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ABSTRACT

The innate immune system is the first line of host defence that can utilise pattern recognition

receptors (PRRs) such as NLRP3 to detect and respond towards danger signals. Bacillus, particularly

B. cereus, are food-borne pathogens known to produce hemolysin BL (HBL), a pore-forming toxin that

can trigger NLRP3 inflammasome activation. This study investigates NLRP3 activation induced by four

other Bacillus species aside from B. cereus and the mechanism required by their virulence factors to

mediate this effect. To elucidate these, IncuCyte® Cytotoxicity Assay, western blot, ELISA, and LDH

assay were performed for two different cell lines: THP-1 and B16F10 cells. Findings suggest that these

virulence factors can trigger caspase-1 and gasdermin D (GSDMD) cleavage, resulting in increased

pro-inflammatory cytokine IL-1β and IL-18 levels, as well as elevated dead cell percentage in the

absence of NLRP3 inhibitor MCC950. Moreover, the role of Litaf and Cdip1 was deemed a necessity

for mediating the activity of these virulence factors indicated by the distinct difference in effects on

wild-type (WT) and knockout cells.

Keywords: innate immunity, NLRP3, Bacillus, MCC950, Litaf, Cdip1
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I. INTRODUCTION

1.1. Background Information

The innate immune system is the first line of host defence against foreign invaders

such as pathogens or disturbances in the cellular homeostasis (Nilsson et al., 2015). This is

possible due to the ability of innate immune cells to recognise danger signals, namely

pathogen associated molecular patterns (PAMPs) and danger associated molecular patterns

(DAMPs) from damaged cells by utilising germline-encoded pattern recognition receptors

(PRRs) (Rumpret et al., 2021). One of the most well studied PRR is the NLRP3, an intracellular

censor that recognises stress signals caused by pathogens such as bacteria (Akbal et al.,

2022).

Bacteria represent a significant class of pathogens which are diverse in their survival

characteristics and often encountered by the innate immune system (Soni et al., 2024).

Bacillus are rod-shaped gram negative bacteria that have the ability to form spores, allowing

them to survive in harsh environmental conditions (Ghosh, 2023; McKenney et al., 2013).

More than 200 species have been discovered in which many of them were reported to cause

gastroenteritis, sepsis, and death (Colaco et al., 2021; Porwal et al., 2009). One of the most

well studied Bacillus species is Bacillus cereus, a foodborne bacterium found in undercooked

or processed food that has the ability to cause diarrhoea and emesis due to the toxins it

possess (Ehling-Schulz et al., 2019; Tewari et al., 2015).

A previous study by Marthur et al. (2019) reported that one of the toxins from B.

cereus which is the pore-forming toxin hemolysin BL (HBL), has the ability to activate NLRP3

censor. This is due to its ability to form pores on the plasma membrane, allowing the release

of intracellular potassium ions that leads to the disruption of ionic balance. The activation of
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NLRP3 causes the recruitment of the bipartite adaptor protein ASC and, subsequently,

pro-caspase-1, to form the NLRP3 inflammasome (Nagar et al., 2023). The formation of this

inflammasome complex results in the cleavage of pro-caspase-1, causing its activation. The

active caspase-1 will cause the cleavage of the pore-forming protein gasdermin D (GSDMD)

as well as pro-IL-1β and pro-IL-18 into their active forms (Devant & Kagan, 2023). The active

GSDMD triggers inflammation-induced cell death, known as pyroptosis, one of which is

characterised by the release of cellular contents and pro-inflammatory cytokines via these

pores (Yu et al., 2021).

Previously, Man Lab had discovered four Bacillus species aside from B. cereus that

were able to trigger inflammasome activation, in which the screening for censor results

indicated that NLRP3 might be the censor that caused this inflammasome complex

formation. Furthermore, when Man Lab investigated the virulence factor of these bacteria,

they found that the bacterial supernatants of these four Bacillus species were found to

potentially be proteinaceous in nature due to their inability to cause caspase-1 and GSDMD

cleavage after heating or proteinase treatment. Additionally, they observed that anti-HBL of

B. cereus could abolish the activity of these supernatants to cause inflammasome activation,

therefore giving rise to the possibility of their characteristics being HBL-like.

A recent study by Liu et al. (2020) discovered two receptors responsible for the

complete formation of HBL as a pore-forming toxin that allows it to punch holes onto the

plasma membrane and ultimately trigger NLRP3 inflammasome activation. These receptors

are Litaf, as the major receptor, and Cdip1, as the minor. Following their discovery, they

generated a CRISPR knockout cell line that does not have these receptors and reported that

this cell line had a high resistance towards HBL of B. cereus.

13
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1.2. Research Aim

To confirm the occurrence of HBL-like toxins-mediated cell death caused by the four

Bacillus species, which can be achieved by:

1. Establish the correlation between the activation of the NLRP3 inflammasome and

the virulence factors of four specific Bacillus species.

2. Decipher the nature of the virulence factors secreted by the four Bacillus species.

1.3. Scope of Research

In order to realise these aims, I conducted an in vitro study involving the treatment

of different Bacillus species on mammalian cells and evaluate the occurrence of HBL-like

toxins-mediated cell death based on the changes in cellular morphology, activation of NLRP3

downstream pathway, presence of pro-inflammatory cytokines as the end product of

NLRP3-mediated inflammation, and cell death percentage following bacteria treatment.

1.4. Hypothesis

I hypothesise that the four bacterial supernatants cause NLRP3 activation, which

leads to caspase-1 and GSDMD cleavage, followed by elevated IL-1β and IL-18 when exposed

to THP-1 cells. Additionally, I also speculate the increase in cell death percentage in B16F10

wild type (WT) cells in comparison to the Litaf-/-Cdip1-/- cells when treated with the four

bacterial supernatants.

14
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II. LITERATURE REVIEW

2.1. The Inflammasome and NLRP3

The inflammasome is a cytoplasmic multiprotein complex that can trigger

inflammation and systemic immune response, which is essential for host defence (Zheng et

al., 2020). This complex consists of nucleotide-binding oligomerization domain (NOD),

leucine-rich repeat (LRR)-containing proteins (NLRs), adaptor protein apoptosis-associated

speck-like protein containing a caspase-recruitment domain (ASC), and caspase-1 (Kelley et

al., 2019). NLRs are receptors, which are majorly expressed in the cytosol, that can sense

molecules associated with infection and cellular stress to induce inflammasome activation

(Almeida-da-Silva et al., 2023). One of the most studied NLRs is NLRP3 which consists of

three domains: the N-terminal pyrin domain (PYD), central NACHT domain, and the

C-terminal leucine-rich repeat (LRR). The PYD domain of NLRP3 will interact and recruit ASC,

while the LRR is deemed to play a role in self-suppressing NLRP3. On the other hand, the

NACHT domain can be further divided into four subdomains: the nucleotide-binding domain

(NBD), winged helical domain (WHD), helical domain 1 (HD1), and helical domain 2 (HD2).

NBD can bind to ATP which contributes to NLRP3 oligomerisation, while WHD and HD1

facilitate the conformational change that results in the exposure of the PYD domain, allowing

ASC to bind to NLRP3 (Que et al., 2024).
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Figure 1. Structure and conformational change of NLRP3 (adapted from Gorka et al., 2019 and Que et
al., 2024).

NLRP3 generally requires two signals to induce its activation: priming and activation

signal (Chen et al., 2023; Kelley et al., 2019). The priming stimuli is needed as the NLRP3

expression under normal condition is thought to be insufficient to induce NLRP3-mediated

inflammasome activation (Blevins et al., 2022; Kelley et al., 2019). Therefore, exposure to

toll-like receptor (TLR) ligands, such as lipopolysaccharide (LPS), are required to activate the

transcription factor NF-κB that can increase NLRP3 expression (Kelley et al., 2019). Following

this priming step, NLRP3 can be activated by various stimuli although it has yet to be

observed interacting directly with the signal (Kelley et al., 2019; Zhan et al., 2023).

Mitochondrial dysfunction, ionic imbalance (e.g. K+ efflux), and lysosomal damage have been

reported to activate NLRP3 (Kelley et al., 2019).

The activation of NLRP3 ultimately results in pyroptosis, which is termed as

pro-inflammatory cell death characterised by cell swelling, membrane blebbing, cytoplasm

flattening, and intact nucleus with random DNA fragmentation (Yu et al., 2021). This is

because activated NLRP3 will trigger the recruitment of ASC and pro-caspase-1 to form the

NLRP3 inflammasome complex that will result in the cleavage and, subsequently, activation

of caspase-1 (Que et al., 2024). Active caspase-1 can cleave gasdermin D (GSDMD) to its
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active form, its N-terminal domain, which allows it to oligomerise and form pores on the

plasma membrane, leading to the release of cellular contents. Additionally, caspase-1 can

cleave pro-IL-1β and pro-IL-18, which are pro-inflammatory cytokines, into their active forms

and be released from the GSDMD pores (Chen et al., 2023). While cellular contents and

these cytokines are released which causes membrane rupture in the process, water will

enter the cell causing it to swell and undergo osmotic lysis (Yu et al., 2021).

Figure 2. Mechanism of NLRP3-mediated pyroptosis (retrieved from InvivoGen, n.d.).

2.2. Bacillus cereus and NLRP3

Bacillus cereus is a species of the Bacillus genus, which are gram-positive bacteria

with rod-shaped morphology and spore-forming capability (Elshaghabee et al., 2017). B.

cereus is a foodborne pathogenic bacteria commonly found in cereal, soybean, and meat

products (Du et al., 2023). Generally, B. cereus has two types of toxins: enterotoxins and

emetic toxin cereulide. Enterotoxins (e.g. hemolysin BL (HBL) and nonhemolytic enterotoxin

(NHE)) are heat sensitive toxins that require the bacteria to be present and form pores on

the intestinal epithelial cells, causing imbalance ion transport as well as release of water and

electrolytes. This ultimately causes diarrhoeal symptoms (Dietrich et al., 2021; Messelhäußer
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et al., 2018). On the other hand, the emetic toxin cereulide is a heat stable toxin produced

during bacterial vegetative growth and interacts with the 5-HT3 serotonin receptors causing

stimulation on the vagus nerve, which triggers nausea and vomiting symptoms (Dietrich et

al., 2021).

Previous studies reported that the pore-forming toxin HBL, one of the enterotoxins

of B. cereus, can form pores on the plasma membrane which causes K+ efflux (Prince &

Kovac, 2022). Such a phenomenon can be sensed by NLRP3, inducing its activation that

ultimately results in pyroptosis (Tuipulotu et al., 2021). This HBL toxin consists of three

components: the binding component B, as well as the lytic component L1, and L2 (Zeighami

et al., 2020). Previous study by Mathur et al. (2019) reported that HBL could only be

functional as a tripartite pore when all the components are assembled, in which its B

component is the most crucial among the three as an “anchor” for its complex.

2.3. Litaf and Cdip1 exploited by HBL

The lipopolysaccharide (LPS)-induced tumour necrosis factor (TNF)-α factor (Litaf) is

a transcription factor that upregulates TNF-ɑ expression. It plays a role as one of the

downstream proteins of LPS mediated-TLR-4 activation, phosphorylated by MyD88 and

induce TNF-ɑ expression together with STAT6 (B) (Zou et al., 2015). In contrast, the Cell

death-inducing p53-target protein 1 (Cdip1) is a proapoptotic protein that is low in

expression under normal conditions but upregulated when endoplasmic reticulum (ER) stress

occurs (Inukai et al., 2024). It can interact with B-cell receptor-associated protein 31 (BAP31)

to trigger the initiator caspase-8 cleavage, which ultimately leads to apoptosis (Inukai et al.,

2024; Namba et al., 2013). Its structure is an analog of Litaf with C-terminal domain

anchoring the protein on the cell membrane (Inukai et al., 2021; Liu et al., 2020). A previous

study by Liu et al. (2020) reported that these two receptors contributed to the complete HBL

18



FR-i3L-3.0.4 Rev.2

formation as a tripartite pore by facilitating the binding of the B component of this toxin,

thus allowing the recruitment of L1 and L2.

Figure 3. Structure of Litaf and Cdip1 (retrieved from Liu et al., 2020).

2.4. IncuCyte® Cytotoxicity Assay

The IncuCyte® Live-Cell Analysis System is a live-cell imaging that automatically

monitors, captures, and analyses cell images (Akere et al., 2024; Siller et al., 2019). The

system is placed inside an incubator which ensures controlled culture conditions during

real-time monitoring. Equipped with two lasers, it is able to capture fluorescence images and

phase contrast, which is acquired using a platform such as IncuCyte® S3 image analysis suite

(Bravo et al., 2023; Siller et al., 2019). Fluorescence signals from the captured images are

then analysed and quantified using pre-defined imaging masks (Siller et al., 2019).

In the case of IncuCyte® Cytotoxicity Assay, membrane impermeable dye propidium

iodide (PI) can be used as it will intercalate with the DNA when membrane damage occurs

(Ligasová & Koberna, 2021). IncuCyte® will use a green laser to excite PI at approximately 535

nm, and in return, PI will emit a red colour at approximately 617 nm to be detected by the

system (Kulkeaw, 2021). The presence of PI will distinguish the dead cells from live cells, and

can be quantified to determine the dead cell percentage (Di Virgilio et al., 2019; Siller et al.,

2019).
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2.5. Western Blot

Western blot is used to detect and separate proteins based on their molecular

weight by undergoing gel electrophoresis, membrane transfer, and antibody incubation

(Mahmood & Yang, 2012). In order to perform gel electrophoresis, cells from the samples

need to be lysed to release their protein content and ensure they are negatively charged

using the addition of RIPA lysis buffer and Laemmli buffer. Sodium dodecyl

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) is then performed to separate the

proteins based on their molecular weight as they migrate towards the positively charged

pole. Following this process, the samples are transferred to a membrane, which can be done

by three different techniques: usually wet or semi dry transfer (Gavini & Parameshwaran,

2019). Wet transfer is effective to facilitate the transfer of large sized proteins, while semi dry

transfer is quicker to be performed than wet transfer and suitable for small molecular weight

proteins (Cell Signaling Technology, 2024; Gavini & Parameshwaran, 2019). Once the samples

are in the membrane, antibody probing is conducted using a primary antibody that is

complementary to the target protein and horseradish peroxidase (HRP) containing-secondary

antibody (Pillai-Kastoori et al., 2020). For visualisation, substrate (e.g. enhanced

chemiluminescence (ECL)) that can react with the enzyme linked to the secondary antibody

is added where the substrate is oxidised, producing a signal that can be detected by an

imaging system (e.g. ChemiDoc) (Bass et al., 2017; Kielkopf et al., 2021).

2.6. ELISA

The enzyme-linked immunosorbent assay (ELISA) is based on the concept of

antigen-antibody binding and often performed to detect and quantify specific proteins using

antibodies that have complementary sequence to the target (Liu et al., 2024; Sakamoto et

al., 2018). Generally, there are two types of ELISA: direct and indirect ELISA (Sakamoto et al.,

2018). Direct ELISA involves the usage of an enzyme-labelled antibody such as HRP, in which
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the antibody will directly bind to the target antigen in the sample, while the enzyme on the

antibody will catalyse the oxidation of a chromogenic substrate (e.g.

3,3',5,5'-Tetramethylbenzidine (TMB)) (Guo et al., 2016; Sakamoto et al., 2018). This reaction

will result in a colour change that can be detected by a spectrophotometer (Sakamoto et al.,

2018). Although the overall process of indirect ELISA is the same as direct ELISA, the

difference lies in the usage of another antibody that will firstly bind to the target antigen and

the enzyme-linked antibody will bind to the antigen-bound antibody instead of directly

binding to the target (Sakamoto et al., 2018). In some procedures, biotin and streptavidin are

also incorporated to further ensure specific binding between the antibody and antigen (Liu

et al., 2024).

2.7. LDH Assay

The lactate dehydrogenase (LDH) assay is a cytotoxicity assay that can measure the

number of dead cells based on the presence of LDH enzyme. This is because LDH is normally

found inside the cells and will leak to the extracellular space when the membrane is

damaged (Van den Bossche et al., 2020). In this assay, the amount of LDH released can be

determined by adding lactate, which will produce pyruvate and the main product and NADH

as a byproduct through oxidation (Kaja et al., 2017). NADH can reduce tetrazolium salt to a

coloured formazan product that can be measured spectrophotometrically, in which the

amount of product is directly proportional to the presence of LDH in the sample (Kumar et

al., 2018).
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III. MATERIALS & METHODS

3.1. Bacterial Supernatant Collection

The bacterial colonies were picked and mixed in a 15mL tube containing BHI media.

The bacteria were incubated overnight at 37oC on the shaker. The tube was centrifuged at

14,000xg for 15 minutes. The supernatant was filtered to a new 15mL tube.

3.2. Cell Culture and Maintenance

THP-1 cells were maintained in complete RPMI media with 10% Fetal Bovine Serum

(FBS) and 1% Penicillin-Streptomycin (Pen-Strep) at 37oC with 5% CO2. The B16F10 cells were

maintained in complete Dulbecco’s modified eagle media (cDMEM) with 10% Fetal Bovine

Serum (FBS) and 1% Penicillin-Streptomycin (Pen-Strep) at 37oC with 5% CO2. Cells were

passaged once reached 80-90% confluency.

3.3. IncuCyte® Cytotoxicity Assay

THP-1 cells were seeded in two 12-well plates, each well with 2,000,000 cell density

in complete RPMI media. LPS was added to all of the wells while MCC950 was added to half

of the total wells alternately. Cells were incubated for two hours at 37oC with 5% CO2.

propidium iodide (PI) was added to all of the wells. Bacterial supernatants, Nigericin,

Salmonella typhimurium were added to their irrespective wells (Appendix 1). The plates were

placed in the IncuCyte® machine. The machine was set to scan for every 10 minutes with a

total scan of three hours.

B16F10 cells were seeded in a 24-well plate, each well with 500,000 cell density in

cDMEM. Once attached, PI was added to all of the wells. Bacterial supernatants, HBL, and
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ɑ-toxin were added to their irrespective wells (Appendix 2). The plates were placed in the

IncuCyte® machine. The machine was set to scan for every 10 minutes with a total scan of

three hours.

3.4. Western Blot

RIPA lysis buffer and 4x dye were added to the plates containing THP-1 cells

post-IncuCyte® Cytotoxicity Assay. Samples were collected to 1.5mL of microcentrifuge tubes

and heated at 100oC for 15 minutes. Samples were loaded to the wells of gels for SDS-PAGE

and ran for 45 minutes at 100V. PVDF membranes were incubated in methanol for two

minutes and transferred to a container with transfer buffer. Gels were moved to containers

with transfer buffer. Transfer sandwiches were made with the order of wet pad-PVDF

membrane-gel-wet pad and placed on the transfer chamber. Semi dry transfer was

performed using the settings of 2.5A; 25V for 20 minutes. Membrane was blocked using 5%

skim milk on a shaker for one hour. Primary antibodies for caspase-1 and GSDMD were

added and membranes were incubated overnight. Membranes were washed using TBST for

10 minutes on a shaker and repeated four times. Anti-mouse and anti-rabbit secondary

antibodies for caspase-1 and GSDMD respectively, were added and incubated on a shaker for

one hour. Membranes were washed using TBST for 10 minutes on a shaker and repeated four

times. Clarity ECL substrates were added to the membranes in a 1:1 ratio and incubated for

two minutes. Membranes were visualised using the ChemiDoc Imaging System.

3.5. ELISA

Microwell strips were washed twice with Wash Buffer. The wells were emptied and

tapped on absorbent pad. Sample Diluent was added to all wells. Standard dilutions were

added in duplicate to the designated wells. Samples were added in duplicate to the

designated wells (Appendix 3). Biotin-Conjugate was added to all wells. Plate was covered
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with an adhesive film and incubated at room temperature. Adhesive film was removed and

wells were emptied. Microwell strips were washed three times. The wells were emptied and

tapped on absorbent pad. Diluted Streptavidin-HRP was added to all wells. Plate was covered

with an adhesive film and incubated at room temperature for one hour on a microplate

shaker. Adhesive film was removed and wells were emptied. Microwell strips were washed

three times. The wells were emptied and tapped on absorbent pad. TMB Substrate Solution

was added to all wells. Microwell strips were incubated for approximately 10 minutes at

room temperature. Colour development was monitored until the highest standard had

developed a dark blue colour (OD of 0.9 – 0.95) using ELISA reader at 620 nm. Stop Solution

was added to each well. Absorbance of each microwell was read using a spectrophotometer

at 450 nm immediately after Stop Solution was added.

3.6. LDH Assay

PBS was added into each well of the 96-well plate. Sample was added into each well

containing PBS excluding the last row for standard (Appendix 4). Standard was added into

each well of the last row containing PBS. CytoTox Reagent was added into each sample or

standard. Plate was incubated in the dark and checked until its colour changed into a

gradation of brown. Stop Solution was added into each well and bubbles were removed.

Plate was read at 490 nm within one hour after Stop Solution was added.

3.7. Data Analysis

Data from IncuCyte® Cytotoxicity Assay, ELISA, and LDH assay was analysed and

figures were generated using GraphPad Prism version 10.3.1. Western blot images were

organised using ImageLab and Microsoft Powerpoint. Statistical analysis was performed

using one-tailed Student’s t-test with p<0.05 considered significant.
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IV. RESULTS AND DISCUSSION

4.1. NLRP3 is correlated with the activation of caspase-1 and GSDMD caused by the four bacterial

supernatants in THP-1

To evaluate the effect of the four bacterial supernatants on NLRP3-mediated

pyroptosis, IncuCyte® cytotoxicity assay was performed with scans every 10 minutes and

percentage of PI+ cells was calculated.

Figure 4. IncuCyte® cytotoxicity assay result of THP-1 cells with and without MCC950 treated with four
different bacterial supernatants. (a) IncuCyte® images of THP-1 cells (red spots indicating PI stain). (b)
Calculated percentage of PI+ cells in different sample treatments, *p<0.05 considered statistically
significant.

The main condition differed in the presence of the NLRP3 inhibitor MCC950,

therefore, cells with and without MCC950 were compared when treated with the bacterial

supernatants. The normal THP-1 morphology could be observed in the media condition and

no difference could be observed between cells with and without MCC950. However, when

cells were exposed to the bacterial supernatants, cells with MCC950 exhibited a significantly
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lower number of dead cells compared to cells without the inhibitor, indicating that NLRP3

contributed to the bacterial supernatant-induced cell death. This is also confirmed using

Nigericin treatment as the positive control, which showed similar results with cells treated

with the supernatants. This is because nigericin is a potassium ionophore that facilitate

K+/H+ anti-port across the membrane, which also causes the release of intracellular K+

similar to how HBL activates NLRP3 although LPS priming is required as its effects alone are

unable to trigger NLRP3 activation unlike the bacterial toxins that causes sufficient

membrane damage to bypass this first signal (Armstrong et al., 2019; Nanda et al., 2021).

Additionally, S. Typhimurium as the negative control further confirmed this as a similar

number of dead cells was observed in both conditions, with or without MCC950. This is due

to the fact that S. Typhimurium kills the cells regardless of the NLRP3 activation as it requires

NLRC4 as the sensor instead to induce inflammasome activation (Andrade & Zamboni, 2020).

In order to further confirm the NLRP3-mediated inflammasome activation, western

blot was performed to evaluate the effect of the bacterial supernatants on caspase-1 and

GSDMD cleavage which indicate their activation (Devant & Kagant, 2023).

Figure 5. Western blot result of THP-1 with and without MCC950 treated with four different bacterial
supernatants.

The cleavage of caspase-1, which also subsequently leads to GSDMD cleavage, are

the primary characteristics of inflammasome activation (Kesavardhana & Kanneganti, 2017).
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Cells without MCC950 exhibited cleavage of both caspase-1 and GSDMD, while none was

observed in the presence of MCC950. This confirms that NLRP3 is required to induce

inflammasome activation that triggers both caspase-1 and GSDMD cleavage. This is justified

by the same pattern in cells treated with Nigericin, while cleaved bands are present in cells

with and without MCC950 when exposed to S. Typhimurium. However, to further confirm

these results, ELISA was performed to measure IL-1β and IL-18 levels upon exposure towards

the supernatants.

Figure 6. ELISA result of THP-1 with and without MCC950 treated with four different bacterial
supernatants, *p<0.05 considered statistically significant.

Consistent with the western blot results, cells without MCC950 exhibited a

significantly higher IL-1β and IL-18 levels compared to those with the inhibitor. This is

because these pro-inflammatory cytokines are cleaved and subsequently activated by

caspase-1. Therefore, when caspase-1 and GSDMD are activated as the downstream event of

NLRP3 activation, IL-1β and IL-18 levels will also be increased (Danielski et al., 2020; Yu et al.,

2021).

To confirm the overall results, LDH assay was performed to evaluate the difference in

the presence of NLRP3 on the bacterial supernatants-induced cell death. In accordance with

the other results obtained for this experiment, cells without MCC950 showed a significantly

higher percentage of dead cells in comparison to cells with the inhibitor. This is because the
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activation of GSDMD would create pores on the plasma membrane, causing the release of

cellular contents, including the LDH enzyme, which is the indicator for cell death in this assay

(Sborgi et al., 2016; Wang et al.,2022).

Figure 7. LDH assay result of THP-1 with and without MCC950 treated with four different bacterial
supernatants, *p<0.05 considered statistically significant.

4.2. Litaf and Cdip1 are required to induce the effect from HBL-like toxins

To evaluate the role of Litaf and Cdip1 in contributing to the effects caused by the

bacterial supernatants, IncuCyte® cytotoxicity assay was performed with the same settings

used for the THP-1 experiment.

Figure 8. IncuCyte® cytotoxicity assay result of WT and Litaf-/-Cdip1-/- B16F10 cells treated with four
different bacterial supernatants. (a) IncuCyte® images of WT and Litaf-/-Cdip1-/- B16F10 cells (red spots
indicating PI stain). (b) Calculated percentage of PI+ cells in different sample treatments, *p<0.05
considered statistically significant.
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Liu et al. (2020) previously reported that Litaf and Cdip1 contributed to the complete

formation of HBL as a pore forming toxin by facilitating the binding of the B component of

the toxin, allowing further recruitment of L1 and L2 to complete the toxin complex, resulting

in its functionality. The normal B16F10 morphology could be observed in media condition

and no difference was observed between the WT and Litaf-/-Cdip1-/- cells. However, WT cells

displayed a significantly higher percentage of PI+ cells that indicate dead cells when exposed

to the bacterial supernatants, including those exposed to HBL toxin of B. cereus. This signifies

that the virulence factors of the four different Bacillus species other than B. cereus have a

high similarity to HBL from B. cereus that drive them to also require Litaf and Cdip1 to be

present in order to affect the cells. This is also supported by the nonsignificant percentage of

dead cells between WT and Litaf-/-Cdip1-/- cells when exposed to ɑ-toxin as it does not

require these two receptors as it binds to ADAM10, a disintegrin and metalloproteinase

binding protein, that allows it to form heptameric pores on the plasma membrane

(Bonifacius et al., 2020; von Hoven et al., 2019; von Hoven et al., 2016). Nevertheless, LDH

assay was performed to confirm such results.

Figure 9. LDH assay result of WT and Litaf-/-Cdip1-/- B16F10 cells treated with four different bacterial
supernatants, *p<0.05 considered statistically significant.

In alignment with the IncuCyte® cytotoxicity assay results, WT cells exhibited a

significantly higher cell death percentage compared to Litaf-/-Cdip1-/- cells when treated with
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the four bacterial supernatants as well as HBL. This indicates Litaf and Cdip1 are required to

facilitate the effect of the virulence factors from these four bacteria in a similar manner as

HBL of B. cereus. Additionally, nonsignificant percentage of cell death between WT and

Litaf-/-Cdip1-/- cells was also observed when treated with ɑ-toxin, which is also consistent with

the previous results. Such results also verify that these virulence factors of the four different

Bacillus species are HBL-like toxins.

4.3. Limitations

While this research presents valuable insights in the mechanism of virulence factors

from the four Bacillus species other than B. cereus, it is essential to recognise a limitation

that can be considered for future research. The faint bands of cleaved caspase-1 and

gasdermin D (GSDMD) in the Western blot result of THP-1 cells treated with S. Typhi may be

due to the aged bacteria culture, therefore the band intensity can possibly be increased by

using the fresh batch of the bacteria. Findings from this study can be further validated using

an in vivo model to give a better understanding of the host-pathogen interactions and

confirm the physiological relevance from NLRP3-mediated pyroptosis observed.
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V. SELF REFLECTION

Throughout this experience working in Si Ming Man’s lab, I have acquired and improved a

wide range of laboratory techniques that will be crucial for my future career in biomedical research. I

have learned how to use an IncuCyte® machine for real-time analysis, which will be useful in

performing live-cell imaging. I have significantly improved my western blot technique, which would

be invaluable in molecular biology and clinical research. I have re-learned bacterial culture that is one

of the basic skills critical in microbiology research. I have also learned to work on suspension cell

culture which will be very useful when working in the field of immunology.

Based on my experience in this programme, I believe my strength lies in the ability to adapt

in a foreign country quickly enough to work on my projects and learn these new techniques, while

enjoying the company of my labmates. I also believe my time management plays a significant role in

helping me adapt as organised schedules allowed me to keep up with the activities I needed to do.

However, I also realise my attention to detail tends to slow down my work pace due to my anxiety

and pressure in a new laboratory environment surrounded by people far more experienced than me.

Nevertheless, Si Ming and my labmates were very welcoming and supportive, ready to help me when

needed, which allowed me to enjoy my time with them despite the busy tasks I had to do for my

project.

i3L played an important role in helping me apply for this program, which is an invaluable

chapter in my life. Its values also contributed to this experience of mine. Grit allowed me to approach

challenges with perseverance, especially when I had to troubleshoot and redo experiments due to

unexpected results. Integrity guided me in maintaining accuracy and detail in data reporting.

Additionally, Role-Model motivated me to be dependable and conscientious, which helped me

positively respond to the new environment.
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The Immunology and Molecular Cellular Biology courses I took back in my third semester

majorly contributed to my success during the internship as they provided me with the necessary

background knowledge to understand the concept behind my project and analyse the obtained

results based on that concept. Aside from that, the laboratory courses from the early semesters

introduced me to the basic laboratory rules and techniques required, allowing me to adapt well

despite it being an advanced research lab.

The BRIGHT sessions I participated during my time in i3L were crucial in developing my soft

skills, particularly in communication and teamwork. They allow me to freely communicate my

opinions, ideas, and even questions with confidence to those who are more experienced in the field.

Furthermore, these sessions also helped me to effectively collaborate with my mentor, labmates, and

supervisor, resulting in a supportive and productive work environment.

I was able to positively contribute to the lab’s works by assisting my mentor when working

on my project, as well as discussing the results that we already acquired. Furthermore, I also

provided assistance to any of my labmates who needed it when I was free. My attention to detail

also helped my labmates to avoid any miscalculations and misread in the protocol when conducting

their experiments, preventing errors that could possibly arise from small yet critical mistakes.
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VI. CONCLUSION

The virulence factors of the four Bacillus species other than B. cereus could trigger NLRP3

inflammasome activation that results in pyroptosis, indicated by the reduced dead cell percentage,

absence of caspase-1 and GSDMD cleavage,lower IL-1β and IL-18 levels, and decreased LDH release

in the presence of NLRP3 inhibitor MCC950. Additionally, these virulence factors may act similarly

with HBL of B. cereus as they also relied to Litaf and Cdip1 receptors to facilitate their cytotoxic

effects, which is evidenced by the reduced cell death in Litaf-/-Cdip1-/- cells. Overall, these findings

suggest that these virulence factors activate NLRP3 inflammasome via a mechanism similar to HBL of

B. cereus. However, future studies could consider validating these findings using an in vivo model to

further observe the hot-pathogen interactions in a more complex condition.
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APPENDICES

Figure A1. Plate mapping for THP-1 cells treated with bacterial supernatants and controls.

Figure A2. Plate mapping for WT and KO B16F10 cells treated with bacterial supernatants and controls.

Figure A3. Plate mapping for ELISA based on Invitrogen Mouse ELISA IL-18 User Guide (retrieved from
Invitrogen, 2019).

Figure A4. Plate mapping for LDH assay based on Man Lab LDH Assay Protocol.
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