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Abstract

Enteropathogenic E. coli (EPEC) and Enterohaemmorhagic E. coli (EHEC) are
extracellular Gram-negative enteric pathogens that cause diarrhoeal disease in
humans. They cause actin polymerisation downstream of intimin-induced clustering
of Type-3 Secretion System effector Tir (Translocated intimin receptor), leading to
the formation of pedestals. Guanylate Binding Protein 1 (GBP1) and caspase-4 are
cytosolic lipopolysaccharide (LPS) sensors involved in detecting and responding to
cytosolic Gram-negative pathogen infections. However, the role of GBP1 and
caspase-4 in epithelial cells upon extracellular pathogen infection remains unknown.
In this study, we investigate the mechanisms involved in detecting EPEC and EHEC
infections in intestinal epithelial cells by the intracellular sensors GBP1 and caspase-
4. We show that epithelial cells recognise extracellular pathogen infection in a GBP1
and caspase-4-dependent manner. This mechanism is gasdermin-D-dependent and
NLRP3-caspase-1-independent. We observe recruitment of caspase-4 to actin
pedestals at sites of infection in a GBP1-dependent manner and determine that
GBP1 is essential in intestinal epithelial cells for full pyroptotic response to
extracellular enteropathogens. We demonstrate that the recruitment of cytosolic
sensors GBP1 and caspase-4 to sites of extracellular pathogen infections in
epithelial cells is LPS-independent and requires only actin polymerisation triggered
by Tir-clustering at the cell membrane. Our study broadens the scope of GBP1 as a
cytosolic immune sensor and provides evidence for its role in LPS-independent
pathogen sensing mechanisms. The observation that GBP1 is involved in the
detection of extracellular pathogens is of consequence to future studies that may
investigate the involvement of cytosolic sensors in immune responses to other

pathogens.
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1. Introduction

1.1. Diarrhoeagenic enteric bacterial pathogens

Diarrhoeagenic diseases affect a large proportion of people in the world, leading to
nearly 1200 deaths just among young children everyday (Chaudhuri et al., 2026;
Diarrhoea UNICEF). These diseases may be caused by invasive pathogens such as
Salmonella and Shigella leading to diseases such as typhoid and shigellosis or
extracellular pathogens such as Diarrhoeagenic E. coli (DEC) (Cabrera-Sosa and
Ochoa, 2020; Zong Minko et al., 2024). Diarrhoeal diseases are the third largest
cause of death in children aged 1-5 (Diarrhoeal disease WHO). DEC are responsible
for 30 - 40% of all diarrhoeal cases in children in Low and Middle-Income Countries
(LMIC). DEC-induced diseases present in many forms such as haemolytic uraemic
syndrome (HUS) and infantile diarrhoea (Cabrera-Sosa and Ochoa, 2020). If
improperly diagnosed or left untreated, these diseases can prove to be fatal.

The DEC pathotype Enteropathogenic E. coli (EPEC) is the leading cause of infantile
diarrhoea, i.e., death in children below the age of 5 with a disproportionally high load
in LMICs (Cabrera-Sosa and Ochoa, 2020; Chaudhuri et al., 2026). Although usually
mild, it can present with fever and vomiting, and if left untreated can lead to
malnutrition and ultimately death (Kotloff et al., 2013; Cabrera-Sosa and Ochoa,
2020). Enterohaemmorhagic E. coli (EHEC) is a type of Shiga toxin-producing E. coli
(STEC) and is the primary causative agent of HUS (Sperandio and Pacheco, 2012).
STEC causes diarrhoea in all age groups and is a major cause of concern in high-
income countries; estimates suggest nearly 3 million acute STEC-related illnesses
annually worldwide (Majowicz et al., 2014). STEC infections often present with
bloody diarrhoea and abdominal cramps, and in severe cases they lead to HUS,
characterised by acute renal failure, thrombocytopenia, and microangiopathic

haemolytic anaemia (Sperandio and Nguyen, 2012; Smith et al., 2014).

The molecular mechanisms leading to diarrhoea involve the inhibition of sodium
glucose cotransporter-1 (SGLT1), DRA ( a CI7OH- exchanger) and NHE3 ( a Na*/H*
exchanger, also called SLC9A3), leading to an accumulation of sodium and chloride

ions in the lumen of the intestine, creating an osmotic imbalance and leaching water



by exosmosis out of cells into the lumen, leading to dehydration and runny stool
(Dean and Kenny, 2009).

EPEC and EHEC can cause diarrhoea by attaching extracellularly and injecting
pathogenic effectors into the host cytoplasm which can upset this osmotic balance
(Kenny and Finlay, 1997; Frankel et al., 1998). Some of these effectors also
suppress immune response against these pathogens (Pallett et al., 2017; Luchetti et
al., 2025). However, cytokines can “prime” the innate immune system to sense and
respond to these infections (Tretina et al., 2019), but the molecular mechanisms

involved in sensing EPEC and EHEC require further elucidation.
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Figure 1 taken from (Launders et al., 2016). Bar charts depicting incidence of STEC

infections and percentage of STEC infections leading to HUS.

(A) Bar chart depicting incidence of symptomatic STEC O157 infections from 2009-
2012 sorted by age groups and gender.

(B) Bar chart depicting predictive percentage chance of STEC O157 infection cases

developing Haemolytic Uraemic Syndrome (HUS)



1.2. Attaching/Effacing Pathogens

Attaching/Effacing (A/E) pathogens refer to bacterial pathogens that attach
extracellularly to intestinal cell membranes and efface their brush border microvilli,
leading to the formation of “attaching/effacing” (A/E) lesions at sites of infection
(Frankel et al., 1998). Two A/E pathogens which infect human intestinal epithelia are
EPEC and EHEC. They reside extracellularly and inject various pathogenic effectors
into the cell through the assembly of a Type-3 Secretion System (T3SS)
injectosome, which acts as a microscopic injection needle, piercing through the host
cell membrane and allowing the secretion of bacterial proteins into the host cytosol
(Shenoy et al., 2018). Many such effectors are located on the Locus of Enterocyte
Effacement (LEE) pathogenicity island, one of which is the Translocated Intimin
Receptor (Tir) (McDaniel et al., 1995; Elliott et al., 1998). Tir is translocated into the
host cell membrane, and forms a hairpin structure, with an intimin-binding region
exposed into the extracellular matrix. Here, Tir interacts with its ligand intimin on the
bacterial outer membrane to form intimate attachments, allowing the bacteria to
reside extracellularly (Wong et al., 2011; Pearson et al., 2016). This leads to
effacement of the brush border epithelia present on the apical enterocyte membrane,
forming A/E lesions, characteristic of EPEC and EHEC infections (Knutton et al.,
1987). Some strains of EPEC, termed typical EPEC, also contain the E. coli
adherence factor (EAF) plasmid, which encodes the bundle-forming pilus (BFP),
allowing EPEC to form microcolonies at sites of infection on enterocytes
(Donnenberg et al., 1992).



Figure 2 taken from (Knutton et al., 1987) and (Frankel et al., 1998). Electron

micrographs depicting EPEC pedestal formation and microvilli effacement.
(A) Electron micrograph showing intimate bacterial attachment and pedestal formation.

(B) Electron micrograph illustrating brush-border effacement through microvilli

destruction.

(C) Localised microvilli brush border architecture destruction upon EPEC infection.

Intimin-mediated Tir clustering at sites of infection initiates signalling for the formation
of actin pedestals (Wong et al., 2011; Pearson et al., 2016). Downstream of Tir
clustering, EPEC and EHEC differ slightly in their mechanisms of pedestal formation.
TirfPEC is phosphorylated by host Src kinases (at Y474), which leads to recruitment of
adapter proteins Nck1/2 (non-catalytic region of tyrosine kinase adaptor protein 1/2).
Further, NWASP (Neuronal Wilkott-Aldrich Syndrome Protein) is recruited (Kenny et
al., 1997; Phillips et al., 2004), along with ARP2/3 to initiate actin polymerisation
(Gruenheid et al., 2001). In contrast, EHEC recruits NWASP via another effector,
TccP (Tir cytoskeleton coupling protein, also called E. coli secreted protein F-like

from prophage U, EspFu). TccP is recruited to Tir via one of two host proteins, IRTKS



(Insulin receptor tyrosine kinase substrate) or IRSp53 (Insulin Receptor Substrate
p53) (Vingadassalom et al., 2009; Weiss et al., 2009; Crepin et al., 2010). Through
these mechanisms, EPEC and EHEC form characteristic “actin pedestals”
underneath sites of infections (Frankel and Phillips, 2008). These actin pedestals
may play a role in sensing these infections; however, their exact function remains

unclear.

EPEC and EHEC also use many effectors to cause disease, manipulate host
immune signalling and evade immune defence systems. Two effectors involved in
manipulating host immune responses are the non-LEE-encoded effectors nleL and
nleF. NleL is a HECT-like E3 ubiquitin ligase that targets proteins such as caspase-4,
ROCK1 and ROCK2 for proteasomal degradation (Luchetti et al., 2025). NleF has
been reported to bind to the catalytic domain of caspase-4 and inhibit its proteolytic
activity (Pallett et al., 2017). Other LEE and non-LEE effectors are also important for
successful colonisation of A/E pathogens. Citrobacter rodentium is a mouse infection
model used to model A/E infections in vivo (Deng et al., 2003; Collins et al., 2014;
Mullineaux-Sanders et al., 2019), and knocking out Tir (Schauer and Falkow, 1993),
intimin (Deng et al., 2003), or a functional T3SS system (Petty et al., 2010) in C.
rodentium renders it completely avirulent. Deleting nleA (Gruenheid et al., 2004) or
nleB (Kelly et al., 2006) also leads to highly attenuated virulence in C. rodentium,
indicating an important role for these effectors in effective colonisation of the murine
gut. Diarrhoeal disease is caused by disruption of tight junctions in intestinal epithelia
leading to “leaky junctions” by effectors such as Map (Mitochondria-associated
protein), EPEC-secreted proteins EspF, EspG, and NleA (Ma et al., 2006).

Innate immune proteins in these epithelia act as a first line of defence against
pathogens by detecting and mounting an effective immune response to them (Fisch
et al., 2019). However, the molecular mechanisms by which the innate immune

system responds to A/E pathogen infection is not well characterised.
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Figure 3: Schematic depicting major differences between EPEC and EHEC-induced

mechanisms of actin polymerisation. Created in BioRender.

Figure shows actin polymerisation downstream of Intimin-mediated Tir clustering upon
EPEC and EHEC infections. EPEC infections involve Nck 1/2 recruitment to
phosphorylated Tir, whereas EHEC involves IRSp53 or IRTKS-mediated recruitment of
bacterial TccP/EspFu.

1.3. The innate immune system

Cell-autonomous immune sensing acts as a first line of defence against invading
pathogens. The innate immune system can recognise infections by recognising
common Pathogen Associated Molecular Patters (PAMPs) through PAMP-triggered
immunity, or common pathogenic effectors through effector-triggered immunity
(Janeway, 1989; Stuart et al., 2013). PAMPs are recognised by Pattern Recognition
Receptors (PRRs). PRRs may be present as receptors on the cell membrane such
as Toll-Like Receptors (TLRs) to recognise extracellular threats or may be present in
the cytosol such as inflammasomes to recognise invasive pathogens in the cytosol
or in vacuoles. TLR4 can recognise bacterial membrane components such as
lipopolysaccharide (LPS) (Varma et al., 2005; Murphey et al., 2007)and
monophosphoryl Lipid A (MPLA) (Romero et al., 2011; Fensterheim et al., 2018),
whereas TLR2 can recognise peptidoglycan (Murphey and Sherwood, 2008).



Inflammasomes are cytosolic multi-protein immune sensing complexes which detect
and respond to incoming dangers (Broz and Dixit, 2016). NLRP3 (NOD, leucine-rich
repeat and Pyrin domain-containing protein 3) is an inflammasome complex which
senses danger by sensing K* efflux out of the cell (Broz et al., 2010; Man et al.,
2014; Fisch et al., 2019). Two distinct mechanisms can lead to this K* efflux, the

canonical and non-canonical inflammasome activation pathways.

Canonical inflammasome activation is triggered by the opening of P2X7 channels by
ligands such as ATP or bacterial toxins such as nigericin (Broz and Dixit, 2016). Non-
canonical inflammasome activation involves cytosolic LPS detection by caspase-4,
leading to activation of its protease activity. Caspase-4 then cleaves the molecule
gasdermin-D (GSDMD). The N-terminal fragment of GSDMD oligomerises at the
plasma membrane, forming large pores, leading to K* efflux and eventually to cell
death through an inflammatory mode of cell death known as pyroptosis (Sanchez-
Garrido et al., 2020). The non-canonical inflammasome pathway plays a crucial role
in the defence against cytosolic Gram-negative pathogens such as Salmonella,
Shigella and Burkholderia (Ceballos-Olvera et al., 2011; Fisch et al., 2019; Li et al.,
2020). Upon activation, NLRP3, through the ASC (apoptosis-associated speck-like
protein containing a CARD) adapter protein, cleaves caspase-1, which further
cleaves the pro-inflammatory cytokines IL-13 and IL-18 (Sanchez-Garrido et al.,
2020). Inflammasome-mediated pyroptosis and cytokine release act as important
cues to eliminate pathogen replicative niches and warn nearby cells of impending

danger.

In THP-1 macrophages, the NLRP3-caspase-1 inflammasome plays an important
role in the detection and pyroptotic response to EPEC infections, downstream of
caspase-4 (Fisch et al., 2019). Although caspase-4 is also involved in detection of
cytosolic infections in epithelial cell lines, the role of NLRP-3-caspase-1 or caspase-4
has not yet been studied in epithelial cell response to extracellular pathogens such
as EPEC and EHEC. However, epithelial cells do not pyroptose upon
enteropathogenic infections without cytokine priming (data not shown), thus it is
imperative to study the role of cytokines in priming and activating caspases, and in

inflammasome pathways in immune responses of epithelial cells to these pathogens.
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Figure 4: Schematic depicting canonical and non-canonical modes of NLRP3

inflammasome activation.

The canonical mode of activation involves K* efflux through P2X7 ion channels
triggered by ligands such as ATP and bacterial nigericin. The non-canonical
inflammasome pathway is triggered by LPS from bacteria or outer membrane vesicles
(OMVs) making their way into the cytoplasm, leading to recognition by caspase-4,
which further cleaves GSDMD and causes K* efflux. MCC950 is a potent NLRP3
inhibitor.

1.4. Cytokines — Interleukins and Interferons

Cytokines such as interleukins and interferons are critical drivers of immune
responses to infections. Pro-inflammatory cytokines such as interleukin 1B (IL-1B),
IL-18 and interferon-y (IFNy) are secreted cytokines which play an important role in
priming cellular defence against infection by stimulating immune cell recruitment and
activation, increasing vascular permeability and inducing fever (Al-Qahtani et al.,
2024).

IL-1B and IL-18 belong to the IL-1 family of interleukins. These cytokines bind to the

IL-1 receptor and initiate signalling pathways to produce other inflammatory



molecules and recruit immune cells to sites of infection (Veerdonk et al., 2011). Both
the cytokines are present in their inactive pro-forms in the cytoplasm and need
proteolytic cleavage, primarily through caspase-1 to activate and get released into
the extracellular matrix (Veerdonk et al., 2011; Sanchez-Garrido et al., 2020). IL-1
plays a role in activating the adaptive immune system and improves mucosal host
defence. It initiates T helper cell response which improves mucosal barrier function
during infection by secreting IL-17 and IL-22 that stimulate the release of
antimicrobial peptides and chemokines for neutrophil recruitment (Al-Qahtani et al.,
2024). IL-18 binds to the IL-18 receptor and activates and upregulates the cytotoxic
function of CD-8 T-cells and Natural Killer (NK) cells. It also initiates a signalling
cascade leading to the production of other cytokines such as IL-4, IL-13, Tumour
Necrosis Factor(TNF) and Interferon-y (IFNy) (Ihim et al., 2022).

IFNy is a Type Il interferon that confers many protective functions during infection. In
macrophages, IFNy can enhance antigen presentation by upregulating Class-lIl MHC
molecules, it can increase reactive oxygen and nitrogen species production and
induce autophagy to clear intracellular pathogens. IFNy also upregulates the
production of various anti-microbial molecules to detect and defend against
infections (Ng et al., 2023). In the context of bacterial infections in intestinal epithelial
cells, IFNy is crucial for successful pyroptotic response (Bennison et al., 2025).
Without IFNy-priming, intestinal epithelia are unable to effectively respond to
bacterial infections. One important group of interferon-stimulated genes (ISGs)
involved in pyroptotic response is the group of GTPases termed the Guanylate
Binding Proteins (GBPs) (Bennison et al., 2025).

1.5. Guanylate Binding Proteins — Interferon-induced
GTPases

Guanylate Binding Proteins (GBPs) are Interferon-y-induced dynamin-like large
GTPases that play a crucial role in antimicrobial defence (Kim et al., 2011; Shenoy et
al., 2012; Tretina et al., 2019). GBPs are involved in the defence against various
bacterial pathogens such as Salmonella enterica, Shigella flexneri, Francisella
novicida, Yersinia enterocolitica and Chlamydia trachomatis to name a few. They
have also been implicated in immune roles in the detection and response to

protozoan pathogens such as Toxoplasma gondii and Leishmania donovani (Fisch et



al., 2019; Rivera-Cuevas et al., 2023). GBP1 is the most well-studied of seven
human GBP family members, and past work from the Shenoy lab has investigated
the role of GBP1 against intracellular pathogens such as Salmonella and
Toxoplasma. They showed that GBP1 coats the surface of cytosolic Salmonella.
They also showed that GBP1 is recruited to Toxoplasma-containing vacuoles, and
targets them for rupture, uncovering broader roles for GBP1 in anti-microbial defence

beyond Gram-negative bacteria (Fisch et al., 2019).

GBPs contain a C-teminal CaaX isoprenylation motif which is post-translationally
modified to facilitate recruitment to membranes. GBP1, GBP2 and GBP5 contain a
CaaX motif which is modified with either a 15-carbon farnesyl group (GBP1) or a 20-
carbon geranylgeranyl group (GBP2 and GBP5) (Nantais et al., 1996; Britzen-
Laurent et al., 2010). Past reports have shown that these post-translational
modifications are crucial for the antimicrobial function of GBPs, indicating that
physical engagement with membranes plays an important role in the conformational

changes which activate GBP function in innate immunity.

Crystal structures of GBP1, and recently, cryo-electron microscopy structures of
GBP1 have provided further clues about the mechanism by which GBP1 performs its
antimicrobial activity. It dimerises via a highly conserved “G-interface”, leading to its
GTPase activity stimulation (Kuhm et al., 2025). GBP1 catalyses GTP hydrolysis in
two distinct steps, first a conversion to GDP, followed by a repositioning of GDP to
further dephosphorylate it to GMP. Although GTP-GDP conversion has been shown
to be sufficient for restricting pathogens such as Chlamydia (Xavier et al., 2020), the
second step and further degradation of GMP to urea is crucial for activation of the
NLRP3 inflammasome (Schwemmle and Staeheli, 1994; Ghosh et al., 2006).
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Figure 5 taken from (Weismehl et al., 2024). Schematic depicting mechanism of

formation of oligomeric GBP1 coat around bacterial outer membranes.

Upon activation, the GBP1 monomer dimerises into an outstretched conformation. This
is followed by oligomerisation of multiple dimers into an oligomeric coat on the outer

membrane of Gram-negative bacteria.

Other GBPs are also involved in the defence against intracellular pathogens. They
are recruited to sites of infection in a hierarchical manner; GBP1 is recruited first,
triggering the recruitment of other GBPs. In human epithelial cells, during S.
typhimurium and S. flexneri infections, GBP1 is recruited to the surface of the
bacterium, followed by GBP2 and GBP4, which are implicated in controlling the
recruitment of caspase-4, and GBP3, which binds LPS and controls activation of
caspase-4 (Wandel et al., 2017, 2020; Santos et al., 2020). Shigella effector IpaH9.8,
an E3 ubiquitin ligase, ubiquitylates and marks the GBP coat for degradation,
allowing for escape of the pathogen (Wandel et al., 2017). GBP5 was the first GBP
observed to contribute to inflammasome activation, through its interaction with
NLRP3 (Shenoy et al., 2012). However, the role of GBPS in inflammation is not well-



characterised, and recent reports also indicate that it causes a decrease in pro-
inflammatory secreted cytokines and chemokines (Li et al., 2022). Surprisingly, the

role of GBPs in extracellular-pathogen-induced pyroptosis remains unknown.
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Figure 6 taken from (Wandel et al., 2017). Schematic depicting the molecular steps

involved in IFNy-induced GBP coating of cytosolic Shigella.

Figure shows IFNy-induced GBP coating of cytosolic Shigella, leading to delayed
spread and helping control infection. Shigella effector IpaH9.8 ubiquitylates GBPs,

allowing the pathogen to escape.

1.6. Extracellular pathogen-induced pyroptosis

Multiple studies have shown the role of GBPs as intracellular anti-microbial sensors
of vacuolar or cytoplasmic pathogens, however their role in pyroptosis induced by
extracellular A/E pathogens is not well-studied (Ceballos-Olvera et al., 2011; Fisch et
al., 2019; Li et al., 2020). EPEC induces caspase-4 mediated pyroptosis in
macrophages through the NLRP3-caspase-1 inflammasome. EPEC is internalised
by phagocytosis in THP-1 macrophages, allowing caspase-4 access to LPS, leading

to its activation. Upon activation, caspase-4 activates the NLRP3-caspase-1



inflammasome, leading to proteolytic cleavage of pro-inflammatory cytokines and
GSDMD, eventually resulting in pyroptosis. In the THP-1 infection system, the
NLRP3-caspase-1 inflammasome is crucial for pyroptosis, as inhibiting NLRP3 led to

a significant reduction in pyroptotic cell death (Goddard et al., 2019).

Macrophages have two major limitations when used to model EPEC infections; They
are phagocytic, hence they internalise EPEC inside the cell (Goddard et al., 2019),
which is not physiologically accurate, as A/E pathogens do not enter their host niche,
the intestinal epithelia (Levine et al., 1978). Another drawback is that they are
immune cells and thus contain many immune pathways which are not present in
intestinal epithelial cells (Smith et al., 2005), thus it is important to assess infection

by these pathogens in intestinal epithelial cell lines such as HT29 and CL40.

1.7. Scope of this study

In this study, we sought to understand the mechanisms involved in extracellular
pathogen sensing by intracellular sensors such as GBP1 and caspase-4 during
infection in intestinal epithelial cells. We also assessed the role of the NLRP3-
caspase-1 inflammasome axis during pyroptosis in these cells, and whether it is
dispensable. Caspase-4 has been implicated in defence against EPEC in
macrophages (Goddard et al., 2019); thus, we investigated its role in the immune
response of intestinal epithelial cells against EPEC and EHEC, which are the natural
physiological niches of these pathogens. We also investigated the role of GBPs in
assisting caspase-4 in mounting an immune response to these pathogens, as has
been previously reported with intracellular pathogens. Past work from Dr. Daniel
Bennison in the Shenoy lab has shown that GBP1 is recruited to actin pedestals at
sites of EPEC infection, so we sought to determine whether caspase-4 is also
recruited to these pedestals (Bennison et al., 2025) (Fig. 7 A). He also showed that
pyroptosis is significantly reduced in GBP1-- HelLa cells (Fig. 7 B), suggesting an
important role for GBP1 in A/E-pathogen-induced pyroptosis. Finally, we dissected
the mechanisms by which immune sensing occurs using an ingeniously designed
“sterile” Tir-clustering system to assess the role of LPS during recruitment of these
proteins to sites of infection and during pyroptosis.
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Figure 7: GBP1 is involved in immune responses to EPEC infections in HelLa cells

(A) Panel taken from (Bennison et al., 2025). Representative immunofluorescence
image of IFNy-primed HelLa cells infected with EPEC for 2 hours followed by

staining with anti-GBP1 mouse monoclonal antibody, Phalloidin-AlexaFluor-568 and
Hoechst Dye to stain for nuclei.

(B) Percentage pyroptosis as measured by Pl uptake assays in IFNy-primed Hela cells
infected with EPEC for 6 hours. Mean + SD is shown for data obtained from Dr.

Daniel Bennison from n = 3 independent experiments. **P < 0.01.



2. Materials and Methods

2.1. Materials

21.1. Table 1: Cell lines used in this study
Cell Line Source
CL40 ATCC

CL40 pMXCMV-miR30E- CASP4

(Bennison et al., 2025)

CL40 pMXCMV-miR30E- Ctrl

(Bennison et al., 2025)

CL40 pMXCMV-miR30E- GBP1#3+8

(Bennison et al., 2025)

CL40 pMXCMV-miR30E-GSDMD

(Bennison et al., 2025)

HEK293E

(Eldridge et al., 2017;
Goddard et al., 2019;
Mishra et al., 2023)

Hela

ATCC

HeLa GBP1-

(Bennison et al., 2025)

HelLa GBP17- pMX- FcyRlla-Tir-MYC

(Bennison et al., 2025)

HelLa pMXCMV-miR30E- CASP4

(Bennison et al., 2025)

HelLa pMXCMV-miR30E- Cirl

(Bennison et al., 2025)

HelLa pMXCMV-miR30E- GBP2#1+2

(Bennison et al., 2025)

HelLa pMXCMV-miR30E- GSDMD

(Bennison et al., 2025)

HelLa pMX-FcyRlla-Tir-MYC

(Bennison et al., 2025)

HT29

ATCC

HT29 pMXCMV-miR30E- CASP4

(Bennison et al., 2025)

HT29 pMXCMV-miR30E- Ctrl

(Bennison et al., 2025)

HT29 pMXCMV-miR30E- GBP1#3+8

(Bennison et al., 2025)

HT29 pMXCMV-miR30E- GBP2#1+2

(Bennison et al., 2025)




2.1.2.

Table 2: Bacterial strains used in this study

Strain Source Identifier
EHEC 85-170 (Levine et al., 1978) O157:H7
EHEC 85-170 Aeae (Bennison et al., 2025) | O157:H7
EHEC 85-170 AescN (Bennison et al., 2025) | O157:H7
EHEC 85-170 AtccP (Bennison et al., 2025) | O157:H7
EHEC 85-170 Atir (Bennison et al., 2025) | O157:H7
EPEC E2348/69 (Bennison et al., 2025) | O127:H6
EPEC E2348/69 Aeae (Marchés et al., 2008) | O127:H6
EPEC E2348/69 AescF (Wilson et al., 2001) 0127:H6
EPEC E2348/69 Atir (Berger et al., 2009) 0127:H6
Stbl2 E. coli (Trinh, et al., 1994) -

21.3. Table 3: Plasmids used in this study
Plasmid Source
pCMV-HIV-Gag-Pol (HIV-1266) Walther Mothes
pCMV-MMLV 6 Walther Mothes Walther Mothes
pCMV-VSV-G 6 Walther Mothes Walther Mothes

pMXCMV-FcyRIla-Tir-MYC
PMXCMV-YFP-CASP4¢258S
pMXCMV-YFP-miR30E- CASP4
pMXCMV-YFP-miR30E- Control
pMXCMV-YFP-miR30E- GBP1 #3
pMXCMV-YFP-miR30E- GBP1 #8
pMXCMV-YFP-miR30E- GBP2 #1
pMXCMV-YFP-miR30E- GBP2 #2
pMXCMV-YFP-miR30E- GSDMD
pTet-tTA-tTS

Bennison et al., 2025)
Bennison et al., 2025)
Bennison et al., 2025)
Bennison et al., 2025)
Bennison et al., 2025)
Bennison et al., 2025)
Bennison et al., 2025)
Bennison et al., 2025)
Bennison et al., 2025)
Fisch et al., 2019)

(
(
(
(
(
(
(
(
(
(




2.1.4. Table 4: DNA constructs used in this study

Construct Sequence Source
CASP4 miR30E ATATCTTGTCATGGACAGTCGT (Bennison et al., 2025)
CTRL miR30E TCACGACGTTGTAATACGACGT | (Bennison et al., 2025)

GBP1 miR30E#3 | CAGGAACAGGAGCAACTACTAA | (Bennison et al., 2025)
GBP1 miR30E#8 | AGAACACTAATGGGCGACTGAT | (Bennison et al., 2025)
GBP2 miR30E#1 TCAGGATATATTTGGCCCTTTA (Bennison et al., 2025)
GBP2 miR30E#2 | AAAGGTACTGATAAGAAAAGTA | (Bennison et al., 2025)
GSDMD miR30E TACACATTCATTGAGGTGCTGG | (Bennison et al., 2025)

2.2. Methods

2.2.1. Cell culture

Cell lines were cultured in a humidified incubator at 5% CO2 and at 37 °C. HelLa and
HEK cell lines were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with sodium pyruvate (1 mM), penicillin (100 units/mL), streptomycin
(100 units/mL), and 10% heat-inactivated Foetal Bovine Serum (HI-FBS). CL40 cell
lines were cultured in DMEM/Ham’s F12, supplemented with sodium pyruvate (1
mM), penicillin (100 units/mL), streptomycin (100 units/mL), and 20% HI-FBS.
Additionally, Zeosin (200 ug/mL), Blasticidin S (10 pg/mL), or Puromycin (2 pg/mL)
were added when required for the appropriate cell lines. Doxycycline (200 ng/mL)
was added overnight before experiments where pTet-rtTA-tTS plasmid expression

was required.

2.2.2. Bacterial culture

EPEC strains were grown in 5 mL Luria Bertani Broth (LB) overnight in a shaking
incubator at 37 °C followed by diluting 1:50 in low-glucose DMEM and left standing in
a humidified incubator with 5 % COz2 for 3 h to allow bacterial priming and expression
of the LEE regulon. EHEC strains were grown for 8 hours in LB in a shaking
incubator at 37 °C followed by overnight priming 1:50 in low-glucose DMEM.
Kanamycin was added at a concentration of 30 ug/mL for appropriate knockout

strains.



2.2.3. Generation of GBP2 knockout HelLa cells

Hela cells were plated in a 24-well plate at a density of 10° cells/well. The next day
they were co-transfected with 125 ng each of plasmids expressing SpCas9 and
GBP2-specific gRNA using TransIT-X2 Dynamic Delivery System (Mirus) according
to the manufacturer’s instructions with transfection complexes prepared in OptiMEM.
Plasmids containing two gRNA targeting the entire coding sequence of GBP2 were
cotransfected into HelLa cells. After 48 h post-transfection, untransfected cells were
killed by culturing in puromycin (2 ug/mL). After 72 hours of puromycin selection,
surviving cells were trypsinised and diluted to a concentration of ~3 cell/mL and
plated in two 10 cm dishes to obtain single-cell clones. After culturing for ~3 weeks,
clones were picked up using sterile filter paper discs dipped in trypsin-EDTA solution.
Discs containing cells were shaken in one well of a 48-well plate (containing 250 pL
media) to release loosely attached cells and the disc was placed with the face
containing adherent cells facing up in a second 48-well (2 wells per clone). When
these wells were confluent, cells were passaged to 12-well plates. Screening of

clones was carried out using Western blotting to assess GBP2 protein expression.

2.2.4. Gene silencing with miRNA3OE

To knock down GBP1, GBP2, Caspase-4 and GSDMD, gene-specific 22-base
oligonucleotides were designed and cloned into the pMX-CMV-eYFP-miR30E
backbone at Xhol and EcoRlI restriction sites. Sequences used are listed in Table 4.
The silencing plasmids were then transduced into HeLa, HT29 and CL40 cell lines to
create stable silenced cell lines. Silencing was confirmed using Western blot analysis

of protein expression.

2.2.5. Molecular Cloning and Protein Expression

Cloning was carried out using Sequence Ligase Independent Cloning (SLIC). The
22-base oligonucleotide insert was amplified using PCR and the plasmid backbone
was digested using EcoRI and Xhol restriction enzymes. The insert and backbone
were ligated using the T4 exonuclease-based ligase-independent method (Jeong et
al., 2012). 100 ng of backbone and 4x molar ratio of insert were mixed along with T4
polymerase (0.2 yL) and 10x NEB rCutSmart™ buffer in a 20 yL reaction. Upon
adding polymerase, the reaction mixture was kept at room temperature for exactly

2.5 minutes followed by ice for 10 minutes to stop exonuclease activity. Half of the



reaction mixture was then transformed into Stbl2 E. coli competent cells and
selected on Luria Bertani agar plates containing ampicillin (100 pg/mL). The next
day, plasmids were mini-prepped from the resultant colonies and screened using
restriction digestion followed by confirmation with Sanger Sequencing. GBP2,3,4 and
5 were overexpressed using Doxycycline-inducible pTetDF-mCh vector along with
the control vector pTet-rtTA-{TS.

2.2.6. Retroviral and Lentiviral Packaging and Transduction

HEK293E cells were plated in a 24-well format at a density of 1 x 10° cells/well. The
next day, retroviral plasmids (pMX backbone) and pCMV-MMLV-Gag-Pol or lentiviral
plasmids (pTet backbone) and pHIV-1266 were co-transfected along with pCMV-
VSV-G-Env into the plated cells in a ratio of 5:4:1 for pMX-plasmid:Gag-Pol:VSV-G
(for retroviral plasmids) or 3:2:1 pTet-plasmid:HIV-1266:VSV-G (for lentiviral
plasmids). At 48 hours post transfection, HEPES (10 mM) was added to the
supernatant to stabilize pH and virus-containing supernatant was harvested and
filter-sterilised through 0.45 ym filters. Recipient cells were plated in a 24-well format
and 250 — 400 L of filtered supernatant was added to transduce the plasmid of
interest. At 48 hours post transduction, the appropriate selection antibiotic was

added to select for transduced cells.

2.2.7. Cell Death Assays

Hela, HT29 and CL40 cell lines were plated at 4 x 10* cells/well (HeLa), 7 x 10*
cells/well (HT29), or 1.4 x 10° cells/well (CL40) in rows in 96-well plates. The next
day, medium was changed to DMEM (-) medium which is the culture medium used
above but without penicillin, streptomycin, and phenol red. IFNy (10 ng/mL) was
added to the medium to prime the cells overnight. Primed bacterial cultures were
diluted in low-glucose DMEM to the appropriate Multiplicity of Infection (MOI) and
cells were infected with EPEC cultures at MOI 30 for 2 hours or with EHEC at MOI
50 for 5 hours followed by gentamicin (200 pg/mL) addition to kill excess bacteria. At
the start of the infection, along with bacteria, Propidium lodide (PI) was added (5
pug/mL) to all wells along with one row of cells where 0.05 % Triton-X was added as a
positive control, and one row of cells which were left uninfected as a negative
control. Cell death in experimental groups was normalised (as percentage) cell death

with respect to the positive after removing the value of uninfected negative control



wells. Pl fluorescence was measured from 2 hours post infection up to 6 hours or 18
- 24 hours at intervals of 15 minutes.

2.2.8. Immunofluorescence Microscopy

Slide Preparation

Hela and HT29 cell lines were plated at a density of 1 x 10° cells/well on cover slips
in 24-well plates. The next day, cells were primed with IFNy (10 ng/mL) overnight.
Primed bacterial cultures were diluted to the appropriate Multiplicity of Infection and
cells were infected with EPEC cultures at Mol 5 for 3 hours or with EHEC at Mol 20
for 5 hours. Cells were then washed twice with PBS followed by fixation in 4%
paraformaldehyde (PFA) prepared in PBS for 20 minutes with the plate wrapped
under aluminium foil to avoid light exposure. The cells were then again washed twice
with PBS for 5 minutes each followed by quenching of the PFA with 50 mM
ammonium chloride solution in PBS for 20 minutes. Cells were then stored in PBS at

4 °C for further processing.

For staining, all antibodies were diluted in 5% donkey serum and 0.1% saponin
prepared in PBS. Fixed cells were stained with anti-GBP1 (1:500) mouse
monoclonal antibody and Phalloidin-AlexaFluor568 (1:400) overnight, followed by
secondary staining with anti-mouse-AlexaFluor647 (1:1000) secondary antibody and
Hoechst DNA dye (1:500) to visualise bacteria and nuclei for 1 h at room
temperature. YFP-Caspase-4°2%8S emits at a wavelength of 524 nm and was not

stained with antibodies.

For FLAG-tagged GBP2,3 and 5, the proteins were visualised using anti-FLAG
(1:400) mouse monoclonal antibody followed by anti-mouse-AlexaFluor647
secondary antibody and Hoechst DNA dye as above. For MYC-tagged GBP4, anti-
MYC (1:400) mouse monoclonal antibody was used.

After secondary antibody treatment, cover slips were washed and mounted on slides
with Invitrogen ProLong™ Diamond Antifade Mountant and left to cure overnight in

darkness at room temperature.

Image acquisition and processing

Images were acquired using a Zeiss CellDiscoverer 7 epifluorescence microscope

fitted with an Axiocam 504 mono camera and a Colibri.2 light source. PApo 50x/1.2



water auto-immersion lens along with an afocal magnification lens at 2x
magnification were used to acquire images at 100x magnification. LEDs of
wavelengths of 385, 470, 520, 567, 590, 625 nm were used along with Zeiss 90 HE,
91 HE and 92 HE filter sets. Raw images were deconvolved and processed using Fiji
ImageJ software. Point Spread Functions (PSFs) were generated for each
wavelength using the PSFGenerator Imaged plugin available (Kirshner et al., 2013).
Deconvolution was performed using 25 iterations of the Richardson-Lucy method

using the DeconvolutionLab2 ImageJ plugin (Sage et al., 2017).

2.2.9. I1gG Bead Preparation and Treatment

Bead Preparation

Spherotech SPHERO™ Polystyrene Particles (3.54 uym diameter beads) were
coated with either BSA or human immunoglobulin G (IgG). Beads were washed twice
with PBS and spun down at 5,000 xg followed by sterilisation in 100% ethanol for 10
minutes. They were again washed thrice in PBS and then treated with a solution of
500 pg/mL of BSA or 500 pg/mL of human IgG overnight on a rotating wheel at 10
rom at 4 °C. The next day, the beads were washed twice with sterile PBS and

counted using a haemocytometer.

Bead Treatment

HelLa WT or GBP17- cells expressing FcyR-Tir chimeric receptors were treated with
IgG or BSA (negative control) - coated beads at a multiplicity of 5 beads:1 cell for 15
minutes, followed by washing with DMEM to remove excess beads. The medium
was changed to OptiMEM, and cells incubated at 37 °C and 5% CO2 in a humidified
incubator for 3 hours, followed by fixing with PFA for immunofluorescence
experiments as described above. For cell death assays, cells were incubated in
OptiMEM containing PI (5 pg/mL) for 24 hours with measurements taken every 15

minutes as described above.

2.2.10. Western Blot Analysis

HelLa, HT29 and CL40 cell lines were grown in 48-well plates to confluency. The
cells were then washed once with ice-cold PBS and lysed in 100 mL of RIPA buffer
(60 mM Tris (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% Na-deoxycholate, 1 mM
EDTA) supplemented with Pierce™ protease inhibitor and 1 mM



phenylmethylsulfonyl fluoride (PMSF). Samples were mixed with Laemmli loading
dye containing 5 % B-mercaptoethanol and proteins separated on a 10 % SDS-
PAGE at 100 V for 12 minutes followed by 200 V for 45 minutes. The proteins were
transferred onto a PVDF membrane using a semi-dry transfer method in 1X
Transblot buffer (1.21g Trizma base, 7.5g Glycine, 100 mL methanol in 1L solution)
for 30 minutes at 25 V. The membrane was blocked using 5 % skim milk prepared in
PBST for 1 hour and primary antibody treatment overnight at 4 °C. All antibodies
were diluted in 5% Bovine Serum Albumin (BSA) in PBST and used at a dilution of
1:1000, except GBP1 mouse monoclonal used at 1:2000. The next day, membranes
were washed 3 times in PBS for 15 min each, treated with anti-mouse or anti-rabbit
secondary antibodies (1:20,000) diluted in 5% skim milk fused with Horse-Radish
Peroxidase for 1 hour and developed using BioRad Clarity™ Western ECL Substrate
to visualise the proteins of interest. All the steps were separated by membrane
washes in 1x PBST (PBS + 0.1 % Tween-20).

2.2.11. Data Analyses

For all experiments, two technical replicates from adjacent wells in a 96-well plate
were averaged to calculate a single mean value. Independent biological replicates
refer to experiments performed with distinct passages of cell lines and freshly
inoculated bacterial cultures on separate days. Data were organized in MS Excel
and analysed and plotted in R (v.4.0 or higher) using grafify, ggplot2, readxl, dplyr
and tidyr packages. Mean and standard deviation (SD) are displayed for bar graphs.

Statistical comparisons were made using one-way ANOVA of mixed effects linear
models fitted with random factors (experiments) and fixed factors. Studentised

residuals were plotted as Quantile-Quantile plots to ensure normal distribution.



3. Results

3.1. CASP4 and GSDMD silencing reduces EPEC-induced
pyroptosis

Previous studies have shown that Caspase-4 and GSDMD are involved in the
pyroptosis pathway during infections of epithelial cells with Gram-negative
intracellular pathogens such as Salmonella (Fisch et al., 2019). To test whether this
is also true in the case of extracellular pathogen infections in intestinal epithelial
cells, caspase-4 and GSDMD were silenced in HeLa, CL40 and HT29 cell lines
using mMiRNA3OE constructs and protein expression in the silenced cell lines was

assessed using western blot analysis.

Upon confirming successful silencing (Fig. 8 D-F), the silenced cell lines were
infected with EPEC for 6 or 12 hours and pyroptotic cell death was measured using
PI1 fluorescence. We observed a significant reduction in pyroptotic cell death in cell
lines where either caspase-4 or GSDMD was silenced, suggesting that these
proteins play an important role in pyroptosis in human intestinal epithelial cells lines
and Hela cells upon EPEC infection (Fig. 8 A-C).

A portion of the results described in this section have been published as a pre-print
(Bennison et. al., 2025), which may lead to high similarity in parts.
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Figure 8: CASP4 and GSDMD silencing lead to reduced pyroptosis upon EPEC

infection

(A) Percentage pyroptosis as measured by Pl uptake assays of IFNy-treated CL40 cell
lines silenced for Caspase-4 or GSDMD or transduced with a control miRNA3OE as
a control infected with EPEC. Measurements were plotted at 6 hours post infection.

Mean = SD from n = 4 independent experiments are depicted.

(B) Percentage pyroptosis as measured by Pl uptake assays of IFNy-treated HT29 cell
lines silenced for Caspase-4 or transduced with a control miRNA3OE as a control
infected with EPEC. Measurements were plotted at 12 hours post infection. Mean *

SD from n = 4 independent experiments are depicted.

(C) Percentage pyroptosis as measured by Pl uptake assays of IFNy-treated HelLa cell
lines silenced for Caspase-4 or GSDMD or transduced with a control miRNA3OE as
a control infected with EPEC. Measurements were plotted at 6 hours post infection.
Mean £ SD from n = 3 independent experiments are depicted for HeLa CASP4 and
GSDMD miR30E cell lines and n = 4 for Ctrl miR30E cell line.

(D) Representative Western blots showing silencing of Caspase-4 and GSDMD in cell
lysates of IFNy-treated CL40 cells stably expressing the non-targeting control (Ctrl)
or the indicated miR30E. GAPDH was used as a loading control. Blots are

representative of n = 3 independent experiments.

A portion of the results described in this section have been published as a pre-print
(Bennison et. al., 2025), which may lead to high similarity in parts.



(E) Representative Western blots showing silencing of Caspase-4 in cell lysates of
IFNy-treated HT29 cells stably expressing the non-targeting control (Ctrl) or
Caspase-4 miR30E. GAPDH was used as a loading control. Blots are representative

of n = 3 independent experiments.

(F) Representative Western blots showing silencing of Caspase-4 and GSDMD in cell
lysates of IFNy-treated Hela cells stably expressing the non-targeting control (Ctrl)
or the indicated miR30E. GAPDH was used as a loading control. Blots are

representative of n = 3 independent experiments.

Data Information: **P < 0.01, ***P < 0.001 for indicated comparisons in panels A-C

from one-way mixed model ANOVA.

3.2. GBP1-silencing in intestinal epithelial cells reduces
EPEC-induced pyroptosis

Previous data from the lab showed that pyroptosis is significantly reduced in IFNy-
primed GBP1 knockout HelLa cells upon EPEC infection (Bennison et al., 2025). To
assess the role of GBP1 in physiologically relevant intestinal epithelial cells, GBP1

was silenced in CL40 and HT29 using miR30E-based stable silencing.

We achieved partial silencing of GBP1 (Fig. 9 C,D) and observed that upon IFNy

induction in these cells, there was significant reduction in pyroptosis (Fig. 9 A,B).
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Figure 9: Partial GBP1 silencing in intestinal epithelial cells leads to reduction in

pyroptosis.

(A) Percentage pyroptosis as measured by Pl uptake assays of IFNy-treated CL40 cell
lines silenced for GBP1 or transduced with a control miRNA3OE as a control
infected with EPEC. Measurements were plotted at 6 hours post infection. Mean *

SD from n = 3 independent experiments are depicted.

(B) Percentage pyroptosis as measured by Pl uptake assays of IFNy-treated HT29 cell
lines silenced for GBP1 or transduced with a control miRNA3OE as a control
infected with EPEC. Measurements were plotted at 12 hours post infection. Mean *
SD from n = 5 independent experiments are depicted. Four independent replicates

were performed by Ayush Punwatkar.

(C) Representative Western blots showing silencing of GBP1 in cell lysates of IFNy-
treated CL40 cells stably expressing the non-targeting control (Ctrl) or GBP1
miR30E. GAPDH was used as a loading control. Blots are representative of n = 3

independent experiments.

(D) Representative Western blots showing silencing of GBP1 in cell lysates of IFNy-
treated HT29 cells stably expressing the non-targeting control (Ctrl) or GBP1
miR30E. GAPDH was used as a loading control. Blots are representative of n = 3

independent experiments.

Data Information: *P < 0.05, **P < 0.01 for indicated comparisons in panels A-C

from one-way mixed model ANOVA.

3.3. GBP2 localises in the vicinity of actin pedestals but
GBP3,4 and 5 do not.

Upon observing the role of GBP1 in IFNy-primed cells upon EPEC infection, we
further assessed whether the other GBPs have a role to play in this process. Past
reports on innate immune response to Salmonella sp. have shown that GBP 2 and 5
may also play accessory roles alongside GBP1 in LPS detection and triggering

pyroptosis (Shenoy et al., 2012; Santos et al., 2020).

Thus, FLAG-GBP2 was transfected into HelLa cells or transduced and expressed in
a Doxycycline-inducible manner, as constitutive expression of GBPs is lethal to cells.
We observed that FLAG-GBP2 weakly localised in the vicinity of actin pedestals (Fig.
10). It was not present at every actin pedestal in the same manner as GBP1 at 3
hours post infection.

A portion of the results described in this section have been published as a pre-print
(Bennison et. al., 2025), which may lead to high similarity in parts.



Further, we transfected FLAG-GBP3, FLAG-GBPS and MYC-GBP4 into HelLa cells
in a similar manner to GBP2. We observed that these proteins did not get recruited
to actin pedestals (Fig. 10) and thus we hypothesised that they may play little to no

role in pyroptosis. Further experiments were not conducted with these GBPs.

Weaker recruitment of GBP2 suggested that it may not be as crucial to pyroptosis as
GBP1. Hence, we proceeded to test for pyroptosis in GBP2-silenced cell lines

through Pl-based cell death assays.

Phalloidin

Phalloidin

Phalloidin

Phalloidin

Figure 10: GBP2 is intermittently recruited to actin pedestals but GBP3,4 and 5 are not.

Representative immunofluorescence image of HelLa cells transfected with 3XFLAG-
tagged GBP2,3 or 5 or MYC-tagged GBP4 upon IFNy priming and infected with EPEC
WT for 3 hours. Images are representative of n = 3 independent experiments. Cells
were stained with FLAG-AlexaFluor647 to visualise GBP2-FLAG, Phalloidin-

AlexaFluor568 to visualise actin and Hoechst Dye to visualise nuclei.

A portion of the results described in this section have been published as a pre-print
(Bennison et. al., 2025), which may lead to high similarity in parts.



3.4. GBP2 silencing does not affect EPEC-induced

pyroptosis in epithelial cells

To assess the effect of loss of GBP2 on EPEC-induced pyroptosis, we attempted to
create GBP2 knockouts in HelLa cell lines using CRISPR-Cas9 as described in
Methods. Although we were successful in creating knockouts, CRISPR-Cas9
knockouts can often have clone-dependent effects, thus to minimize these effects we
pooled clone three knockout lines, HeLa GBP27- #5,9,10 to make HelLa GBP2-
pooled cell line and three wild type (WT) lines, HeLa WT #1,2,6 to make HeLa WT

pooled cell line.

Unexpectedly, the GBP2 knockout appeared to have off-targets effect and the GBP2-
" pool also had suppressed GBP1 expression (Fig. 11 B). Therefore, we could not
attribute the reduction in pyroptosis observed (Fig. 11 A) to the GBP2 knockout
alone, as the phenotype copies that of HeLa GBP 1 cells.
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Figure 11: HeLa GBP2-/- pooled cell lines have impaired GBP1 expression. GBP2-/-

lines created by Dr. Avinash Shenoy.

(A) Percentage pyroptosis as measured by Pl uptake assays of IFNy-treated HelLa
GBP2-- pooled (HeLa GBP2- #5,9,10) or HeLa WT pooled (HeLa WT #1,2,6) cell
lines infected with EPEC. Measurements were plotted at 12 hours post infection
due to delayed pyroptotic response in these cell lines. Mean £ SD from n = 2

independent experiments are depicted.

(B) Representative Western blots showing GBP1 and GBP2 expression in cell lysates
of IFNy-treated HeLa GBP2- pooled (HeLa GBP2-- #5,9,10) or WT HelLa pooled
(HeLa WT #1,2,6) cell lines. GAPDH was used as a loading control. The immunoblot

was only conducted n = 1 time.

Statistical analysis was not carried out for these experiments as sufficient

replicates were not conducted.

To resolve this issue, we instead proceeded with GBP2 silencing in HeLa and HT29
cell lines by stable transduction of GBP2 miR30E plasmids #1 and 2 (see Methods).
Upon successful GBP2 silencing (Fig.12 C,D), we observed no significant difference
in pyroptosis in GBP2-silenced cells as compared to cells treated with the Control
miRNA3OE (Fig. 12 A,B), indicating that GBP2 does not play a major role in IFNy-
induced pyroptosis upon EPEC infection.
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Figure 12: GBP2 silencing does not affect pyroptosis in intestinal epithelial cells. GBP2

miRNA constructs were created by Ayush Punwatkar and Miyu Stephenson.

(A) Percentage pyroptosis as measured by Pl uptake assays of IFNy-treated HT29 cell
lines silenced for GBP2 or transduced with a control miRNA3OE as a control
infected with EPEC. Measurements were plotted at 12 hours post infection. Mean %

SD from n = 5 independent experiments are depicted.

(B) Percentage pyroptosis as measured by Pl uptake assays of IFNy-treated HelLa cell
lines silenced for GBP2 or transduced with a control miRNA3OE as a control
infected with EPEC. Measurements were plotted at 6 hours post infection. Mean +

SD from n = 3 independent experiments are depicted.

(C) Representative Western blots showing silencing of GBP2 in cell lysates of IFNy-
treated HT29 cells stably expressing the non-targeting control (Ctrl) or the indicated
miR30E. GBP1 blots were conducted to verify no cross-reactivity between GBP1
and GBP2 miRNAs. GAPDH was used as a loading control. Blots are representative

of n = 3 independent experiments.

(D) Representative Western blots showing silencing of GBP2 in cell lysates of IFNy-
treated HelLa cells stably expressing the non-targeting control (Ctrl) or GBP2
miR30E. GAPDH was used as a loading control. Blots are representative of n = 3

independent experiments.

Data Information: P > 0.05 was evaluated for indicated comparisons in panels A and

B from one-way mixed model ANOVA. n.s. = not significant.

3.5. Caspase-4 is recruited to actin pedestals in a GBP-1-
dependent manner

GBP1 and caspase-4 play a crucial role in detecting LPS during intracellular
bacterial infections in macrophages and epithelial cells by trafficking to sites of
infection, detecting LPS and initiating pyroptosis (Fisch et al., 2019; Goddard et al.,
2019). Past work from our lab has also shown that GBP1 is recruited to actin

pedestals upon EPEC infection (Bennison et al., 2025).

To test whether caspase-4 is also recruited to these actin pedestals, EPEC or EHEC
were used to infect IFNy-primed Hela cells expressing a catalytically inactive
caspase-4 mutant fused with a YFP protein (HeLa WT YFP-Casp-4©2%8S) or GBP1--
cells expressing the same protein (HeLa GBP1”- YFP-Casp-4°258S). We observed

that caspase-4 is recruited to actin pedestals in a GBP-1-dependent manner (Fig.

A portion of the results described in this section have been published as a pre-print
(Bennison et. al., 2025), which may lead to high similarity in parts.



13), as caspase-4 recruitment to pedestals was greatly impaired in HeLa GBP1”-
YFP-Casp-4°©258S cells.

EPEC

EHEC

Figure 13: Caspase-4 is recruited to actin pedestals in a GBP1-dependent manner.

Representative immunofluorescence image of HeLa WT YFP-Casp-4¢258S or HeLa WT
YFP-Casp-4€258S cells infected with EPEC WT for 3 hours or EHEC WT for 5 hours.
Images are representative of n = 3 independent experiments. Cells were stained with
GBP1-AlexaFluor647 to visualise GBP1, Phalloidin-AlexaFluor568 to visualise actin
and Hoechst Dye to visualise nuclei. Deconvolution and figure preparation was done by

Dr. Avinash Shenoy. Scale bar = 4 pm.

3.6. EPEC-induced pyroptosis in epithelial cells is
independent of NLRP3

In THP-1 macrophages, EPEC-induced pyroptosis is mediated by caspase4-NLRP3-
caspase-1 signalling, where caspase-1 drives pyroptosis upon LPS-sensing by
caspase-4(Goddard et al., 2019). However, caspase-4 can also directly cleave
GSDMD to initiate pyroptosis upon LPS detection (Fisch et al., 2019). It is not clear
which of these mechanisms is responsible for pyroptotic cell death in epithelial cells

upon A/E pathogen infection.

A portion of the results described in this section have been published as a pre-print
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To assess the involvement of the NLRP3-caspase-1 inflammasome axis during
pyroptosis in epithelial cells, IFNy-primed HelLa and HT29 cell lines were treated with
the NLRP3 inhibitor MCC950 (10 uM) 30 minutes before the infection. This treatment
has been successfully shown in previous experiments to reduce NLRP3-mediated
pyroptosis in macrophage cell lines (Goddard et al., 2019). However, we observed
no reduction in pyroptosis in epithelial cells upon MCC950 treatment (Fig. 14 A,B),
thus suggesting that NLRP-3 has no role in pyroptosis in epithelial cell lines upon
EPEC infection and caspase-4-mediated GSDMD cleavage is the most likely
mechanism of action for pyroptotic signalling.
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Figure 14: EPEC-induced pyroptosis in epithelial cells is independent of NLRP3.

(A) Percentage pyroptosis as measured by Pl uptake assays of IFNy-treated HeLa WT
cells treated with the NLRP3 inhibitor MCC950 and infected with EPEC.
Measurements were plotted at 6 hours post infection. Mean £ SD fromn =3

independent experiments are depicted.

(B) Percentage pyroptosis as measured by Pl uptake assays of IFNy-treated HT29 WT
cells treated with the NLRP3 inhibitor MCC950 and infected with EPEC.
Measurements were plotted at 12 hours post infection. Mean + SD from n = 3

independent experiments are depicted.

Data Information: P > 0.05 was evaluated for indicated comparisons in panel A from
one-way mixed model ANOVA. Statistical analysis was not carried out for panel B
as sufficient replicates were not conducted. n.s. = not significant.
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3.7. Pathogen-induced actin polymerisation is necessary
for GBP1 and caspase-4 recruitment and pyroptosis

During Salmonella infections, GBP1 assists caspase-4 in LPS detection in the
cytosol (Fisch et al., 2019). However, since EPEC and EHEC are extracellular
pathogens, it is not clear how GBP1 detects these pathogens to trigger pyroptotic

responses.

To investigate this, HeLa cells were infected with EPEC and EHEC mutants which
lack either a functional Type-3 Secretion System (T3SS) or effectors necessary for
actin pedestal formation. EPEC AescF and EHEC AescN lack a functional T3SS,
EPEC and EHEC Atir lack the translocated intimin receptor (tir) required for actin
pedestal formation, EPEC and EHEC Aeae lack intimin and EHEC AfccP lacks the
tir-cytoskeleton coupling protein(tccP). We observed that no GBP1 or Caspase-4
recruitment occurs in the absence of actin pedestals (Fig. 15 A,B), thus indicating
that actin pedestal formation is necessary for GBP1 and Caspase-4 recruitment to

sites of infection

A portion of the results described in this section have been published as a pre-print
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Figure 15: Pathogen-induced actin polymerisation is necessary for GBP1 and Caspase-

4 recruitment.

Representative immunofluorescence image of HeLa WT YFP-Casp-4¢258S cells infected
with (A) EPEC or (B) EHEC mutants for 3 hours. Image representative of n = 3
independent experiments. Cells were stained with GBP1-647 to visualise GBP1,

Phalloidin-568 to visualise actin and Hoechst Dye to visualise nuclei. Scale bar = 4 pm.
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Pyroptosis was tested in IFNy-primed HeLa WT YFP-Casp-4©258S cells infected with
EHEC actin-pedestal or T3SS mutants. We observed significantly lower pyroptotic
response upon infection measured at 8 hours post infection with the mutants as
compared to EHEC WT (Fig. 16), suggesting that actin pedestal formation is
necessary for pyroptotic response in IFNy-primed HelLa cells.
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Figure 16: Pathogen-induced actin polymerisation is necessary for pyroptosis.

Percentage pyroptosis as measured by Pl uptake assays of IFNy-treated HeLa WT
cells infected with EHEC WT or functional mutants. Measurements were plotted at 8
hours post infection. Mean £+ SD from n = 3 independent experiments are depicted for
EHEC Aeae and Atir mutants, and n = 5 independent experiments for EHEC WT, AescN
and AtccP.
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Data Information: **P < 0.01, ***P < 0.001 for indicated comparisons in figure from one-
way mixed model ANOVA.

3.8. Tir-induced actin polymerisation is sufficient for GBP1
and Caspase-4 recruitment

To further understand the molecular mechanism by which GBP1 and Caspase-4
detect extracellular pathogen infections, a pathogen-free system was designed. LPS
is detected by GBP1 and Caspase-4 in the case of intracellular Gram-negative
pathogens such as Salmonella. However, extracellular pathogens such as EPEC
and EHEC do not enter the cell and thus it is unclear what role LPS may play, if any,

and whether any other molecular signals are involved.

To decouple the effects of LPS and Tir-induced actin pedestal formation, we used a
pathogen-free Tir-clustering system. HelLa cells expressing a chimeric receptor
FcyRIIA-Tir were treated with beads coated with human immunoglobulin G (IgG) for
15 minutes. The chimeric receptor FcyRIIA-Tir consists of the C-terminal of Tir fused
with the constant domain of human immunoglobulin receptor (FcyRIIA). In
neutrophils, the Fcy receptor initiates immunoreceptor tyrosine-based activation
motif (ITAM) signalling upon cross-linking of receptors through immunoglobulin
interaction (Isakov, 1997). Hence, when Hela cells expressing FcyRIIA-Tir are
treated with beads coated with IgG, the Fcy portions of the receptors cross-link
extracellularly, leading to Tir clustering intracellularly, and signal formation of actin
pedestals (Fig. 17). BSA-coated beads were used as a negative control to ensure

bead treatment did not cause actin polymerisation.

A portion of the results described in this section have been published as a pre-print
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Figure 17: Schematic depicting pathogen-free bead-clustering assays. Created in

BioRender.

Chimeric FcyRIIA-Tir receptors cluster upon interaction of the constant Fcy domain of
the receptor with polystyrene beads coated with human IgG, leading to intracellular Tir

clustering and actin polymerisation.

We observed that only cells treated with IgG-coated beads formed actin pedestals
and GBP1 and Caspase-4 trafficked to these pedestals (Fig. 18). Thus, we inferred
that Tir-clustering and actin pedestal formation is a sufficient condition for GBP1 and
Caspase-4 recruitment to these pedestals, and LPS, other bacterial effectors or

ligands may not be required.

A portion of the results described in this section have been published as a pre-print
(Bennison et. al., 2025), which may lead to high similarity in parts.



HelLa WT FCyRIIA
IgG-coated bead-treated BSA-coated bead-treated

Phalloidin Phalloidin

Figure 18: Tir-induced actin polymerisation is sufficient for GBP1 and Caspase-4

recruitment.

Representative immunofluorescence image of HeLa WT FcyRIIA-Tir cells treated with
beads coated with human IgG or BSA for 15 minutes followed by incubation for 3 hours.
Image representative of n = 3 independent experiments. Cells were stained with GBP1-
647 to visualise GBP1, Phalloidin-568 to visualise actin and Hoechst Dye to visualise

nuclei. Scale bar = 4 ym

3.9. Tir-induced actin polymerisation is not sufficient for
pyroptosis

Upon observing GBP1 and Caspase-4 recruitment to sites of Tir clustering-induced
actin polymerisation, we asked whether recruitment is sufficient to lead to pyroptotic
cell death. HeLa cells expressing the chimeric receptor FcyRIIA-Tir were treated with
beads coated with human immunoglobulin G (IgG) for 15 minutes, and pyroptosis
was assessed for 24 hours. However, we observed no discernible cell death over
this period (Fig. 19), suggesting that the recruitment and activation of GBP1 and

Caspase-4 to actin-rich structures may be uncoupled processes.

A portion of the results described in this section have been published as a pre-print
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Figure 19: Tir-induced actin polymerisation is not sufficient for pyroptosis.

Percentage pyroptosis as measured by Pl uptake assays of IFNy-treated HeLa WT
FcyRIIA-Tir cells treated with BSA or IgG beads for 15 minutes. Measurements were
plotted at 8 hours post infection. Mean + SD from n = 4 independent experiments are
depicted for IgG bead treatment and n = 5 independent experiments for BSA bead

treatment.

Data Information: P > 0.05 was evaluated for indicated one-way mixed model ANOVA.

A portion of the results described in this section have been published as a pre-print
(Bennison et. al., 2025), which may lead to high similarity in parts.



4. Discussion

Here we have shown that GBP1 and caspase-4 are crucial innate immune proteins
that detect and respond to infections of extracellular intestinal pathogens. A/E
pathogen-induced pyroptosis in intestinal epithelial cells was caspase-4 and
gasdermin-D-mediated, and it did not involve the NLRP3-caspase-1 inflammasome.
GBP1 silencing in intestinal epithelial cells reduced pyroptotic cell death upon EPEC
infection. GBP2 was weakly recruited to a small proportion of pedestals whereas
GBP3,4 and 5 were not recruited to actin pedestals. We demonstrated that caspase-
4 is recruited to pedestals at sites of EPEC infection in a GBP-1-dependent manner
and that the recruitment of GBP1 and caspase-4 to pedestals is independent of LPS
as they also traffic to sterile pedestals formed upon artificial Tir-clustering through a
pathogen-free bead-clustering system.

Past work has shown that EPEC-induced pyroptosis in macrophages is NLRP3-
caspase-1-dependent, since inhibiting NLRP3 with MCC950 reduced pyroptotic cell
death (Goddard et al., 2019). This is unusual since caspase-4-mediated LPS
sensing in many cell lines directly lea’wds to pyroptosis instead of being NLRP3-
caspase-1-dependent (Fisch et al., 2019; Wu et al., 2022). Hence, the lack of
reduction in pyroptosis we observed upon MCC950 treatment suggests that
caspase-4-mediated GSDMD cleavage is the major pyroptosis pathway in IFNy-

primed epithelial cells during EPEC infection.

During intracellular pathogen infection in epithelial cells, GBPs make an oligomeric
coat on bacterial LPS, improving its accessibility to Caspase-4 to activate it and lead
to pyroptosis (Wandel et al., 2017; Fisch et al., 2019). The reduced pyroptotic
response upon GBP1 silencing in conjunction with the previous discovery that GBP1
is trafficked to EPEC-induced actin pedestals in HeLa cells (Bennison et al., 2025),
suggests that GBP1 plays an essential role in caspase-4 activity in pyroptosis in

epithelial cells upon EPEC infection.

The lack of GBP3,4 and 5 recruitment and infrequent GBP2 recruitment suggests
that the multi-GBP complex formed around intracellular Gram-negative bacteria may
not be required for initiating pyroptotic cell death in our system, and a yet-unknown

mechanism involving GBP1-based recognition and caspase-4 recruitment may be



sufficient. Inducible expression of GBP1 mutants in GBP1”- HeLa cells may help
further elucidate the mechanism of GBP1 sensing. Preliminary data from ongoing
experiments by other members in the lab suggest that GBP1 mutants lacking
GTPase activity or LPS-sensing functionality (but still binding GTP) traffic to actin
pedestals but do not support pyroptosis, however, mutants lacking GTP-binding do
not traffic to pedestals. This may indicate a signalling role for GTP-binding at actin
pedestals to recruit GBP1 independent of LPS, however LPS-sensing may be

required for further activation steps.

GBP1-dependent caspase-4 recruitment to EPEC-induced actin pedestals
corroborates with previous findings on GBP1-dependent caspase-4 recruitment
during intracellular Gram-negative infections in epithelial cells (Fisch et al., 2019).
GBP1 and caspase-4 recruitment to “sterile” Fcy-Tir clustering induced-pedestals in
this pathogen-free system shows that GBP1-dependent caspase-4 recruitment to
actin pedestals is LPS-independent. A GBP1 interactor in the context of recruitment
to pedestals may be actin itself (Ostler et al., 2014), however, the interaction must be
context-dependent, as GBP1 does not target Shigella and Burkholderia actin “comet-
tails” in the cytoplasm. Instead, in these scenarios, high concentrations of cytosolic
LPS are most likely a sufficient signal for GBP1 recruitment directly to bacterial
membranes. Low concentrations of LPS upon EPEC and EHEC infection,
farnesylation of GBP1, and membrane proximity of EPEC/EHEC actin pedestals may
point to a plausible alternative mechanism of actin sensing by GBP1 near the cell

membrane.

The lack of pyroptosis upon FcyR-Tir clustering could be explained by insufficient
receptor expression or insufficient IgG coating leading to low amounts of clustering
which may generate a signal below the required threshold to initiate caspase-4
activation. Inducible expression of the chimeric receptor or increased IgG
concentration may help test these possibilities. Another more likely reason for the
lack of pyroptosis in this system may be the requirement of a different molecule such
as LPS for caspase-4 activation uncoupled from recruitment. Past work has shown
that LPS can enter the cell during extracellular pathogen infection in the form of
endocytosed outer vesicle membranes of EPEC/EHEC which contain LPS. LPS
entry into the cell is dependent on Ca?* influx through TRPV2 ion channels. GBP1

and caspase-4 are recruited to LPS-containing Gram-negative bacterial outer



membrane vesicles during intracellular infections and form complexes to detect LPS,
activate caspase-4-mediated GSDMD cleavage and cleave pro-IL-18, leading to
pyroptotic response (Zhong et al., 2020, 2022). Based on these observations, it is
possible that LPS sensing may play a role in Caspase activation, and GBP1 and
caspase-4 may form LPS-sensing complexes near actin pedestals. Hence, we
propose a 3-step mechanism for A/E-pathogen-induced pyroptosis:

1) Trafficking of GBP1 to actin pedestals
2) Recruitment of caspase-4 to pedestals in a GBP1-dependent manner

3) Activation of caspase-4 activity leading to pyroptosis
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Figure 20: Proposed mechanism for GBP1 and caspase-4-induced pyroptosis in

epithelial cells upon EPEC infection. Created in BioRender.

A 3-step mechanism is proposed:

1) Trafficking of GBP1 to actin pedestals

2) Recruitment of caspase-4 to pedestals in a GBP1-dependent manner

3) Activation of caspase-4 activity leading to pyroptosis.

LPS seems to be the most likely candidate for caspase-4 activation; however, other
mechanisms may also exist. The relatively low concentration of intracellular LPS

upon extracellular pathogen infection leaves room for the possibility that other



pathogenic effectors may activate these sensors. Although no EPEC or EHEC
effectors are known to be effectively recognised by GBP1 and caspase-4, many tools
exist to test for these interactions. There exist EPEC strains lacking all effectors
(EPEC 0) or expressing only single or a few LEE and non-LEE effectors (Zhong et
al., 2020), and infection with these EPEC mutant strains may help shed some light
on other possible molecular interactions between caspase-4 and pathogenic
effectors. To decouple these effects from LPS, transfection of these proteins or
inducible expression directly in cell lines alongside Fcy-Tir bead-clustering assays

may be another possibility to look for other interactors of caspase-4.

The role of GBP2 in response to extracellular infections remains unclear. We
observed weak localisation of GBP2 in the vicinity of actin pedestals, and no effect of
GBP2 silencing on pyroptosis, indicating that GBP2 may have a minor role in
sensing actin pedestals. During intracellular Salmonella infections, GBP2 has been
observed to be recruited to the bacterial surface in a GBP1-dependent manner
(Fisch et al., 2019). Thus, it will be interesting to observe GBP2 recruitment in GBP1-
- cells. Testing for pyroptosis in GBP1- cells silenced for GBP2 can also be an
important step in identifying a potential GBP1-independent role of GBP2 in this

process.

Limitations of the study and Future Directions

The majority of our experiments were conducted in HeLa which is a cervical cancer
cell line and does not physiologically mimic the natural host of A/E pathogens. HT29
and CL40 cell lines are better for this purpose as they are primary-like intestinal
epithelial cell lines. However, they still lack context of tissues and the extracellular
matrix which play important roles in infection and detection mechanisms. Performing
these experiments in organoids or organ-on-chip models will help further confirm
these observations and test them in a more physiologically relevant context. C.
rodentium infections in mouse models can model these infections in vivo and provide

further clues towards dissecting immune mechanisms.

A limitation of our FcyR-Tir bead clustering system is that there is no control over the
expression of the chimeric FcyR-Tir receptor in HelLa cells, and no control on the
quantity of human IgG coating the polystyrene beads. Introducing inducible

expression of the chimeric receptor and titrating bead coating may help improve



assay sensitivity. It may also improve cell viability as HelLa cells expressing this

receptor grow slower and appear sicker.

Testing the role of GBP3,4 and 5 in pyroptosis through cell death assays may be
another direction to further the prospects presented in this study. They may be
recruited to pedestals at later time points and play auxiliary roles in immune

responses to these infections.

To summarise, we uncovered a novel immune response of epithelial cells
against extracellular A/E pathogen infections through LPS-independent
sensing and recruitment of GBP1 by yet-unknown mechanisms. The discovery
that intracellular LPS sensors can detect extracellular pathogens and initiate
successful defensive responses against them may guide future approaches to
investigate other intracellular sensors of pathogenic molecular patterns. It can
further broaden our understanding of cell-autonomous immune mechanisms
of non-immune cells acting as a first line of defence against potentially deadly

pathogens.
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