some

pathogens have evolved countermeasures against GBP2: the Shigella

flexneri effector IpaH9.8 induces ubiquitination and proteasomal

degradation of GBP2, thereby disrupting GBP-mediated immunity

(54). Moreover, bacteriophages—natural predators of bacteria—

have been used to treat bacterial infections. In the murine

macrophage cell line RAW 264.7, Bacteriophage vB_SauM_JS25

significantly upregulated GBP2, suggesting that phage infection can

induce GBP2 expression, potentially enhancing host innate

immunity to promote bacterial and viral clearance (55).
3.3 GBP2 in mycobacterial and chlamydial
infections

In tuberculosis, GBP2 is consistently downregulated and has

been identified as a hub gene with diagnostic potential. Its

expression is significantly reduced in tuberculosis patients,

showing promise for treatment monitoring (56–58). Conversely,

in pleural tuberculosis, GBP2 expression is elevated in pleural fluid

and demonstrates over 80% accuracy in discriminating tuberculosis

from other causes of pleural effusion (59). Genetic studies have

linked compound heterozygous mutations in GBP2 to increased

susceptibility to Mycobacterium bovis Bacille Calmette–Guérin

infection, as these mutations affect both protein stability and

mRNA splicing (60, 61). Additionally, GBP2 may influence host

responses to Mycobacterium leprae. Reversal reaction—a major

cause of tissue injury and disability in leprosy—results from rapid

cell-mediated immune responses against M. leprae. The

upregulation of GBP2 mRNA in both the peripheral blood

transcriptome and lesion transcriptome of reversal reaction

patients suggests that GBP2, along with other GBP family

members, contributes to the host antimicrobial response against

mycobacteria (62).

GBP2 also confers resistance to Chlamydia trachomatis in IFN-

g–stimulated human macrophages by promoting the fusion of

chlamydial inclusions with autolysosomes. Knockdown of GBP2

abrogates IFN-g–mediated inhibition of bacterial growth (63).

Notably, GBP2 efficiently decorates C. trachomatis inclusions, but

is absent from C. muridarum inclusions in both murine embryonic

fibroblasts and macrophages at various time points post-infection
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(64). Moreover, GBP2 was found to be upregulated when

reinfection was compared to primary infection for Chlamydia

pneumoniae (65).
3.4 The role of GBP2 in antiparasitic
immunity

GBP2 functions as a crucial immune effector molecule that

confers resistance against parasites. It has been shown to interact

with both the parasitophorous vacuole membrane and the parasite

itself following vacuole permeabilization (8). A common human

intracellular pathogen in this context is Toxoplasma gondii (T.

gondii), with approximately 30% of people harboring asymptomatic

persistent infection (66). GBP2 plays a specific and non-redundant

role in controlling T. gondii, and its deficiency in mice increases

susceptibility to infection. The loss of GBP2 alone is sufficient to

confer such susceptibility, underscoring its essential function (67).

GBP2 modulates recruitment to the parasitophorous vacuoles of T.

gondii and contributes to parasite growth restriction (66). It

localizes specifically to these vacuoles, thereby hindering parasite

replication and dissemination. The C-terminal domain of GBP2 is

necessary and sufficient for its vacuolar recruitment (67).

Additionally, GTP binding, multimerization, and GTPase activity

are critical for efficient recruitment; both the binding mutant

D182N and the GTPase-defective mutant K51A exhibit nearly

abolished localization (68). The function of GBP2 further involves

coordinating other immune effectors. It positively regulates the

recruitment of Irga6 to the parasitophorous vacuoles of T. gondii,

although this process can be inhibited by direct and specific

interactions of RabGDIa with GBP2 via the lipid-binding pocket

(69). Furthermore, GBP2-positive parasitophorous vacuoles are

enriched with inducible nitric oxide synthase, which is essential

for controlling parasite burden (8). GBP2 also co−localizes with

GBP1 in T. gondii−infected cells, suggesting that the two proteins

may act together at the parasitophorous vacuoles (70). Notably, T.

gondii has evolved countermeasures: the rhoptry effector protein 54

promotes infection by modulating GBP2 loading onto

parasitophorous vacuoles (71). Conversely, evidence also points to

species−specific roles for GBP2, as it was reported to be dispensable

for IFN−gamma−induced toxoplasmosis resistance in human

foreskin fibroblasts (72). The functions and potential mechanisms

across various pathogens are summarized in Table 1.
4 GBP2 in inflammation and immune
regulation

Innate immunity is the first line of host defense against

infection. Beyond its direct antimicrobial roles against viral,

bacterial, mycobacterial, and parasitic pathogens, GBP2 also

exerts important regulatory functions within the innate

immune system.
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4.1 Regulation of immune cell function and
polarization

GBP2 influences the activation and phenotypic polarization of

multiple immune cell types. In macrophages, silencing GBP2

prevents polarization into pro-inflammatory M1 phenotypes and

reduces the production of pro-inflammatory cytokines such as

tumor necrosis factor-a (TNF-a) and C-C motif chemokine

ligand 2, while showing no effect on M2 macrophage markers or

anti-inflammatory cytokines. Moreover, GBP2 promotes M1

macrophage polarization through activation of the neurogenic

locus notch homolog protein 1 (Notch1) signaling pathway (73).

In T lymphocytes, GBP2 modulates differentiation and function.

When naïve CD4+ T cells encounter microbial peptide:MHCII

complexes on dendritic cells, their differentiation into various T

helper subsets is influenced by T cell receptor affinity. GBP2 is

induced as a T cell receptor -responsive protein: under low T cell

receptor affinity and signaling, it promotes T follicular helper

differentiation by restraining aerobic glycolysis. Alternatively,

GBP2 may repress Th1 differentiation, with high T cell receptor

affinity enabling T cells to overcome this inhibition (74). In CD8+ T-

cell responses, antigen recognition in epithelial target cells

upregulates IFN-regulated genes including GBP2 (75).

Furthermore, in murine microsatellite-stable colorectal cancer

models, deletion of GBP2 impaired CD8+ T-cell migration and

reduced IFN-g-induced antigen presentation and C-X-C motif

chemokine ligand10/11 expression (Figure 5) (76). GBP2 also

regulates inflammatory signaling pathways. It suppresses TNF-a-
induced expression of matrix metalloproteinase-9 by inhibiting NF-

kB transcriptional activity and Rac1 activation. Mechanistically,

GBP2 interferes with p65 binding to kB consensus sites and the

metalloproteinase-9 promoter, and dampens Rac activation—a

pathway that, when constitutively active, can restore NF-kB
signaling even in the presence of GBP2 (77).
4.2 GBP2 in inflammasome activation and
pyroptosis

The inflammasome is an intracellular signaling complex that,

upon recognition of pathogens or physiological abnormalities,

drives caspase-1 activation, pyroptosis, and the release of pro-

inflammatory cytokines IL-1b and IL-18 (10). Pyroptosis is a lytic

and inflammatory form of programmed cell death triggered by

cytosolic sensing of pathogens or danger signals. It is commonly

initiated when intracellular LPS activates human caspase-4 or

mouse caspase-11, leading to gasdermin-D cleavage and pore

formation (78). GBP2 contributes to this process by facilitating

inflammasome assembly and activation. It promotes the release of

LPS from bacterial outer membrane vesicles, enabling LPS to

interact with caspase-11 (79). Studies indicate that GBP2, along

with other guanylate-binding proteins, coordinates caspase-4

recruitment and activation: GBP1 initiates platform assembly,
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GBP2 and GBP4 facilitate caspase-4 recruitment, and GBP3

promotes its activation (80). Additionally, GBP2 enhances

caspase-4 activation by binding LPS and promoting its

aggregation (81). GBP2-dependent caspase-11 inflammasome

activation has been suggested as essential for preventing LPS-
Frontiers in Immunology 08
mediated and polymicrobial septic shock in vivo. Direct cytosolic

sensing of LPS by caspase-11 triggers inflammasome activation,

which can lead to lethal sepsis in mice; thus, inhibiting this pathway

is critical for preventing septic shock. The regulation of caspase-11

activation by GBP2 is itself modulated by GABA type A receptor-
TABLE 1 Mechanisms of GBP2-mediated host defense against pathogens.

Pathogen name Mechanism References

Viruses

HIV, Avian influenza A, Murine leukemia,
Zika, Measles, Marburg virus

Inhibits the virus-dependency factor furin, impeding the cleavage and maturation of envelope
glycoproteins.

(1, 2, 38)

Lassa virus Reduces the infectivity of viral particles bearing the PCSK8-dependent glycoprotein. (38)

Ectromelia virus
Suppresses replication in a dose-dependent manner requiring GTPase activity (abrogated by K51A

mutant).
(25)

Murine norovirus
Mediates IFN-triggered antiviral activity, requiring GTPase activity (attenuated by R48A/K51A

mutants). Antagonized by viral NS7 protein.
(20)

SARS-CoV-2 (Wuhan-Hu-1, VIC) Interferes with viral spike protein cleavage. (40)

Vesicular stomatitis virus,
Encephalomyocarditis virus

Inhibits viral replication. (41)

Dengue virus Associated with an initial protective response (reducing oxidative stress). (42)

Bacteria

Legionella pneumophila Delivery to pathogen-containing vacuoles is dependent on the bacterial Dot/Icm secretion system. (45)

Yersinia species Delivery to pathogen-containing vacuoles requires hypersecretion of Yersinia translocon proteins. (45)

Francisella novicida
Recruitment enhanced by the C-terminal CAAX motif. Targets cytosolic bacteria to promote

bacteriolysis.
(46, 47)

Gram-negative bacteria (e.g., Salmonella,
Citrobacter, Escherichia, Chlamydia)

Promotes caspase-11 and caspase-1 inflammasome activation in response to intracellular bacteria and
LPS.

(48, 49)

Moraxella catarrhalis
Recruited to cytosolic bacteria, exhibits dose-dependent bactericidal activity and disrupts bacterial

membranes to release LPS, facilitating caspase-11–NLRP3 inflammasome activation.
(50)

Brucella abortus Contributes to DNA-mediated inflammasome activation. (51, 52)

Burkholderia thailandensis
Recruited to bacteria to restrict the formation of actin tails, limiting intracellular motility and cell-to-

cell spread. Requires GTPase activity and CAAX domain.
(49)

Pseudomonas aeruginosa (T3SS mutant) Detects and contributes to killing of bacteria with defective Type 3 Secretion Systems (T3SS). (53)

Shigella flexneri
Pathogen countermeasure: The bacterial effector IpaH9.8 induces ubiquitination and proteasomal

degradation of GBP2.
(54)

Mycobacteria

Mycobacterium tuberculosis Unclear (expression is downregulated during infection). (56–58)

Mycobacterium bovis Bacille Calmette–
Guérin

Unclear (genetic mutations in GBP2 linked to increased susceptibility). (60–62)

Mycobacterium leprae Unclear (upregulated during reversal reaction, suggesting a role in host response). (62)

Chlamydia

Chlamydia trachomatis Promotes the fusion of chlamydial inclusions with autolysosomes in IFN-g–stimulated macrophages. (63)

Chlamydia muridarum Unclear. (64)

Chlamydia pneumoniae Unclear. (65)

Parasites

Toxoplasma gondii
Recruits to the parasitophorous vacuole (PV). Hinders parasite replication. Coordinates recruitment of

other immune effectors
(8, 66–69)
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associated protein autophagy proteins, which negatively regulate

GBP2-dependent inflammasome activation to protect against

sepsis. Depletion of the GABA type A receptor-associated protein

subfamily in macrophages enhances IL-1b production and

pyroptosis in response to LPS transfection, outer membrane

vesicle treatment, or Gram-negative bacterial infection (48).

Notably, although GBP2 deficiency significantly reduces

pyroptosis, IL-1b/IL-18 secretion, and caspase release in

macrophages, its loss does not impair caspase-11 activation as

severely as deficiency of the entire GBP cluster, indicating partial

functional redundancy among GBP family members (15, 82).

Beyond its role in caspase-4/11 activation, GBP2 also modulates

absent in melanoma 2 (AIM2) inflammasome signaling (9). The

AIM2 inflammasome, which is critical for host defense against

cytosolic DNA viruses and bacteria, recognizes double-stranded

DNA and induces caspase-1-dependent pyroptosis along with IL-

1b and IL-18 release (47). GBP2 promotes Francisella novicida-

mediated AIM2 inflammasome activation but is dispensable for

AIM2 activation triggered by transfected DNA (47). Furthermore,

GBP2 can promote NLRP3 inflammasome activation in an
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isoprenylation-dependent manner, potentially through direct

interaction with the PYD domain of NLRP3 (26). Although

bacterial outer membrane vesicles carrying flagellin can activate

the NOD-like receptor family, CARD domain-containing 4

inflammasome, GBP2 is not required for NOD-like receptor

family, CARD domain-containing 4 activation induced by

Salmonella typhimurium-derived vesicles (79). Finally, recent

evidence shows that GBP2 can drive pyroptosis independently of

GBP1, underscoring its non-redundant functions in specific

contexts (Figure 6) (81).
5 GBP2 in cancer

GBP2 is expressed at variable levels across diverse human

malignancies and exhibits context-dependent roles in tumor

progression. Its expression correlates with clinical outcomes in a

cancer-type-specific manner. Notably, low GBP2 expression is

associated with poor prognosis and increased metastasis in

colorectal cancer, while elevated GBP2 levels are linked to worse
FIGURE 5

GBP2 modulates innate and adaptive immune responses by regulating macrophage polarization and T cell function. (A) GBP2 promotes macrophage
polarization toward the pro-inflammatory M1 phenotype through activation of the Notch1 signaling pathway and stimulates the production of pro-
inflammatory cytokines, including TNF-a and C-C motif chemokine ligand 2 (CCL2); (B) In naïve CD4+ T cells, low T cell receptor (TCR) affinity and
signaling induce GBP2 expression, which promotes T follicular helper (Tfh) cell differentiation while suppressing T helper 1 (Th1) differentiation; (C)
GBP2 enhances CD8+ T cell migration. Antigen recognition triggers GBP2 upregulation, which further facilitates IFN-g-induced antigen presentation.
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survival in patients with glioma, glioblastoma, clear cell renal cell

carcinoma, pancreatic adenocarcinoma, bladder cancer, and

cutaneous melanoma (6, 13, 14, 83–87). Due to its strong

prognostic value, GBP2 has been incorporated into multi-gene

prognostic models for several cancers, including bladder

urothelial carcinoma, breast cancer, pancreatic carcinoma, ovarian

cancer, primary central nervous system lymphoma, and cutaneous

melanoma (88–95). These models demonstrate significant efficacy

in predicting patient overall survival.
5.1 Dual roles of GBP2 in tumor
development, metastasis, and invasion

GBP2 plays context-dependent roles in tumor progression, with

evidence supporting both promotive and inhibitory functions

across different cancer types. In glioblastoma multiforme, GBP2

overexpression significantly promotes cell migration and invasion

in vitro, whereas its silencing produces the opposite effect. This pro-

invasive activity is mediated through fibronectin, which is markedly

induced by GBP2 at both mRNA and protein levels. Inhibition of

the STAT3 pathway prevents GBP2-promoted fibronectin

induction and cell invasion (13). Similarly, in clear cell renal cell

carcinoma, GBP2 overexpression enhances phosphorylation of

STAT2 and STAT3, triggering janus kinase(JAK)-STAT signaling
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and promoting cell migration and invasion (96). In glioma, GBP2

knockdown impairs proliferation and migration. Mechanistically,

GBP2 directly interacts with kinesin family member 22 (KIF22) and

regulates glioma progression through KIF22/epidermal growth

factor receptor signaling in vitro and in vivo (97). Furthermore,

GBP2 expression shows significant association with the mitogen-

activated protein kinase and Wnt signaling pathways, both known

to promote tumor occurrence and malignancy in various cancers

(98). GBP2 also influences fibroblast proliferation dynamics. In

NIH3T3 fibroblasts, GBP2 expression induces faster growth rates,

with the highest-expressing clones showing approximately 50%

reduction in doubling time. These GBP2-expressing fibroblasts

exhibit increased growth rate, partial loss of contact inhibition,

and enhanced ability to grow in reduced serum conditions—effects

potentially associated with its regulation of Rho family GTPases.

Notably, an GBP2 mutant (S52N) with reduced GTP-binding

capacity fails to produce these phenotypes when expressed at

levels comparable to wild-type protein (99). Additionally, GBP2 is

associated with the proliferative and neoplastic phenotype of

esophageal squamous cells. Although not a conventional

transcriptional target of p53, GBP2 may influence cellular

capacity to maintain sustained proliferation and survival (35).

Conversely, several studies link GBP2 to reduced metastatic

potential. In osteosarcoma, GBP2 downregulation enhances

migration and invasion (100), while low GBP2 expression
FIGURE 6

GBP2 in inflammasome activation and pyroptosis: A Central Coordinator and Effector. GBP2 facilitates the extraction of lipopolysaccharide (LPS)
from bacterial outer membrane vesicles, promoting caspase-4/11 recruitment and activation via LPS binding and aggregation. This caspase-11
inflammasome activation is negatively regulated by GABARAP-family autophagy proteins. Moreover, GBP2 is essential for AIM2 inflammasome
activation upon cytosolic bacterial infection. Additionally, GBP2 enhances NLRP3 inflammasome activation through direct binding to its N-terminal
PYD domain.
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correlates with poor prognosis and metastasis. GBP2 also modulates

STAT family signaling through phosphorylation events, promoting

STAT1 phosphorylation by competing with SH2-containing

protein tyrosine phosphatase 1 for STAT1 binding (76). In skin

cutaneous melanoma, GBP2 dampens development and metastasis

by inhibiting Wnt/b-catenin signaling, suggesting its utility as both

a prognostic biomarker and anti-metastatic target (6). Besides,

dynamin-related protein 1-dependent mitochondrial fission has a

key role in breast cancer cell invasion (101). In breast cancer, GBP2

blocks dynamin-related protein 1 translocation from the cytosol to

mitochondria, thereby attenuating dynamin-related protein 1-

dependent mitochondrial fission and cancer cell invasion (12).

GBP2 further suppresses migration and invadosome formation by

modulating Rho GTPase activity. In mouse mammary carcinoma

67NR cells, GBP2 promotes cellular projections and filopodia

formation, indicating cell division cycle 42 activation, while also

upregulating RhoA activity. GBP2 knockdown results in a rounded

cell morphology with lamellipodia, consistent with Rac1 activation

(102). Additionally, GBP2 hinders AKT activation during cell

spreading on fibronectin and suppresses Rac activation essential

for this process. Both IFN-g and GBP2 inhibit platelet-derived

growth factor-initiated cell spreading, accompanied by suppressed

Rac activation (103). The full-length GBP2 requires GTP binding

and potentially dimerization to effectively inhibit cell spreading, but

these properties alone are insufficient—isoprenylation is also

essential. While GBP2 typically undergoes modification with the

C20 geranylgeranyl isoprenoid, addition of the C15 farnesyl moiety

also inhibits cell spreading (104). Moreover, GBP2 forms a complex

with PI3K p110 subunit, which is crucial for inhibiting cell

spreading, as PI3K activation during spreading is curtailed by

GBP2 (103).
5.2 The roles of GBP2 in apoptosis of
tumor

Dysregulated apoptosis is a hallmark of cancer development.

The B cell lymphoma gene 2 (BCL-2) protein family acts as a pivotal

regulator of apoptosis, maintaining the delicate balance between cell

survival and death. This family includes both antiapoptotic and

proapoptotic members. Upon receiving death signals, proapoptotic

proteins such as BCL-2 antagonist/killer 1 (BAK), BCL-2 associated

X, and/or BCL-2-related ovarian killer undergo oligomerization,

leading to mitochondrial outer membrane permeabilization (105).

This process results in the release of apoptotic molecules including

cytochrome c, which subsequently triggers caspase activation. GBP2

contributes to tumor regulation by modulating apoptotic pathways.

It interacts with myeloid cell leukemia 1—a key antiapoptotic

protein in the BCL-2 family—via its BH3 domain. This

interaction competitively inhibits myeloid cell leukemia 1’s pro-

survival function in chronic myeloid leukemia cells, thereby

liberating BAK from myeloid cell leukemia 1 binding. In addition,

GBP2 significantly upregulates BAK expression by suppressing the

PI3K/AKT pathway (4). Correspondingly, knockdown of GBP2 was

shown to significantly increase proliferation and reduce apoptosis
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in acute myeloid leukemia cells. Furthermore, miR-221 promotes

acute myeloid leukemia cell proliferation partly through targeting

GBP2 and regulating PI3K/AKT pathway activation (106).

Pyroptosis, a form of inflammatory programmed cell death, also

plays a role in cancer cell death and the tumor immune

microenvironment through host-tumor crosstalk. As previously

discussed, GBP2 is involved in the regulation of pyroptosis (107),

highlighting its multifaceted role in cell death mechanisms relevant

to cancer.
5.3 The roles of GBP2 in immune
environment of tumor

GBP2 has been associated with immune surveillance,

immunotherapy response, immune regulation, and defense

against viral infections in the tumor microenvironment. Immune

checkpoint therapy represents a predominant strategy for many

advanced cancers, though its efficacy depends on the presence of

sufficient T cells. By blocking the programmed cell death 1 (PD-1)/

programmed cell death ligand 1 (PD-L1) axis to hinder immune

evasion, CD8+ T cells can effectively drive tumor eradication (108).

Currently, the role of GBP2 in immunotherapy remains

controversial. One perspective supports its beneficial role,

proposing GBP2 as a combination target with checkpoint

blockade due to its influence on anti-PD-1 response, regulation of

PD-L1 expression, and effects on CD8+ T cells. Increasing GBP2

expression enhances anti-PD-1 response and inhibits colorectal

cancer growth (76). It was identified as a hub gene linked to

CD8+ T cells in an immune-related gene score predicting

lymphoma subtypes and treatment response (109), and correlates

with T cell-related genes in breast cancer defense (110). Conversely,

other evidence suggests GBP2 may be detrimental to

immunotherapy outcomes. Studies indicate that GBP2

significantly correlates with increased expression of multiple

immune checkpoints (including PD-1 and PD-L1) and with

CD8+ T cell distribution in the renal cell carcinoma tumor

microenvironment, potentially promoting cancer progression (14,

111). A signature combining GBP2 predicts metastasis and immune

infiltration in prostate cancer (112). Moreover, in clear cell renal cell

carcinoma, high GBP2 expression is associated with greater

infiltration of CD3+, CD8+, and CD68+ immune cells, along with

elevated expression of immune checkpoint markers PD-1 and

cytotoxic T lymphocyte antigen 4, as validated by Opal multiplex

immunohistochemistry (96). In gastric cancer, elevated GBP2

expression is linked to poor prognosis, immune modulators,

infiltrating immune cells, biomarkers, and immunotherapy

response (83, 113). However, one study in esophageal cancer

found no association between inflammatory infiltrate and GBP2

expression (35). Regarding immune surveillance, most

characteristic immune checkpoints are significantly more

expressed in high-GBP2 groups compared to low-GBP2 groups

(84). GBP2 may also influence cancer progression through immune

regulation against viral infections. Given that many malignancies—

such as liver cancer with HBV, nasopharyngeal cancer with EBV,
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and cervical cancer with HPV—are associated with viral infections,

and considering that various viruses induce IFN production upon

host invasion, GBP2 likely plays a role in host defense. Whether the

pathology of cancers with high GBP2 expression involves viral

infection merits further investigation (84). Gastric cancer, one of the

most common and lethal cancers worldwide, is primarily caused by

Helicobacter pylori infection. GBP2 was among the highly

upregulated genes in H. felis-infected mice, potentially promoting

cancer progression by enhancing angiogenesis, proliferation,

migration, metastasis, invasion, and tumorigenicity (114). The

paradoxical regulatory effects of GBP2 in the immune

microenvironment may be explained by the fact that high GBP2

expression could represent both immune activation and a

compensatory immunosuppressive state, such as through

upregulation of checkpoint molecules.
5.4 The roles of GBP2 in therapy of tumor

GBP2 has emerged as a significant regulator of chemoresistance and

a potential therapeutic target in cancer treatment, addressing the major

challenge of chemoresistance in achieving effective anticancer outcomes.

Recent evidence indicates that GBP2 expression modulates sensitivity to

paclitaxel. In triple-negative breast cancer cells, upregulation of GBP2

was found to enhance paclitaxel sensitivity, promote autophagy, and

inhibit cell proliferation. This increased drug sensitivity was attenuated

upon administration of autophagy inhibitors, suggesting the

mechanistic involvement of autophagic processes. Further

investigation revealed that GBP2 facilitates autophagy through

suppression of the PI3K/AKT/mTOR signaling pathway and via

physical interaction with autophagy-related protein 2 (115). Notably,

paclitaxel itself can induce GBP2 expression, and GBP2 knockout in

chronic myeloid leukemia cells significantly attenuates paclitaxel

-induced apoptosis (4). In paclitaxel -resistant colorectal cancer cell

lines, both mRNA and protein levels of GBP2 were substantially

downregulated compared to their non-resistant counterparts. Ectopic

expression of GBP2 in these resistant cells restored paclitaxel sensitivity,

resulting in suppressed proliferation, reduced invasion, and increased

apoptosis. Mechanistically, GBP2 potentiates the cytotoxic effects of

paclitaxel in both sensitive and resistant colorectal cancer models by

inhibiting Wnt signaling (11). Beyond paclitaxel-response, GBP2 has

also been identified as a potential target of quercetin in melanoma. In

murine melanoma B16-F1 cells, quercetin treatment upregulates GBP2

expression, which correlates favorably with prognostic outcomes.

Functional studies suggest that GBP2 may restrain melanoma

progression by modulating mitochondrial fission and inhibiting

invasive behaviors (116). Additionally, GBP2 expression is modulated

by endocrine agents: it was significantly upregulated by estradiol and

downregulated by tamoxifen in breast cancer models, implicating a role

in hormone-therapy response (117). In bladder cancer, intravesical

Bacillus Calmette–Guérin immunotherapy has shown efficacy against

high-grade non-muscle-invasive disease. GBP2 appears to be specifically

involved in the Bacille Calmette–Guérin-responsive gene program,

despite exhibiting minimal basal expression in normal urothelium

(Figure 7) (118).
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5.5 Context-dependent dual roles of GBP2
in cancer

A substantial body of literature indicates that GBP2 can exhibit

both pro-tumorigenic and anti-tumorigenic functions in cancer.

The mechanistic basis for this context-dependent duality may be

attributed to several factors. First, the proper function of GBP2

relies on precise molecular regulation—including GTP binding,

dimerization, and isoprenylation. Point mutations (e.g., S52N)

that impair these processes abrogate its activity, suggesting that

cell-type-specific differences in its post-translational modifications

or protein-interaction networks may lead to divergent phenotypic

outcomes. Second, GBP2 may act as a signaling node whose

downstream effects are determined by the specific oncogenic

networks predominant in a given cellular context. Much like a

multifunctional tool, it can be exploited to “construct” pro-

tumorigenic programs in some cancers, while in others it

contributes to “destructive” anti-tumorigenic mechanisms.
6 The role of GBP2 in human diseases
beyond infection and cancer

6.1 The role of GBP2 in rheumatoid
diseases

GBP2 has been implicated in several rheumatoid diseases,

including rheumatoid arthritis, lupus erythematosus, lupus nephritis,

and primary Sjögren’s syndrome (119–122). In discoid lupus

erythematosus, GBP2 ranks among the top ten differentially

expressed genes, indicating its potential involvement across multiple

stages of the immune response (122). Regarding lupus nephritis, GBP2

expression is significantly upregulated in renal tissues compared to

healthy controls. As an integral component of the IFN signaling

pathway, GBP2 likely contributes to disease pathogenesis and

emerges as a potential biomarker for this condition (120). In primary

Sjögren’s syndrome, GBP2 serves as a salivary biomarker that not only

distinguishes patients from healthy controls but also differentiates

primary Sjögren’s syndrome from systemic lupus erythematosus

(121). Furthermore, in rheumatoid arthritis models, GBP2

demonstrates differential expression in both collagen-induced

arthritis and collagen-induced arthritis combined with organic dust

exposure—particularly within specific lung cell populations—

correlating with rheumatoid arthritis progression and associated

pulmonary complications (119).
6.2 The role of GBP2 in metabolic
disorders

GBP2 has been implicated in the pathogenesis of various

metabolic disorders, including nonalcoholic fatty liver disease and

diabetic complications (16, 123). In the context of nonalcoholic

fatty liver disease, GBP2 expression is significantly elevated

compared to normal hepatic tissues and contributes to hepatic
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lipid accumulation through the PPARg–CD36 axis. Targeting

GBP2, along with related signaling molecules such as C-Maf-

inducing protein, may thus offer novel therapeutic strategies for

the prevention and treatment of this condition (16). Regarding

diabetic nephropathy, GBP2 promotes M1 macrophage

polarization by activating the Notch1 signaling pathway.

Inhibition of GBP2 suppresses Notch1 activation, indicating that

GBP2 facilitates canonical Notch signaling—either directly by

promoting nuclear translocation of the Notch1 intracellular

domain, or indirectly through modulating its acetylation (73).

Furthermore, GBP2 exhibits altered expression in the diabetic

retina, where it may regulate inflammatory responses via

pyroptosis (9, 123). Additionally, GBP2 has been identified as a

component of a biomarker panel with potential utility in

pharmacotherapeutic research for diabetic retinopathy (124).
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6.3 The role of GBP2 in neurological
disorders

GBP2 has been implicated in the pathogenesis of multiple

neurological diseases. In Parkinson’s disease, GBP2—along with

C3 and Serping1—is significantly upregulated in the substantia

nigra of rats injected with preformed fibrils, identifying it as a

marker of reactive astrocytes (125). In Alzheimer’s disease, GBP2

expression in astrocytes is associated with amyloid plaques; it is

markedly increased in astrocytes treated with fibrillar amyloid b-
protein 42, and immunolabeling in TgF344-AD rat brains shows

enhanced GBP2 expression surrounding amyloid plaques compared

to wild-type controls (126). Following traumatic brain injury, GBP2

expression is regulated by the JAK2/STAT1 signaling pathway.

GBP2 interacts with phosphorylated STAT1, and administration
FIGURE 7

The dual roles of GBP2 in innate immunity and cancer. GBP2 exhibits context-dependent dual roles in tumorigenesis, either promoting or
suppressing cancer progression across different cancer types. On one hand, GBP2 acts as a tumor-promoting factor through multiple mechanisms:
it significantly upregulates fibronectin expression, which is essential for GBP2-driven cancer cell invasiveness. Additionally, GBP2 enhances the
phosphorylation of STAT3 and STAT2, thereby activating the JAK-STAT signaling pathway to facilitate cell migration and invasion. Furthermore, GBP2
directly interacts with KIF22 on microtubules, impeding the trafficking of epidermal growth factor receptor signaling from endosomes to lysosomes
for degradation. This leads to sustained epidermal growth factor receptor signaling and promotes tumor progression. On the other hand, GBP2 also
demonstrates tumor-suppressive functions: it promotes STAT1 phosphorylation by competing with the phosphatase SH2-containing protein tyrosine
phosphatase 1 for STAT1 binding, resulting in reduced tumor proliferative capacity. Moreover, GBP2 inhibits the Wnt/b-catenin signaling pathway,
thereby dampening tumor development and metastasis. It also blocks dynamin-related protein 1 translocation from the cytosol to mitochondria,
attenuating dynamin-related protein 1-dependent mitochondrial fission and consequently reducing cancer cell invasion. In certain contexts, GBP2
activates CDC42, leading to decreased invasiveness.
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of the JAK2 inhibitor AG490 disrupts this interaction and promotes

functional recovery after injury (127). Similarly, after subarachnoid

hemorrhage, GBP2 protein levels rise significantly, peaking at 24

hours, and may contribute to pathogenesis by inhibiting the PI3K/

AKT pathway (17). In migraine without aura, a rare

nonsynonymous mutation in GBP2 (A907G) was identified in

patients and absent in controls, suggesting a potential role in

vasomotor dysfunction and migraine pathogenesis (128). GBP2 is

also included in a five-gene signature predictive of relapse-free

survival in multiple sclerosis (129), and has been found to be

differentially expressed in human T-lymphotropic virus 1-

associated myelopathy/tropical spastic paraparesis (130).

Moreover, maternal infection—a known risk factor for

schizophrenia—may dysregulate GBP2 through epigenetic

mechanisms, potentially linking its antiviral functions to

neurodevelopmental pathology (131).
6.4 The role of GBP2 in hematological
diseases

GBP2 has been implicated in several hematological disorders,

where it influences disease progression and demonstrates diagnostic

utility. Elevated GBP2 expression is significantly associated with

reduced survival in patients with myelodysplastic syndromes,

underscoring its prognostic relevance (132). In the context of

molecular diagnostics, GBP2 is specifically upregulated in

JAK2V617F-positive myelofibrosis. It forms part of a four-gene

signature that yields high area under the receiver operating

characteristic curve values, effectively distinguishing JAK2V617F+

myelofibrosis from other myeloproliferative neoplasms such as

polycythemia vera and essential thrombocythemia (90).

Furthermore, GBP2 contributes functionally to erythropoiesis. It

is downregulated during normal erythroid differentiation and

regulates both proliferation and erythroid maturation in TF−1

cel l s . The microRNA miR−433 negat ively modulates

hematopoietic proliferation and erythropoiesis by directly

targeting GBP2, indicating a post−transcriptional regulatory

mechanism in these processes (133).
6.5 The role of GBP2 in other diseases

In transplantation medicine, GBP2 contributes to maintaining

homeostasis in the peri-implant epithelium, which serves as a

critical barrier against inflammatory initiation at implantation

sites. Expression levels of GBP2 in the peri-implant epithelium

are approximately 8.9-fold higher than in the junctional epithelium,

with immunohistochemical analysis confirming moderate staining

in peri-implant tissues (134). Additionally, GBP2 has emerged as a

promising peripheral blood biomarker for acute cellular rejection.

In patients experiencing acute cellular rejection, GBP2 expression is

significantly elevated compared to those with hepatitis C or without

severe liver dysfunction following transplantation. Using a cut-off

value of 20 (GBP2/GAPDH ratio), receiver operating characteristic
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curve analysis demonstrated 63% sensitivity and 85% specificity for

detecting acute cellular rejection. The correlation between GBP2

mRNA levels in peripheral leukocytes and liver grafts, along with its

consistent upregulation in allogeneic transplantation models,

supports its diagnostic utility—particularly in cases accompanied

by severe liver dysfunction (34, 135). In ocular diseases, GBP2

participates in retinal pathophysiology. Its expression is

downregulated in both oxygen-induced retinopathy mouse

models and hypoxic ARPE-19 cells. Functionally, GBP2 inhibits

angiogenesis via the AKT/mTOR/VEGFA signaling axis, suggesting

its potential as a therapeutic target for pathological retinal

angiogenesis. Knockdown of GBP2 activated the AKT/mTOR

pathway in vitro, whereas overexpression produced inhibitory

effects (7). Under chronic hypoxic conditions, GBP2 levels were

elevated in the vitreous and accompanied by increased retinal

mRNA expression, indicating its potential as an early marker of

photoreceptor response to hypoxia (136). Furthermore, GBP2 has

been identified as a key regulator in coronary artery disease, where it

orchestrates relevant biological processes (137). M The protein also

appears to play a significant role in acute respiratory distress

syndrome, showing promise as both a diagnostic indicator and

therapeutic target (138). The regulatory role of GBP2 in non-

infectious human diseases are summarized in Table 2.
7 Therapeutic implications of GBP2:
diagnostic biomarker, differential
diagnostic utility, and therapeutic
target

Accumulating evidence underscores the significant potential of

GBP2 as a diagnostic biomarker, a tool for differential diagnosis,

and a promising therapeutic target across various human diseases.

In tuberculosis, GBP2 is consistently downregulated and has been

identified as a hub gene with considerable diagnostic value; its

significantly reduced expression in tuberculosis patients supports its

utility for treatment monitoring (56). Additionally, during dengue

infection, plasma GBP2 levels emerge as a potential biomarker for

disease severity, correlating with key clinical manifestations (42).

Beyond infectious diseases, GBP2 exhibits distinctive expression

patterns that aid in differential diagnosis. For example, it serves as a

salivary biomarker that not only identifies patients with primary

Sjögren’s syndrome but also differentiates this condition from

systemic lupus erythematosus (121).

Therapeutically, GBP2 plays a context-dependent role in

modulating cancer treatment response. It enhances sensitivity to

anti-PD-1 immunotherapy and suppresses tumor growth in

colorectal cancer (76). In triple-negative breast cancer, GBP2

increases paclitaxel sensitivity by promoting autophagy through

suppression of the PI3K/AKT/mTOR pathway and physical

interaction with autophagy-related protein 2 (115). Similarly, in

paclitaxel -resistant colorectal cancer models, restoring GBP2

expression re-sensitizes cells to paclitaxel via inhibition of Wnt

signaling, leading to suppressed proliferation and invasion, along
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TABLE 2 Summary of GBP2 dysregulation, mechanisms, and functional roles in non-infectious human diseases.

Disease
GBP2

expression
change

Mechanism Main function References

Cancer

Glioblastoma ↑
Promotes fibronectin induction via STAT3

pathway
Promotes tumor cell migration and invasion (13)

Clear Cell Renal Cell
Carcinoma

↑
Enhances phosphorylation of STAT2/
STAT3, triggering JAK-STAT signaling

Promotes cell migration and invasion; Associated
with immune infiltration and poor prognosis

(14, 96)

Glioma ↑
Interacts with KIF22 to regulate KIF22/

epidermal growth factor receptor signaling
Promotes cell proliferation and migration (97)

Esophageal Squamous
Cell Carcinoma

↑ Unclear
Associated with proliferative and neoplastic

phenotype
(35)

Cutaneous Melanoma ↓ Inhibits Wnt/b-catenin signaling
Suppresses metastasis; Acts as a potential tumor

suppressor
(6)

Breast Cancer (TNBC,
paclitaxel -Resistance)

↓
Inhibits PI3K/AKT/mTOR pathway;

Interacts with autophagy-related protein 2
Increases paclitaxel sensitivity; Enhances

autophagy; Suppresses cell growth
(115)

Colorectal Cancer
(paclitaxel -Resistant)

↓ Suppresses Wnt signaling
Increases paclitaxel sensitivity; Decreases

proliferation and invasion; Increases apoptosis
(11)

Osteosarcoma ↓ Unclear Suppresses cell migration and invasion (100)

Rheumatological Diseases

Lupus Nephritis ↑
Unclear; Part of interferon signaling

pathway
Potential contributor to pathogenesis; Potential

biomarker
(120)

Primary Sjögren’s
Syndrome

↑(Saliva) Unclear
Salivary biomarker for diagnosis and differentiation

from systemic lupus erythematosus
(121)

Discoid Lupus
Erythematosus

Unclear Unclear Involved in immune response stages (122)

Rheumatoid Arthritis
(with lung complication)

↑ Unclear Correlates with disease and lung complications (119)

Metabolic Disorders

Non-alcoholic Fatty
Liver Disease

↑ Acts via the PPARg–CD36 axis Promotes hepatic lipid accumulation (16)

Diabetic Nephropathy ↑ Activates Notch1 signaling pathway Promotes M1 macrophage polarization (73)

Diabetic Retinopathy ↑
Unclear; May regulate inflammation

through pyroptosis
Potential component of a biomarker panel (9, 123, 124)

Neurological Disorders

Parkinson’s Disease ↑ Unclear Marker of reactive astrocytes (125)

Alzheimer’s Disease ↑ (Astrocytes) Unclear Associated with amyloid plaques (126)

Traumatic Brain Injury ↑
Interacts with p-STAT1 (JAK2/STAT1

pathway)
Contributes to pathogenesis; Inhibition promotes

recovery
(127)

Subarachnoid
Hemorrhage

↑ Inhibits PI3K/AKT pathway Contributes to pathogenesis (17)

Migraine without Aura Mutation (A907G) Unclear
Potential role in vasomotor dysfunction and

pathogenesis
(128)

Multiple Sclerosis
(relapse-free survival)

↓ Unclear Predictive biomarker for relapse-free survival (129)

Hematological Diseases

Myelodysplastic
Syndromes

↑ Unclear
Prognostic marker (associated with shorter

survival)
(132)

(Continued)
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with increased apoptosis (11). Collectively, these findings position

GBP2 as a multifaceted player in clinical medicine—functioning as

a diagnostic indicator, a discriminator among complex diseases, and

a modulator of treatment response—with mechanistic involvement

across JAK-STAT, Wnt, and PI3K/AKT/mTOR signaling pathways.
8 Limitations of current evidence and
knowledge gaps

While this review synthesizes the expanding roles of GBP2

across diseases, a critical appraisal reveals significant limitations in

the current evidence base and highlights crucial knowledge gaps

that future research must address. A primary concern is the heavy

reliance on in vitro models and preclinical studies, which form the

bulk of the mechanistic evidence (13, 49, 97). While these models

are invaluable for hypothesis generation, they often lack the

complexity of the human tumor microenvironment or tissue-

specific physiology, raising questions about the translational

relevance of these findings. The scarcity of genetically engineered

mouse models that specifically manipulate GBP2 expression in a

spatiotemporal manner limits our understanding of its systemic and

cell-autonomous functions in vivo. Additionally, substantial

methodological limitations also exist. Many studies utilize bulk

transcriptomic data to correlate GBP2 expression with clinical

outcomes (83, 84). This approach fails to account for cellular

heterogeneity within tumors. The seemingly contradictory

association of high GBP2 with both favorable immune activation
Frontiers in Immunology 16
and immunosuppressive checkpoint expression could potentially be

resolved by single-cell analyses to determine which specific cell

types (e.g., tumor cells, T cells, macrophages) express GBP2 in

different contexts (76, 96). Furthermore, species differences between

human and murine GBP systems are often overlooked. For

example, the human GBP family has seven members, while mice

have eleven, leading to potential functional redundancy or

divergence that complicates the extrapolation of findings from

mouse models to human diseases (1).
9 Conclusion and perspectives

Recent advances have unveiled the multifaceted roles of GBP2

in human diseases—including cancer, neurological, metabolic, and

autoimmune disorders—highlighting its promising potential as a

therapeutic target. Functioning both within and beyond the

guanylate-binding protein family, GBP2 mediates cell-

autonomous innate immunity against viral, bacterial, and

parasitic infections through mechanisms such as furin inhibition,

inflammasome activation, and targeted protein trafficking. In

cancer, it exhibits context−dependent duality, modulating key

pathways—including JAK−STAT, Wnt/b−catenin, and immune

signaling—to influence tumor progression, metastasis, and

therapy response.

To resolve the paradox of its opposing functions, we propose a

unifying hypothesis in which GBP2’s biological output is shaped by the

molecular milieu—including cell−type−specific interaction partners and
TABLE 2 Continued

Disease
GBP2

expression
change

Mechanism Main function References

Hematological Diseases

JAK2V617F+

Myelofibrosis
↑ Unclear Diagnostic biomarker (part of a gene signature) (90)

Erythropoiesis (TF-1
cells)

↓ Regulated by miR-433 Regulates proliferation and erythroid maturation (133)

Acute Myeloid Leukemia ↓ Regulation of PI3K/AKT pathway Suppresses cell proliferation and reduces apoptosis (106)

Transplantation

Acute Cellular Rejection ↑(Blood) Unclear Potential peripheral blood biomarker for diagnosis (34, 135)

Peri-implant Epithelium ↑ Unclear Maintains homeostasis (134)

Ocular Diseases

Pathological Retinal
Angiogenesis

↓ Inhibits AKT/mTOR/VEGFA signaling Inhibits pathological retinal angiogenesis (7)

Chronic Retinal Hypoxia ↑(Vitreous) Unclear
Potential early marker of photoreceptor response

to hypoxia
(136)

Cardiovascular & Respiratory

Coronary Artery Disease ↑ Unclear Orchestrates relevant biological processes (137)

Acute Respiratory
Distress Syndrome

↑ Unclear Potential diagnostic and therapeutic target (138)
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upstream signaling cues—together with its post−translational

modification status. In growth factor−enriched, pro−tumorigenic

niches (e.g., under platelet-derived growth factor stimulation), GBP2

is co−opted to potentiate oncogenic pathways such as JAK−STAT,

thereby fostering invasive behavior. Conversely, in homeostatic or

defense−primed contexts, GBP2 exerts tumor−suppressive effects by

harnessing its GTPase activity and membrane localization properties to

disrupt core motility machinery, including cytoskeletal remodeling and

mitochondrial fission.

Future research on GBP2 should prioritize elucidating the

molecular determinants underlying its context−dependent roles in

cancer and other diseases. Key areas include delineating how cell

−type−specific interactors, signaling environments, and post

−translational modifications—such as GTP binding, dimerization,

and isoprenylation—dictate its functional outcomes. In−depth

mechanistic studies are also warranted to explore GBP2’s

regulation of critical pathways, including JAK−STAT, Wnt/

b−catenin, PI3K/AKT/mTOR, and Rho GTPase cascades across

different pathological contexts. Substantial knowledge gaps remain

in understanding GBP2’s immunomodulatory roles. While its

contributions to inflammasome activation and T−cell polarization

have been established, the detailed molecular cascades and

functional consequences for the overall immune landscape in

tumors or autoimmune diseases are not fully delineated. Finally,

the development of GBP2−targeted agents—such as small

−molecule modulators and biologicals—represents a promising

translational direction. Efforts to validate GBP2 as a diagnostic or

prognostic biomarker in infections, cancers, and autoimmune

diseases should also be strengthened through multi−center

clinical studies.

In summary, the role of GBP2 in human diseases appears to

have been significantly underestimated, underscoring the need for

expanded investigation into its molecular functions and

therapeutic applicability.
Author contributions

WC: Writing – review & editing, Formal analysis, Writing –

original draft. TW: Writing – review & editing. JF: Writing – review

& editing, Funding acquisition.
Frontiers in Immunology 17
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. This work was supported

by the Natural Science Foundation of China (82271275).
Acknowledgments

Figure support was provided by Figdraw. The agreement

numbers associated with this use are AYOYR43439, YYPPS57a6e,

TWORU27b66, SAOWS766ee, OOWWWffd47, RSUIP677b8

and OPUUAa2944.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Chhabra S, Kalia M. Guanylate-binding proteins in virus infection. Biochem Soc
Trans. (2023) 51:1621–33. doi: 10.1042/BST20221500

2. Kirkby M, Enosi Tuipulotu D, Feng S, Lo Pilato J, Man SM. Guanylate-binding
proteins: mechanisms of pattern recognition and antimicrobial functions. Trends
Biochem Sci. (2023) 48:883–93. doi: 10.1016/j.tibs.2023.07.002

3. Vestal DJ. The guanylate-binding proteins (Gbps): proinflammatory cytokine-
induced members of the dynamin superfamily with unique gtpase activity. J Interferon
Cytokine Res. (2005) 25:435–43. doi: 10.1089/jir.2005.25.435

4. Luo Y, Jin H, Kim JH, Bae J. Guanylate-binding proteins induce apoptosis of
leukemia cells by regulating Mcl-1 and Bak. Oncogenesis. (2021) 10:54. doi: 10.1038/
s41389-021-00341-y
5. Schelle L, Corte-Real JV, Esteves PJ, Abrantes J, Baldauf HM. Functional cross-
species conservation of Guanylate-Binding proteins in innate immunity.MedMicrobiol
Immunol. (2023) 212:141–52. doi: 10.1007/s00430-022-00736-7

6. Ji G, Luo B, Chen L, Shen G, Tian T. Gbp2 is a favorable prognostic marker of skin
cutaneous melanoma and affects its progression via the Wnt/Beta-catenin pathway.
Ann Clin Lab Sci. (2021) 51:772–82.

7. Xu X, Ding X, Wang Z, Ye S, Xu J, Liang Z, et al. Gbp2 inhibits pathological
angiogenesis in the retina via the Akt/Mtor/Vegfa axis. Microvasc Res. (2024)
154:104689. doi: 10.1016/j.mvr.2024.104689

8. Zhao XY, Lempke SL, Urban Arroyo JC, Brown IG, Yin B, Magaj MM, et al. Inos
is necessary for Gbp-mediated T. Gondii clearance in murine macrophages via vacuole
frontiersin.org

https://doi.org/10.1042/BST20221500
https://doi.org/10.1016/j.tibs.2023.07.002
https://doi.org/10.1089/jir.2005.25.435
https://doi.org/10.1038/s41389-021-00341-y
https://doi.org/10.1038/s41389-021-00341-y
https://doi.org/10.1007/s00430-022-00736-7
https://doi.org/10.1016/j.mvr.2024.104689
https://doi.org/10.3389/fimmu.2025.1708319
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cui et al. 10.3389/fimmu.2025.1708319
nitration and intravacuolar network collapse. Nat Commun. (2024) 15:2698.
doi: 10.1038/s41467-024-46790-y

9. Wang N, Ding L, Liu D, Zhang Q, Zheng G, Xia X, et al. Molecular investigation
of candidate genes for pyroptosis-induced inflammation in diabetic retinopathy. Front
Endocrinol. (2022) 13:918605. doi: 10.3389/fendo.2022.918605

10. Man SM, Karki R, Sasai M, Place DE, Kesavardhana S, Temirov J, et al. Irgb10
liberates bacterial ligands for sensing by the aim2 and caspase-11-Nlrp3
inflammasomes. Cell. (2016) 167:382–96.e17. doi: 10.1016/j.cell.2016.09.012

11. Wang J, Min H, Hu B, Xue X, Liu Y. Guanylate-binding protein-2 inhibits
colorectal cancer cell growth and increases the sensitivity to paclitaxel of paclitaxel-
resistant colorectal cancer cells by interfering Wnt signaling. J Cell Biochem. (2020)
121:1250–9. doi: 10.1002/jcb.29358

12. Zhang J, Zhang Y, Wu W, Wang F, Liu X, Shui G, et al. Guanylate-binding
protein 2 regulates Drp1-mediated mitochondrial fission to suppress breast cancer cell
invasion. Cell Death Dis. (2017) 8:e3151. doi: 10.1038/cddis.2017.559

13. Yu S, Yu X, Sun L, Zheng Y, Chen L, Xu H, et al. Gbp2 enhances glioblastoma
invasion through Stat3/fibronectin pathway. Oncogene. (2020) 39:5042–55.
doi: 10.1038/s41388-020-1348-7

14. Ye S, Li S, Qin L, Zheng W, Liu B, Li X, et al. Gbp2 promotes clear cell renal cell
carcinoma progression through immune infiltration and regulation of Pd−L1
expression via Stat1 signaling. Oncol Rep. (2023) 49:49. doi: 10.3892/or.2023.8486

15. Meunier E, Dick MS, Dreier RF, Schurmann N, Kenzelmann Broz D, Warming
S, et al. Caspase-11 activation requires lysis of pathogen-containing vacuoles by Ifn-
induced Gtpases. Nature. (2014) 509:366–70. doi: 10.1038/nature13157

16. Lee J, Song JH, Park JH, Chung MY, Lee SH, Jeon SB, et al. Dnmt1/Tet2-
mediated changes in Cmip methylation regulate the development of nonalcoholic fatty
liver disease by controlling the Gbp2-ppargamma-Cd36 axis. Exp Mol Med. (2023)
55:143–57. doi: 10.1038/s12276-022-00919-5

17. Tang H, Shao C, Wang X, Cao Y, Li Z, Luo X, et al. 6-gingerol attenuates
subarachnoid hemorrhage-induced early brain injury via Gbp2/Pi3k/Akt pathway in
the rat model. Front Pharmacol. (2022) 13:882121. doi: 10.3389/fphar.2022.882121

18. Kutsch M, Coers J. Human Guanylate binding proteins: nanomachines
orchestrating host defense. FEBS J. (2021) 288:5826–49. doi: 10.1111/febs.15662

19. Honkala AT, Tailor D, Malhotra SV. Guanylate-binding protein 1: an emerging
target in inflammation and cancer. Front Immunol. (2019) 10:3139. doi: 10.3389/
fimmu.2019.03139

20. Yu P, Li Y, Li Y, Miao Z, Peppelenbosch MP, Pan Q. Guanylate-binding protein
2 orchestrates innate immune responses against murine norovirus and is antagonized
by the viral protein Ns7. J Biol Chem. (2020) 295:8036–47. doi: 10.1074/
jbc.RA120.013544

21. Cui W, Braun E, Wang W, Tang J, Zheng Y, Slater B, et al. Structural basis for
Gtp-induced dimerization and antiviral function of guanylate-binding proteins. Proc
Natl Acad Sci U S A. (2021) 118:e2022269118. doi: 10.1073/pnas.2022269118

22. Praefcke GJK. Regulation of innate immune functions by guanylate-binding
proteins. Int J Med Microbiol. (2018) 308:237–45. doi: 10.1016/j.ijmm.2017.10.013

23. Zhang R, Li Z, Tang YD, Su C, Zheng C. When human Guanylate-binding
proteins meet viral infections. J BioMed Sci. (2021) 28:17. doi: 10.1186/s12929-021-
00716-8

24. Britzen-Laurent N, Bauer M, Berton V, Fischer N, Syguda A, Reipschlager S,
et al. Intracellular trafficking of Guanylate-binding proteins is regulated by
heterodimerization in a hierarchical manner. PLoS One. (2010) 5:e14246.
doi: 10.1371/journal.pone.0014246

25. Gao Z, Meng Z, He X, Chen G, Fang Y, Tian H, et al. Guanylate-binding protein
2 exerts Gtpase-dependent anti-ectromelia virus effect. Microorganisms. (2023)
11:2258. doi: 10.3390/microorganisms11092258

26. Huang W, Zhang Y, Zheng B, Ling X, Wang G, Li L, et al. Gbp2 upregulated in
Lps-stimulated macrophages-derived exosomes accelerates septic lung injury by
activating epithelial cell Nlrp3 signaling. Int Immunopharmacol. (2023) 124:111017.
doi: 10.1016/j.intimp.2023.111017

27. Abdullah N, Balakumari M, Sau AK. Dimerization and its role in Gmp
formation by human Guanylate binding proteins. Biophys J. (2010) 99:2235–44.
doi: 10.1016/j.bpj.2010.07.025

28. Rajan S, Pandita E, Mittal M, Sau AK. Understanding the lower Gmp formation
in large Gtpase Hgbp-2 and role of its individual domains in regulation of Gtp
hydrolysis. FEBS J. (2019) 286:4103–21. doi: 10.1111/febs.14957

29. Neun R, Richter MF, Staeheli P, Schwemmle M. Gtpase properties of the
interferon-induced human Guanylate-binding protein 2. FEBS Lett. (1996) 390:69–
72. doi: 10.1016/0014-5793(96)00628-x

30. Briken V, Ruffner H, Schultz U, Schwarz A, Reis LF, Strehlow I, et al. Interferon
regulatory factor 1 is required for mouse Gbp gene activation by gamma interferon.Mol
Cell Biol. (1995) 15:975–82. doi: 10.1128/MCB.15.2.975

31. Parrini M, Meissl K, Ola MJ, Lederer T, Puga A, Wienerroither S, et al. The C-
terminal transactivation domain of stat1 has a gene-specific role in transactivation and
cofactor recruitment. Front Immunol. (2018) 9:2879. doi: 10.3389/fimmu.2018.02879

32. Zupkovitz G, Tischler J, Posch M, Sadzak I, Ramsauer K, Egger G, et al. Negative
and positive regulation of gene expression by mouse histone deacetylase 1. Mol Cell
Biol. (2006) 26:7913–28. doi: 10.1128/MCB.01220-06
Frontiers in Immunology 18
33. Ramsauer K, Farlik M, Zupkovitz G, Seiser C, Kroger A, Hauser H, et al. Distinct
modes of action applied by transcription factors Stat1 and Irf1 to initiate transcription
of the Ifn-gamma-inducible Gbp2 gene. Proc Natl Acad Sci U S A. (2007) 104:2849–54.
doi: 10.1073/pnas.0610944104

34. Kobayashi S, Nagano H, MArubashi S, Hama N, Eguchi TA, Takeda Y, et al.
Guanylate-binding protein 2 Mrna in peripheral blood leukocytes of liver transplant
recipients as a marker for acute cellular rejection. Transpl Int. (2010) 23:390–6.
doi: 10.1111/j.1432-2277.2009.00991.x

35. Guimaraes DP, Oliveira IM, de Moraes E, Paiva GR, Souza DM, Barnas C, et al.
Interferon-inducible Guanylate binding protein (Gbp)-2: A novel P53-regulated tumor
marker in esophageal squamous cell carcinomas. Int J Cancer. (2009) 124:272–9.
doi: 10.1002/ijc.23944

36. Farlik M, Rapp B, Marie I, Levy DE, Jamieson AM, Decker T. Contribution of a tank-
binding kinase 1-interferon (Ifn) regulatory factor 7 pathway to Ifn-gamma-induced gene
expression. Mol Cell Biol. (2012) 32:1032–43. doi: 10.1128/MCB.06021-11

37. Wei L, Fan M, Xu L, Heinrich K, Berry MW, Homayouni R, et al. Bioinformatic
analysis reveals Crel as a regulator of a subset of interferon-stimulated genes. J
Interferon Cytokine Res. (2008) 28:541–51. doi: 10.1089/jir.2007.0136

38. Braun E, Hotter D, Koepke L, Zech F, Gross R, Sparrer KMJ, et al. Guanylate-
binding proteins 2 and 5 exert broad antiviral activity by inhibiting furin-mediated
processing of viral envelope proteins. Cell Rep. (2019) 27:2092–104.e10. doi: 10.1016/
j.celrep.2019.04.063

39. Gordon VM, Klimpel KR, Arora N, Henderson MA, Leppla SH. Proteolytic
activation of bacterial toxins by eukaryotic cells is performed by Furin and by
additional cellular proteases. Infect Immun. (1995) 63:82–7. doi: 10.1128/iai.63.1.82-
87.1995

40. Mesner D, Reuschl AK, Whelan MVX, Bronzovich T, Haider T, Thorne LG,
et al. Sars-Cov-2 evolution influences Gbp and Ifitm sensitivity. Proc Natl Acad Sci U S
A. (2023) 120:e2212577120. doi: 10.1073/pnas.2212577120

41. Carter CC, Gorbacheva VY, Vestal DJ. Inhibition of Vsv and Emcv replication
by the interferon-induced Gtpase, Mgbp-2: differential requirement for wild-type Gtp
binding domain. Arch Virol. (2005) 150:1213–20. doi: 10.1007/s00705-004-0489-2

42. Mariappan V, Adikari S, Shanmugam L, Easow JM, Balakrishna Pillai A.
Differential expression of interferon inducible protein: guanylate binding protein
(Gbp1 & Gbp2) in severe dengue. Free Radic Biol Med. (2023) 194:131–46.
doi: 10.1016/j.freeradbiomed.2022.11.037

43. Srinivasachar Badarinarayan S, Shcherbakova I, Langer S, Koepke L, Preising A,
Hotter D, et al. Hiv-1 infection activates endogenous retroviral promoters regulating
antiviral gene expression. Nucleic Acids Res. (2020) 48:10890–908. doi: 10.1093/nar/
gkaa832

44. Thurston TL, Wandel MP, von Muhlinen N, Foeglein A, Randow F. Galectin 8
targets damaged vesicles for autophagy to defend cells against bacterial invasion.
Nature. (2012) 482:414–8. doi: 10.1038/nature10744

45. Feeley EM, Pilla-Moffett DM, Zwack EE, Piro AS, Finethy R, Kolb JP, et al.
Galectin-3 directs antimicrobial guanylate binding proteins to vacuoles furnished with
bacterial secretion systems. Proc Natl Acad Sci U S A. (2017) 114:E1698–E706.
doi: 10.1073/pnas.1615771114

46. Valeva SV, Degabriel M, Michal F, Gay G, Rohde JR, Randow F, et al.
Comparative study of Gbp recruitment on two cytosol-dwelling pathogens,
Francisella novicida and Shigella flexneri highlights differences in Gbp repertoire and
in Gbp1 motif requirements. Pathog Dis. (2023) 81:ftad005. doi: 10.1093/femspd/
ftad005

47. Meunier E, Wallet P, Dreier RF, Costanzo S, Anton L, Ruhl S, et al. Guanylate-
binding proteins promote activation of the aim2 inflammasome during infection with
Francisella Novicida. Nat Immunol. (2015) 16:476–84. doi: 10.1038/ni.3119

48. Sakaguchi N, Sasai M, Bando H, Lee Y, Pradipta A, Ma JS, et al. Role of gate-16
and gabarap in prevention of caspase-11-dependent excess inflammation and lethal
endotoxic shock. Front Immunol. (2020) 11:561948. doi: 10.3389/fimmu.2020.561948

49. Place DE, Briard B, Samir P, Karki R, Bhattacharya A, Guy CS, et al. Interferon
inducible gbps restrict burkholderia Thailandensis motility induced cell-cell fusion.
PLoS Pathog. (2020) 16:e1008364. doi: 10.1371/journal.ppat.1008364

50. Enosi Tuipulotu D, Feng S, Pandey A, Zhao A, Ngo C, Mathur A, et al. Immunity
against moraxella catarrhalis requires Guanylate-binding proteins and caspase-11-
Nlrp3 inflammasomes. EMBO J. (2023) 42:e112558. doi: 10.15252/embj.2022112558

51. Marinho FV, Brito C, de Araujo A, Oliveira SC. Guanylate-binding protein-5 is
involved in inflammasome activation by bacterial DNA but only the cooperation of
multiple gbps accounts for control of brucella abortus infection. Front Immunol. (2024)
15:1341464. doi: 10.3389/fimmu.2024.1341464

52. Costa Franco MM, Marim F, Guimaraes ES, Assis NRG, Cerqueira DM, Alves-
Silva J, et al. Brucella abortus triggers a Cgas-independent sting pathway to induce host
protection that involves Guanylate-binding proteins and inflammasome activation. J
Immunol. (2018) 200:607–22. doi: 10.4049/jimmunol.1700725

53. Balakrishnan A, Karki R, Berwin B, Yamamoto M, Kanneganti TD. Guanylate
binding proteins facilitate caspase-11-dependent pyroptosis in response to type 3
secretion system-negative pseudomonas aeruginosa. Cell Death Discov. (2018) 4:3.
doi: 10.1038/s41420-018-0068-z

54. Wandel MP, Pathe C, Werner EI, Ellison CJ, Boyle KB, von der Malsburg A, et al.
Gbps inhibit motility of shigella flexneri but are targeted for degradation by the
frontiersin.org

https://doi.org/10.1038/s41467-024-46790-y
https://doi.org/10.3389/fendo.2022.918605
https://doi.org/10.1016/j.cell.2016.09.012
https://doi.org/10.1002/jcb.29358
https://doi.org/10.1038/cddis.2017.559
https://doi.org/10.1038/s41388-020-1348-7
https://doi.org/10.3892/or.2023.8486
https://doi.org/10.1038/nature13157
https://doi.org/10.1038/s12276-022-00919-5
https://doi.org/10.3389/fphar.2022.882121
https://doi.org/10.1111/febs.15662
https://doi.org/10.3389/fimmu.2019.03139
https://doi.org/10.3389/fimmu.2019.03139
https://doi.org/10.1074/jbc.RA120.013544
https://doi.org/10.1074/jbc.RA120.013544
https://doi.org/10.1073/pnas.2022269118
https://doi.org/10.1016/j.ijmm.2017.10.013
https://doi.org/10.1186/s12929-021-00716-8
https://doi.org/10.1186/s12929-021-00716-8
https://doi.org/10.1371/journal.pone.0014246
https://doi.org/10.3390/microorganisms11092258
https://doi.org/10.1016/j.intimp.2023.111017
https://doi.org/10.1016/j.bpj.2010.07.025
https://doi.org/10.1111/febs.14957
https://doi.org/10.1016/0014-5793(96)00628-x
https://doi.org/10.1128/MCB.15.2.975
https://doi.org/10.3389/fimmu.2018.02879
https://doi.org/10.1128/MCB.01220-06
https://doi.org/10.1073/pnas.0610944104
https://doi.org/10.1111/j.1432-2277.2009.00991.x
https://doi.org/10.1002/ijc.23944
https://doi.org/10.1128/MCB.06021-11
https://doi.org/10.1089/jir.2007.0136
https://doi.org/10.1016/j.celrep.2019.04.063
https://doi.org/10.1016/j.celrep.2019.04.063
https://doi.org/10.1128/iai.63.1.82-87.1995
https://doi.org/10.1128/iai.63.1.82-87.1995
https://doi.org/10.1073/pnas.2212577120
https://doi.org/10.1007/s00705-004-0489-2
https://doi.org/10.1016/j.freeradbiomed.2022.11.037
https://doi.org/10.1093/nar/gkaa832
https://doi.org/10.1093/nar/gkaa832
https://doi.org/10.1038/nature10744
https://doi.org/10.1073/pnas.1615771114
https://doi.org/10.1093/femspd/ftad005
https://doi.org/10.1093/femspd/ftad005
https://doi.org/10.1038/ni.3119
https://doi.org/10.3389/fimmu.2020.561948
https://doi.org/10.1371/journal.ppat.1008364
https://doi.org/10.15252/embj.2022112558
https://doi.org/10.3389/fimmu.2024.1341464
https://doi.org/10.4049/jimmunol.1700725
https://doi.org/10.1038/s41420-018-0068-z
https://doi.org/10.3389/fimmu.2025.1708319
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cui et al. 10.3389/fimmu.2025.1708319
bacterial ubiquitin ligase Ipah9.8. Cell Host Microbe. (2017) 22:507–18.e5. doi: 10.1016/
j.chom.2017.09.007

55. Zhang L, Ma C, Liu J, Shahin K, Hou X, Sun L, et al. Antiviral effect of a
bacteriophage on murine norovirus replication via modulation of the innate immune
response. Virus Res. (2021) 305:198572. doi: 10.1016/j.virusres.2021.198572

56. Long NP, Phat NK, Yen NTH, Park S, Park Y, Cho YS, et al. A 10-gene
biosignature of tuberculosis treatment monitoring and treatment outcome prediction.
Tuberculosis (Edinb). (2021) 131:102138. doi: 10.1016/j.tube.2021.102138

57. Marinho FV, Fahel JS, de Araujo A, Diniz LTS, Gomes MTR, Resende DP, et al.
Guanylate binding proteins contained in the murine chromosome 3 are important to
control mycobacterial infection. J Leukoc Biol. (2020) 108:1279–91. doi: 10.1002/
JLB.4MA0620-526RR

58. Sambarey A, Devaprasad A, Baloni P, Mishra M, Mohan A, Tyagi P, et al. Meta-
analysis of host response networks identifies a common core in tuberculosis. NPJ Syst
Biol Appl. (2017) 3:4. doi: 10.1038/s41540-017-0005-4

59. Correa RDS, Leal-Calvo T, Mafort TT, Santos AP, Leung J, Pinheiro RO, et al.
Reanalysis and validation of the transcriptional pleural fluid signature in pleural
tuberculosis. Front Immunol. (2023) 14:1256558. doi: 10.3389/fimmu.2023.1256558

60. Varzari A, Deyneko IV, Bruun GH, Dembic M, HofmannW, Cebotari VM, et al.
Candidate genes and sequence variants for susceptibility to mycobacterial infection
identified by whole-exome sequencing. Front Genet. (2022) 13:969895. doi: 10.3389/
fgene.2022.969895

61. Perumal P, Abdullatif MB, Garlant HN, Honeyborne I, LipmanM, McHugh TD,
et al. Validation of differentially expressed immune biomarkers in latent and active
tuberculosis by real-time Pcr. Front Immunol. (2020) 11:612564. doi: 10.3389/
fimmu.2020.612564

62. Teles RMB, Lu J, Tio-Coma M, Goulart IMB, Banu S, Hagge D, et al.
Identification of a systemic interferon-gamma inducible antimicrobial gene signature
in leprosy patients undergoing reversal reaction. PLoS Negl Trop Dis. (2019) 13:
e0007764. doi: 10.1371/journal.pntd.0007764

63. Al-Zeer MA, Al-Younes HM, Lauster D, Abu Lubad M, Meyer TF. Autophagy
restricts chlamydia trachomatis growth in human macrophages via Ifng-inducible
Guanylate binding proteins. Autophagy. (2013) 9:50–62. doi: 10.4161/auto.22482

64. Finethy R, Jorgensen I, Haldar AK, de Zoete MR, Strowig T, Flavell RA, et al.
Guanylate binding proteins enable rapid activation of canonical and noncanonical
inflammasomes in chlamydia-infected macrophages. Infect Immun. (2015) 83:4740–9.
doi: 10.1128/IAI.00856-15

65. Kylaniemi MK, Haveri A, Vuola JM, Puolakkainen M, Lahesmaa R. Gene
expression signatures characterizing the development of lymphocyte response during
experimental chlamydia pneumoniae infection. Microb Pathog. (2009) 46:235–42.
doi: 10.1016/j.micpath.2009.01.006

66. Fisch D, Clough B, Khan R, Healy L, Frickel EM. Toxoplasma-proximal and
distal control by Gbps in human macrophages. Pathog Dis. (2022) 79:ftab058.
doi: 10.1093/femspd/ftab058

67. Degrandi D, Kravets E, Konermann C, Beuter-Gunia C, Klumpers V, Lahme S,
et al. Murine guanylate binding protein 2 (Mgbp2) controls Toxoplasma gondii
replication. Proc Natl Acad Sci U S A. (2013) 110:294–9. doi: 10.1073/pnas.1205635110

68. Kravets E, Degrandi D, Weidtkamp-Peters S, Ries B, Konermann C, Felekyan S,
et al. The Gtpase activity of murine Guanylate-binding protein 2 (Mgbp2) controls the
intracellular localization and recruitment to the parasitophorous vacuole of toxoplasma
gondii. J Biol Chem. (2012) 287:27452–66. doi: 10.1074/jbc.M112.379636

69. Ohshima J, Sasai M, Liu J, Yamashita K, Ma JS, Lee Y, et al. Rabgdialpha is a
negative regulator of interferon-gamma-inducible Gtpase-dependent cell-autonomous
immunity to Toxoplasma gondii. Proc Natl Acad Sci U S A. (2015) 112:E4581–90.
doi: 10.1073/pnas.1510031112

70. Virreira Winter S, Niedelman W, Jensen KD, Rosowski EE, Julien L, Spooner E,
et al. Determinants of Gbp recruitment to Toxoplasma gondii vacuoles and the
parasitic factors that control it. PLoS One. (2011) 6:e24434. doi: 10.1371/
journal.pone.0024434

71. Yang WB, Zhou DH, Zou Y, Chen K, Liu Q, Wang JL, et al. Vaccination with a
DNA vaccine encoding Toxoplasma gondii Rop54 induces protective immunity against
toxoplasmosis in mice. Acta Trop . (2017) 176:427–32. doi : 10.1016/
j.actatropica.2017.09.007

72. Niedelman W, Sprokholt JK, Clough B, Frickel EM, Saeij JP. Cell death of
gamma interferon-stimulated human fibroblasts upon Toxoplasma gondii infection
induces early parasite egress and limits parasite replication. Infect Immun. (2013)
81:4341–9. doi: 10.1128/IAI.00416-13

73. Li X, Liu J, Zeng M, Yang K, Zhang S, Liu Y, et al. Gbp2 promotes M1
macrophage polarization by activating the notch1 signaling pathway in diabetic
nephropathy. Front Immunol. (2023) 14:1127612. doi: 10.3389/fimmu.2023.1127612

74. Kotov DI, Mitchell JS, Pengo T, Ruedl C, Way SS, Langlois RA, et al. Tcr affinity
biases Th cell differentiation by regulating Cd25, Eef1e1, and Gbp2. J Immunol. (2019)
202:2535–45. doi: 10.4049/jimmunol.1801609

75. Ramana CV, Chintapalli J, Xu L, Alia C, Zhou J, Bruder D, et al. Lung epithelial
Nf-Kappab and Stat1 signaling in response to Cd8+ T cell antigen recognition. J
Interferon Cytokine Res. (2006) 26:318–27. doi: 10.1089/jir.2006.26.318

76. Wang H, Zhou Y, Zhang Y, Fang S, Zhang M, Li H, et al. Subtyping of
microsatellite stability colorectal cancer reveals guanylate binding protein 2 (Gbp2)
Frontiers in Immunology 19
as a potential immunotherapeutic target. J Immunother Cancer. (2022) 10:e004302.
doi: 10.1136/jitc-2021-004302

77. Balasubramanian S, Fan M, Messmer-Blust AF, Yang CH, Trendel JA,
Jeyaratnam JA, et al. The interferon-gamma-induced Gtpase, Mgbp-2, inhibits tumor
necrosis factor alpha (Tnf-alpha) induction of matrix metalloproteinase-9 (Mmp-9) by
inhibiting Nf-kappab and Rac protein. J Biol Chem. (2011) 286:20054–64. doi: 10.1074/
jbc.M111.249326

78. Goers L, Kim K, Stedman TC, Canning PJ, Mou X, Ernst NH, et al. Shigella
ipah9.8 limits gbp1-dependent lps release from intracytosolic bacteria to suppress
caspase-4 activation. Proc Natl Acad Sci U S A. (2023) 120:e2218469120. doi: 10.1073/
pnas.2218469120

79. Yang J, Hwang I, Lee E, Shin SJ, Lee EJ, Rhee JH, et al. Bacterial outer membrane
vesicle-mediated cytosolic delivery of flagellin triggers host Nlrc4 canonical
inflammasome signaling. Front Immunol. (2020) 11:581165. doi: 10.3389/
fimmu.2020.581165

80. Santos JC, Boucher D, Schneider LK, Demarco B, Dilucca M, Shkarina K, et al.
Human gbp1 binds lps to initiate assembly of a caspase-4 activating platform on
cytosolic bacteria. Nat Commun. (2020) 11:3276. doi: 10.1038/s41467-020-16889-z

81. Dickinson MS, Kutsch M, Sistemich L, Hernandez D, Piro AS, Needham D, et al.
Lps-aggregating proteins Gbp1 and Gbp2 are each sufficient to enhance caspase-4
activation both in cellulo and in vitro. Proc Natl Acad Sci U S A. (2023) 120:
e2216028120. doi: 10.1073/pnas.2216028120

82. Finethy R, Luoma S, Orench-Rivera N, Feeley EM, Haldar AK, Yamamoto M,
et al. Inflammasome activation by bacterial outer membrane vesicles requires
Guanylate binding proteins. mBio. (2017) 8:e01188-17. doi: 10.1128/mBio.01188-17

83. Li R, Wang YY, Wang SL, Li XP, Chen Y, Li ZA, et al. Gbp2 as a potential
prognostic predictor with immune-related characteristics in glioma. Front Genet.
(2022) 13:956632. doi: 10.3389/fgene.2022.956632

84. Liu B, Huang R, Fu T, He P, Du C, Zhou W, et al. Gbp2 as a potential prognostic
biomarker in pancreatic adenocarcinoma. PeerJ. (2021) 9:e11423. doi: 10.7717/
peerj.11423

85. Zhang S, Chen K, Zhao Z, Zhang X, Xu L, Liu T, et al. Lower expression of gbp2
associated with less immune cell infiltration and poor prognosis in skin cutaneous
melanoma (Skcm) . J Immunother . (2022) 45 :274–83. doi : 10 .1097/
CJI.0000000000000421

86. Chen B, Sun D, Qin X, Gao XH. Screening and identification of potential
biomarkers and therapeutic drugs in melanoma via integrated bioinformatics analysis.
Invest New Drugs. (2021) 39:928–48. doi: 10.1007/s10637-021-01072-y

87. Yamada Y, Sugawara S, Arai T, Kojima S, Kato M, Okato A, et al. Molecular
pathogenesis of renal cell carcinoma: impact of the anti-tumor Mir-29 family on gene
regulation. Int J Urol. (2018) 25:953–65. doi: 10.1111/iju.13783

88. Yang J, Zhou F, Yang X, Ma P, Ma X. A prognostic signature based on seven T-
cell-related cell clustering genes in bladder urothelial carcinoma. Open Med (Wars).
(2023) 18:20230773. doi: 10.1515/med-2023-0773

89. Sun S, Zhi Z, Su Y, Sun J, Li Q. A Cd8(+) T cell-associated immune gene panel
for prediction of the prognosis and immunotherapeutic effect of melanoma. Front
Immunol. (2022) 13:1039565. doi: 10.3389/fimmu.2022.1039565

90. Zhao Y, Wang D, Liang Y, Xu C, Shi L, Tong J. Expression profiles analysis
identifies specific interferon-stimulated signatures as potential diagnostic and
predictive indicators of Jak2v617f (+) myelofibrosis. Front Genet. (2022) 13:927018.
doi: 10.3389/fgene.2022.927018

91. Ding X, Wang W, Tao X, Li Z, Huang Y. Construction of a novel prognostic
model in skin cutaneous melanoma based on chemokines-related gene signature. Sci
Rep. (2023) 13:18172. doi: 10.1038/s41598-023-44598-2

92. Tang P, Qu W, Wu D, Chen S, Liu M, Chen W, et al. Identifying and validating
an acidosis-related signature associated with prognosis and tumor immune infiltration
characteristics in pancreatic carcinoma. J Immunol Res. (2021) 2021:3821055.
doi: 10.1155/2021/3821055

93. Wang X, Wang SS, Zhou L, Yu L, Zhang LM. A network-pathway based module
identification for predicting the prognosis of ovarian cancer patients. J Ovarian Res.
(2016) 9:73. doi: 10.1186/s13048-016-0285-0

94. Wang L, Wang Y, Wang J, Li L, Bi J. Identification of a prognosis-related risk
signature for bladder cancer to predict survival and immune landscapes. J Immunol Res.
(2021) 2021:3236384. doi: 10.1155/2021/3236384

95. Takashima Y, Hamano M, Yoshii K, Hayano A, Fukai J, Iwadate Y, et al.
Reciprocal expression of the immune response genes cxcr3 and ifi44l as module hubs
are associated with patient survivals in primary central nervous system lymphoma. Int J
Clin Oncol. (2023) 28:468–81. doi: 10.1007/s10147-022-02285-8

96. Meng K, Li YY, Liu DY, Hu LL, Pan YL, Zhang CZ, et al. A five-protein
prognostic signature with gbp2 functioning in immune cell infiltration of clear cell
renal cell carcinoma. Comput Struct Biotechnol J. (2023) 21:2621–30. doi: 10.1016/
j.csbj.2023.04.015

97. Ren Y, Yang B, Guo G, Zhang J, Sun Y, Liu D, et al. Gbp2 facilitates the
progression of glioma via regulation of Kif22/Egfr signaling. Cell Death Discov. (2022)
8:208. doi: 10.1038/s41420-022-01018-0

98. Liu Q, Hoffman RM, Song J, Miao S, Zhang J, Ding D, et al. Guanylate-binding
protein 2 expression is associated with poor survival and Malignancy in clear-cell renal
cell carcinoma. Anticancer Res. (2022) 42:2341–54. doi: 10.21873/anticanres.15713
frontiersin.org

https://doi.org/10.1016/j.chom.2017.09.007
https://doi.org/10.1016/j.chom.2017.09.007
https://doi.org/10.1016/j.virusres.2021.198572
https://doi.org/10.1016/j.tube.2021.102138
https://doi.org/10.1002/JLB.4MA0620-526RR
https://doi.org/10.1002/JLB.4MA0620-526RR
https://doi.org/10.1038/s41540-017-0005-4
https://doi.org/10.3389/fimmu.2023.1256558
https://doi.org/10.3389/fgene.2022.969895
https://doi.org/10.3389/fgene.2022.969895
https://doi.org/10.3389/fimmu.2020.612564
https://doi.org/10.3389/fimmu.2020.612564
https://doi.org/10.1371/journal.pntd.0007764
https://doi.org/10.4161/auto.22482
https://doi.org/10.1128/IAI.00856-15
https://doi.org/10.1016/j.micpath.2009.01.006
https://doi.org/10.1093/femspd/ftab058
https://doi.org/10.1073/pnas.1205635110
https://doi.org/10.1074/jbc.M112.379636
https://doi.org/10.1073/pnas.1510031112
https://doi.org/10.1371/journal.pone.0024434
https://doi.org/10.1371/journal.pone.0024434
https://doi.org/10.1016/j.actatropica.2017.09.007
https://doi.org/10.1016/j.actatropica.2017.09.007
https://doi.org/10.1128/IAI.00416-13
https://doi.org/10.3389/fimmu.2023.1127612
https://doi.org/10.4049/jimmunol.1801609
https://doi.org/10.1089/jir.2006.26.318
https://doi.org/10.1136/jitc-2021-004302
https://doi.org/10.1074/jbc.M111.249326
https://doi.org/10.1074/jbc.M111.249326
https://doi.org/10.1073/pnas.2218469120
https://doi.org/10.1073/pnas.2218469120
https://doi.org/10.3389/fimmu.2020.581165
https://doi.org/10.3389/fimmu.2020.581165
https://doi.org/10.1038/s41467-020-16889-z
https://doi.org/10.1073/pnas.2216028120
https://doi.org/10.1128/mBio.01188-17
https://doi.org/10.3389/fgene.2022.956632
https://doi.org/10.7717/peerj.11423
https://doi.org/10.7717/peerj.11423
https://doi.org/10.1097/CJI.0000000000000421
https://doi.org/10.1097/CJI.0000000000000421
https://doi.org/10.1007/s10637-021-01072-y
https://doi.org/10.1111/iju.13783
https://doi.org/10.1515/med-2023-0773
https://doi.org/10.3389/fimmu.2022.1039565
https://doi.org/10.3389/fgene.2022.927018
https://doi.org/10.1038/s41598-023-44598-2
https://doi.org/10.1155/2021/3821055
https://doi.org/10.1186/s13048-016-0285-0
https://doi.org/10.1155/2021/3236384
https://doi.org/10.1007/s10147-022-02285-8
https://doi.org/10.1016/j.csbj.2023.04.015
https://doi.org/10.1016/j.csbj.2023.04.015
https://doi.org/10.1038/s41420-022-01018-0
https://doi.org/10.21873/anticanres.15713
https://doi.org/10.3389/fimmu.2025.1708319
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cui et al. 10.3389/fimmu.2025.1708319
99. Gorbacheva VY, Lindner D, Sen GC, Vestal DJ. The interferon (Ifn)-induced
Gtpase, Mgbp-2. Role in Ifn-gamma-induced murine fibroblast proliferation. J Biol
Chem. (2002) 277:6080–7. doi: 10.1074/jbc.M110542200

100. Zhu J, Yuan J, Arya S, Du Z, Liu X, Jia J. Exploring the immune microenvironment
of osteosarcoma through T cell exhaustion-associated gene expression: A study on prognosis
prediction. Front Immunol. (2023) 14:1265098. doi: 10.3389/fimmu.2023.1265098

101. Zhao J, Zhang J, Yu M, Xie Y, Huang Y, Wolff DW, et al. Mitochondrial
dynamics regulates migration and invasion of breast cancer cells. Oncogene. (2013)
32:4814–24. doi: 10.1038/onc.2012.494

102. Nyabuto GO, Wilson JP, Heilman SA, Kalb RC, Kopacz JP, Abnave AV, et al.
The large Gtpase, Gbp-2, regulates rho family gtpases to inhibit migration and
invadosome formation in breast cancer cells. Cancers (Basel). (2021) 13:5632.
doi: 10.3390/cancers13225632

103. Messmer-Blust AF, Balasubramanian S, Gorbacheva VY, Jeyaratnam JA, Vestal
DJ. The interferon-gamma-induced murine Guanylate-binding protein-2 inhibits rac
activation during cell spreading on fibronectin and after platelet-derived growth factor
treatment: role for phosphatidylinositol 3-kinase. Mol Biol Cell. (2010) 21:2514–28.
doi: 10.1091/mbc.e09-04-0344

104. Balasubramanian S, Messmer-Blust AF, Jeyaratnam JA, Vestal DJ. Role of Gtp
binding, isoprenylation, and the C-terminal alpha-helices in the inhibition of cell
spreading by the interferon-induced gtpase, mouse guanylate-binding protein-2. J
Interferon Cytokine Res. (2011) 31:291–8. doi: 10.1089/jir.2010.0056

105. Newton K, Strasser A, Kayagaki N, Dixit VM. Cell death. Cell. (2024) 187:235–
56. doi: 10.1016/j.cell.2023.11.044

106. Li M, Sun G, Zhao J, Pu S, Lv Y, Wang Y, et al. Small extracellular vesicles
derived from acute myeloid leukemia cells promote leukemogenesis by transferring
Mir-221-3p. Hematologica. (2024) 109:3209–21. doi: 10.3324/haematol.2023.284145

107. Zhu Y, Han D, Duan H, Rao Q, Qian Y, Chen Q, et al. Identification of
pyroptosis-relevant signature in tumor immune microenvironment and prognosis in
skin cutaneous melanoma using network analysis. Stem Cells Int. (2023) 2023:3827999.
doi: 10.1155/2023/3827999

108. Tian Y, Wang H, Guan W, Tu X, Zhang X, Sun Y, et al. Gbp2 serves as a novel
prognostic biomarker and potential immune microenvironment indicator in renal cell
carcinoma. Mol Carcinog. (2022) 61:1082–98. doi: 10.1002/mc.23447

109. Li Z, Duan Y, Ke Q, Wang M, Cen H, Zhu X. Gene set-based identification of
two immune subtypes of diffuse large B cell lymphoma for guiding immune checkpoint
blocking therapy. Front Genet. (2022) 13:1000460. doi: 10.3389/fgene.2022.1000460

110. Godoy P, Cadenas C, Hellwig B, Marchan R, Stewart J, Reif R, et al. Interferon-
inducible guanylate binding protein (Gbp2) is associated with better prognosis in breast
cancer and indicates an efficient T cell response. Breast Cancer. (2014) 21:491–9.
doi: 10.1007/s12282-012-0404-8

111. Wang S, Wei X, Ji C, Wang Y, Zhang X, Cong R, et al. Adipogenic
transdifferentiation and regulatory factors promote the progression and the
immunotherapy response of renal cell carcinoma: insights from integrative analysis.
Front Oncol. (2022) 12:781932. doi: 10.3389/fonc.2022.781932

112. Feng D, Zhu W, Shi X, Wang Z, Wei W, Wei Q, et al. Immune-related gene
index predicts metastasis for prostate cancer patients undergoing radical radiotherapy.
Exp Hematol Oncol. (2023) 12:8. doi: 10.1186/s40164-022-00367-x

113. Wang Y, Pan J, An F, Chen K, Chen J, Nie H, et al. Gbp2 is a prognostic
biomarker and associated with immunotherapeutic responses in gastric cancer. BMC
Cancer. (2023) 23:925. doi: 10.1186/s12885-023-11308-0

114. Lozano-Pope I, Sharma A, Matthias M, Doran KS, Obonyo M. Effect of myeloid
differentiation primary response gene 88 on expression profiles of genes during the
development and progression of helicobacter-induced gastric cancer. BMC Cancer. (2017)
17:133. doi: 10.1186/s12885-017-3114-y

115. ZhangW, Tang X, Peng Y, Xu Y, Liu L, Liu S. Gbp2 enhances paclitaxel sensitivity in
triple−Negative breast cancer by promoting autophagy in combination with Atg2 and
inhibiting the Pi3k/Akt/Mtor pathway. Int J Oncol. (2024) 64:34. doi: 10.3892/ijo.2024.5622

116. Xi Q, Li L, Yang Y, Li L, Zhang R. Identification of mitochondria-related action
targets of Quercetin in melanoma cells.Mitochondrial DNA B Resour. (2023) 8:1114–8.
doi: 10.1080/23802359.2023.2268775

117. Alshabi AM, BasavarajVastrad, Shaikh IA, Vastrad C. Exploring the molecular
mechanism of the drug-treated breast cancer based on gene expression microarray.
Biomolecules. (2019) 9:282. doi: 10.3390/biom9070282

118. Saban MR, Hellmich HL, Simpson C, Davis CA, Lang ML, Ihnat MA, et al.
Repeated Bcg treatment of mouse bladder selectively stimulates small Gtpases and Hla
Frontiers in Immunology 20
antigens and inhibits single-spanning uroplakins. BMC Cancer. (2007) 7:204.
doi: 10.1186/1471-2407-7-204

119. Gaurav R, Mikuls TR, Thiele GM, Nelson AJ, Niu M, Guda C, et al. High-
throughput analysis of lung immune cells in a combined murine model of agriculture
dust-triggered airway inflammation with rheumatoid arthritis. PLoS One. (2021) 16:
e0240707. doi: 10.1371/journal.pone.0240707

120. Zhang Y, Liao Y, Hang Q, Sun D, Liu Y. Gbp2 acts as a member of the
interferon signaling pathway in lupus nephritis. BMC Immunol. (2022) 23:44.
doi: 10.1186/s12865-022-00520-5

121. Hu S, Gao K, Pollard R, Arellano-Garcia M, Zhou H, Zhang L, et al. Preclinical
validation of salivary biomarkers for primary Sjogren's syndrome. Arthritis Care Res
(Hoboken). (2010) 62:1633–8. doi: 10.1002/acr.20289

122. Xiang M, Chen Q, Feng Y, Wang Y, Wang J, Liang J, et al. Bioinformatic
analysis of key biomarkers and immune filtration of skin biopsy in discoid Lupus
erythematosus. Lupus. (2021) 30:807–17. doi: 10.1177/0961203321992434

123. Van Kirk CA, VanGuilder HD, Young M, Farley JA, Sonntag WE, Freeman
WM. Age-related alterations in retinal neurovascular and inflammatory transcripts.
Mol Vis. (2011) 17:1261–74.

124. Freeman WM, Bixler GV, Brucklacher RM, Lin CM, Patel KM, VanGuilder
HD, et al. A multistep validation process of biomarkers for preclinical drug
development. Pharmacogenomics J. (2009) 10:385–95. doi: 10.1038/tpj.2009.60

125. Stoll AC, Kemp CJ, Patterson JR, Howe JW, Steece-Collier K, Luk KC, et al.
Neuroinflammatory gene expression profiles of reactive glia in the substantia nigra
suggest a multidimensional immune response to alpha synuclein inclusions. Neurobiol
Dis. (2024) 191:106411. doi: 10.1016/j.nbd.2024.106411

126. Zhu X, Schrader JM, Irizarry BA, Smith SO, Van Nostrand WE. Impact of
abeta40 and abeta42 fibrils on the transcriptome of primary astrocytes and microglia.
Biomedicines. (2022) 10:2982. doi: 10.3390/biomedicines10112982

127. Miao Q, Ge M, Huang L. Up-regulation of Gbp2 is associated with neuronal
apoptosis in rat brain cortex following traumatic brain injury. Neurochem Res. (2017)
42:1515–23. doi: 10.1007/s11064-017-2208-x

128. Jiang Y, Wu R, Chen C, You ZF, Luo X, Wang XP. Six novel rare non-
synonymous mutations for migraine without aura identified by exome sequencing. J
Neurogenet. (2015) 29:188–94. doi: 10.3109/01677063.2015.1122787

129. Ye F, Liang J, Li J, Li H, Sheng W. Development and validation of a five-gene
signature to predict relapse-free survival in multiple sclerosis. Front Neurol. (2020)
11:579683. doi: 10.3389/fneur.2020.579683

130. Fukutani ER, Ramos PIP, Kasprzykowski JI, Azevedo LG, Rodrigues MMS,
Lima J, et al. Meta-analysis of Htlv-1-infected patients identifies Cd40lg and Gbp2 as
markers of Atll and Ham/Tsp clinical status: two genes beat as one. Front Genet. (2019)
10:1056. doi: 10.3389/fgene.2019.01056

131. Merikangas AK, Shelly M, Knighton A, Kotler N, Tanenbaum N, Almasy L.
What genes are differentially expressed in individuals with schizophrenia? A systematic
review. Mol Psychiatry. (2022) 27:1373–83. doi: 10.1038/s41380-021-01420-7

132. Tuerxun N, Wang J, Zhao F, Qin YT, Wang H, Chen R, et al. Bioinformatics
analysis deciphering the transcriptomic signatures associated with signaling pathways
and prognosis in the myelodysplastic syndromes. Hematology. (2022) 27:214–31.
doi: 10.1080/16078454.2022.2029256

133. Lin X, Rice KL, Buzzai M, Hexner E, Costa FF, Kilpivaara O, et al. Mir-433 is
aberrantly expressed in myeloproliferative neoplasms and suppresses hematopoietic
cell growth and differentiation. Leukemia. (2013) 27:344–52. doi: 10.1038/leu.2012.224

134. Mori G, Sasaki H, Makabe Y, Yoshinari M, Yajima Y. The genes scgb1a1, lpo
and gbp2 characteristically expressed in peri-implant epithelium of rats. Clin Oral
Implants Res. (2016) 27:e190–e8. doi: 10.1111/clr.12601

135. Hama N, Yanagisawa Y, Dono K, Kobayashi S, MArubashi S, Nagano H, et al.
Gene expression profiling of acute cellular rejection in rat liver transplantation using
DNA microarrays. Liver Transpl. (2009) 15:509–21. doi: 10.1002/lt.21708

136. Schori C, Trachsel C, Grossmann J, Barben M, Klee K, Storti F, et al. A chronic
hypoxic response in photoreceptors alters the vitreous proteome in mice. Exp Eye Res.
(2019) 185:107690. doi: 10.1016/j.exer.2019.107690

137. Chen L, Mou X, Li J, Li M, Ye C, Gao X, et al. Alterations in gut microbiota and
host transcriptome of patients with coronary artery disease. BMC Microbiol. (2023)
23:320. doi: 10.1186/s12866-023-03071-w

138. Lu W, Ji R. Identification of significant alteration genes, pathways and Tfs
induced by Lps in Ards via bioinformatical analysis. BMC Infect Dis. (2021) 21:852.
doi: 10.1186/s12879-021-06578-7
frontiersin.org

https://doi.org/10.1074/jbc.M110542200
https://doi.org/10.3389/fimmu.2023.1265098
https://doi.org/10.1038/onc.2012.494
https://doi.org/10.3390/cancers13225632
https://doi.org/10.1091/mbc.e09-04-0344
https://doi.org/10.1089/jir.2010.0056
https://doi.org/10.1016/j.cell.2023.11.044
https://doi.org/10.3324/haematol.2023.284145
https://doi.org/10.1155/2023/3827999
https://doi.org/10.1002/mc.23447
https://doi.org/10.3389/fgene.2022.1000460
https://doi.org/10.1007/s12282-012-0404-8
https://doi.org/10.3389/fonc.2022.781932
https://doi.org/10.1186/s40164-022-00367-x
https://doi.org/10.1186/s12885-023-11308-0
https://doi.org/10.1186/s12885-017-3114-y
https://doi.org/10.3892/ijo.2024.5622
https://doi.org/10.1080/23802359.2023.2268775
https://doi.org/10.3390/biom9070282
https://doi.org/10.1186/1471-2407-7-204
https://doi.org/10.1371/journal.pone.0240707
https://doi.org/10.1186/s12865-022-00520-5
https://doi.org/10.1002/acr.20289
https://doi.org/10.1177/0961203321992434
https://doi.org/10.1038/tpj.2009.60
https://doi.org/10.1016/j.nbd.2024.106411
https://doi.org/10.3390/biomedicines10112982
https://doi.org/10.1007/s11064-017-2208-x
https://doi.org/10.3109/01677063.2015.1122787
https://doi.org/10.3389/fneur.2020.579683
https://doi.org/10.3389/fgene.2019.01056
https://doi.org/10.1038/s41380-021-01420-7
https://doi.org/10.1080/16078454.2022.2029256
https://doi.org/10.1038/leu.2012.224
https://doi.org/10.1111/clr.12601
https://doi.org/10.1002/lt.21708
https://doi.org/10.1016/j.exer.2019.107690
https://doi.org/10.1186/s12866-023-03071-w
https://doi.org/10.1186/s12879-021-06578-7
https://doi.org/10.3389/fimmu.2025.1708319
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cui et al. 10.3389/fimmu.2025.1708319
Glossary

GBPs Guanylate-binding proteins
Frontiers in Immunol
GBP2 Guanylate-Binding Protein 2
PI3K Phosphatidylinositol 3-kinase
AKT Ak strain transforming
mTOR Mammalian target of rapamycin
Wnt Wingless-type MMTV integration site family
JAK Janus kinase
LG Large GTPase domain
MD Middle domain
GED GTPase effector domain
IFN Interferon
GTP Guanosine triphosphate
GDP Guanosine diphosphate
GMP Guanosine monophosphate
ogy 21
STAT1 Signal transducer and transcription activator 1
IRF Interferon regulatory factor
NF-kB Nuclear factor kb
LPS Lipopolysaccharide
NLRP3 NOD-like receptor protein 3
T3SS Type III secretion systems
TNF-a Tumor necrosis factor-a
Notch1 Neurogenic locus notch homolog protein 1
AIM2 Absent in melanoma 2
KIF22 Kinesin family member 22
BAK BCL-2 antagonist/killer 1
PD-1 Programmed cell death 1
PD‐L1 Programmed cell death ligand 1
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