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Interferon (IFN)-induced guanosine triphosphate hydrolysing enzymes (GTPases) have
been identified as cornerstones of IFN-mediated cell-autonomous defence. Upon IFN
stimulation, these GTPases are highly expressed in various host cells, where they orches-
trate anti-microbial activities against a diverse range of pathogens such as bacteria,
protozoan and viruses. IFN-induced GTPases have been shown to interact with various
host pathways and proteins mediating pathogen control via inflammasome activation,
destabilising pathogen compartments and membranes, orchestrating destruction via
autophagy and the production of reactive oxygen species as well as inhibiting pathogen
mobility. In this mini-review, we provide an update on how the IFN-induced GTPases
target pathogens and mediate host defence, emphasising findings on protection against
bacterial pathogens.

OPEN ACCESS

IFN signalling and induction of IFN-stimulated genes
Exposure of cells to interferons (IFN) results in the induction of a network of genes that combat infec-
tions, leading to so-called IFN-mediated cell-autonomous defence [1-5]. This network is a finely
tuned mechanism to balance launching an efficient pathogen control while preventing collateral tissue
damage. In the last two decades, IFN-induced GTPases have become a focus of attention as key med-
iators of IFN-mediated host defence.

There is abundant evidence for the vital role of IFN in combating an array of pathogens, including
key roles in defence against bacteria [2,6-22]. Ten mammalian IFNs are known, with seven found in
humans [23,24]. Based on genetic loci, homology in amino acid sequence and receptor binding, IFNs
are currently divided into three groups, namely type I, II and III [1,25].

Upon binding their specific receptors, IFNs activate signal transduction via the JAK/STAT pathway
which leads to the formation of the transcription factor complex IFN-stimulated gene factor 3
(ISGF3), consisting of phosphorylated STAT1/STAT2 and IRF9, for type I and type III IFNs and the
transcription factor gamma-activated factor (GAF), a homodimer of phosphorylated STAT1, for type
2 IFN-specific signalling [26-28]. These activated transcription factors translocate into the nucleus
and bind to their specific promotor elements, IFN-stimulated response element (ISRE) and
gamma-activated sequence (GAS) for type I/III and type II, respectively [26-28]. The binding of these
transcription factors can modulate the transcription of up to 2000 IFN-stimulated genes (ISGs) [1-3],
resulting in immunomodulatory, anti-proliferative and anti-pathogenic consequences [2,29]. Even
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Families of IFN-induced GTPases

GTPases induced by IFN have been identified as crucial effectors in IFN-mediated pathogen control [36-56].
These large GTPases can be divided into four subfamilies based on their paralogy and molecular mass [57].
The four subfamilies are the 21-47 kDa immunity-related GTPases (IRGs), the 65-73 kDa guanylate-binding
proteins (GBPs), the 72-82 kDa myxoma (MX) resistance proteins and the 200-285 kDa very large inducible
GTPases (VLIGs/GVINs) [58-60]. In the following, we will mainly focus on IRG and GBP GTPases and their
functions in cell-autonomous defence against bacteria.

Mice have 23 IRGs and this family of genes has been mostly lost in humans, apart from IRGM1 and IRGC
[61,62]. The IRGs can be divided into two classes; the primarily cytosolic ‘GKS’ IRGs which possess a con-
served canonical GX4GKS sequence in the first nucleotide-binding motif (G1) and the predominantly
membrane-bound ‘GMS’ IRGs which possess the non-canonical GX4GMS sequence in their G1 nucleotide-
binding motif [60,61]. The ‘GMS’” IRGs control the activity of ‘GKS’ IRGs by controlling the GDP to GTP
switch, thus acting as guanosine dissociation inhibitors (GDIs) [59,63]. In the absence of ‘GMS’ IRGs, ‘GKS’
IRGs are constitutively active, form cytoplasmic aggregates and fail to localise to their respective cellular com-
partment, Toxoplasma gondii parasitophorous vacuole and Chlamydia trachomatis inclusions [59,63,64].

Thus far, 7 human GBP (hGBP) genes (GBPI1-GBP7) located on chromosome 1 and 11 mouse GBPs
(mGBPs) (Gbp2b-Gbpl1) have been identified [49,65-67]. The mGBPs are organised in clusters on chromo-
some 3 (Gbp2b, Gbp2, Gbp3, Gbp5, Gbp7 and a pseudomGbp2b) and chromosome 5 (Gbp4, Gbp6, Gbp8, Gbp9,
Gbp10, Gbp1l and a pseudomGbp2) [68]. Transcription of human and mGBPs can be triggered by type 1 and
2 IFN as well as other inflammatory cytokines and TLR ligands, although the quantitative responses vary sub-
stantially between the different GBPs and cytokines [49,69,70].

IFN-induced GTPases belong to the dynamin-protein family as judged by structural similarities and shared bio-
chemical characteristics [57,71,72]. As members of the dynamin protein family, they possess a large GTPase domain
(~300 amino acids), a middle domain and a GTPase effector domain (GED) [73]. In addition to these three
domains, many IFN-induced GTPases also possess other domains and motifs for protein-protein and protein-
membrane interactions [44,73-75]. In contrast with dynamin, at least some IFN-induced GBPs can hydrolyse GTP
to GDP and GDP to GMP, though their GTPase activation is still dependent on oligomerisation [73,76,77]. These
dynamin-related characteristics enable IFN-induced GTPases to operate either as mechanoenzymes or as an assem-
bly platform to co-ordinate diverse functions [57]. For instance, they govern vesicular trafficking and the coordin-
ation of protein complex assembly to stimulate autophagic, membranolytic, oxidative and inflammasome-related
anti-microbial activities upon cytosolic bacteria as well as on pathogen containing vacuoles [2,57,78-81].

Mechanisms of host defence by IFN-induced GTPases
Targeting of specific pathogens by GBPs and IRGs

To execute anti-microbial functions, GBPs and IRGs co-localise with pathogens invading the host cell. GBPs and
IRGs are typically found in the cytosol, in vesicle-like structures and on endomembranes, but translocate to
pathogen compartments and cytosolic bacteria which have escaped from the phagosome (Figure 1) [70,75,82,83].
Bacteria shown to interact with GBPs and IRGs include Listeria monocytogenes, Legionella pneumophila, Shigella
flexneri, Mycobacterium bovis BCG, Chlamydia trachomatis, Francisella novicida, Salmonella typhimurium,
Brucella abortus, Yersinia pseudotuberculosis and Burkholderia thailandensis [2,38-40,42-44,47,56,65,69,84-96].
Even though the exact molecular mechanism which enables them to target and destroy pathogens is not
fully understood, it has been shown that human and mGBPs form homo- and hetero- and polymers to fulfil
their anti-microbial function [50,97]. Kravets et al. [50] showed that mGBPs accumulate on T. gondii vacuoles
in densely packed multimers consisting of several thousand monomers. Furthermore, these proteins seem to
locate to the pathogens and associated membranes in a hierarchical manner, with GBP1, GBP2 and GBP5
leading the way due to a CaaX prenylation motif at the C-terminus of the protein, which enables them to bind
to membranes and to recruit non-prenylated GBPs to their location [50,82]. In addition to targeting various
pathogens and their vacuoles directly, in mouse cells ‘GMS’ IRGs have been suggested to influence the localisa-
tion and activation of GBPs and ‘GKS’ IRGs on target membranes via a ‘missing-self’ signal [64]. This control
of GBP and IRG activation and aggregation on host membranes via the ‘GMS’ IRG family proteins (IRGM), is
further supported by the targeting of GBPs and IRGs onto lipid droplets from which IRGM1 and IRGM3 have
been removed independently of infection [64]. Based on this observation, it was suggested that a lack of IRGM
proteins and therefore the mistargeting of self-membranes through activated GBPs and IRGs as well as the
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Figure 1. Mechanisms of pathogen clearance by IFN-induced GTPases.
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In uninfected cells, GBPs and IRGs are found in the cytosol, in vesicle-like clusters, associated with endomembranes and the nucleus. ‘GMS’ IRGs
control the activation of GBPs and host membrane located ‘GKS’ IRGs act as guanosine dissociation inhibitors. During infection GBPs and IRGs
co-localise with pathogen containing vacuoles (PCV) and cytosolic pathogens within minutes of pathogen entry. (A) GBP association with PCV may lead
to the accumulation of ubiquitin and subsequent destruction of the invading pathogen. GBP7 is essential for NADPH oxidase holoenzyme assembly on

PCV. (B) GBP and IRG co-localisation with the PCV and cytosolic bacteria leads to the disruption of vacuole and membrane integrity, releasing PAMPS
into the cytosol. GBP®"™™2, GBP1, GBP2, GBP3, GBP4 mediate activation of caspase4/5 or 11 during Salmonella, Legionella or Chlamydia infection by
cytosolic LPS release leading to pyroptosis. Association with GBPs and IRGB10 leads to loss of membrane integrity and bacteriolysis with subsequent
AIM2 activation during Francisella infection. (C) In addition to disrupting PCV and bacterial membrane integrity, GBPs also mediate host defence via the

inhibition of actin-based motility of Burkholderia and Shigella pathogens. Created with BioRender.com.

formation of cytosolic clusters leads to a diminished pool of available GBPs and IRGs which could effectively
target C. trachomatis and T. gondii [64]. It should be noted that there is some data that is not consistent with
the ‘missing-self hypothesis [37,44,67], although some of this was refuted in later publications [98,99].

Park et al. [100] proposed a ‘triple check’ model for targeting of mGBPs and IRGs to pathogen vacuoles.
This model suggests that pathogen vacuoles are targeted by the autophagy conjugation system by depositing
microtubule-associated protein light chain 3 (LC3) and its homologues on the pathogen vacuole. IFN-y stimu-
lation would ‘trigger’ LC3 on these membranes, either via posttranslational modifications or via the addition of
factors such as ubiquitin, to act as a guanine nucleotide exchange factor (GEF) for GBPs and IRGs and activate
them. Misguiding of GBPs to endomembranes would be avoided through the protective function of IRGM pro-
teins, which act as GDIs for GBPs and IRGs [63,101]. How the LC3 conjugation system recognises pathogen
vacuoles remains unknown. However, Brown et al. [102] have suggested that the autophagy conjugation
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complex or some upstream sensor of this complex recognises changes to the membranes occupied by patho-
gens, such as missing-self (e.g. lack of IRGM proteins), changed-self (e.g. rearranged protein and lipid compos-
ition) and non-self (e.g. pathogen effectors and secretion systems). It was also suggested that the binding of this
complex to membranes might be facilitated via autophagy related-protein ATG5 [103], as ATG5 from the
autophagy conjugation complex can bind membranes via an unknown lipid moiety [104]. This model is sup-
ported by the observations that ATG5 and LC3 are found on murine norovirus (MNV) membranous replica-
tion complexes [105] and also T. gondii vacuoles without prior IFN-y stimulation in mouse macrophages
[100,106]. Furthermore, GBPs and IRGs are unable to target pathogen containing vacuoles and aggregate in the
cytosol in cells lacking all ATGS5 or all LC3 homologues [102,106,107]. Whether this model applies to other
pathogens and host species, especially with humans which lack most IRGs, remains to be investigated.

To what extent IRGs and GBPs co-operate in targeted co-localisation to pathogens or pathogen vacuoles
remains unclear, as reciprocal dependence has been observed. For example, IRGMI and 3 are needed for targeting
of mGBPs to T. gondii vacuoles and pathogen control in MEFs, whereas they are dispensable for Leishmania dono-
vani control [41,52]. On the other hand, the localisation of IRGs can also be dependent on GBPs, as the targeting
of IRGB10 and IRGBS, to F. novicida, T. gondii and E. coli are dependent on GBPs from chromosome 3, as these
IRGs failed to co-localise with pathogen inclusions in cells lacking GBPs on mouse chromosome 3 [39,108].

Different GBPs and IRGs have been shown to target specific pathogens, though the underlying mechanisms
for this specificity is only now being uncovered [42,52,65,94,109]. Kohler et al. [89] have suggested that changes
in the C-terminal polybasic motif (PBM) in primate GBP1s are responsible for the pathogen specificity towards S.
flexneri. In line with this, it was shown that the unique triple-arginine cassette in the PBM of hGBP1 is respon-
sible for targeting S. flexneri [43]. The highly divergent C-terminal amino acid sequence in mGBPs might also
indicate a non-redundant function in determining pathogen specificity [49]. In addition, alternative splicing var-
iants of GBPs might play a role in specific pathogen targeting, since a splicing variant of mGBP5, mGBP5a, was
present in L. monocytogenes infected mouse liver but absent from T. gondii infected liver [49]. Besides the
co-localisation of GBPs and IRGs with particular pathogens, differences in GBP targeting of the same pathogens
have also been observed in distinct cell types of the same host species. For example, hGBP1 co-localises with T.
gondii in mesenchymal stromal cells and THP1 but not A549 cells [69,96,110,111]. This remarkable diversity of
targeting strategies for specific pathogens might be due to the diverse genetic backgrounds and proteomes of
different host species and cell types as well as pathogen-specific virulence factors and intracellular life cycles.

Mechanisms of pathogen clearance by IFN-induced
GTPases

The anti-microbial mechanisms of IFN-induced GTPases that are discussed below are represented in Figure 1.

Ubiquitination and lysosomal destruction mediated by GBPs and IRGs

GBPs and IRGs can mediate pathogen control by induction of autophagy and ubiquitin-mediated destruction of
pathogen vacuoles [112-114]. mGBP7 interacts with and recruits the autophagy protein ATG4B to
Mycobacterium-containing vacuoles [65], which promotes the expansion of autophagic membranes around the
bacteria and damaged bacterial compartments [2,57], leading to degradation of the pathogen via lysosome fusion
[65]. Haldar et al. [41] demonstrated that IFN-y-induced IRGM1 and IRGM3 control the recruitment of the E3
ligase tumour necrosis factor receptor-associated factor 6 (TRAF6) and subsequent ubiquitination of vacuoles of
T. gondii and C. trachomatis. Following ubiquitination, GBPs co-localise with vacuoles in a sequestosome 1
(SQSTM1/p62)-dependent manner and mark these vacuoles for destruction [41]. IRGM-dependent autophagy
was also shown for Mycobacterium infections though the exact mechanism remains unclear [45,114]. It seems
likely that ‘GMS’ proteins IRGM1 and IRGM3 co-ordinate the localisation of other GKS IRGs to pathogen
vacuoles, as virulent T. gondii strains and C. muridarum inhibit ‘GKS” IRG activity and vacuole co-localisation of
these IRG proteins thereby avoiding ubiquitination of the replicative niche [41,115-117].

In addition to mediating the ubiquitination of pathogen compartments and the subsequent lysosomal
destruction via controlling the ‘GKS’ IRGs activity, IRGM1 has been shown to target M. tuberculosis vacuoles
directly [37,65]. The recruitment of IRGM1 to pathogen containing vacuoles appears to facilitate fusion with
lysosomes, as lysosomal fusion of M. tuberculosis vacuoles is impaired in IrgmI-deficient mutants [37]. The
C-terminal amphipathic helix (oK) of IRGM1 binds to Mpycobacterium vacuoles by interaction with
phosphoinositide-3,4-bisphosphate (PtdIns[3,4]P,) and PtdIns[3,4,5]P5[44].
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For protection against the lung pathogen L. pneumophila, IRG-dependent as well as IRG-independent
pathways have been described. Both IRGM1 and IRGM3, have been implicated in IFN-mediated control of
L. pneumophila [9,36]. The binding of IRGMI1 to the intracellular replicative niche of L. pneumophila, the
Legionella-containing vacuole (LCV), results in the co-localisation of other IRG proteins and subsequent ubi-
quitination of the LCV, thereby leading to LCV degradation through autophagy [4]. GBP1 and GBP2 are
involved in an IRGM-independent resistance against L. pneumophila, as the bacterial protein secretion system
on the LCV is recognised as a PAMP, leading to binding of the cytosolic carbohydrate-binding protein
galectin-3. The binding of galectin-3 to the LCV recruits GBP1 and GBP2 to the LCV, as well as subsequent
ubiquitination and targeting by p62, which leads to the degradation of the bacteria via autophagy [93]. This
IRGM-independent and GBP-dependent ubiquitination during Legionella infection is in contrast with the pre-
viously mentioned IRGM-dependent and GBP-independent ubiquitination of T. gondii vacuoles as well as
C. trachomatis inclusions [41].

In most cases, the ubiquitination of pathogens and their compartments is a host-derived response which
favours host survival and promotes pathogen control. In contrast with this, it was shown that the
hGBP1-mediated, poly-ubiquitin coat on S. flexneri is not host-derived but mediated by a bacterial-derived E3
ubiquitin ligase IpaH9.8, which recognises, binds and ubiquitinates GBP1, GBP2 and GBP4 but not GBP3 and
labels them for proteasome-mediated degradation [42,43,90]. This poly-ubiquitination reverses the GBP-mediated
restriction and enables the bacteria to form actin tails and spread efficiently from cell to cell [42,43,90].

GBP-mediated production of reactive oxygen species (ROS)

Another host resistance pathway that mediates IFN-induced pathogen control is the production of ROS. NOX2
is an NADPH oxidase that is able to generate superoxide, which has microbicidal properties [118]. During
L. monocytogenes and M. bovis BCG infection, mGBP7 binds the membrane-bound heterodimer
gp91ph°"—p221“’h°X (cytochrome b558) and cytosolic p67ph°X [65]. Thus, GBP7 acts as a linker between
membrane-bound and cytosolic NOX2 components to assemble and activate the NOX2 holoenzyme on
pathogen compartments after IFN-y stimulation [65].

GBP-mediated inflammasome activation

Recent work has linked IFN-induced GTPases with inflammasome activation in various host cells and in
response to a diverse range of pathogens. IFN-induced GTPases appear to influence inflammasome activation
by promoting inflammasome complex assembly and targeting pathogens and their compartments to increase
the access of PAMPs to cytosolic inflammasome components. These two mechanisms of inflammasome activa-
tion can work in concert to achieve adequate inflammasome activation and thus host defence.

GBP5 is involved in the assembly of the NOD-, LRR- and pyrin domain-containing 3 (NLRP3) inflamma-
some during Listeria or Salmonella spp. infections via tetramerisation of GBP5 [119-121]. Assembly of the
NLRP3 inflammasome leads to the induction of pyroptosis in order to control bacterial infections. Deletion of
single mGBPs from chromosome 3 revealed unique functions for GBPs; namely, GBP5 binding to the pyrin
domain of NLRP3 and GBP2 binding of apoptosis-associated speck-like protein containing a CARD (ASC)
[121]. Due to their ability to form heterodimers, GBP2 and GBP5 thus facilitate the assembly of the NLRP3
inflammasome to activate caspase-1 [121].

Several observations have shown that GBPs activate inflammasomes by either directly sensing bacterial pro-
ducts or facilitating access to bacterial PAMPs. The induction of inflammasomes via GBPs and IRGs can result
in canonical (caspase-1) or non-canonical (caspase-11, human caspase-4/5) mediated pyroptosis. It was shown
that GBPs from mouse chromosome 3, namely GBP2, GBP5, as well as IRGB10 are essential for the activation
of the AIM2 inflammasome in F. novicida infected macrophages, as cells lacking these IFN-induced GTPases
showed decreased inflammasome activation [39,87,88]. GBPs from chromosome 3 also control the non-
canonical activation of caspase-11 in response to L. pneumophila as well as pathogenic and non-pathogenic
E. coli outer membrane vesicles and free LPS injected into the cytosol [36,122,123]. GBPs from chromosome 3
were also essential for caspase-1 activation and IL1-o as well as IL-18 release in response to B. abortus and
Y. pseudotuberculosis infections [47,92]. It has been suggested that GBPs might be influencing the membrane
dynamics of outer membrane vesicles and the integrity of pathogen membranes due to their dynamin-like
activities thus exposing lipid A of LPS and other PAMPS to the cytosol, hence making them accessible for
inflammasome activation [39,122,124].
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In line with these previous observations suggesting GBPs mediate LPS release and/or recognition by the inflam-
masome, hGBP1 was recently identified as a novel cytosolic LPS sensor [69,94-96]. hGBP1 binds to LPS via elec-
trostatic interactions between the negatively charged LPS and positively charged amino acid residues of hGBP1
[94,97]. Detection of LPS via hGBP1 results in the recruitment of hGBP2-4 to cytosolic Salmonella, this GBP
coat in turn recruits and activates caspase-4 [69,94,95]. Based on these observations and their own, Kutsch et al.
[97] presented a model of hGBP1 acting as a detergent on the bacterial LPS layer. hGBP1 was identified as a LPS
sensing and binding protein, which disrupts the O-antigen barrier of Gram-negative bacteria through the inser-
tion of the farnesyl tail of hGBP1 molecules into this layer, thereby disrupting the interactions between LPS mole-
cules mediated by the O-antigens [97]. A triple-arginine motif in the C-terminal end of GBP1 mediates the
binding of hGBP1 to the pathogen LPS O-antigen [43]. The insertion of hGBP1 into the LPS layer seemingly
changes the membrane stiffness and fluidity, thus making the bacteria more accessible to caspase-4 activation and
more susceptible to the anti-microbial activity of polymyxin B, as well as potentially influencing the function of
other pathogen proteins inserted into the outer membrane such as Shigella IcsA [97].

Using different GBP1 catalytic mutants, Xavier et al. [125] identified a novel pathway of NLRP3 activation
mediated by hGBP1. This group discovered that hGBP1 recruitment to C. trachomatis inclusions activates GTP
hydrolysis to GMP and the subsequent generation of uric acid activates the NLRP3 inflammasome [125]. This
novel pathway suggests that, in contrast with previous findings [69,94-97], inflammasome activation can be
independent of PAMP release in human cells, relying only on the hydrolytic activity of hGBP1 [125]. Whether
this activation is unique to the Chlamydia inclusion or represents a more general response towards other patho-
gens, remains to be investigated.

IFN-induced GTPases and actin-based motility
Recent findings have demonstrated that IFN-induced GBPs can inhibit the actin-based motility of intracellular
bacteria. hGBPs target cytosolic S. flexneri after IFN-y exposure and interfere with actin tail formation, which is
required for cytosolic mobility and cell to cell spread [42,43]. GBP1 is essential for IFN-y mediated inhibition
of actin tail formation as well as recruitment of GBP2, 3 and 4 to the pathogen [42]. GBP-mediated inhibition
of actin tails hindered the bacteria from spreading efficiently from cell to cell and resulted in large microcolo-
nies forming in infected cells but significantly fewer cells becoming infected [42]. In addition to S. flexneri,
hGBP1 also targets B. thailandensis through a C-terminal triple-arginine motif that binds O-antigen [43].
mGBPs also inhibit the formation of actin tails and the formation of multinucleated giant cells (MNGCs)
during B. thailandensis infection by interfering with Arp2/3-mediated actin nucleation and cytoskeletal remod-
elling [86]. Cells lacking multiple GBPs from chromosome 3 as well as Gbp2™'~ and Gbp5~'~ cells showed an
increased number of MNGCs and increased bacterial load [86].

Perspectives

Importance of the field: IFN-induced GTPases play a significant role in cell-autonomous defence
against a wide variety of pathogens. They initiate and regulate a diverse range of host defence
pathways and an appreciation of the roles of IFN-induced GTPases in host defence could lead to
more effective anti-microbial treatments.

Current thinking: Individual IFN-induced GTPases possess unique functions that tailor the
response to different pathogens and mediate their anti-microbial function by compromising the
integrity of pathogen-related membranes, releasing PAMPS into the cytosol, inducing bactericidal
small molecules, marking pathogens for destruction or inhibiting pathogen mobility.

Future directions: Identifying GTPase binding partners that mediate their specific function and
regulate their activities, will be crucial in enhancing our understanding of how these GTPases
mediate IFN-induced cell-autonomous defence against various pathogens.
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