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Abstract

Entamoeba histolytica (Eh) is the causative agent of amebiasis, one of the top four
parasitic causes of mortality worldwide. In 90% of infected individuals, Eh harmlessly
colonizes the large intestine and results in a non-invasive and asymptomatic infection. In
the remaining 10% of infected individuals, the parasite breaches the intestinal barrier
causing amebic colitis and in rare cases, it can cause extra-intestinal lesions, mainly liver
abscesses. During invasion, Eh encounter macrophages in the lamina propria and this
intricate  host-parasite interaction is critical in eliciting a tissue damaging raging pro-
inflammatory response. When Eh binds macrophages via the Gal-lectin, surface EhCP-
A5 ligates osP1 integrin to activate caspase-1 in a complex known as the NLRP3
inflammasome. In this study, we investigated the parasite requirements underlying
macrophage caspase-4 and -1 activation and the role caspase-4 play in augmenting pro-
inflammatory cytokine responses. Surprisingly, caspase-4 activation was similar to
caspase-1 requiring live Eh attachment via the Gal-lectin, ENCP-A5 and cellular stresses
such as K* efflux and ROS. However, unlike caspase-1, caspase-4 activation was
independent of ASC and NLRP3. Using CRISPR/Cas9 gene editing of caspase-4 and
caspase-1 in human macrophages, we determined that caspase-1 and bioactive IL-1f
release was highly dependent on caspase-4 activation in response to Eh. Formaldehyde
cross-linking to stabilize protein-protein interactions in transfected COS-7 cells
stimulated with Eh revealed that caspase-4 specifically interacted with caspase-1 in a
protein complex that enhanced the cleavage of caspase-1 CARD domains to augment IL-

1B release. The mouse ortholog caspase-11, displayed similar requirements for its



activation, however, it was not involved in regulating caspase-1 activation in the same
way as caspase-4. These findings reveal a novel role for human caspase-4 as a critical
sensor molecule to amplify downstream pro-inflammatory responses when macrophage

encounters live Eh.



Preface

This thesis consists of a literature review, material and methods section, experimental

results, and a discussion and conclusions section.

CHAPTER 1 is an extensive literature review on innate host defense against Entamoeba
histolytica and the role of caspases and inflammasomes in inflammation. Included is a
book chapter that has been published in the Encyclopedia of Immunobiology in
collaboration with Dr. Kris Chadee. | wrote the section on innate immunity against
Entamoeba histolytica. Included is also a review that has been published in Human
Vaccines & Immunotherapeutics in collaboration with Dr. Joélle St-Pierre and Dr. Kris

Chadee.

CHAPTER 2 is the materials and methods section that | wrote and Dr. Kris Chadee

reviewed and edited the writing.

CHAPTER 3 consists of the results of my PhD that have components of a research
manuscript submitted to PLoS Pathogens for publication. | designed and conducted
experiments, analyzed data and prepared the manuscript for publication. Christina
Sandall designed the NLPRP3 CRISPR/Cas9 KO cells. France Moreau, my laboratory

manager, provided technical expertise and assisted with the study.



CHAPTER 4 provides a general discussion on the findings during my PhD research and
future directions in the field of amebiasis and inflammasomes. | wrote this section and

Kris Chadee reviewed and edited the writing.
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Chapter One: Introduction

This section includes excerpts from

Book chapter:
Entamoeba histolytica: pathogenesis and innate host defense — Immunity to
Intestinal Protozoa
Quach J, Chadee K. Encyclopedia of Immunobiology, Edited by Michael JH
Ratcliffe. Academic Press. Pages 133 -141.
Jeanie Quach wrote the original draft and reviewed and edited the writing. Kris Chadee

reviewed and edited the writing.

Review article:
The future for vaccine development against Entamoeba histolytica
Quach J, St-Pierre J, Chadee K. 2014. Human Vaccines & Immunotherapeutics. 10:
1514-1521.
Jeanie Quach wrote the original draft and reviewed and edited the writing. Kris Chadee

and Joélle St-Pierre reviewed and edited the writing.

All figures were drawn by Jeanie Quach.



1.1 Entamoeba histolytica

1.1.1 Entamoeba histolytica Biology and Life Cycle

Entamoeba histolytica (E. histolytica) is an enteric protozoan parasite that infects humans
and is the etiologic agent of amebiasis. Its name i Greek “histo” and “Iytic” translates
mto tissue and to dissolve, describing the parasite’s ability to dissolve tissue. Amebiasis
remains a worldwide health problem, accounting for 11,300 global deaths in the year
2013, making it the fourth leading cause of parasitic diseases [1]. Eh has a relatively
simple life cycle compared to other parasites, transitioning between the disease-inducing
trophozoite (10-60 puM in diameter) stage and the infectious cyst (10-15 pM in diameter)
stage [2]. When amebic cysts are ingested, they bypass the stomach, and the nucleus in
each cyst divides, which then gives rise to eight uninucleated trophozoites in the terminal
ileum [3] (Figure 1.1). Trophozoites then migrate to the colon and colonize the mucus
layer, where they feed on resident microbiota and mucin sugars. In most forms of
infection, individuals are asymptomatic and trophozoites remain in the lumen or they re-
encyst in the descending colon and are passed out with the stool as infective cysts. The
cyst contains a chitin wall allowing them to survive outside of the host for days to weeks
and can infect another individual that comes into contact with contaminated food or
water. However, in a small number of infected people, aberrant host response and
trophozoite virulence factors can contribute to the breakdown of the mucosal barrier,

leading to acute invasive amebiasis [3].
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Figure 1.1 E. histolytica life cycle.

Infection begins with the ingestion of mature cysts that enter the stomach and travel to
the terminal ileum where they excyst. The mature trophozoites migrate to the colon and
establish themselves in the mucus layer. In the colon, the trophozoite can take two routes,
either encysting back into a cyst that is passed through the feces or it can divide via
binary fission and continue to survive in the host. In some cases, trophozoites can invade
the colonic mucosa to cause amebic ulcers or can disseminate via the bloodstream and

cause liver abscesses.



1.1.2 Clinical Features

Invading trophozoites enter the interglandular epithelium and form early superficial
ulcerations [4]. Some of the common clinical manifestations include acute diarrhea and
dysentery [3]. Symptoms associated with Eh colitis or dysentery includes abdominal
pain, tenderness, diarrhea and weight loss. Fulminant colitis, ameboma, cutaneous
amebiasis, and rectovaginal fistulas are associated with intestinal amebiasis as well.
Furthermore, in rare cases, the parasite can disseminate to extra-intestinal sites such as
the liver, brain, genitourinary tract, and the heart via the bloodstream. Liver abscess is the

most common complication of extra-intestinal amebiasis and it is associated with fever

and abdominal pain and tenderness [3].

1.1.3 Epidemiology

There are no recent reports on the prevalence of Eh because it was confused with its
morphologically identical non-pathogenic species, E. dispar [5]. E. dispar is non-invasive
and results in asymptomatic infection. Amebiasis is found worldwide, however, there are
many factors that increase the risk of infection with Eh. Since the main route of
transmission is via ingestion of infectious cysts, areas with poor sanitation and lack of
clean water are found to have the highest prevalence of this disease. These areas include
tropical and subtropical areas of Mexico, South and West Africa, Western South
America, and South Asia [6]. Several factors are involved in the establishment of

invasive amebiasis including: host factors including mutations in the leptin receptor and



being malnutritioned [7,8]. Travelers and migrants from endemic areas can also contract

the disease.

1.1.4 Diagnosis and Management

Some methods of diagnosis of Eh infection include identification of cysts or trophozoites
by microscopy, fecal antigen detection, DNA detection by PCR and serologic antibody,
but all pose disadvantages. It is important that methods for diagnosis are quick and
accurate to allow early interventions for treatment and to halt further progression to
invasive disease. A third generation rapid fecal antigen detection test (E. HISTOLYTICA
QUIK CHEKTM), targeting Eh galactose/N-acetylgalactosamine (Gal/GalNac) adherence

lectin (Gal-lectin) was found to be 100% specific and sensitive [9].

In non-invasive Eh infections, oral drugs including paromomycin (7 days), diloxanide
furoate (10 days), or iodoquinol (20 days) are used to treat luminal parasites [10]. No
treatment is required for E. dispar infections. In invasive infections, nitroimidazole
derivates including metronidizaole (also known as Flagyl, 10 days) or tinidazole (3 days)
are used for the treatment of trophozoites followed by a Iluminal drug, such as
paromomycin [10]. In cases of liver abscess, chloroquine and/or drainage of the abscess
is performed in addition to metronidazole treatment [10]. The ideal treatment for
amebiasis would be a vaccine, since humans are the only hosts for this parasite. However,
to date, there is no successful vaccine against Eh and the most potential vaccine

candidates appear to be the Gal-lectin.



1.1.5 Virulence Factors

1.1.5.1 Gal-lectin

Galactose-N-acetyl-D-galactosamine  inhibitable  lectin  (Gal-lectin) is a 260-kDa
heterodimer localized on the surface of Eh that acts as an adhesin molecule to attach to
cell surfaces [11]. Gal-lectin consists of a heavy subunit (170-kDa, HgL) that is
disulfide-linked to a light subunit (31/35-kDa, LgL) which is non-covalently associated
with a 150-kDa intermediate subunit (Figure 1.2) [12]. The heavy chain consists a
cysteine rich site in the carbohydrate binding region (CRD) and is responsible for the
high affinity binding of Gal-lectin [13]. Eh normally resides on the surface of the colonic
mucosal layer by binding via Gal-lectin to galactose and N-acetyl galactosamine residues
of colonic mucins [14]. This adherence is a prerequisite for colonization, cytolytic
activity, and invasion. Eh can also bind to bacteria [15], epithelial cells, and

inflammatory cells [16].
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Figure 1.2 Structure of E. histolytica Gal-lectin.

The Gal-lectin adhesin is composed of three subunits. The heavy subunit (Hgl) is linked
by disulfide bonds to the light subunit (Lgl), which is non-covalently associated with the
intermediate subunit (Igl). The heavy subunit has a short cytoplasmic tail and both the
light and intermediate subunits are GPI anchored. TM=transmembrane, CD=cytoplasmic
domain, CRD=carbohydrate rich domain, GPI= glycosylphophatidylinositol (Adapted
from Quach et al (2014), Human Vaccines & Immunotherapeutics 10: 1514-1521.)



Mucosal anti-Gal-lectin 1gA responses are critical for resistance to amebic colonization
and invasion [17,18]. Several studies showed that a susceptible population of children
from Bangladesh had stool IgA Gal-lectin-specific antibodies that correlated with
reduced re-infection rates with Eh [19,20]. Increases in anti-Gal-lectin 1gA antibodies
were associated with clearance of subsequent amebic infections, demonstrating that
amebic liver abscess (ALA) subjects developed a heightened immune responsiveness and
have retained memory of the parasite [17]. Interestingly, using the gerbil model of ALA,
purified native Gal-lectin protected 86% of animals from abscesses [21]. The
recombinant form of aa 758-1134 on the cysteine-rich region of the Gal-lectin 170-kDa
subunit, termed LC3, was found to be efficacious as a subunit vaccine against Eh [22].
Moreover, several studies that looked at the serum IgA antibodies of ALA patients found
that these antibodies bound with high affinity to the LC3 regions aa 868-944 and aa
1114-1134 [23]. Altogether, these studies show that Gal-lectin is the best candidate for

vaccine development.

Gal-lectin was shown to induce dendritic cell maturation and promote the production of
the Thl cytokines IL-12 and interferon (IFN)-y in vitro and in vivo [24]. Additionally, the
cysteine rich region of Gal-lectin can also induce murine macrophages to produce tumour
necrosis factor (TNF)-o [25] and human macrophages to produce IL-12 [26]. Gal-lectin
activates mitogen-activated protein kinases (MAPK) and nuclear-factor kB (NF-kB)
signalling pathways to up regulate mRNA and cytokine and receptor genes involved in
pro-inflammatory responses including TLR2 mRNA and surface expression [27]. Despite

the ongoing research efforts, there is no host receptor identified for Gal-lectin.



1.1.5.2 Cysteine Proteases

Eh possesses a number of cysteine proteases (CP) that are critical for disease
pathogenesis and it is also one of the major differences seen from its similar counterpart,
E. dispar. Eh has 10- to 1,000 fold more cysteine proteases compared to E. dispar [28].
Eh express cysteine proteinases: EhCP-Al, EhCP-A2, EhCP-A3, EhCP-A5, EhCP-AS,
EhCP-A9 and EhCP-A112 [29]. ERCP-AL, EhCP-A2 and EhCP-A5 make up 90% of all
the EhCP transcripts [29]. The major cysteine proteinase is EhCP-AS5, which is both
membrane bound and secreted. EhCP-A5 cleaves MUC2 mucin at the C-terminus
causing it to depolymerise [30], thus allowing the parasite to overcome the first line of
innate immune defense. EhCP-A5 can also disrupt tight junction proteins between
epithelial cells that may aid Eh access to the lamina propria where there are patrolling
resident macrophages and infiltrating neutrophils [4]. Moreover, Eh pro-mature CP5
contains an RGD motif that engages the avp3 mtegrin on colonic cells to trigger
phosphatidylinositol-4,5-bisphosphate  3-kinase  (PI3K)  phosphorylation  [31]. The
mtegrin-linked kinase (ILK) phosphorylation activates Akt and causes ubiquitination of
NF-kB essential modulator (NEMO) and subsequent activation of NF-kB [31]. EhCP-A5
is also mmportant for mediating mucin exocytosis from colonic goblet cells via ovp3
itegrin and activation of PI3K, protein kinase C (PKC)d, and myristoylated alanine-rich
C-kinase substrate (MARCKS) [32]. It was only recently that EhCP-Al and EhCP-A4
were found to be important in initiating pro-inflammatory signalling pathways as well
[33]. Even secretory IgA (s-1gA) and IgG which are important in the first line of defense

against pathogens, can easily be degraded by EhCPs [34,35]. In in vivo studies, EnCP-A5



deficient parasites inflicted less damage to the intestinal barrier and failed to induce IL-13
production [36]. Interestingly, EhCPs can act like an interleukin-converting enzyme and

activate pro-IL-1 [36].

1.1.5.3 Amebapores

Eh produce amebapores, which are small amphipathic peptides that are 8 kDa with an a-
helical structure stabilized by three disulphide bonds. There are three amebapores A, B,
and C [37]. They are inserted into the plasma membranes of target cells and induce cell
lysis [37]. It is one of the major pathogenicity factors and it has been shown to be
involved in amebic liver abscess formation [38,39]. Interestingly, amebapore deficient Eh
were still able to induce inflammation and tissue damage in colonic cells, indicating that

different virulence factors are at play in different organs [39].

1.1.5.4 Prostaglandin E2

Prostaglandin E> (PGE.) is an important pro-inflammatory lipid mediator. PGE> has been
found to be increased 10 fold in Eh infected colons [40]. Interestingly, Eh expresses a
cyclooxygenase (COX)-like enzyme and synthesizes PGE2 in the presence of arachidonic
acid [41]. Eh PGE: dissociates claudin-4 from the tight junction complex via signalling
through the EP4 receptor, resulting in increased sodium permeability toward the lumen
[42]. This early event is what triggers watery diarrhea seen with Eh infection. Among all
the virulence factors in Eh, PGE: released by parasite was the first study to show that Eh

could elicit disease in a contact-independent manner. Moreover, PGE2 coupling through
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EP4 receptors induced IL-8 secretion from colonic epithelial cells [43]. The IL-8
chemokine is a neutrophil chemoattractant that could be associated with the early acute

inflammatory response to Eh infection.

1.1.5.5 Phagocytosis

Interestingly, phagocytosis is considered an important virulence factor for Eh as parasites
deficient in phagocytosis were shown to be less virulent [44,45]. Eh has the ability to
induce host cell apoptosis and phagocytose apoptotic cells. Phagocytosis of apoptotic
cells serves to limit inflammation as a mode of evasion and to allow Eh to survive. There
were 121 genes identified that are involved in ameba phagocytosis, particularly
cytoskeleton and actin-binding genes [46]. Exposure to a phagocytic stimulus led to
increased phagocytic ability during another stimulus encounter, suggesting this unique
feed-forward regulation of phagocytosis [46]. The defining feature of cells undergoing
apoptosis is the exposure of phosphatidylserine on the outside of the plasma membrane
[47]. This was observed with Eh and Jurkat T cells, where contact led to caspase-3
activation, DNA fragmentation, and phosphatidylserine exposure and finally its fate ends
with amebic phagocytosis [47—49]. Not surprisingly, phagocytosis was mediated by the
Gal-lectin as addition of D-galactose blocked cytotoxicity and abrogated phagocytosis
[47]. Erythrophagocytosis is a characteristic feature of Eh infection, but is not seen with
E. dispar [50]. Eh also recognize erythrocytes by phosphatidylserine exposure, but the
receptor is unknown [51]. Remarkably, Eh can Kkill cells directly by chewing off

fragments of host cells known as “amebic trogocytosis”. This process was characterized
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by increased intracellular calcium levels, eventual loss of plasma membrane integrity,
nuclear DNA degradation, and mitochondrial potential loss [52]. Once cells die, Eh cease
trogocytosis and detach from the corpses [52]. Similar to phagocytosis, Eh requires Gal-
lectin mediated contact, actin recruitment, amebic C2 domain-containing protein kinase

(EhCP2K), and PI3K signalling [52].

1.2 Innate Host Defense Against E. histolytica and Immunopathogenesis

The gastrointestinal tract is comprised of a thick mucosal barrier that separates the
external environment from the immune system and the mucosal layer is home to an
enormous number of microorganisms. While on the one hand there are commensal
microorganisms that are important in health and homeostasis, there are also pathogenic

microorganisms that can invade the mucosal layer to cause diseases.

1.2.1 Mucus Bilayer

The colonic mucus bilayer serves to act as a physical barrier separating the sterile internal
environment from insults found from the external environment and allows for easy
elimination of adherent pathogens through peristalsis [53]. Moreover, it provides a site
for gas and nutrient exchange [54]. The mucus bilayer consists of a dense inner layer that
is devoid of bacteria and an outer loose layer colonized with the host microbiota [54].
The major component of the mucus layer is the gel-forming mucin, MUC2, which is

produced by goblet cells [53]. MUC2 is a large glycoprotein made up of 5179 amino
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acids, and contains a large central O-glycosylated domain and N- and C-terminal

cysteine-rich domains [55].

My laboratory has been extensively studying the role of the mucus layer in Eh
pathogenesis. In a majority of infections, E. histolytica resides in or on the mucus layer
and feeds on bacteria and cellular debris and it is able to do this by binding to colonic
mucins via the Gal-lectin adhesin to galactose and N-acetylgalactosamine residues on the
O-linked sugar side chains [14]. During invasive infection, Eh overcomes the mucus
layer using cysteine proteases and glycosidases that disrupt the mucin network
[30,56,57]. The degradation of mucin is driven by EhCP-A5 as it was shown to
specifically cleave the C-terminal cysteine rich domain of MUC2, leading to the loss of
protective function of the mucus layer [30]. Moreover, ameba deficient in EhCP-A5 were
also unable to overcome the protective mucus barrier [58]. The mucus layer is critical for
protective against Eh infection as Muc2-deficient mice were shown to have increased
gross pathology scores with observed dilated colons, expanded colonic loops, and brown
and bloody mucosal exudates [59]. There was also increased pro-inflammatory cytokine
secretion including TNF-a, IFN-y, and IL-13 in Muc2-deficient as compared to WT mice
treated with Eh [59]. Eh also induces hypersecretion of mucin from goblet cells [32]. This
mucus hypersecretion is mediated by EhCP-AS5 ligation of avB3 integrin on goblet cells
and induction of SRC family kinase, PI3K and PKCS signalling pathways [32]. The
breakdown of the mucosal bilayer is detrimental as it creates a gap, facilitating Eh
penetration further down the submucosa and causing the development of flask-shaped

ulcers and inflammation [3].
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1.2.2 Epithelial Cells

Epithelial cell-initiated inflammation also plays a crucial role in early tissue damage in
Eh infection of the human intestine. Interestingly, it was shown that Eh promature-CP5
RGD motif can bind the avp3 integrin on colonic epithelial cells to trigger activation of
NF-kB [31]. NF-kB is the transcriptional regulator of cytokine gene expression including
TNF-a, IL-1B, and IL-12p40 [60]. The ubiquitination of NF-xB essential modulator
(NEMO) led to the activation of IKK and IKB ubiquitin-mediated degradation [60].
Subsequently, this releases NF-«xB into the nucleus where it induced expression of TNF-a
and IL-1p in colonic cells [31]. These cytokines are important for recruiting more
immune cells to help at the site of invasion. Eh can also induce secretion of monocyte
chemotactic protein (MCP)-1 from epithelial cells, which is chemotactic for monocytes
[61]. This occurs via activation of PI3K and posttranslational modification of the NF-xB

p65 subunit [61].

Tight junction proteins serve as an integral part of epithelial cells to regulate ions through
the paracellular pathway and to prevent luminal microbes from translocating to the basal
side. Another complex known as EnCPADH112, composed of EhCP112 and EhADH112
adhesin was shown to degrade tight junction proteins including occludin, claudin-1, ZO1,
and ZO2 [62]. This led to the breakdown of tight epithelial cell-cell interaction, loss of
transepithelial resistance (TER) and subsequently, increases in paracellular permeability

[62]. Eh also expresses a 55 kDa occludin-like protein that is capable of displacing the
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human occludin protein, and reducing trans-epithelial resistance and disrupting colonic
barrier integrity [63]. The changes in tight junctions were also assessed using the ameba
colonic loop model in the presence or absence of a mucus barrier. Interestingly, WT mice
infected with Eh displayed increased occludin, but Muc2-deficient mice had increased
claudin-2 and decreased occludin and ZO1 [59]. Additionally, Eh was shown to cause

decreases in Na*and CI absorption attributed to serotonin, thus driving diarrhea [61].

1.2.3 Neutrophils

The recognition of the parasite by intestinal epithelial cells induces the secretion of IL-8,
which results in immediate immune cell recruitment and infiltration into the lamina
propria [4,64]. Neutrophils are one of the first immune cells recruited to the site of
infection. While neutrophils are armed with cytotoxic granules (neutral proteases,
lysozyme, and acid hydrolases) that are targeted to kill Eh, one trophozoite has been
shown to kill up to 3,000 neutrophils [65]. The process by which host cells are killed by
Eh occurs in three steps: 1) adherence 2) cytolysis and 3) phagocytosis [66]. Eh Killing
of neutrophils leads to increased tissue destruction due to the release of harmiful
neutrophilic constituents into the environment [67]. In the reverse, in vitro studies have
shown that neutrophils activated by both IFN-y and TNF-a can kill Eh up to 67% after 6

hours of incubation via reactive oxygen species (ROS), most notably H202 [65,68].
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1.2.4 Macrophages

The healthy intestinal mucosa is comprised of the largest reservoir of macrophages in the
body, which is beneficial to the host as the gut is constantly exposed to a variety of
bacteria and antigens. Under homeostasis, resident intestinal macrophages possess high
phagocytic and bactericidal activity, enabling them to readily clear microorganisms in the
absence of inducing an inflammatory cascade [69]. They do not express LPS co-receptor
CD14 or the IgA (CD89) and 1gG (CD16, 32, and 64) receptors [69], which means that

they do not initiate inflammatory signalling pathways.

The release of chemokine (C-C motif) ligand 2 and 4 (CCL2 and CCL4) leads to the
recruitment of circulating blood monocytes into the lamina propria where they can
differentiate into mature macrophages [69]. These macrophages are highly responsive to
inflammatory stimuli and they can produce reactive oxygen and nitrogen species [69]. In
order to distinguish between self and microorganisms, macrophages express a plethora of
pattern recognition receptors (PRRs) including toll-like receptors (TLR) and nod-like
receptors (NLR). These receptors are important for recognizing pathogen-associated
molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPS). When
challenged with lipopolysaccharide (LPS) or IFN-y, macrophages produce a variety of
cytokines including IL-1, 1L-18 [70], and TNF-a [71] to elicit a proper immune response
against invading pathogens. The uncontrolled production of these cytokines, however,
leads to the development of inflammatory diseases [72]. Present evidence support the

idea that central to host defense against Eh invasion are macrophage-mediated effector
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mechanisms. Macrophages are major producers of TNF-a, an autocrine mediator that
enhances inducible nitric oxide synthase (INOS) gene expression and nitric oxide (NO)
production [73]. Several experiments have shown that addition of combinations of
recombinant cytokines activated macrophages in vitro for amebicidal activity. In vitro
studies indicated that IFN-y and TNF-a act synergistically to stimulate macrophages to
release NO and they are able to efficiently kill up to 87% of amoebic trophozoites [74].
NO release has been shown to be effective against killing of Eh by inhibiting cysteine
proteinases and alcohol dehydrogenase [74,75]. A combination of both IFN-y and Eh
extract also triggered the production of TNF-o for ameba killing [76]. Of critical
importance is that macrophage-ameba contact is necessary for amebicidal activity [77].
Eh DNA can also increase INOS mRNA expression and activate toll-like receptor (TLR)
9 signalling to trigger TNF-o levels [78]. Another molecule, a macrophage migration
inhibitory factor (MIF) was identified in Eh genome to be an immunomodulator of
macrophage activity [79]. MIF was shown to be capable of binding to CD74 and it
augmented TNF-a secretion by LPS-stimulated macrophages, another dominant cytokine

characterizing the pro-inflammatory responses [79].

1.2.5 Entamoeba histolytica Immune Evasion Mechanisms

Parasites have evolved evasion strategies or they can exploit the immune responses of
their host to enable them to be successful survivors. For each step of the inflammatory
process aimed at eliminating the parasite, Eh have built-in mechanisms that allow it to

counter the attack (Figure 1.3). While heat shock proteins serve to protect cells exposed
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to stress, they are utilized by Eh as a means to modulate inflammation [31]. Eh dampened
colonic inflammation by phosphorylation of the heat shock protein 27, which leads to
suppression of NF-kB activity [31]. Though it is not entirely clear how this contributes to
disease pathogenesis, it may be an explanation for why a majority of individuals infected

with Eh are asymptomatic.
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Figure 1.3 E. histolytica invasion of intestinal mucosal barrier.

The first lines of defense that Eh overcomes are the outer and inner mucus layers by
using glycosidases and cysteine proteinases to cleave MUC2 mucins. The main adhesin,
Gal-lectin found on Eh, binds to host cells and is required for cytolytic activity. Upon
traversing the mucus layer, Eh can also disrupt tight junctions that hold epithelial cells
together as a sheet. Eh can inhibit NF-«kB activity in epithelial cells by regulating heat
shock proteins. Furthermore, epithelial cells release IL-8 that attracts neutrophils to the
site of infection. Neutrophils release ROS in an attempt to kill the parasite. Similarly, Eh
in direct contact with macrophages leads to the activation of the NLRP3 inflammasome,
subsequently releasing active IL-1p and IL-18. Macrophages also produce ROS and NO
as products to destroy Eh. Despite these effector mechanisms to get rid of the parasite, Eh
also has counter mechanisms including the synthesis of PGE2 to inhibit NO synthesis.
(Adapted from Quach & Chadee. 2016, Encyclopedia of Immunobiology 133-141.)
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Normally residing in the luminal side of the intestine in an anaerobic environment, during
tissue invasion, Eh is exposed to a higher oxygen environment that is rich in ROS such as
superoxide radical anions (O27) and H202 [80]. There are three key antioxidant enzymes
that serve to protect Eh against oxygen toxicity: an iron-containing superoxide dismutase
(Fe-SOD)[80] and a flavin reductase (NADPH: Flavin oxidoreductase) [81] which both
function to reduce Oz to H202. A thiol-rich 29-kDa surface antigen or known as
peroxiredoxin functions in concert with the other two enzymes of Eh, aiding in the

degradation of H2O> [82].

Eh can also impair macrophage responses by inhibiting INOS mRNA and NO production
as well as TNF-a production via PGE2 [83]. More specifically, Eh does this by utilizing
arginase to convert L-arginine into L-ornithine, thus preventing synthesis of NO which is
a potent effector molecule against Eh [84]. The role of macrophages in immune defenses
is not limited to the innate arm, as it has also been shown to be critical in antigen
presentation to T cells via class 1l molecules [85]. Eh can also inhibit IFN-y-induced class
Il molecule expression due in part by stimulating the production of PGE2, which has been

reported to inhibit class 11 MHC genes [85].

In addition to being faced with effector cells of the immune system, Eh encounters the
complement system, which is made up of distinct plasma proteins that react with one
another in a cascade of events. This leads to the recognition of cells, opsonisation
followed by intracellular Killing by phagocytes or direct cell lysis. While complement

proteins are essential for eliminating the pathogen, bacteria and parasites have developed
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mechanisms that allow them to evade this system. Eh extracellular cysteine proteinase
has been shown to degrade anaphylatoxins C3a and Cba, thereby inhibiting the
complement pathway [86]. The consequences of inhibiting C3a and C5a proteins extend
beyond the pathway as they are also important for regulating vasodilation and attracting
macrophages, neutrophils, and mast cells [87]. Moreover, Eh Gal-lectin and a 21 kDa
protein was found to exhibit epitope similarities to the complement inhibitory protein,
CD59, which functions to protect cells from lysis by C5b-9 proteins [88,89]. In a similar
manner, Eh binds to C8 and C9 via its Gal-lectin in order to avoid the formation of the

membrane attack complex [89].

Another uniqgue mechanism that Eh uses to avoid the immune system is called receptor
capping. In this process, the parasite surface receptors are clustered together and moved
to the posterior end of the cell where they are released as membrane vesicles to avoid
being recognized [90]. Interestingly, Eh encodes for EhROM1, an active intramembrane
protease localized at the base of the cap with Eh Gal-lectin [91]. This suggests that
EhROM1 is responsible for cleaving Gal-lectin, specifically facilitating the release of
these caps once they are formed [91]. Taken together, all of these evasion strategies
essentially allow the parasite to successfully colonize and in rare cases, establish chronic

infection in organs such as the liver.

1.3 Animal models for Studying Amebiasis

There are limited animal models for studying Eh infection simply because none are able

to replicate the entire life cycle of Eh. The Mongolian gerbil (Meriones unguiculatus) has
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been used as the standard model for amebiasis to look at both intestinal and hepatic
complications [92,93]. Cecal infections of Eh were characterized by destruction of the
interglandular epithelium, amebic ulcers, cecal hypertrophy and crypt hyperplasia [92].
Hepatic infections resemble that of human hepatic amebiasis, with the formation of
granulomas and the development of fluid-filled cavitary lesions at later stages [92]. Eh
infections in mice were attempted to reproduce intestinal and hepatic lesions, however,
they proved to be unsuccessful. The strains of mice that were found to be susceptible to
intestinal amebiasis included C3H/HeCr, BALB/c, NZB/BIN, B10.A, DBA/2 and
C57Bl/6 [94]. The strains A/J, CE, DBA/1 and CD-1 were resistant to amebiasis [94]. An
interesting model that was also explored was implantation of human intestine into the
subcapsular region of severe combined immunodeficient (SCID) mice (SCID-HU-INT)
[95]. When the human xenografts were stimulated with Eh, there was the production of
pro-inflammatory cytokines IL-13 and IL-8 from intestinal epithelial cells [95].
Furthermore, there was amebic invasion into submucosal tissues, formation of amebic
ulcers, neutrophilic inflammatory responses and the formation of micro abscesses [95].
An ex vivo human intestinal model was also used to study the early steps in ameba
pathogenesis [96]. During the first 2 hours of infection, Eh depleted the mucosal layer
and penetrated into the lamina propria. There was significant cell lysis and an increase in
pro-inflammatory markers including IL-1B, IFN-y, IL-6, IL-8, and TNF-a [96].
Currently, ameba colonic loop models are widely used as a model for early acute pro-

inflammatory responses and has been the major model used in the Chadee lab [97].
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1.4 Pattern Recognition Receptors (PRRs)

Inflammation is a double-edged sword because while inflammation is crucial for
protecting against invasive pathogens, it can simultaneously lead to severe host tissue
damage. For this reason, inflammation is tightly regulated. Pattern recognition receptors
(PPRs) are germline-encoded receptors involved in recognizing danger associated
molecular patterns (DAMPS) and pathogen associated molecular patterns (PAMPS) [98].
DAMPS include intracellular proteins that are released as a result of sterile injury.
PAMPs are nucleic acids and proteins unique to bacteria and viruses including LPS,
sSRNA, and flagellin. There are three groups of receptors: 1) extracellular receptors, 2)
cell surface receptors, and 3) intracellular receptors. The extracellular receptors include
mannan binding lectin and C-reactive protein. The cell surface receptors include toll-like
receptors (TLRs) and C-type lectin receptors (CLRs). The majority of receptors are
intracellular and they include TLRs, NOD-like receptors (NLRs), and retinoic acid-

inducible gene-1 (RIG)-like receptors (RLRS).

1.4.1 Nucleotide-Binding Oligomerization Domain (NOD)-Like Receptors (NLRS)

There are four subfamilies in the NLRs including: 1) NLRA which consists of the acidic
transactivating domain, 2) NLRC which consists of the CARD, 3) NLRB which consists
of the BIR, and 4) NLRP which consists of a PYD that is crucial for inflammasome
organization. They all contain a variable N-terminal interaction domain, a central

NACHT domain, and C-terminal leucine-rich repeat domain (LRR). NLRs are found on
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macrophages, dendritic cells, neutrophils, and epithelial cells [99]. Some NLRs are able

to form large multimeric complexes known as inflammasomes.

1.5 Caspases

Caspases are a family of highly conserved cysteine-dependent aspartate specific
proteases that mediate a cascade of events leading to the transduction of signalling
pathways that culminate in the desired biological response such as apoptosis or
inflammation. Caspase-1 was the first mammalian caspase to be described and was
identified to be important for the processing of IL-1B [100]. Caspases share a common
structure, consisting of a 3-24 kDa N-terminal pro-domain, a 17-21 kDa central large
domain and a 10-13 kDa small C-terminal subunit domain [101]. All caspases consist of
an active cysteine residue in the large domain that specifically cleaves after the aspartate
residue in substrates [101] (Figure 1.4). Caspases are regulated post-translationally.
Specifically, they are synthesized as “procaspases”, zymogens that are inactive until they
are cleaved at two sites: one site is between the pro-domain and large subunit, and
another site between the large subunit and small subunit [101]. There are three major
groups of caspases: Group |I: inflammatory caspases; Group Il: apoptosis initiator
caspases, and Group lll: apoptosis effector caspases [102,103], totalling 13 caspases
(Table 1.1). The pro-domains contain either death effector domains (DEDs) or caspase
recrutment domains (CARDS). Caspases are either activated by upstream caspases or
undergo scaffold-mediated transactivation [101]. Caspases need to be tightly regulated as

hyper activation can promote auto-inflammatory conditions, while insufficient activation
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of caspases can lead to susceptibility to infection and sepsis [104]. The activation and
activity of caspases are distinct processes, as a caspase can become activated, but have its
activity suppressed. It is still unclear what specific functions each of these caspases have

and if there is redundancy among them.
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Table 1.1 Categories of Caspases

Type of Caspase

Human Caspase

Mouse Caspase

Initiator Apoptotic 2,8,9,10 2,8,9
Effector Apoptotic 3,6,7 3,6,7
Inflammatory 1,4,5 11,12
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1.5.1 Inflammatory Caspases

Pro-caspase (32-55 kDa)

Catalytic
Cleavage site cysteine residue Cleavage site

.

Small
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Figure 1.4 Caspase activation.

Caspases share a common structure, consisting of a 3-24 kDa N-terminal pro-domain, a

17-21 kDa central large domain and a 10-13 kDa small C-terminal subunit domain. All

caspases consist of an active cysteine residue in the large domain that specifically cleaves

after the aspartate residue in substrates. Following autoproteolytic cleavage of pro-

caspase generates the active caspase heterotetramer.
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Caspase-1, -4, -5, and -12 comprise the inflammatory subset in humans, and caspase-1, -
11, and -12 comprise the inflammatory subset in mice [105]. The role of this group of
caspases in the inflammatory response is cytokine maturation. It is now appreciated that
there are other functions for these caspases, one of which is pyroptosis, an inflammatory
form of programmed cell death [106]. Multiple lines of research demonstrate that
caspase-1 has multifaceted roles in host defense. Chromosomal mapping revealed that the
human caspase-4 gene is colocalized within a cluster of functionally related genes
including caspase-1, -5, and -12 and caspase-1 pseudogenes ICE-BERG, COP, and INCA
in human chromosome 11g22-23 [106]. These pseudogenes are inhibitors of caspases. It
has been suggested that caspase-4 and caspase-5 may have originated from caspase-11
[106], and caspase-11 share 60% amino acid identity to caspase-4 [107]. Caspase-5
recruitment was shown to act as a co-activator of the NLRP1 inflammasome, while
caspase-12 acted as a negative regulator of caspase-1 activity [106]. In light of recent
studies on the role of the apoptotic initiator caspase-8, its ability to cleave the
inflammatory cytokine pro-IL-1p suggests that the roles of caspases are not so clear-cut
[108]. Hence, there is a degree of cross talk between the apoptotic and inflammatory
caspases that determine the fate of the cell, and influence the outcome of host response to

infections.

1.5.2 Caspase-1

Caspase-1 (also known as interleukin-1p-converting enzyme (ICE), interleukin-1p-

convertase (IL-1BC), or p45) was the first discovered caspase and it has a strict
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requirement for an Asp residue at position P1 and has a preferred cleavage sequence of
YEVD [109]. It is present as an inactive zymogen and upon assembly into a high
multimeric complex called the inflammasome, pro-caspase-1 is cleaved into caspase-1
and caspase-1 is well known as an activator of IL-1B. Caspase-1 also mediates
pyroptosis, which is a form of inflammatory cell death characterized by cell swelling and
plasma membrane rupture [110]. Pyroptosis has been shown to be important for bacterial
clearance [110]. When cells are lysed, the cytosolic protein called lactate dehydrogenase

(LDH) is released into the extracellular space and this is used as a readout for cell death.

1.5.3 Caspase-11

Caspase-11 has a strict requirement for Asp at the P1 position and has a preferred
cleavage sequence of LEHD [111]. Its expression is strictly regulated as there is very
little detection of caspase-11 in unstimulated cells [112]. Furthermore, it has also been
pointed out that elevated expression of caspase-11 protein allows for auto-activation
[112]. The caspase-11 locus encodes for two proteins 38 and 43 kDa [113]. The 43 kDa
protein was hypothesized to be the major protein to undergo auto-activation, whereas the
38 kDa protein may require activation by other proteins [113]. It is possible that cleavage
products, especially those of the smaller subunit (p10) are not always observed due to its
instability, therefore the reported cleavage products of caspase-11 is on the activation and

processing of the intermediate forms and larger subunits (p20) [113].
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What is particularly interesting is that inflammatory caspases have diverse pleiotropic
functions other than their proteolytic activity. Another interesting role ascribed to
caspase-11 is in regulating the cytoskeleton machinery [114]. One report showed that
caspase-11 is involved in phagolysosomal formation for restricting Legionella
pneumophila infections within murine macrophages [115]. This occurs by the modulation
of actin polymerization through cofilin [115]. In parallel, the use of human THP-1
macrophages transfected with caspase-4 and caspase-5 plasmids demonstrated that both
caspases are required for cofilin dephosphorylation and therefore the promotion of the
phagosome-lysosome fusion [115]. Moreover, the expression of both caspase-4 and -5
triggered caspase-1 cleavage [115], suggesting interactions amongst the inflammatory

caspase family members.

The relevance of caspase-11 indicated in in vivo models has been explored in the context
of sepsis. Caspase-11 knockout mice were more resistant to lethal doses of LPS
compared to wild-type mice [116,117]. Cholera toxin B is the known caspase-11
activating toxin that enables the movement of LPS into the cytosol via the ganglioside
receptor GM1 [118]. Several studies have also been done in dextran sodium sulphate
(DSS)-induced colitis. Due to the discovery of caspase-1 knockout mice being deficient
in caspase-11 as well, reported hyper-susceptibility to infection with caspase-1 could also
be explained by the absence of caspase-11 [118]. Caspase-11 has been reported to be
expressed constitutively in the colon and mediates protection against DSS-induced colitis

independently of inflammasome activation [119]. Compared to WT counterparts,
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Caspase-117- and Caspase-17-Caspase-117- mice had increased tissue damage and

inflammatory cell infiltration [119].

1.5.4 Caspase-4

Caspase-4 (also known as ICErelll, ICH-2, protease TX) is constitutively expressed and is
highly expressed in the spleen and lungs [120]. It has a preferred cleavage sequence of
LEVD [109]. Since it is believed that human caspase-4 arose from a duplication of the
ancestral gene caspase-11, it could play similar roles as caspase-11 in regulating caspase-

1 activation [118].

1.5.4.1 Caspase-4 and Caspase-1 Interactions

One study has shown that macrophages deficient in caspase-4 had decreased caspase-1
activation and reduced IL-1f secretion when stimulated with ATP and MSU [121],
suggesting that similar to caspase-11, it can regulate caspase-1 activation. Caspase-4 was
also implicated in dengue virus infection where it was discovered to be important in
regulating caspase-1 activity and subsequent IL-1p activation [122]. However, no further
studies have been addressed to indicate that caspase-4 and -1 directly interact.
Furthermore, caspase-4 does not cleave pro-IL-1p suggesting that although there is high
sequence conservation with caspase-1, there is also a degree of non-redundancy [107]. A
fascinating study by one group explored the role of caspase-4 in vivo. Caspase-4
transgenic mice that were exposed to LPS led to 50% lethality within 24 hours [120].

When the BMDMs from the caspase-4 transgenic mice were isolated and stimulated with
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LPS, there were increased levels of IL-1B and IL-18 [120]. Caspase-4 and caspase-1
plasmids were also transfected to determine if the proteins interacted and it was evident

that caspase-4 supported processing of caspase-1 [120].

1.5.4.2 Caspase-4 Activation Mechanisms and Protein Interactions

Interestingly, using enzymatic assays, caspase-1 activation was shown to require
dimerization, while caspase-4 required both dimerization and interdomain cleavage
[123]. Caspase-4 was shown to bind TNF receptor-associated factor 6 (TRAF6) to
mediate LPS-induced NF-xB-dependent production of IL-8 and CC chemokine ligand 4
(macrophage-inflammatory protein-1) [124]. As well, caspase-4 along with other
inflammatory caspases including caspase-5 and caspase-11 were shown to bind LPS via

the CARD domain of caspases, leading to oligomerization and activation [125].

1.5.4.3 Caspase-4 in Epithelial Cells

Currently, there is emerging evidence for the role of caspase-4 in intestinal epithelial cell
(IECs) host defense. This is supported by data showing that caspase-4 expression is high
in IECs [126]. In response to Salmonella enterica serovar Typhimurium, caspase-4 was
critical for IL-18 secretion, but not IL-1p secretion [126]. Similarly, murine caspase-11
was found to also govern IL-18 secretion [126]. In parallel with macrophages, caspase-4
was able to sense LPS intracellularly. Both caspase-4 and caspase-11 also drive
pyroptotic cell death of epithelial cells infected with S. typhimurium in order to restrict

bacterial growth [126]. Interestingly, Shigella flexneri was shown to counteract host
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caspase-4-induced cell death by utilizing a type Il effector, OspC3 [127]. S. flexneri
deposited the OspC3 at the putative catalytic pocket of caspase-4 to prevent caspase-4-
pl9 and caspase-4-pl0 heterodimerization [127]. This was then shown to inhibit IL-18
release and delayed epithelial cell death [127]. Caspase-4 driven cell death was also

important for enteropathogenic Escherichia coli (EPEC) infection [127].

1.5.4.4 Caspase-4 in Other Cell Types

One study has characterized caspase-4 as being required for the maturation of pro-IL-1f3
and for unconventional secretion in Keratinocytes [121]. Moreover, pro-inflammatory
cytokine stimulation of human retinal pigment epithelial cells was reported to increase
caspase-4 mMRNA and protein expression [128]. Not only is caspase-4 important for
inflammatory signaling processes, it is also involved in endoplasmic reticulum stress-
induced apoptosis [129]. These studies show that caspase-4 activation can occur
throughout many cells, displaying diverse functions. Although there are studies that have
addressed both caspase-4 and caspase-11, it is still unclear whether they are functional

orthologues. More studies are warranted to decipher their functions in inflammation.

1.6 Inflammasomes

To date, there are four types of inflammasomes characterized: 1) NLRPL1: recognizes
anthrax lethal toxin, 2) NLRP3: a variety of PAMPs and DAMPs, 3) NLRC4: cytosolic
flagellin, and 4) AIM2: cytosolic dsDNA [130]. Inflammasomes are large molecular

complexes that assemble upon activation by sterile stimuli or pathogens and are critical
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for host defenses. They are highly expressed in myeloid cells, namely macrophages
[131]. The inflammasome consists of three major components: 1) a NOD-like receptor
(NLR) which acts as the intracellular sensor, 2) an adaptor protein such as ASC
(apoptosis speck-like protein containing a CARD) which recruits pro-caspase-1 to the
complex through CARD domain interactions, and 3) pro-caspase-1 [106] (Figure 1.5).
NLRP contains a central NACHT nucleotide-binding domain and carboxy-terminal
leucine-rich repeats (LRRs) [132]. The NACHT domain has ATPase activity and allows
for oligomerization to occur, while the LRRs could be involved in ligand association
[132]. ASC consists of two death-fold domains: a pyrin domain and a caspase activation
and recruitment domain (CARD). Upon engagement of the sensor molecular via the pyrin
domain, this leads to ASC oligomerization which we call “protein speck”. ASC brings
together pro-caspase-1 into close proximity via the CARD domain and this leads to
caspase-1 cleavage and formation of the heterotetramer. This is termed the ‘“canonical

mnflammasome” consisting of these three components.
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Figure 1.5 Structural organization of the inflammasomes.

The inflammasome complex is comprised of a sensor (NLRP3) that consists of a pyrin
domain (PYD), NACHT and leucine rich repeat (LRR), which allows it to recruit ASC.
The ASC adaptor consists of CARD and PYD that allows the recruitment of pro-caspase-
1 by binding to CARD. This forms a multimeric complex that leads to the maturation of

pro-caspase-1 into caspase-1 and cleavage of pro-forms of IL-1p into its active form.
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The domains come together to auto-proteolytically cleave pro-caspase-1 into its active
form. Caspase-1 is constitutively expressed in the cytosol as inactive zymogens and
activated caspase-1 leads to the cleavage of precursors of IL-1B into the 17 kDa active
form [133]. In addition to IL-1pB, caspase-1 also cleaves other cytokines from the IL-1
family including 1L-18 and IL-33 [134]. These pro-inflammatory cytokines are have been
proposed to be secreted via unconventional secretion pathways including: exocytosis of
the secretory lysosomes [135], shedding of plasma membrane microvesicles, direct
release via transporters [136] or release via multivesicular bodies containing exosomes
[137,138]. The activation of the inflammasome is a tightly regulated process and occurs
via two steps: 1) transcriptional upregulation of pro-1L-13 and NLRP3, and 2) cleavage
of pro-caspase-1 and maturation of IL-1f [139]. The two-step process is intuitively a
safeguard mechanism to prevent unintentional inflammasome activation. Discovered
more than two decades ago, IL-1B is a potent mediator of inflammatory responses,
playing a myriad of roles including recruiting leukocytes (i.e. neutrophils, macrophages)

and inducing tissue remodelling [139].

1.6.1 NLRP3 Inflammasome

The NLRP3 inflammasome is a well-characterized inflammasome that is activated by a
wide variety of PAMPSs, including Influenza virus, Citrobacter rodentium, bacterial pore-
forming toxins such as nigericin and DAMPs, including ATP, monosodium urate crystals
(MSU), and aluminium hydroxide [140]. To date, there is no evidence to suggest that a

ligand directly binds to NLRP3, but there are common mechanisms elicited by all NLRP3
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activators. Three mechanisms that have been proposed include: 1) potassium efflux
[141], 2) lysosomal leakage and release of lysosomal protease cathepsin B into the

cytosol [142], and 3) reactive oxygen species [130].

1.6.2 Non-canonical Inflammasome

The term ‘“non-canonical mflammasome” describes the mnflammasome that consists of
other components outside of the conventional inflammasome components that was
discovered later. The caspase-11 non-canonical inflammasome is made up of caspase-11,
caspase-1, NLRP3, and ASC. Recent studies indicate that caspase-11 activation occurs
particularly upon sensing bacterial molecules within the cytosol of macrophages. Similar
to the two-signal model for inflammasome activation, caspase-11 activation also seems to
follow the same pattern. Caspase-11 has been shown to mediate several pathways
including NLRP3/ASC and NAIP5/NLRC4 inflammasomes, as well as caspase-1-
independent cell death and IL-1a release [143]. In contrast to caspase-1 which is
absolutely required for IL-1B secretion, caspase-11 is not required, however it does
enhance caspase-1-dependent IL-1B secretion [143]. Caspase-11 has been shown to
trigger caspase-1-independent macrophage death and caspase-1-dependent IL-1f and IL-

18 production in response to several inflammasome activators [118,144].

Another non-canonical caspase-8 inflammasome consists of dectin-1, mucosa-associated
lymphoid tissue lymphoma translocation protein 1 (MALT1), ASC, and caspase-8.

Dectin-1 recognizes fungal components that allow it to signal kinase SYK for the
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formation of the non-canonical inflammasome complex [145]. This MALT1-ASC-
caspase-8 complex can activate IL-1p in dendritic cells [145]. Interestingly, caspase-8
was shown to be required for caspase-1 and IL-18 activation in response to Yersinia

infection [146] and caspase-8 can itself also process IL-1p [146].

1.7 Inflammasomes and Disease

Inflammasomes and particularly 1L-1p are involved in the pathogenesis of many
inflammatory diseases. For instance, gain-of-function mutations in the NLRP3 have been
shown to be associated to susceptibility to autoinflammatory diseases termed cryopyrin-
associated periodic syndromes (CAPs). The spectrum of diseases associated with this
include familial cold auto-inflammatory syndrome (FCAS), Muckle Wells syndrome
(MW) and neonatal onset multisystem inflammatory disorder (NOMID) characterized
by systemic inflammation involving the skin, joints, central nervous system, and eyes
and presents with symptoms including fever and urticarial rash [147]. THP-1 cells
expressing the Q705K polymorphism in the NLRP3 led to an overactive
inflammasome and increased IL-1p levels [148]. To further support the critical role of
IL-1B in the pathogenesis of these inflammatory diseases, treatment with IL-1R blockade
using Anakinra improved symptoms dramatically [149,150]. Moreover, NLRP3
inflammasome has also been implicated in metabolic disorders such as atherosclerosis

and type Il diabetes [151].
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Although a lot is known about the various signals that activate NLRP3 inflammasome,
how it gets turned off is not well characterized. This tight regulation of turning on and off
the NLRP3 inflammasome is a critical determining factor for the development of chronic
diseases. PGE:. was shown to signal via the EP4 receptor to inhibit NLRP3
inflammasome  activation in response to nigericin and ATP [152]. This phenomenon
occurred via activation of adenylyl cyclase, followed by an increase in cyclic AMP,
thereby increased PKA and phosphorylation of NLRP3, resulting in inhibition of NLRP3
ATPase function [152]. For the translatability of these results, CAPs mutations make the
NLRP3 unresponsive to cAMP inhibition [152], leading to uncontrolled activation of the
inflammasome, IL-1B release, and therefore inflammation. Interestingly though, PGE:2
enhanced caspase-11 activation and IL-la release [152], indicating that PGE2 exerts

different functions on different proteins.

1.8 Rationale for Study

Research on Eh began in the late 19t century, but there are still gaps in our knowledge
concerning key aspects in disease pathogenesis and host defence. Eh is an extracellular
protozoan parasite that colonizes the large intestine of humans. In 90% of cases the
parasite causes asymptomatic infection, while in 10% of individuals Eh invades the
colonic mucosal barrier and triggers an acute pro-inflammatory response. In 2013, there
were 11,300 global deaths from amebiasis, making it the fourth leading cause of parasitic
diseases [1]. Manifestations of the disease include amebic colitis and the potential to

cause fatality due to liver, lung, or brain abscesses [3]. While there are more cases of
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amebiasis in developing countries with poor sanitation and lack of clean water, host
factors also contribute to the susceptibility of disease. These factors include host genetics
and malnutrition [7,8]. When Eh breaches innate host defenses and is sensed by the
immune system, an appropriate pro-inflammatory response is triggered to eliminate the
parasite, but at the same time it can be damaging to innocent bystander cells. Hence, the
inflammatory response is tightly regulated. One of the first cells that Eh encounters
within  the innate immune compartment is resident macrophage, which is highly
phagocytic and bactericidal. Macrophages are major producers of IL-1 and TNF-a, the
hallmark cytokines in amebiasis known to be important in recruiting immune cells to the
site of infection. This response can be protective as IFN-y and TNF-a act synergistically
to activate macrophages to release NO that can kill up to 87% of Eh in vitro [74]. This
dynamic Eh-macrophage interaction is therefore critical for understanding host defence

and disease pathogenesis.

Another important determinant of disease outcome are the virulence factors expressed by
Eh. One of the most well-characterized virulence factor of Eh is the Gal-lectin, which is
important for mediating attachment to host cells via galactose and N-acetyl
galactosamine residues [153,154]. We recently showed that both EhnCP-Al and EhCP-A4
activate caspase-6-dependent cleavage of the cytoskeletal proteins talin, Pyk2 and
paxillin in macrophages to trigger downstream inflammatory signaling pathways [33]

(Figure 1.6).
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Figure 1.6 E. histolytica-macrophage interactions characterized in the Chadee Lab

The E. histolytica-macrophage interactions have been characterized to involve several
different signaling pathways from the binding of Gal-lectin and the delivery of the EhCP-
A5 to ligation of the asPi integrin. This is followed by the activation of SRC family
kinases and the release of ATP through pannexin 1 channel and subsequent signaling
onto the P2X7 receptor. Another pathway, independent of the EhCP-AS5 involves EhCP-
Al and EhCP-A4 mediated caspase-6 activation and degradation of cytoskeletal proteins,

paxillin, talin, and pyk2.
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Innate sensing of Eh also occurs through proteins known as inflammasomes, which are
intracellular sensors made up of domains including the NLRP3 sensor, ASC adaptor, and
caspase-1. When Eh contacts macrophages with the Gal-lectin it forms an intercellular
bridge allowing EhCP-AS RGD sequence to bind asPi integrin to activate the NLRP3
inflammasome [155,156]. While it is known that caspase-1 activation is important in
regulating the secretion of IL-1 and IL-18 [130], the role caspase-4 play to the overall
pro-inflammatory response is less characterized. Almost nothing is known to suggest
cross talk occur among the caspases or if there are compensatory mechanisms for the loss
or dysfunction of a particular caspase. Caspase-4 falls into the category of inflammatory
caspases along with others including caspase-5 and caspase-12 strictly in humans, and
caspase-11 in mouse [107,157,158]. Caspase-11 is believed to be the ortholog of human
caspase-4 because they both share 60% homology and was reported to activate caspase-1
[116,117]. Studying the function of caspase-4 is important because it has been shown to
be involved in inflammation by regulating IL-10, IL-18, IL-8, and MIP-1 secretions and
cell death [124,126,159], but the molecular mechanisms that regulate these are largely
unknown. Therefore, we wanted to determine the role of caspase-4 in Eh infections and
how it differs from caspase-1. Interestingly when Eh invades tissues there is a raging pro-
inflammatory response with augmented IL-1f levels, however, an understanding of the
cellular mechanisms that drives this is lacking. It is believed that macrophages have
several intracellular sensors to distinguish between threatening and non-threatening
stimuli and are able to induce activation of various signalling pathways to respond
appropriately. Human inflammatory caspase-4 was found to act as another sensor

molecule like the NLRP3 inflammasome to orchestrate pro-inflammatory responses. This
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study unravels new concepts on how Eh-induced activation of inflammatory caspases in
macrophages can converge onto one role to shape the magnitude of the host pro-
inflammatory responses in disease pathogenesis. The aim of my research was to
investigate the molecular mechanisms by which Eh trigger caspase-4 activation and the

functional role of caspase-4 in macrophage pro-inflammatory responses.

1.9 Hypothesis

Human caspase-4 and the murine, caspase-11 ortholog, are upstream regulators of
inflammasome  signalling and activation is required for Eh-elicited pro-inflammatory

responses in macrophages.

1.10 Specific Aims

Aim 1: To characterize the parasite-host interactions that lead to the activation of caspase-
4,
a) To identify the parasite molecules required for the activation of
caspase-4.
b) To identify the macrophage cell receptors or molecular mechanisms

required for the activation of caspase-4.

Aim 2: To define the role of caspase-4 activation in macrophage inflammatory response
to E. histolytica.

a) To determine if caspase-4 is required for caspase-1 regulation.
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b) To identify caspase-4 binding partners or substrates.
c) To characterizz the macrophage cellular responses triggered by

caspase-4 activation.

My studies have elucidated that live parasite, resembling that of tissue-invading Eh, is
sensed by both caspase-4 and -1. The two Eh proteins that mediated inflammatory
caspase activation were the Gal-lectin adhesin and EhCP-A5, emphasizing the
importance of “contact”. Caspase-4 was shown to cleave at the CARD domain of
caspase-1, resulting in increased IL-1p maturation. Although caspase-4 was not found to
interact with inflammasome components including NLRP3 and ASC, it was able to sense
similar cellular changes as the NLRP3 inflammasome. Using formaldehyde treatment to
cross-link proteins, 1 have elucidated that both caspase-4 and -1 interacted into a protein

complex to enhance IL-18 levels.
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Chapter Two: Materials and Methods

Jeanie Quach wrote the original draft and reviewed and edited the writing. Kris Chadee
reviewed and edited the writing. France Moreau maintained the E. histolytica and COS-7

cells and Jeanie Quach maintained the different THP-1 cell lines and mouse cells.

2.1 THP-1 defASC and NLRP3, CASP1, CASP4 CRISPR/Cas9 THP-1 KO cells

THP-1 defASC cells were purchased from Invivogen (thp-dasc). These cells were derived
from THP-1 human monocytic cells that do not express ASC, but express native levels of
NLRP3 and pro-caspase-1. NLRP3 CRISPR/Cas9 KO THP-1 cells were a gift from D.
Muruve (Department of Immunology, University of Calgary, Canada). They used the
gRNA TGCAAGCTGGCCAGGTACCTGG and GTCATAGCCCCGTAATCAACGG.
CASP1 and CASP4 CRISPR/Cas9 KO THP-1 cells were a gift from V. Hornung
(Institute of Molecular Medicine, University Hospital, University of Bonn, Germany).
They were verified for CASP1 and CASP4 KO prior to performing experiments. V.
Hornung’s group had used a plasmid encoding a CMV-mCherry-CAS9 expression
cassette and a gRNA under the U6 promoter. The CRISPR target sites used were (PAM
regions in bold): ATTGACTCCGTTATTCCGAAAGG (CASP1),
GCTCATCCGAATATGGAGGCTGG (CASP4). Cells were maintained in complete

RPMI media as described above.
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2.1.1 Cell Preparation and Stimulation

THP-1 human monocytic cells (ATCC, Manassas, VA) were cultured in RPMI with 10%
FBS, 10 mM HEPES, 50 uM 2-mercaptoethanol, 100 U/ml penicilin and 100 pg/ml
streptomycin sulfate in a humidified incubator with 5% CO». They were passed at
1.5x108 cells/mL for 4 days or 1.5x10° cells/mL for 3 days. Cells were spun down at 300
x g for 5 min at 4°C. THP-1 cells were plated onto 24-well plates at 4x10° cells/well with
50 ng/mL PMA (P1585, Sigma-Aldrich) in complete RPMI 1640 overnight. Cells were
stimulated with Eh, EhCP-A5", or EhAP-A" in 250 pL serum-free RPMI for the indicated
times (10, 30 and 60 min). For inhibitor studies, THP-1 cells were pre-treated at 37°C
unless otherwise stated with the indicated concentrations of DPI (25-100 puM, 1h pre-
treatment, 300260, Calbiochem), and KCI (90-200 mM, 1h pre-treatment, P5405, Sigma-
Aldrich) before stimulation with Eh. All cells were changed to fresh serum-free RPMI
prior to stimulation with Eh, LPS from Escherichia coli 0111:B4 (L3012, Sigma-
Aldrich), nigericin (N7143, Sigma-Aldrich), MSU (Y. Shi, University of Calgary), or
ATP (A7699, Sigma-Aldrich). Commonly used reagents for cell culture are listed in

Table 2.1.

THP-1 macrophages were stimulated with 1:20 Eh per well in 250 pL serum-free RPMI
for the indicated times. As a control for the silencing technology in EhCP-A5" we tested a
vector control strain that had the same silencing technology as EhCP-A5 designated

EhAP-A".
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Table 2.1 Commonly Used Reagents

Reagents Catalog No., Source
Penicillin & Streptomycin 15140-122, Sigma-Aldrich
Zeocin ant-zn-1, InvivoGen
Plasmocin ant-mpt, InvivoGen
Hygrogold B 10687010, Fisher Scientific
RPMI 11875-119, Invitrogen
DPBS 14190-250, Invitrogen

PageRuler™  Prestained Protein Ladder | PI126617, Fisher Scientific

10X

DMEM 12430-062, Invitrogen
HEPES, Free Acid, High Purity CA97061-824, VWR
Fetal Bovine Serum (FBS) 28310, Sigma-Aldrich
Gibco™ 2-mercaptoethanol 21985-023, Invitrogen
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2.2 E. histolytica Culture

E. histolytica HM-1:IMSS were grown axenically in TYI-S-3 medium with 100 U/ml
penicillin and 100 pg/mL streptomycin sulfate at 37°C in sealed 15 mL borosilicate glass
tubes as described previously [160]. To maintain virulence, trophozoites were regularly
passed through gerbil livers as described [77]. Ameba were harvested after 72h of growth
(log phase) by centrifugation at 200 x g for 5 min at 4°C and suspended in serum-free
RPMI prior to stimulating cells. E. histolytica cultures deficient in EnCP-A5 and EhAP-
A~ (vector control) were a gift from D. Mirelman (Weizmann Institute of Science). To
irreversibly inhibit cysteine protease activity, Eh were cultured overnight in E-64 (100

uM, E3132, Sigma-Aldrich) as described previously [31].

2.3 COS-7 cells

COS-7 cells were a git from R. Yates (Department of Comparative Biology and
Experimental Medicine, University of Calgary, Canada). COS-7 cells were maintained
using complete DMEM (10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin
sulfate) in a humidified incubator with 5% CO2. COS-7 cells were transfected with
caspase-4 (100 ng), caspase-1 (10 ng), and IL-1p (1 npg) plasmids [152] using
JetPRIME® transfection reagent (114-07, Polyplus) according to the manufacturer’s
protocol. Plasmid was diluted in jetPRIME® buffer, vortexed for 10 sec, and spun down
at 200 x g for 5 min. jetPRIME® reagent was added to the plasmid and was vortexed for

10 sec, spun down at 200 x g for 5 min, and incubated for 10 min at room temperature.
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The transfection mix was added to the cells in complete DMEM. The product information

for the plasmids are in Table 2.2.
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Table 2.2 Plasmids

Plasmids Clone ID NM Source
pcDNA3.1(+), OHu25334C NM_000576 GenScript
Ampicillin, 5431 bp
Pro-IL-1P
pcDNA3.1(+), OHu21385C NM_033292 GenScript
Ampicillin, 5431 bp
Pro-Caspase-1
V51 pIRESpuro- | 15100 Addgene

GLUE-(pGLUE)
Pro-Caspase-4
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2.4 Nucleofection

Transfection of THP-1 cells was performed using the Nucleofector 1I® Device (AAD-
1001S, Amaxa) according to the manufacturer’s protocol with the Nucleofector V Kit
(AMA-VCA1003). For each reaction, a ratio of 4.5:1 (82 pL:18 pL) Nucleofector®
Solution to supplement is used to make a total reaction volume of 100 pL. 12-well plates
were filled with 1 mL of complete RPMI and incubated at 37°C. Briefly, 1x10° cells were
counted and centrifuged at 90 x g for 10 min at room temperature. The supernatant was
discarded. Next, the cells were resuspended carefully in 100 pL of Nucleofector®
Solution and then with 1 ug caspase-4 plasmid. The cellDNA suspension was transferred
into a cuvette and capped on followed by applying the Nucleofector® Program U-001
(THP-1 high viability program). The cuvette was taken out of the device once the
program was completed and 500 pL of pre-warmed complete RPMI was added to the
cuvette. After gentle resuspension of the cells, it was transferred into the 12-well plate.
Then, PMA (50 ng/mL) was added to differentiate the cells overnight prior to
experimentation the next day. Cells were replaced with serum-free media and then

stimulated with Eh.

2.5 Caspase-4 siRNA

Firstly, 4x10° THP-1 cells were plated in an advanced tissue culture 12-well plate
(665980, Greiner Bio-One) and differentiated overnight with PMA (50 ng/mL) prior to
transfection the next day. Cells were transfected with SMARTpool: SIGENOME

caspase-4 sSIRNA target sequence: GGACUAUAGUGUAGAUGUA (M-004404-01-
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0005, Dharmacon), or scrambled SiRNA (D-001206-14-05, Dharmacon) as a control,
with the INTERFERIn reagent (409-10, Polyplus), as per the manufacturer’s protocol
SIRNA was diluted in Opti-MEM with a total volume of 200 puL and mixed by pipetting
up and down. A total of 10 uL of INTERFERin reagent was added to the diluted SiRNA
and homogenized by vortexing for 10 sec and sat at room temperature for 10 min. During
this time, the growth medium was removed from the THP-1 macrophages and fresh pre-
warmed 500 pL of complete RPMI was added into each well. The final siRNA
concentration in each well was 50 nM for both the caspase-4 and scrambled SiRNA.
About 6 hours later, an additional 1 mL of complete media was added to each well.
Media was replaced with fresh complete RPMI 24h later. Eh stimulation was performed
48h following siRNA transfection for 60 min and cells were harvested for western blot
and the SEAP assay. Three wells were pooled for each treatment to obtain sufficient

protein for western blot.

2.6 Plasmids

The cDNA coding region of caspase-4 alpha isoform (NP_001216.1) was amplified using
the following primers, CASP4FNotl: GCCgcggccgcGGCAGAAGGCAACCACAGAA
and CASP4RBAM: GCCggatccTCAATTGCCAGGAAAGAGGT. The CASP4 plasmid
was generated using the V51 pIRESpuro-GLUE (#15100, Addgene) as the backbone

vector [161]. Experiments using the CASP4 plasmid was abbreviated as pC-4.
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2.7 Formaldehyde Cross-link and Pull-down Studies

Formaldehyde solution was obtained by dissolving 0.8% paraformaldehyde in PBS for 2h
at ~80°C. The solution was filtered (0.22 pm) and stored in the dark at room
temperature. THP-1 macrophages and COS-7 cells were stimulated with Eh for 20 min.
Cells were washed with 1X PBS and spun down at 300 x g at 4°C. Next, 0.8%
formaldehyde was added at 1x107 cells/mL for 7 min at room temperature and
immediately quenched with ice-cold glycine to a final concentration of 125 mM. Samples
were pelleted at 1,800 x g at room temperature for 3 min and the supernatant was
discarded. Cells were washed with glycine, transferred to a microtube, and spun down
again at 300 x g in 4°C. Next, the cell pellets were lysed in RIPA buffer at 1x108
cells/mL, along with the aid of a dounce homogenizer. Lysates were spun for 15 min at
18,000 x g at 4°C to remove insoluble debris. Caspase-4 or caspase-1 primary antibody
was added at 1 pg and placed on a shaker in 4°C for 3h. Several different caspase-4
antibodies were screened for use including: anti-caspase-4 (M029-3, MBL International
Corporation), anti-caspase-4 (NBP1-76602, Nowvus Biologicals), and anti-caspase-4
(#4450, Cell Signaling). The anti-caspase-4 (M029-3) was used for formaldehyde cross-
linking studies. Several different caspase-1 antibodies were screened for use including:
anti-caspase-1 (sc-2225, Santa Cruz), anti-caspase-1 (sc-56036, Santa Cruz), and anti-
caspase-1 p20 (Bally-1, Adipogen). The anti-caspase-1 (sc-56036) was used for
formaldehyde cross-linking studies. About 30 pL of protein A/G PLUS-agarose beads
(sc-2003, Santa Cruz) were added overnight on a shaker in 4°C overnight. The next day,

the beads were spun down at 300 x g at 4°C and washed 3 times with RIPA buffer and 10
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times with Tris, NaCl, EDTA solution. The beads were then incubated with 50 pL of
1.5X sample buffer at 65°C for 5 min. Samples were run on SDS-PAGE and probed with

antibodies or stained with Coomassie Blue.

2.8 Immunoblot

2.8.1 Protein Extraction

THP-1 macrophage cell supernatants from 4 wells were pooled and centrifuged at 2,000 x
g for 5 min at 4°C. Pelleted debris was discarded and supernatants were concentrated by
TCA precipitation. For cell lysates, plates were washed in cold 1X PBS before lysis
buffer (100 mM NaCl, 20 mM Tris (pH 8), 0.1% SDS, 0.5% Triton X-100, 5 mM EDTA,
6.8X PMSF, 0.1mM E-64, 1 pg/L leupeptin, 1 pg/L aprotonin, and 0.02% protease
inhibitor cocktail (Sigma-Aldrich)) was added and centrifuged at 14,000 x g for 15 mins

at 4°C.

2.8.2 Trichloroacetic Acid Precipitation of Cell Supernatant

After cell supernatant has been centrifuged, 10% volume of 1% deoxycholic acid (Sigma-
Aldrich, D2510) was added to supernatants. Then, 10% volume of 77% trichloroacetic
acid (TCA, Fisher Scientific, SA433-500) was also added to supernatants. Each tube was
inverted once and then incubated on ice for 30 mins. Following that, tubes were spun at
14,000 x g for 15 min at 4°C. The supernatant was discarded and the remaining pellet

was washed with 400 pL of ice-cold acetone. Tubes were spun down at 14,000 x g for 2
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mins at 4°C and the acetone was removed and discarded. Pellets were resuspended in 40
pl Laemmli buffer (25 mM Tris pH8 and 3uL NaOH) until well-dissolved. Samples
were prepared with 10 pL 5X sample buffer and boiled for 5 mins for SDS-page gel.

Equal volumes were resolved on 12% polyacrylamide gels.

2.8.3 Protein Quantifications

Protein concentrations were determined using the bicinchoninic acid (BCA) protein
assay, using bovine serum albumin as a standard (Thermo Scientific, Catalog No.
CAPI23225). Samples were diluted 15 in double distilled water (ddH20) and 10 pL
from each diluted sample was loaded in triplicate to a 96-well plate. A standard curve
was prepared using a known concentration of the protein bovine serum albumin (BSA)
with a serial dilution (0-2000 pg/mL), and loading 10 pL from each dilution in duplicate
to the 96-well plate. Then, 200 pL of 1:50 (Reagent A: Reagent B) solution was added to
each well and incubated for 30 min at 37°C. The absorbance was measured at 595 nm on

a plate reader. About 30 pg of protein was prepared for lysates to run an SDS-PAGE.

2.8.4 Gel Electrophoresis and Membrane Transfer

Equal amounts of proteins were boiled for 5 mins in Laemmli buffer and were resolved
on 10% (for Caspase-4) or 12% (for Caspase-1 and IL-1PB) polyacrylamide gels and
transferred to 0.22 pM nitrocellulose membranes (Fisher Scientific, Catalog No.

WP2HY00010) using transfer buffer for about 1 h 20 mins. Ponceau S (Fisher Scientific,
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Catalog No. BP10310) was added to membranes to visualize presence of proteins,

followed by 3X ddH20 washes.

2.8.5 Blocking, Antibody Staining, and Detection

Membranes were blocked in 5% skim milk, incubated overnight at 4°C in primary
antibodies and visualized with secondary HRP-conjugated antibodies (Table 2.3).
Supernatants were detected with SuperSignal West Femto Chemiluminescence Reagents
(Pierce, Catalog No. CAPI34096), Clarity Max™ Western ECL Substrate (Biorad,
Catalog No. 1705062) and lysates with Immobilon Western Chemiluminescent HRP

Substrate (EMD Millipore, Catalog No. WBKLS0500).
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Table 2.3 Primary and Secondary Antibodies

Antibody Protein Specificity | Dilution Catalog No., Source
Primary Caspase-1 Human 1:1000 sc-622, Santa Cruz
Primary Caspase-1 Human 1:1000 Bally-1, Adipogen
Primary Caspase-4 Human 1:1000 M-029-3, MBL International
Primary Caspase-4 Human 1:1000 17D9, Nowus Biologicals
Primary Caspase-4 Human 1:1000 #4450, Cell Signaling
Primary IL-1B Human 1:1000 sc-7884, Santa Cruz
Primary Caspase-1 Human 1:1000 sc-56036, Santa Cruz
Primary NLRP3 Human, 1:1000 AG-20B-0014, Adipogen
Mouse

Primary ASC 1:1000 30153, Santa Cruz
Primary IL-1B Mouse 1:1000 AF-401, R&D
Primary Caspase-11 Mouse 1:1000 17D9, Nowus Biologicals
Primary Caspase-1 p20 Human 1:1000 Casper 1, Adipogen
Secondary | GAPDH Human 1:10000 CB1001, Millipore
Secondary | Anti-mouse IgG | Goat 1:10000 115-035-146,

HRP Jackson Immunoresearch
Secondary | Anti-rabbit IgG | Goat 1:10000 111-035-144,

HRP Jackson Immunoresearch
Secondary | Anti-goat IgG-HRP | Donkey 1:10000 705-035-147,

Jackson Immunoresearch
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2.8.6 ChemiDoc and ImageLab Analysis

Bioflex Blue Lite EC Films (Mandel, MED-CLEC810) and an image processor were
used to visualize the majority of blots, however, for some blots the ChemiDoc™ Imaging
System (Biorad, #17001401) was used as well. ImageLab Software Version 6.0 was used
for western blot analysis and to measure densitometric values from 3 independent

experiments. Results were reported as mean + SEM.

2.9 IL-1p Assay in HEK-Blue™ Reporter cells

HEK-Blue™ L1 cells were a gift from R. Yates (Department of Comparative Biology
and Experimental Medicine, University of Calgary, Canada). HEK-Blue™ ILIB cells
were cultured in complete DMEM containing 10% FBS, 100 U/ml penicillin and 100
pg/ml streptomycin sulfate, 2.5 pg/mL plasmocin, 0.1 mg/mL zeocin, and 0.1 mg/mL
hygrogold in a humidified incubator with 5% CO2. They were passed two times a week
to confluency. HEK-Blue™ IL1J cells specifically respond to bioactive IL-1p. Once IL-
1B binds to its receptor, IL-1R on the surface of HEK-Blue™ IL-1p cells, this triggers a
signalling cascade leading to the activation NF-kB and the subsequent production of

secreted embryonic alkaline phosphatase (SEAP).

Following stimulation of THP-1 macrophages, supernatants were kept on ice for
immediate processing or frozen at -80°C. In the morning, HEK-Blue™ IL1J cells were

plated in a 96-well plate at 4x10° cells/mL with a total of 150 pL in each well. Next, 50
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puL of supernatants from THP-1 macrophages were added undiluted into each well
containing HEK-Blue™ ILIB cells overnight at 37°C in an incubator with 5% CO2. A
standard curve using recombinant human IL-1B (200-01B, Peprotech) was made with
serial dilutions (100 ng/uL to 0.01 ng/uL). A total of three replicates were performed for
each treatment condition. The following day, 50 pL of supernatant was transferred into a
black 96-well plate. Then 150 uL of the QUANTI-Blue™ (rep-gbl, Invivogen) was
added into each well. The QUANTI-Blue™ is initially a pink colour and eventually turns
into blue over time, indicative of SEAP levels. The intensity of the colour reaction is
proportional to the amount of IL-1B in the supernatant from stimulated THP-1
macrophages. The plate was incubated at 37°C for 90 min and the SEAP levels were

determined using a spectrophotometer at 655 nm.

2.10 Human IL-1p ELISA

THP-1 macrophages were stimulated with Eh and the supernatants were centrifuged to
remove cellular components. The supernatants were frozen at -80°C or used fresh for
enzyme-linked immunosorbent assay (ELISA, DY201, R&D) as per the manufacturer’s

protocol.

Plate Preparation
The Capture Antibody was diluted to the working concentration in DPBS and 100 pL
was added into each well of a 96-well ELISA plate. The plate was sealed with an

adhesive strip and incubated overnight at room temperature. The next day, the wells were
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aspirated and washed with 400 pL of Wash Buffer for 3X by inverting the plate and
blotting it against clean paper towels. The plate was then blocked by adding 300 pL
Reagent Diluent (Blocking Buffer) to each well and incubated at room temperature for

1h. Next, the plates were washed with 400 uL of Wash Buffer for 3X.

Assay Procedure

100 pL of sample or standards were diluted in Reagent Diluent and added to each well.
The plate was sealed with an adhesive strip and incubated for 2h at room temperature.
Next, the plate was washed with 400 uL of Wash Buffer for 3X. Then, 100 uL of the
Detection Antibody, diluted in Reagent Diluent, was added to each well. The plate was
incubated for another 2h at room temperature. Next, the plate was washed with 400 pL of
Wash Buffer for 3X. 100 pL of the working dilution of Streptavidin-HRP was added to
each well and the plate was covered with an aluminum foil and incubated for 20 mins at
room temperature. The samples were aspirated and the plate was washed with 400 pL
Wash Buffer for 3X. 100 uL of Substrate Solution was added to each well and the plate
was covered with aluminum foil, and incubated for 20 mins at room temperature. For the
final step, 50 puL of Stop Solution was added to each well and the plate was gently tapped
to ensure thorough mixing. The color changed from blue to yellow, indicative of IL-18
levels. Using a microplate reader (Bio-Rad iMark™ Microplate Reader), a reading was
obtained at 450 nm and 595 nm, and the 595 nm reading was subtracted from the 450 nm

reading.
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2.11 Human Focused 13-Plex Cytokine/Chemokine Array

Cell supernatants of Eh-stimulated THP-1 macrophages were also analyzed for the
presence of other cytokines and chemokines. The cell supernatants were centrifuged at at
2,000 x g for 5 min 4°C. The supernatant was removed and sent for the luminex human
focused 13-plex-discovery assay performed by Eve Technologies (Calgary, AB) that
examined the following cytokines/chemokines: GM-CSF, IFN-y, IL-1p, IL-2, 1L-4, IL-6,

IL-8, IL-10, IL-12, MCP-1, TNF-q, IL-13, IL-5.

2.12 Lactate Dehydrogenase Assay

LDH levels were measured using the Promega™ CytoTox-ONE homogeneous
membrane integrity assay (G7890, Fisher Scientific) as per the manufacturer’s protocol
Cell supernatants of stimulated THP-1 macrophages were centrifuged at 2,000 x g for 5
min at 4°C to remove cellular debris. 25 pL of supernatant of each treatment was added
into a 96-well black plate in triplicates. This was incubated at room temperature for 30
mins. Then 25 pL of CytoTox-ONE™ Reagent was added into each well for 10 min at
room temperature. Next, 12.5 uL of Stop Solution was added to each well to stop the
reaction. The plate was set to shake for 10 secs prior to recording the fluorescence at an
excitation wavelength of 550 nm and an emission wavelength of 595 nm. The provided
Lysis Solution was added to generate a Maximum LDH Release Control, with 2 pl of
Lysis Solution added per 100 W original volume to the positive control wells. Serum-free
RPMI media alone was the background reading. Relative LDH release was calculated

using the equation: LDH (% release) = % of ((LDH released from stimulation-
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background) /maximum LDH released-background)). The LDH (% release from control)
was calculated using the LDH (% release) of unstimulated cells subtracted from

stimulated cells.

2.13 Animals

Male C57BL/6 mice 8-10 weeks old were from purchased from Charles River. Caspl”-
Caspll’ mice, bred onto a C57BL/6 background, were obtained from Dr. Yan Shi
(Department of Immunology, University of Calgary). NIrp3-- and Asc”- mice bred onto a
C57BL/6 background, were obtained from Dr. Dan Muruve (Department of Immunology,
University of Calgary). Caspll”- femurs and tibia were obtained from Dr. Bruce
Vallance (Department of Pediatrics, University of British Columbia). The legs were
removed from mice and femurs and tibia were used for the growth of bone-marrow-
derived macrophages (BMDM). The bones were placed into a new Petri dish containing
70% ethanol for 3 min to sterilize. Then, they were placed into a new Petri dish with
complete RPMI. The tips of the bones on both sides were cut and using a 27 %2 G needle,
the bones were flushed with complete RPMI through a 100 pM cell strainer. The
remaining cells were broken within the strainer using the pipette tip. The cells were spun
down at 600 x g for 5 min at 4°C. Then, the cells were resuspended in 20 mL complete
RPMI and counted. BMDMs were cultured and incubated for 6 days in complete RPMI
supplemented with 30% L929-cell supernatant. Cells have become attached and
confluent by day 6 and were removed by incubating in 1:1 Versene/TrypLE media for 10

min at 37°C, scraping, and then resuspended in complete RPMI. Cells were spun down
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for 300 x g for 5 min at 4°C and resuspended in complete RPMI and plated at 5x10° cells
per well in 24-well plates. On the day of experiment, BMDM were treated with 1 pg/ml

LPS for 3.5 hours prior to stimulation with Eh to act as the priming signal.

2.13.1 L929 Cell Media Preparation

L929 cells were thawed and then left to grow to confluency for around 7 days in 55 mL
of complete RPMI. On day 7, media was spun down at 300 x g to remove cellular debris.
Media was removed carefully and kept in a sterile container at 4°C until after several
passages of L929 cells to pool media together. The entire batch of media was filter
sterilized and aliquoted into 50 mL tubes and stored at -80°C. To count cells, they were
first washed with DPBS and trypsinized (1 mL) for 5 min at 37°C to allow for cells to

detach and then complete RPMI was added to neutralize the trypsin.

2.14 Mass Spectrometry

The protocol for preparing cells for mass spectrometry is the same as the formaldehyde
cross-linking protocol. Stimulated cells were lysed in RIPA buffer and lysates were spun
for at 18,000 x g for 15 min at 4°C to remove insoluble debris. The caspase-4 M-029-3
antibody was added for 1h (1 pg) on a shaker at 4°C. Protein A/G beads were washed in
in RIPA buffer 2X and 30 pL of beads was added into each tube of sample overnight.
The next day, beads were spun down and washed 3X with RIPA buffer. Then, they were
washed 1X with Tris, NaCl, EDTA solution. The beads were resuspended in a final

volume of 20 pL of Tris, NaCl, EDTA solution. The beads were analyzed by liquid
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chromatography-mass spectrometry (LC-MS/MS) at the SAMS Centre by Laurent
Brechenmacher at the Cumming School of Medicine. The contaminants were removed
from our final analysis based on previously reported common contaminants [162].

Laurent Brechenmacher provided the protocol for mass spectrometry.

LC—MS/MS Analysis

Tryptic peptides were analyzed on an Orbitrap Fusion Lumos Tribrid mass spectrometer
(Thermo Scientific) operated with Xcalibur (version 4.0.21.10) and coupled to a Thermo
Scientific Easy-nLC (nanoflow Liquid Chromatography) 1200 system. Tryptic peptides
(2 uL) were loaded directly onto an Easy Spray Column (ES803; Thermo Scientific) at a
maximum of 700 bars (2um particle column). Peptides were eluted using a 45 min
gradient from 5 to 40% (5% to 28% in 40 min followed by an increase to 40% B in 5min)
of solvent B (0.1% formic acid in 80% LC-MS grade acetonitrile) at a flow rate of 0.3
pL/min and separated on a C18 analytical column (ES803). Solvent A was composed of
0.1% formic acid and 3% acetonitrile in LC-MS grade water. Peptides were then
electrosprayed using 2.0 kV voltage into the ion transfer tube (300°C) of the Orbitrap
Lumos operating in positive mode. The Orbitrap first performed a full MS scan at a
resolution of 120000 FWHM to detect the precursor ion having a m/zbetween 375 and
1575 and a +2 to +7 charge. The Orbitrap AGC (Auto Gain control) and the maximum
injection time were set at 4e5 and 50 ms, respectively. The Orbitrap was operated using
the top speed mode with a 3 sec cycle time for precursor selection. The most intense
precursor ions presenting a peptidic isotopic profile and having an intensity threshold of

at least 5000 were isolated using the quadrupole and fragmented with HCD (30%
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collision energy) in the ion routing multipole. The fragment ions (MS?2) were analyzed in
the ion trap at a rapid scan rate. For the ion trap, the AGC and the maximum injection
time were set at 1e4 and 35 ms, respectively. Dynamic exclusion was enabled for 30 sec

to avoid acquisition of same precursor ion having a similar mvz (plus or minus 10 ppm).

Database search

The Lumos raw data files (*.raw) were converted into Mascot Generic Format (MGF)
using RawConverter (v1.1.0.18; The Scripps Research Institute) operating in a data
dependent mode. Monoisotopic precursors having a charge state of +2 to +7 were
selected for conversion. This mgf file was used to search an Homo sapiens database
(NCBI; 99739 entries) using Mascot algorithm (Matrix Sciences; version 2.4). Search
parameters for MS data included trypsin as enzyme, a maximum number of missed
cleavage of 1, a peptide charge equal to 2 or higher, cysteine carbamidomethylation as
fixed modification, methionine oxidation as variable modification and a mass error
tolerance of 10 ppm. A mass error tolerance of 0.6 Da was selected for the fragment ions.
Only peptides identified with a score having a confidence higher than 95% were kept for
further analysis. The Mascot dat files were imported into Scaffold (v4.3.4, Proteome
Software Inc) for comparison of different samples based on their mass spectral
counting. Scaffold (version Scaffold_4.8.4, Proteome Software Inc., Portland, OR) was
used to validate MS/MS based peptide and protein identifications. Peptide identifications
were accepted if they could be established at greater than 95.0% probability by the
Peptide Prophet algorithm [163] with Scaffold delta-mass correction.  Protein

identifications were accepted if they could be established at greater than 95.0%
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probability and contained at least 1 identified peptide. Protein probabilities were
assigned by the Protein Prophet algorithm [164]. Proteins that contained similar peptides
and could not be differentiated based on MS/MS analysis alone were grouped to satisfy

the principles of parsimony.

2.15 Ethics Statement

The Health Sciences Animal Care Committee from the University of Calgary, have
examined the animal care and treatment protocol (AC14-0219) and approved the
experimental procedures proposed and certifies with the applicant that the care and
treatment of animals used was in accordance with the principles outlined in the most
recent policies on the “Guide to the Care and Use of Experimental Animals” by The

Canadian Council on Animal Care.

2.16 Statistics

All experiments shown are representative of three independent experiments unless
otherwise indicated. GraphPad Prism 5 (Graph-Pad Software, San Diego, CA) was used
for statistical analysis. Treatment groups were compared using the paired Student’s t-test
or analysis of variance (ANOVA) with a Bonferroni post-hoc test. Statistical significance
was assumed at p<0.05. Results are displayed as mean +/- standard error of the mean

(SEM).
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Human Caspase-4 Studies

3.1 E. histolytica induces the activation and secretion of caspase-4

We have recently shown that direct interaction between Eh and macrophages via the Gal-
lectin and coupling of EhCP-AS RGD motif to asPi integrin activates caspase-1 that
subsequently cleaves pro-IL-1 into its active form [155,156]. As other inflammatory
caspases are activated upon Eh contact [33] that can potentially regulate inflammasome
activation and IL-1B, in this study we determined the kinetics of Eh-induced caspase-4
and -1 in human THP-1 macrophages. As predicted, Eh activated caspase-4 (by the
appearance of the intermediate forms) in a dose- and time-dependent manner with 1:20
Eh to macrophage ratio being the sub-optimal dosage (Figure 3.1A and 3.1C). For
comparison, caspase-1 activation as indicated by the cleavage of the N-terminal CARD

protein (p10 and pll doublet bands) that reflects processing and activation is shown for
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all studies (highlighted). Similarly, cleaved IL-1p (17 kDa) protein was also
immunoblotted to demonstrate conversion to bioactive protein (highlighted). In control
macrophages (-ve) basal levels of caspase-1 remained in its inactive form, however
following Eh stimulation it was recruited into a complex that cleaved the N-terminal
CARD domain, which resulted in the formation of a heterodimer of pl0 and p20
subunits. Eh activated caspase-4 as indicated by the 43 kDa and 32-36 kDa triplet bands
(Figure 3.1A and 3.1C) in both the supernatants (SN) and the lysates (LYS). We
originally thought that the appearance of a band around 20 kDa would be the large
subunit of caspase-4 or a band of 10 kDa for the small subunit, but these did not appear
consistently with the caspase-4 M029-3 antibody. Therefore, the intermediate forms were
used as the main indicators of activation. The original blots of a select few experiments
are shown in the Appendix. Bioactive IL-1B levels increased dose-dependently with an
increase in Eh to macrophage ratio, as detected using HEK-Blue™ IL-1 reporter cells
and the measurement of secreted embryonic alkaline phosphatase (SEAP) production
(Figure 3.1B). Interestingly, intracellular caspase-4 was activated as early as 10 min;
however, secretion did not appear until 30 min, indicating that activation and secretion
are two distinct events possibly regulated by different signals (Figure 3.1C). This
suggested that between 10 to 30 min, caspase-4 was cleaved from its inactive form,
performed its function, either acting on substrates and/or interacting with other proteins
and was then immediately secreted outside. The caspase-4 active intermediate forms
accumulated in the supernatants over 60 min. Only the secretions indicated an obvious
difference among the treatment conditions, whereas the lysates displayed minimal

differences. Hence, the majority of conclusions are based on the secretions of caspases.
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Bioactive IL-1B levels increased time-dependently, showing robust levels at 60 min
(p<0.001) with Eh stimulation, indicating that the caspases are activated first prior to IL-
1B release (Figure 3.1D). The release of both inflammatory caspases and IL-1p were due
to active secretion as lactate dehydrogenase (LDH) assays as early as 10 min showed less
than 1% cell death (Figure 3.1E). Even with prolonged exposure to Eh up to 60 min,
there was only 5% cell death compared to LPS and nigericin (LN) stimulation that
resulted in significant cell death compared to controls (70%, p<0.001). As a positive
control for these studies we used the well-described agonist for NLRP3 inflammasome
activation, monosodium urate crystals (MSU). MSU is readily taken up by macrophages
via phagocytosis that subsequently causes lysosomal damage and rupture [140], and via
the non-canonical pathway requiring caspase-4 to activate caspase-1 and to secrete IL-18
and IL-18 [121]. As IL-1pB in the immunoblots (Figure 3.1A and 3.1C) was an excellent
indicator of IL-1p release, the SEAP assay was not performed in subsequent studies
involving characterizing of the parasite and host factors. These results show that both
caspase-4 and -1 are activated simultaneously and are actively secreted upon Eh

stimulation.
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Figure 3.1 E. histolytica activates caspase-4 and -1 in a dose and time-dependently

manner.

THP-1 macrophages were incubated with (A, B) increasing ratios of Eh for 60 min and
monosodium urate crystals (MSU) were added at 300 pg/mL for 6h as a positive control.
Cells only were used as an internal control. Cell supernatant was TCA precipitated and
cells were washed and lysed. Equal amounts of lysates were loaded onto SDS-PAGE gel
and immunoblotted with the indicated antibodies. (B) Cell supernatant was added to
HEK-Blue™ [L-1B reporter cells to detect bioactive IL-1p using the SEAP assay. (C-E)
THP-1 macrophages were incubated for increasing amounts of time with 1220 Eh to
macrophage ratio. Immunoblot analysis was performed for caspase-4, caspase-1, IL-1p i
both the supernatants (SN) and lysates (LYS), and blots were reprobed for GAPDH. (D)
Cell supernatant was added to HEK-Blue™ IL-1B reporter cells to detect bioactive I1L-1
using the SEAP assay. (E) Cell death was measured by lactate dehydrogenase (LDH)
release into the culture supernatant and is shown as a percentage of LDH release from
non-stimulated cells (control). LN is LPS (50 ng/mL) and nigericin (10 uM) stimulation
for 60 min. Data are representative of three independent experiments and statistical
significance was calculated with one-way analysis of variance (ANOVA) with a
Bonferroni post-hoc test (*p<0.05, ***p<0.001). Bars represent + SEM. Jeanie Quach
performed the experiment from cell harvesting, SDS-PAGE, imaging, and data analysis.
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3.2 Caspase-4 activation requires live Eh, contact with macrophage via the Gal-

lectin and EhCP-A5 and involves cellular perturbations

Eh is unique in that it is an extracellular parasite that requires Gal-lectin mediated contact
with host cells to activate inflammatory signaling proteins to elicit cellular cytotoxicity
[33,156]. Similarly, we also found that live Eh was critical for activating both caspase-4
and -1 in macrophages. Neither highly concentrated secreted protein from Eh, equivalent
amounts of whole Eh lysates, cytoplasmic components or membrane components were
able to activate the inflammatory caspases (Figure 3.2A). To determine the requirements
for Eh-macrophage contact, 55 mM exogenous galactose was used to competitively block
Eh from binding via Gal or GalNAc residues on the macrophage surface. Galactose
treatment completely inhibited caspase-4 activation and secretion as compared to
glucose, the osmotic control, which was the same as Eh treatment alone (Figure 3.2B).
IL-1p secretion also corresponded to caspase-1 activation where there was complete
abrogation with galactose treatment. These results support the notion that inflammatory
caspase activation is tightly regulated and only while sensing live Eh does the host see it
as a danger signal that requires immediate attention. Among Eh virulent factors, cysteine
proteases have been shown to play major roles in Eh pathogenesis [36]. EhCP-AS5 is a
major protease that is membrane-bound and secreted by Eh, which is involved in cleaving
the N-terminus of MUC2 mucin to dissolve the protective mucus barrier [30,57]. To
determine if EhCP-A5 played a role in caspase-4 activation, Eh was incubated overnight
with the irreversible cysteine protease inhibitor, E-64 and there was no difference in both

caspase-4 and -1 activation and IL-1B protein secretion (Figure 3.2C). Complete
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inhibition was seen with EhCP-A5- with no detectable caspase-4 activation and secretion
compared to parasites carrying the empty vector EhAP-A-. These results show that both

EhCP-A5and its enzymatic activity are important for activating caspase-4.

Since the triggers that result in caspase-1 activation were reported previously to involve
K* efflux and ROS production [155], we were curious to know whether the same
phenomenon occurred during the activation of caspase-4. Predictably, using increasing
concentrations of K* added to macrophages for 1h prior to Eh stimulation to block K*
efflux led to a dose-dependent inhibition of caspase-4 and -1 activation and IL-1p release
(Figure 3.2D). Furthermore, using increasing concentrations of diphenyleneiodonium
chloride (DPI) dose-dependently inhibited caspase-4 and -1 activation and IL-1p release
indicating that ROS is also a cellular event that triggers caspase activation (Figure 3.2E).
These results indicate that cellular stresses converge both to trigger caspase-4 and -1

activation, which suggests that they are upstream of the pathway.

74



SN

LYS

SN

LYS

SN

LYS

o
& Q
T & 6‘
(,}\ 06 ey 6\
00 o o o N &“\

1 em = == == ==|<€Pro-Casp4
‘312_ . -— < Interm. forms
11_ - & ':<Casp-1 CARD

<€IL-1p
S mmme e <rot
Y - — < Interm. forms
) - - )| <€ Pro-Casp-1

i

- -----I(Pro AL-1B

3| ———— = | < GAPDH

kDa

Lo
R R\

2

'| € Pro-Casp-4

| « Interm. forms

11_<Casp-1 cARD
71 S <.

434
34+

. _— e |

’.-.. < Pro-Casp4

Interm. forms

45—]. Q - e | < Pro-Casp-1

31| —— | < ProIL-1p

34— —— - - - |<GAPDH

kDa

Eh
DPI (pM)
2 QPSS

43—
34

G . —
—s
[ =}

S e
- — -

17—

. & = ==

43
34~

< Pro-Casp4

<€ Interm. forms

.j( Casp-1 CARD

< IL-1p

<€ Pro-Cas
<€ Interm. forms

15| o ) < PrCasp
31—<pmus

< GAPDH

75

SN

LYS

SN

LYS

Eh
kDa K2 Q}\ O\o O’b\ (‘9\\) o’b\

4315 o e N
B E

M4 - e |
U Er—w—a. |

13- - - - - -
34—+

-———--

b

- Al w —

45-)
e ----)

<€ Pro-Casp4

<€ Interm. forms

<« Casp-1 CARD

<IL-1B
<€ Pro-Casp4

<€ Interm. forms

{< Pro-Casp-1

I ———] < Pro-IL-1p
Y| —— —— | € GAPDH

Eh
KCI (mM)
a 2 ¢ &S P
4319 - - - <€ Pro-Casp4
34— B : <« Interm. forms
11 |€Casp-1 cARD
17l <P

43

P —

34

< Pro-Casp4

<€ Interm. forms

45?_ - —— —  — <«Pro-Casp-1

3 [ —— — == ]« Pro-L-1p

J—{== —— = — =]« GAPDH




Figure 3.2 E. histolytica-induced caspase-4 activation parallels caspase-1 requiring
live parasite and contact via Gal-lectin and EhCP-A5 and involves cellular

perturbations.

THP-1 macrophages were incubated with (A) different preparations of Eh including live
Eh, whole lysates, or with membrane or cytoplasmic fractions of equal amounts of Eh for
60 min. (B) THP-1 macrophages were pretreated for 5 min with 55 mM D-galactose
(Gal), or glucose (Glu) as an osmotic control prior to incubation with Eh for 60 min at a
1:20 ratio (optimal dosage from Fig 1A). (C) THP-1 macrophages were incubated with
Eh, E-64 treated Eh, ENCP-A5" and EhAP-A" (1:20) for 60 min. THP-1 macrophages
were pre-treated with exogenous (D) potassium chloride (KCI) or (E)
diphenyleneiodonium chloride (DPI) for 1h prior to stimulation with Eh for 60 min. Cell
supernatant was TCA precipitated and cells were washed and lysed. Equal amounts of
lysates were loaded onto SDS-PAGE g¢el and immunoblotted with the indicated
antibodies. Immunoblot analysis was performed for caspase-4, caspase-1, IL-1B in both
the supernatants (SN) and lysates (LYS), and blots were reprobed for GAPDH. Western
blots are representative of three independent experiments. Jeanie Quach performed the

experiment from cell harvesting, SDS-PAGE, imaging, and data analysis.
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3.3 E. histolytica-induced caspase-4 activation is independent of NLRP3 and ASC

Caspase-1 is well studied with regard to its mechanisms of activation requiring NLRP3
and ASC recruitment into a complex for its activation. To determine if the NLRP3
inflammasome complex was required for caspase-4 activation, NLRP3 CRISPR/Cas9 KO
THP-1 macrophages and WT controls were treated with Eh for 10-60 min and caspase-4
activation was quantified by densitometric analysis. The intermediate forms of caspase-4
was used for densitometric analysis and unlike the lysates which have GAPDH as a
housekeeping control, there was no control available for the supernatants. The
densitometry of the treatments was compared to cells only as the control. Caspase-4
activation in NLRP3 KO cells was unaffected (Figure 3.3A and 3.3B). Not surprising,
MSU required both NLRP3 and ASC for its activation and hence, there was less caspase-
1 and IL-1B secretion. IL-1pB protein levels were absent in the NLRP3 CRISPR/Cas9 KO
compared to WT THP-1 macrophages, supporting the notion that the NLRP3
inflammasome is the central inflammasome activated by Eh. Caspase-4 levels were
similar in THP-1 defASC macrophages when treated with Eh for 10-60 min (Figure 3.3C
and 3.3D). THP-1 defASC macrophages displayed less caspase-1 CARD and IL-1B
secretion, supporting the requirement of the ASC adaptor to be recruited to a molecular
complex, along with NLRP3 for activating caspase-1. In the immunoblot for ASC, there
was still the presence of ASC detected in the THP-1 defASC macrophages, indicating

that the gene is silenced and it is not a complete KO.
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Figure 3.3 E. histolytica-induced caspase-4 activation is independent of

inflammasome components.

(A, B) WT, NLRP3 CRISPR/Cas9 KO THP-1 macrophages, and (C, D) THP-1 defASC
macrophages were incubated with Eh (1:20) at increasing time points, cell supernatant
was TCA precipitated and cells were washed and lysed. Equal amounts of lysates were
loaded onto SDS-PAGE gel and immunoblotted with the indicated antibodies.
Immunoblot analysis was performed for caspase-4, caspase-1, and IL-1B in the
supernatants (SN) and along with NLRP3 and ASC in lysates (LYS), and blots were
reprobed for GAPDH. Quantifications of caspase-4 proteins were performed by
densitometric analysis from three independent experiments, and the negative (cells only)
acted as an internal control. Data are representative of three experiments and statistical
significance was calculated with Student’s t-test in the KO as compared to WT
(**p<0.01). Bars represent + SEM. Jeanie Quach performed the experiment from cell
harvesting, SDS-PAGE, imaging, and data analysis. Christina Sandall generated the
NLRP3 CRISPR/Cas9 KO THP-1 celks.
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3.4 E. histolytica-induced caspase-1 activation is dependent on caspase-4 and

caspase-4 activation is independent of caspase-1

To interrogate whether caspase-1 required caspase-4 for its activation, CASP4
CRISPR/Cas9 KO THP-1 macrophages were stimulated with Eh for 10-60 min and
monitored for caspase-4 and -1 activation and IL-1p release. Intriguingly, caspase-1
activation and IL-1B release were significantly lower (73% and 97% respectively,
p<0.05) in CASP4 CRISPR/Cas9 KO compared to WT THP-1 macrophages as shown by
western blot and densitometric analysis (Figure 3.4A-C; red highlighted box) suggesting
a requirement of caspase-4 in caspase-1 activation. This requirement of caspase-4 by
caspase-1 was also observed with the positive control MSU (Figure 3.4A). A regulatory
role of caspase-4 in caspase-1 activation was previously shown in Kkeratinocytes
transfected with LPS and UVB irradiated [121,165,166] but no studies to date have
shown this response towards a parasitic infection. Furthermore, the orthologue of
caspase-4 found in mouse known as caspase-11, also points to the requirement of
caspase-11 in caspase-1-mediated IL-1pB secretion in response to gram-negative bacteria
[167]. To determine whether caspase-4 activation required caspase-1, CASP1
CRISPR/Cas9 KO THP-1 macrophages were stimulated with Eh for 10-60 min. While
there was less IL-1B secretion, there were no significant differences in caspase-4
activation suggesting that caspase-1 is not upstream of caspase-4 (Figure 3.4D and
3.4E). MSU stimulation also showed less caspase-1 activation and IL-1p secretion, but
no difference in caspase-4 activation. Taken together, these results support the notion that

caspase-4 is upstream of caspase-1 to activate IL-1f secretions in response to Eh. This is
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in contrast to studies that found reduced secretion of caspase-4 in caspase-1 KO in UVB-
irradiated Kkeratinocytes, indicating the effects are agonist-dependent [121]. To confirm a
role for caspase-4 enzymatic activity in caspase-1 activation, in preliminary studies we
used Z-LEVD-FMK to inhibit caspase-4 activity in WT macrophages stimulated with Eh
and it did inhibit caspase-1 activation. To test the specificity of this inhibitor, we used it
on CASP4 CRISPR/Cas9 KO cells stimulated with Eh and it also inhibited caspase-1

activation, indicating that it is non-specific and that the caspase substrates overlap [168].
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Figure 3.4 E. histolytica-induced caspase-1 activation is dependent on caspase-4 and

caspase-4 activation is independent of caspase-1.

(A-C) WT, CASP4 CRISPR/Cas9 KO and (D, E) CASP1 CRISPR/Cas9 KO THP-1
macrophages were incubated with Eh (1:20) at increasing time points and cell supernatant
was TCA precipitated and cells were washed and lysed. Equal amounts of lysates were
loaded onto SDS-PAGE gel and immunoblotted with the indicated antibodies.
Immunoblot analysis was performed for caspase-4, caspase-1, IL-1B in both the
supernatants (SN) and lysates (LYS), and blots were reprobed for GAPDH.
Quantifications of caspase-1 and IL-1B (5A) and caspase-4 (5D) were performed by
densitometric analysis from three independent experiments, and the negative (cells only)
acted as an internal control. Data are representative of three experiments and statistical
significance was calculated with Student’s t-test (*p<0.05). Bars represent + SEM.
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3.5 E. histolytica-induced IL-1f is dependent on caspase-1and caspase-4

To determine the distinct role of caspase-4 in regulating IL-1f and other pro-
inflammatory molecules, a human cytokine array focused 13-plex was used to screen for
differences in cytokines/chemokines in CASP4 CRISPR/Cas9 KO compared to WT
macrophages stimulated with Eh. The most interesting finding was that I1L-1p levels were
90% lower in CASP4 CRISPR/Cas9 KO macrophages, which was consistent with the
results seen by western blots of CASP1 and CASP4 CRISPR/Cas9 KO THP-1
macrophages (Figure 3.4A and 3.4D, Figure 3.5A). To determine if the IL-1p released
was bioactive, we used the SEAP assay that showed significantly (p<0.001) less
bioactive IL-1p released by CASP4 CRISPR/Cas9 KO as compared to WT THP-1
macrophages (Figure 3.5B; highlighted histogram), suggesting there is cross talk
between caspase-4 and -1 in regulating IL-1B release. The positive control, MSU
displayed significantly less bioactive IL-1B levels in CASP1 CRISPR/Cas9 KO
(p<0.001), but unexpectedly higher bioactive IL-1 n CASP4 CRISPR/Cas9 KO as
compared to WT THP-1 macrophages (p<0.001). LDH levels in CASP1 and CASP4
CRISPR/Cas9 KO as compared to WT THP-1 macrophages were not significantly
different when stimulated with Eh from 1-3 h, indicating that there was no cytotoxicity or
caspase-4 and -1 related pyroptotic differences (Figure 3.5C). IL-1p was actively

secreted and not due to cell death.
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Figure 3.5 E. histolytica-induced IL-1p secretion is dependent on caspase-4 and -1

activation.

(A) WT, CASP4 CRISPR/Cas9 KO and CASP1 CRISPR/Cas9 KO THP-1 macrophages
were incubated with Eh for 60 min and cell supernatant was quantified by human focused
13-plex cytokine/chemokine arrays. (B) Cell supernatant was added to HEK-Blue™
reporter cells to detect bioactive IL-1p using the SEAP assay. Cell death was measured
by LDH release into the culture supernatant and is shown as a percentage of LDH release
from cells without stimulation (control) (C). Data are representative of three experiments
and statistical significance was calculated with one-way ANOVA and a Bonferroni post-
hoc test (***p<0.001). Bars represent = SEM. Jeanie Quach performed the experiment
from cell harvesting, SDS-PAGE, imaging, and data analysis.
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3.6 Overexpression of caspase-4 rescued E. histolytica-induced IL-1p secretion in

CASP4 CRISPR/Cas9 KO macrophages

To confirm that caspase-4 has a role in enhancing IL-1p secretion, CASP4 CRISPR/Cas9
KO THP-1 macrophages were nucleofected with pro-caspase-4 expression plasmid and
stimulated with Eh for 60 min. As indicated on the western blot, there was efficient
restoration of pro-caspase-4 band (~41 kDa) slightly lower than the endogenous form of
pro-caspase-4 in WT macrophages (Figure 3.6A). There was also higher caspase-1 and
IL-1B protein expression in the CASP4 CRISPR/Cas9 KO macrophages treated with Eh
compared to non-stimulated control cells. Strikingly, there was increased caspase-1
activation (highlighted box) and IL-1B protein expression in CASP4 CRISPR/Cas9 KO
transfected with the caspase-4 plasmid when stimulated with Eh as compared to non-
stimulated  transfected CASP4 CRISPR/Cas9 KO THP-1 macrophages. More
importantly, bioactive IL-1B secretion was rescued when pro-caspase-4 was
overexpressed in CASP4 CRISPR/Cas9 KO THP-1 macrophages and stimulated with Eh
as compared to control (p<0.01, Figure 3.6B; highlighted histogram). These results
suggest that overexpressed pro-caspase-4 when stimulated with Eh stimulation enhanced
caspase-1 processing at the CARD domain to enhance caspase-1-dependent maturation of

IL-1p.
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Figure 3.6 Overexpression of caspase-4 rescues E. histolytica-induced IL-1P

secretion in CASP4 deficient macrophages.

(A) CASP4 CRISPR/Cas9 KO THP-1 macrophages were nucleofected with caspase-4
expression plasmid (pC-4) and left to rest for 24h before stimulating with Eh (1:20) for
60 min. (B) Cell supernatant from stimulated macrophages was also added to HEK-
Blue™ reporter cells to detect bioactive IL-1p using the SEAP assay. Cell supernatant
was TCA precipitated and cells were washed and lysed. Equal amounts of lysates were
loaded onto SDS-PAGE gel and immunoblot analysis was performed for caspase-4,
caspase-1, and IL-1B in both the supernatants (SN) and lysates (LYS), and blots were
reprobed for GAPDH. Data are representative of three experiments and statistical
significance was calculated with one-way ANOVA and a Bonferroni post-hoc test
(**p<0.01, ***p<0.001). Bars represent + SEM. France Moreau performed the
nucleofections. Jeanie Quach performed the experiment from cell harvesting, SDS-
PAGE, imaging, and data analysis.
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3.7 E. histolytica-induced IL-1p secretion is dependent on caspase-4 interaction with

caspase-1

To determine if the caspases specifically interacted with each other, COS-7 cells were
transfected with pro-caspase-1, pro-caspase-4, and pro-IL-1p plasmids. We used COS-7
cells as they are easy to transfect with more than 90% transfection efficiency using GFP
and they do not express ASC or NLRP3 facilitating the interactions between the caspases
independent of the inflammasome complex (Figure 3.7A). Although weak pro-caspase-1
and pro-caspase-4 were detected by western blot under basal conditions, they were not
activated unless stimulated with Eh. Transfection with GFP served as the control. When
pro-caspase-1, pro-caspase-4, and pro-lL-1p plasmids were transfected and stimulated
with Eh, pro-caspase-1 was cleaved into active caspase-1 p20 fragment and pro-caspase-4
was cleaved into the large subunit detectable in cell lysates (26 kDa, highlighted box;
Figure 3.7A). This subsequently led to the cleavage of IL-1p from 31 kDa to 17 kDa.
LPS and ATP stimulation (abbreviated LA) did not yield detectable caspase-4 or caspase-
1 activation in the supernatant, but was present in the lysates (Figure 3.7B). This
indicates a similar intracellular inflammatory pathway was initiated and LA served as
another agonist for caspase-4-caspase-1 interaction in mediating IL-1p release. Although
differences in protein expression were not detectable for the caspases under Eh
stimulation, the SEAP assay vyielded significant IL-1B differences. Importantly, the
transfection of all three plasmids led to an additive effect, with more bioactive IL-1§

secretion (p<0.001) than transfection of caspase-1 and IL-1B plasmids or the transfection
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of caspase-4 and IL-1B with Eh stimulation (Figure 3.7C; highlighted histogram). As a
positive control, LPS was used to prime cells and then stimulated with ATP (LA) in cells
transfected with all three plasmids (Figure 3.7B). The combination of all three plasmids
yielded greater caspase-1 activation and IL-1p secretion. This provides further evidence
that the presence of caspase-4 enhances caspase-1 activation and therefore higher
amounts of IL-1f secretion. In our study the use of COS-7 cells was advantageous as
they basally express inactive caspase-4 and -1 (both are pro-forms) while COS-1 cells
basally expressed active caspase-4 as indicated by the intermediate forms (Figure 3.7D).

COS-7 cells allowed us to investigate Eh-induced activation of caspases.
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Figure 3.7 E. histolytica-induced IL-1Bp secretion is dependent on caspase-4

interaction with caspase-1.

(A) COS-7 cells were transfected with pro-caspase-1 (abbreviated pC-1, 100 ng), pro-
caspase-4 (abbreviated pC-4, 10 ng), pro-IL-1B (1 ug) plasmids, or GFP (1 pg) as a
control and stimulated with Eh (1:2) for 30 min or (B) LPS (50 ng/mL for 2h to prime)
and ATP (3 mM for 60 min) abbreviated LA, served as the control for IL-1 release. (C)
Cell supernatant from stimulated macrophages was added to HEK-Blue™ reporter cells
to detect bioactive IL-1B using the SEAP assay. (D) Protein expression of caspase-4,
caspase-1, IL-1p was compared in COS-1 and COS-7 lysates to indicate basal expression
and rationale for usage of COS-7 cells. Cell supernatant was TCA precipitated and cells
were washed and lysed. Equal amounts of lysates were loaded onto SDS-PAGE gel and
immunoblot analysis was performed for caspase-4 and -1 in the supernatants (SN) and
along with IL-1p in the lysates (LYS), and blots were reprobed for GAPDH. Data are
representative of three experiments and statistical significance was calculated with one-
way ANOVA and a Bonferroni post-hoc test (**p<0.01, ***p<0.001, ns = not
significant). Bars represent =+ SEM. France Moreau performed the nucleofections. Jeanie
Quach performed the experiment from cell harvesting, SDS-PAGE, imaging, and data

analysis.
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3.8 Pro-caspase-4 interacts with pro-caspase-1 in Eh-stimulated THP-1

macrophages

To confirm that caspase-4 was directly interacting with caspase-1, THP-1 macrophages
were stimulated with Eh for 20 min followed by 0.8% formaldehyde treatment for 7 min
at room temperature to covalently cross-link and stabilize the protein-protein interactions
[169]. Antibodies against caspase-4 and -1 were then used to pull-down (PD) the
complex and immunoblotted for caspase-4 and -1 (Figure 3.8A). This method is valuable
because it allows for the detection of transient interacting proteins. However, as detection
of cross-linked proteins is highly dependent on the antibody, we screened several
caspase-4 antibodies from different companies and observed a high molecular weight
complex around 92 kDa (cross-linked complex) only with the caspase-4 MO029-3
antibody and not with the others (Figure 3.11A). The mouse IgG antibody detected the
heavy (50 kDa) and light (25 kDa) chains. The cross-linked complex containing caspase-
4 was detected at 92 kDa when the sample was incubated at 65°C and rapidly dissociated
when the sample was boiled to 99°C demonstrating specificity for the protein-protein
complex (Figure 3.8B). Pro-caspase-4 was also detected using the caspase-4 M029-3
antibody (Figure 3.8B). Immunoprecipitation with caspase-1 sc-56036 antibody
following stimulation with Eh and formaldehyde treated, detected pro-caspase-1 (Figure
3.8C) and when immunoblotting for caspase-4 detected a band at 43 kDa (Figure 3.8D

and 3.8E; highlighted box) indicating that pro-caspase-1engages pro-caspase-4.
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To validate these observations, COS-7 cells were transfected with pro-caspase-1, pro-
caspase-4, and pro-lIL-1B plasmids and stimulated with Eh and pulled-down using both
caspase-4 and -1 antibodies. As predicted, the high molecular weight cross-linked
complex was detected at 92 kDa and when cells were subjected to caspase-1 pull-down,
pro-caspase-4 was detected (Figure 3.8F; highlighted box). Conversely, when cells were
subjected to caspase-4 pull-down, pro-caspase-1 was detected (Figure 3.8G; highlighted
box). These results provide compelling evidence that caspase-1 and caspase-4 directly

interacted with each other.
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Figure 3.8 Pro-caspase-4 interacts with pro-caspase-1 in E. histolytica-stimulated

THP-1 macrophages.

(A) A schematic workflow of cell preparations to quantify caspase-1 and caspase-4
interaction by pull-down and western blot. Cells were stimulated with Eh, treated with
formaldehyde, lysed and cross-linked complexes (black triangles with oval shapes) were
pulled-down (PD) with antibodies (Y-shaped) and protein A/G plus agarose beads (grey
circles). (B-E) THP-1 macrophages or COS-7 cells were stimulated with Eh for 20 min
and 0.8% formaldehyde treated for 7 min at room temperature. Cells were subjected to
pull-down (PD) with caspase-4 M029-3 or caspase-1 sc-56036 antibody at 1.5 pg and
immunoblotted for caspase-4 or caspase-1. (F, G) COS-7 cells were transfected with
caspase-1 (60 ng), caspase-4 (500 ng), or IL-1B (1.5 pg) plasmids, or GFP (1 pg) as a
control prior to stimulating with Eh (2:1). Cells were subjected to pull-down with
caspase-4 MO029-3 or caspase-1 sc-56036 antibody at 1.5 pg and immunoblotted for
caspase-4 or caspase-1. Corresponding mouse (mIgG) controls were used. Lysates were
loaded onto SDS-PAGE gel and immunoblotted with the indicated antibodies. Western
blots are representative of three independent experiments. France Moreau performed the
nucleofections and assisted with formaldehyde treatment of cells. Jeanie Quach
performed the experiment from cell harvesting, SDS-PAGE, imaging, and data analysis.
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3.9 Caspase-4 siRNA knockdown in THP-1 macrophages decreases IL-1p secretion

induced by E. histolytica.

The CRISPR/Cas9 gene editing tool was not available early during the course of my
PhD, hence the logical approach to study the function of caspase-4 was to silence the
gene through siRNA. To determine whether there was a role for caspase-4 in regulating
caspase-1, caspase-1 as well as IL-1B was detected in both the supernatants and lysates in
knock down cells. Caspase-4 SiRNA was about 50% silenced as indicated by protein
levels in the lysates and there was no processing of caspase-4 in the supernatants in
response to Eh (Figure 3.9A). Interestingly, caspase-1 CARD protein was not different in
the caspase-4 siRNA treated cells as compared to scrambled siRNA. This suggests that
the presence of caspase-4 proteolytic activity allowed for cleavage of the caspase-1
CARD domain. Despite that, there was reduced IL-1f levels in caspase-4 silenced cells
as compared to controls in response to Eh, and this was supported by the IL-1p ELISA
(Figure 3.9B). In retrospect, this is valuable data because it indicates that SIRNA
silencing is effective, however, optimization is needed to ensure the balance between low

cell death and maximal gene silencing.
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Figure 3.9 Caspase-4 siRNA knockdown in THP-1 macrophages decreases IL-1p

secretion induced by E. histolytica.

(A) PMA-differentiated THP-1 macrophages were transfected with caspase-4 (Casp-4)
sIRNA or control (Ctl) siRNA (50 nM) using 10 pLL INTERFERin reagent per reaction
and left for 48h. Eh (1:20) was added for 60 min and MSU stimulation for 300 pg/mL for
6h was the positive control. Cell supernatant was TCA precipitated and cells were
washed and lysed. Equal amounts of lysates were loaded onto SDS-PAGE gel and
immunoblot analysis was performed for caspase-4, caspase-1, IL-1B in both the
supernatants (SN) and lysates (LYS), and blots were reprobed for GAPDH. (B) Cell
supernatant was used to determine IL-1B levels using an IL-1p ELISA. Data are
representative  of three independent experiments and statistical significance was
calculated with an unpaired Student’s t-test (***p<0.001). Bars represent + SEM. Jeanie
Quach performed the experiment from cell harvesting, SDS-PAGE, imaging, and data

analysis.
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3.10 Overexpression of caspase-4 in THP-1 macrophages enhances bioactive IL-1§

secretion and overexpression of caspase-1in CASP1 CRISPR/Cas9 KO is lethal.

To determine the interaction between caspase-4 and -1 in regulating the owerall IL-13
output, THP-1 macrophages were nucleofected with caspase-4 expression plasmid to
determine how it affects IL-1B secretions. Intriguingly, overexpressed caspase-4 in THP-
1 macrophages (Figure 3.10A) that were stimulated with Eh or ATP led to increased IL-
1B secretions as compared to the GFP control In addition to restoring caspase-4 in
CASP4 CRISPR/Cas9 KO macrophages, we also attempted to restore caspase-1 in
CASP1 CRISPR/Cas9 KO macrophages. While it was successful with the CASP4
CRISPR/Cas9 KO macrophages, the CASP1 CRISPR/Cas9 KO macrophages suffered
from major cell death (Figure 3.10B and 3.10C). It was speculated that caspase-1
induced pyroptosis as the cells observed under the microscope had membranes that look
dissolved and spewing out its contents. As a control, WT THP-1 macrophages were able

to tolerate the caspase-1 plasmid much better.
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Figure 3.10 Overexpression of caspase-4 in THP-1 macrophages enhances bioactive
IL-1p secretion and overexpression of caspase-1 in CASP1 CRISPR/Cas9 KO is
lethal.

(A) THP-1 macrophages were nucleofected with caspase-4 (1 pg) and left overnight prior
to stimulating with Eh or ATP for 60 min. (B) Attempts to restore caspase-1 in CASP-1
CRISPR/Cas9 KO macrophages by nucleofecting with pro-caspase-1 plasmid (60 ng)
resulted in high cell death. The surviving cells showed no caspase-1 secretion as
indicated by the absence of caspase-1 CARD bands. Furthermore, there was minimal
bioactive IL-1B in the CASP1 CRISPR/Cas9 KO THP-1 macrophages transfected with
caspase-1 plasmid (see C). (C) Supernatants of THP-1 macrophages stimulated with Eh
were added to HEK-Blue™ reporter cells to detect bioactive IL-1p using the SEAP assay.
Data are representative of two independent experiments. France Moreau performed the
nucleofections. Jeanie Quach performed the experiment from cell harvesting, SDS-

PAGE, imaging, and data analysis.
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3.11 Screening of caspase-4 and -1 antibodies on the formaldehyde cross-linked

complex.

To determine caspase-4 and -1 interaction in a complex, formaldehye was used to treat
cells post stimulation with Eh. This technique requires a lot of time dedicated to optimize
the incubation time of Eh to macrophages where the caspase-4 and -1 interactions are
occurring at its peak. The final timepoint that was chosen was 20 min and caspase-4 and -
1 interactions were detected. Though it was only the pro-forms, a longer incubation time
of Eh (40 or 60 min) may possibly yield the intermediate forms of caspase-4 that is
interacting with pro-caspase-1, as we believe is the case if caspase-1 is a substrate for
caspase-4. Several different antibodies for both caspase-4 and -1 were tested to determine
their potential for detecting epitopes that may have been modified post formaldehyde
treatment. Out of the antibodies tested for caspase-4, only caspase-4 M029-3 was able to
pick up the cross-linked complex (92 kDa) (Figure 3.11A). A control without stimulation
was used to compare Eh stimulated cells and both samples were pulled down with
caspase-4 MO029-3 antibody. In the Eh stimulated cells, the intermediate forms were also
detected, providing evidence that the active forms can also be recognized post
formaldehyde treatment. A Coomassie Blue staining was performed to determine if the
high molecular weight band (around 92 kDa) in the Eh stimulation with the mouse IgG
control is the same band as the Eh treatment with the caspase-4 M029-3 antibody and it
looks to be a different band (Figure 3.11B). The caspase-1 antibodies that were tested
had two potential candidates, caspase-1 sc-56036 or caspase-1 sc-622. The caspase-1 sc-

56036 was chosen because it had less background and cleaner bands (Figure 3.11C).

102



LYS

LYS

LYS

IB: Casp-4 M029-3

» B3
v",\@ ?9
u"‘b
e
<€ Cross-linked Complex
Heavy chain
Pro-Casp-4
2 <€ Interm. Forms
—
26— “ <€ Light chain
PD
¢
?966 %‘50 ggoo
o2 N o
SV o o
N oV g
o IS N\ N
) M M
«Q~x xé\ xo xo
kDa o <& & <&
92 — || — <€ Cross-linked complex
72 = .
S5—{M s S s s | <€Heavy chain
43 -
34—
26 e o, < Light chain
PD
o o°
V7 N
. SN
NN I Q7<§9
NN ANAR

kDa

(,/‘(\ Q/‘(\ Q/‘(\ Q/‘(\ (o‘(\ Q/‘(\

92—
55—
43—
34—

92—
55—
43

34—

< Cross-linked complex
<€ Pro-Casp-1

<€ Cross-linked complex

Heavy chain
Pro-Casp-1

<€ Light chain

103

IB: Casp-1 sc-622

IB: Casp-1 sc-56036



Figure 3.11 Screening of caspase-4 and -1 antibodies on the formaldehyde cross-

linked complex.

(A) THP-1 macrophages were stimulated with Eh for 20 min and formaldehyde treated
for 7 min prior to incubation with caspase-4 antibodies to pull-down (PD) the cross-
linked complex. Several caspase-4 antibodies from different companies (MBL
International Corporation, Nowvus Biologicals, and Cell Signaling) were used to determine
the appropriate antibody for detecting a cross-linked complex at 92 kDa by western blot
as well as on (B) SDS-PAGE stained with Coomassie Blue. Caspase-4 M029-3 pulled-
down (PD) the caspase-4 cross-linked complex from formaldehyde treated cells. (C)
Several caspase-1 antibodies from different companies (Santa Cruz and Adipogen) were
used to determine the appropriate antibody for detecting cross-linked complex at 92 kDa.
Caspase-1 sc-56036 pulled-down the caspase-1 cross-linked complex from formaldehyde
treated cells. Data are representative of two independent experiments. France Moreau
assisted with formaldehyde treatment of cells. Jeanie Quach performed the experiment
from cell harvesting, SDS-PAGE, imaging, and data analysis.
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3.12 IL-8 and MCP-1 level changes in CASP1 and CASP4 deficient macrophages

stimulated with E. histolytica

To determine the distinct cytokines/chemokines regulated by caspase-4, we used the
Human Focused 13-Plex Cytokine/Chemokine Array which included the following: GM-
CSF, IFN-y, IL-1B, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, MCP-1, TNF-q, IL-13, IL-5. The
majority of cytokines/chemokines were undetectable, however, we found interesting
results with IL-1p that was reduced in the CASP1 and CASP4 CRISPR/Cas9 KO
macrophages. Please note that this is shown in the manuscript. 1L-8 levels were slightly
up regulated in the CASP4 CRISPR/Cas9 KO macrophages as compared to WT
macrophages when stimulated with Eh and MSU (Figure 3.12A), but we do not know if
this is significant because only one experiment was performed. IL-8 levels are important
as a neutrophil chemoattractant [4,64], therefore repeating the experiment with increased
time of treatment with Eh and/or utilizing the IL-8 ELISA would be interesting to explore
further. Additionally, there were increased levels of MCP-1 in the CASP1 CRISPR/Cas9
KO macrophages, but no difference in the CASP4 CRISPR/Cas9 KO macrophages with
Eh stimulation (Figure 3.12B). MCP-1 is a monocyte chemoattractant protein that
regulatess monocyte and macrophage migration to inflamed sites [170]. Although no
conclusions can be made about these studies, it shows that there are other
cytokines/chemokines that may be regulated by caspase-4. Although not explored, both
IL-18 and IL-1o have been shown to be regulated by the inflammasome or caspase-4

[126,159], respectively and so are also worth exploring.
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Figure 3.12 IL-8 and MCP-1 levels in CASP1 and CASP4 CRISPR/Cas9 KO

macrophages stimulated with E. histolytica.

(A, B) WT, CASP4 CRISPR/Cas9 KO and CASP1 CRISPR/Cas9 KO THP-1
macrophages were incubated with Eh for 60 min and cell supernatant was quantified by
human focused 13-plex cytokine/chemokine arrays. IL-8 levels (pg/mL) are in (A) and
MCP-1 levels (pg/mL) are in (B). One experiment was performed. Jeanie Quach
performed the experiment from cell harvesting, SDS-PAGE, imaging, and data analysis.
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3.13 Interacting partners of caspase-4 in Eh-stimulated macrophages

In order to better understand the function of caspase-4 in inflammation, studying the
proteins that caspase-4 interacts with would lend some clues. To determine the
interacting partners for caspase-4, THP-1 macrophages were stimulated with Eh and then
exposed to formaldehyde for cross-linking. Following the cross-link, the beads were
boiled and then ran on an SDS-PAGE gel, with the band excised and then sent for liquid
chromatography—mass spectrometry (LC-MS/MS). The number of matched peptides for
caspase-4 was rather low, with only 7. It was expected that caspase-1 would be pulled
down with caspase-4 in the complex, but we did not observe that. Interestingly, there
were other proteins namely adenylyl cyclase-associated protein 1 isoform X2 which is
involved in regulating the actin cytoskeleton [171], immunoglobulin lambda-like
polypeptide 5 isoform 1 is part of the light chain involved in antigen binding, and moesin
is involved in regulating actin cytoskeleton [172] (Table 3.1). Plastin-2 is also involved
in actin binding [172], clathrin heavy chain is involved in the formation of vesicles [173],

and peroxiredoxin-1 is an antioxidant that fight oxidative stress [174].
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Table 3.1 List of proteins that interact with caspase-4 using LC-MS/MS in THP-1

macrophages stimulated with E. histolytica and formaldehyde cross-linked

Accession Number Description Number of
Matched
Peptides
NP_001216 caspase-4 isoform alpha precursor 7
NP_001337411 adenylyl cyclase-associated protein 7
1 isoform X2
NP_001171597 immunoglobulin lambda-like 6
polypeptide 5 isoform 1
NP_002435 moesin 3
NP_002289 plastin-2 3
NP_004850 clathrin heavy chain 1 isoform 1 2
NP_001407 eukaryotic initiation factor 4A-1 2
isoform 1
NP_001189360 peroxiredoxin-1 2

France Moreau assisted with formaldehyde treatment of cells. Jeanie Quach performed

the experiment from cell harvesting, SDS-PAGE, imaging, and data analysis.
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3.14 Interacting partners of caspase-4 in Eh-stimulated COS-7 cells

To determine the interacting partners for caspase-4, COS-7 cells were utilized because of
their high transfection efficiency. COS-7 cells were transfected with pro-caspase-4, pro-
caspase-1, and pro-IL-1p, stimulated with Eh and then exposed to formaldehyde for
cross-linking. Following the cross-link, the beads were subjected to several washes to
remove traces of contaminants suitable for mass spectrometry. This experiment yielded
better caspase-4 (with 32 matched peptides) because the beads were used instead of
excising the band from a gel (Table 3.2). One protein with a top hit is glutathione S-
transferase P, important for regulating Cdk5 kinase activity and implicated in
Alzheimer’s Disease [175]. Since IL-1p was transfected into the cells, it was not
surprising to see this as an interacting protein. The immunoglobulin lambda-like
polypeptide 5 isoform 1 is involved in receptor binding and vimentin isoform x1 are
filaments involved in stabilizing collagen mRNAs [176]. Most remarkably, caspase-1
was not found as one of the targets and it could be that the interaction is weak or it is
transient. As shown, the detection of caspase-1 by mass spectrometry was difficult due to
a variety of factors including timepoint of Eh stimulation, formaldehyde cross-link
procedure, and the usage of mass spectrometry. As cross-link is not a common procedure
conducted at the SAMS centre, it would be valuable to send samples to the UVic Genome
BC Protein Centre (Victoria, British Columbia) as they have good experience with cross-
linked proteins. Detecting the presence of caspase-1 in caspase-4 pull down studies and
vice versa would lend supporting evidence to the important interactions between caspase-

4 and -1in regulating IL-1p secretions.
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Table 3.2 List of proteins that interact with caspase-4 using LC-MS/MS in

transfected COS-7 cells stimulated with E. histolytica and formaldehyde cross-linked

Accession Number Description Number of
Matched
Peptides
NP_001216 caspase-4 isoform alpha precursor 32
NP_000843 glutathione S-transferase P 76
NP_000567 interleukin-1 beta proprotein 7
NP_001171597 immunoglobulin lambda-like 7
polypeptide 5 isoform 1
XP_006717563 vimentin isoform X1 6
NP_001093588 DNA repair protein XRCC3 5
NP_001137232 eukaryotic translation initiation 5
factor 5A-1 isoform A
XP_011509088 1-phosphatidylinositol 3-phosphate 3
5-kinase isoform X8
NP_004850 clathrin heavy chain 1 isoform 1 2
NP_002435 Moesin 2
NP_001189360 peroxiredoxin-1 2
NP_006187 poly(rC)-binding protein 1 2

France Moreau assisted with formaldehyde treatment of cells. Jeanie Quach performed

the experiment from cell harvesting, SDS-PAGE, imaging, and data analysis.
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Caspase-11 Murine Studies

3.15 E. histolytica-induced caspase-11 activation is independent of inflammasome

components

As murine caspase-11 is believed to be the ortholog to human caspase-4, we used mouse
bone marrow-derived macrophages (BMDM) deficient in Asc and NIrp3 to explore
whether the requirements are similar. Control, Asc’- and Nlrp3”- BMDM were stimulated
with Eh for 5, 30, or 60 min. LPS and cholera toxin B (CTB) activates the non-canonical
inflammasome, so they were used as positive controls. Caspase-11 activation occurred as
early as 5 mins in both the lysates and supernatants, whereas for caspase-1 activation, it
started to occur at 60 mins. Robust caspase-11 activation was detected in the supernatants
at 60 min; however, there was no difference in caspase-11 protein levels (p43 and p38)
between Asc’- and Asc** BMDM (Figure 3.13A). Predictably, cleavage of the caspase-1
p20 and IL-1B (17 kDa) was absent in Asc’- showing a dependency of caspase-1
activation on inflammasome complex formation. Additionally, there was also no
difference in caspase-11 protein levels between NIrp3” compared to Nlrp3** BMDM
(Figure 3.13B). The cleavage of caspase-1 p20 was absent in Nlrp3” and IL-1B was
reduced compared to NIrp3** BMDM. This indicates that both human caspase-4 and

murine caspase-11 are activated similarly, being independent of NLRP3 and ASC.
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Figure 3.13 E. histolytica-induced caspase-11 activation is independent of

inflammasome components.

(A) BMDM derived from Asc** and Asc”- and (B) NIrp3-- and Nlrp3- were LPS primed
(100 ng/mL) for 3.5h before incubation with Eh (1:20) at increasing time points. LPS (2
pg/ml) and cholera toxin B (CTB, 20 ng/mL) was added for 16h and LPS (50 ng/mL)
and nigericin (10 puM) was added for 30 min (LN). Cell supernatant was TCA
precipitated and cells were washed and lysed. Equal amounts of lysates were loaded onto
SDS-PAGE gel and immunoblot analysis was performed for caspase-11, caspase-1, IL-1f3
in the supernatants (SN), and ASC, NLRP3 in the lysates (LYS) and blots were reprobed
for GAPDH. Western blots are representative of three independent experiments. Jeanie
Quach performed the experiment from cell harvesting, SDS-PAGE, imaging, and data

analysis.
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3.16 E. histolytica-induced caspase-1 activation is independent of caspase-11

Studies were also done on BMDMs derived from Caspl1”- mice stimulated with Eh for
5, 30, and 60 min and there were no differences in caspase-1 p20 and IL-1p protein
expression as compared to Caspl1** controls (Figure 3.14A). The positive control LPS
and cholera toxin B (CTB) showed slightly less activation in Casp11”- as compared to
Caspl1** macrophages. These findings indicate that although caspase-11 has similar
parasite requirements in the activation of caspase-4, it may serve different functions.
Predictably, using Caspl’-Caspll’ there was less IL-1p as compared to
Caspl**Casp11*’* macrophages when stimulated with Eh (Figure 3.14B). Interestingly,
caspase-1 activation was not dependent on caspase-11, suggesting that caspase-4 and

caspase-11 may play different roles.
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Figure 3.14 E. histolytica-induced caspase-1 activation is independent of caspase-11.

(A) Caspl1** and Caspll” and (B) Caspl**Caspl1*’* and Caspl”-Caspll’- BMDMs
were LPS primed (100 ng/mL) for 3.5h before incubation with Eh at increasing time
pomts (1:20). LPS (2 pug/mL) and cholera toxin B (CTB, 20 ng/mL) was added for 16h
and LPS (50 ngmL) and nigericin (10 uM) was added for 30 min (LN). Cell supernatant
was TCA precipitated and cells were washed and lysed. Equal amounts of lysates were
loaded onto SDS-PAGE gel and immunoblot analysis was performed for caspase-11,
caspase-1, IL-1p in the supernatants (SN) and caspase-11, caspase-1 in the lysates (LYS),
and blots were reprobed for GAPDH. Western blots are representative of three
independent experiments. Jeanie Quach performed the experiment from cell harvesting,
SDS-PAGE, imaging, and data analysis.
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3.17 Summary of Results

It was shown in this study that Eh can induce robust activation of caspase-4 and -1 and
they occur simultaneously at 30 min and accumulates up until 60 mins. The activation of
caspase-4 and -1 also require the presence of the live parasite and Eh Gal-lectin binding
to macrophage surfaces. More interestingly, it is the EhCP-A5 that is involved in turning
on these inflammatory caspases. In addition to caspases, IL-1p secretions have been
shown to be high at 60 min post caspase activation, indicating that caspases have a
regulatory role in IL-1B output. This was supported by studies involving the use of
CASP4 and CASP1 CRISPR/Cas9 KO macrophages. While it is expected that caspase-1
have a critical role in cleaving IL-1p from its pro-form, CASP4 CRISPR/Cas9 KO
macrophages also displayed reduced IL-1p. This reduced IL-1p levels was also seen with
caspase-4 SIRNA silenced cells as well. The Human Focused 13-Plex
Cytokine/Chemokine Array provided a good idea of key cytokines/chemokines that could
be modulated by caspase-4, including IL-8 and MCP-1, but would require further studies
to confirm this. Further experiments including the nucleofection of the caspase-4 rescued
IL-1pB levels in CASP4 CRISPR/Cas9 KO macrophages with Eh stimulation as compared
to controls (without caspase-4 nucleofection). In addition to using THP-1 macrophages,
using another cell line, COS-7 cells that do not express ASC or NLRP3, the
overexpression of caspase-4, -1, and IL-1p showed that they directly interact to enhance
IL-1p secretions. This showed that caspase-4 and -1 directly interacted via enhancing the
cleavage of the CARD domain to increase caspase-1 activity and subsequent IL-1f

secretions. Using formaldehyde treatment to stabilize weak and transient interactions,
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pro-caspase-4 was pulled down with pro-caspase-1 in a high molecular weight complex
(92 kDa). In reverse, pro-caspase-1 was also pulled down with caspase-1 in a complex.
Although caspase-4-caspase-1 interaction was not detected via mass spectrometry, the

immunoblots provide strong evidence that they do interact.
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Chapter Four: Discussion and Conclusions

4.1 Discussion of Results

4.1.1 Human Caspase-4

This is the first comparative study that addresses the distinct roles of inflammatory
caspases in Eh-macrophage interaction in the regulation of IL-1B. The most intriguing
fact about this parasite is that it can live in harmony with the host without causing any
symptoms, but in a small number of infected individuals, it invades the mucosal barrier to
cause disease. During Eh invasion, the immune response that is initiated by the host is a
contributing factor that tips the balance between Eh clearance (resolution) and disease.
Understanding why a raging tissue-damaging pro-inflammatory response occurs when Eh
invades seem to be central in the early development of amebic lesions. At present, we
have limited information on how this process is initiated. Although studies have
investigated the role of caspases in Eh infection, none have addressed inflammatory
caspase-4. For instance, caspase-3 has been shown to be involved in Jurkat T cell
apoptosis induced by Eh [48]. Additionally, using a general caspase inhibitor in Eh-
challenged mice results in smaller liver abscesses [177]. Petri et al. also showed that
blocking K* channel activity and using specific inhibitors of caspase-1, -3, and a pan-
caspase inhibitor protected HT-29 intestinal epithelial cells and THP-1 macrophages from
amebic Kkilling [178]. Prior studies in our laboratory have implicated caspase-1 and -6 in
Eh-induced pro-inflammatory responses and in particular, IL-1p secretion [33,155,156].

My study has filled another gap in our knowledge of the pro-inflammatory response,
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where activated caspase-4 has been shown to enhance the cleavage of caspase-1 to

increase its bioactivity and to augment IL-1[ secretions in response to live parasites.

We investigated three different aspects of caspase-4 within macrophages upon interaction
with Eh: 1) is caspase-4 activated in a manner similar to caspase-1 using the same
parasite factors, 2) does caspase-4 act upstream to regulate caspase-1 activation and IL-
1B secretion or vice versa, and 3) is the function of caspase-4 distinct from caspase-1. A
dose and time-dependent response with Eh stimulation showed that 120 Eh to
macrophage ratio and 60 min was optimal for conducting experiments with Eh. To
elucidate the parasite factors involved in caspase-4 activation, exogenous Gal-lectin was
added to block Eh binding to macrophage surface. Moreover, EhCP-A5" was used to
determine its involvement in caspase-4 activation. Using western blot, we found that the
requirements for activating caspase-4 were the same as caspase-1 in that live Eh via Gal-
lectin contact and EhCP-A5 was necessary for initiating inflammatory caspase-4 and -1
activation in macrophage leading to high IL-1p output. The requirement of EhCP-A5 is
supported by Mortimer et al. showing that EhCP-A5 RGD motif engages asP1 integrin to
induce ATP release through pannexin-1 channels. This subsequently signals through the
P2X7 receptor to activate the NLRP3 inflammasome [155]. Preliminary experiments
using RGD blocking peptide to block EhCP-A5 engagement of asp1 integrin did not work
We have attempted to use the RGD blocking peptide to determine its involvement in
activating caspase-4, but we were unable to get inhibition of caspase-1 activation as
shown by Mortimer et al. Further work would be required to optimize the dose of RGD

blocking peptide.
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The common signals that induce NLRP3 inflammasome activation include perturbations
to ion concentrations such as the drop in cytosolic K* or the production of ROS.
Potassium efflux has been shown to be the minimal requirement by many agonists to
activate the NLRP3 inflammasome [179]. To investigate whether caspase-4 activation
involves K* or ROS, we used exogenous KCI and DPI to alter K* and to block ROS
generation, respectively. Our experiments demonstrated that a decrease in cytosolic K* or
the production of ROS were also involved in caspase-4 processing. The same cellular
changes were also observed for Eh-induced caspase-1 activation in the Mortimer et al.’s

study [155].

The NLRP3 inflammasome has been well described as requiring the recruitment of ASC,
NLRP3, and pro-caspase-1 into a high multimeric complex for the activation of caspase-
1. Following this event, the pro-inflammatory cytokines IL-1p and IL-18 are cleaved into
their bioactive form and secreted. To determine whether caspase-4 uses the same
platorm, we used NLRP3 CRISPR/Cas9 KO macrophages and THP-1 macrophages
deficient in ASC. Our studies demonstrated Eh-induced caspase-4 activation and
secretion was independent of NLRP3 and ASC, indicating that caspase-4 requires
alternate proteins or it can be auto-catalytically cleaved upon dimerization. It has been
shown that LPS can bind to the CARD domain of caspase-4, allowing it to undergo
homo-oligomerization and activation [125]. It is unclear from these studies how caspase-
4 is activated. CASP1 CRISPR/Cas9 KO macrophages stimulated with Eh have similar

caspase-4 activation compared to WT macrophages, suggesting caspase-1 is not involved
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in caspase-4 activation. Further studies are warranted to assess how caspase-4 activation
occurs. Mass spectrometry would allow us screen for interacting partners and although
we did perform this, there was no particular protein that was relevant in host-parasite
interactions. Optimization of the protocol for sample preparation for mass spectrometry

would be required before proceeding to examine specific proteins of interest.

In order to examine the role of caspase-4 in Eh-induced IL-1B production, we used the
CASP4 CRISPR/Cas9 KO macrophages. CASP4 CRISPR/Cas9 KO macrophages
stimulated with Eh had significantly reduced caspase-1 CARD domain and IL-1B
secretions shown by western blotting, compared to WT macrophages. The release of
bioactive IL-1B was also quantified using the SEAP assay and it was shown to be 50%
less in the CASP4 CRISPR/Cas9 KO macrophages compared to WT macrophages. This
led us to speculate that 1) caspase-4 can cleave IL-1B or 2) caspase-4 is interacting with
caspase-1 to regulate IL-1B. Many studies have suggested that caspase-4 cannot cleave
IL-1p [107,158,180] but caspase-4 can directly bind to caspase-1 and cleave it [120].
Based on these observations we speculated that caspase-1 could be a substrate for
caspase-4. To test this hypothesis, we overexpressed caspase-4 in THP-1 macrophages

and COS-7 cells.

Using caspase-4 deficient THP-1 macrophages, we overexpressed caspase-4 and
stimulated with Eh and we found that this rescued both caspase-1 activation and IL-1f3
secretions. Furthermore, COS-7 cells with overexpressed caspase-4, caspase-1, and IL-1f

also enhanced IL-1B release in response to Eh. These findings implicate an important role
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for caspase-4 in regulating caspase-1 and this occurred by enhancing the cleavage of the
CARD domain. Sollberger et al. demonstrated that when the caspase-4 cysteine residue
was mutated, the protein lost its proteolytic function, therefore it is likely that caspase-1
activation by caspase-4 is mediated by the cysteine residue [121]. In order to test if the
cysteine site is required for activation, future experiments would involve mutating this
site and determining its effect on caspase-1 CARD domain cleavage and IL-1p secretion.
In contrast to what Sollberger et al. reported with MSU in terms of IL-1p being reduced
in caspase-4 knockdown [121], we saw no difference in IL-1B between the WT and
CASP4 CRISPR/Cas9 KO macrophages when stimulated with MSU. Our studies suggest
that caspase-4 enhancing effect is unique to Eh, and it is the live parasite that alerts the
immune system to activate several effector molecules to trigger an appropriate response.
Altogether, caspase-4 acts in a similar manner to NLRP3, where it is able to sense
cellular perturbations to further activate caspase-1 to regulate I1L-1f secretion. Thus, IL-
1B secretions are dictated by two checkpoints. Caspase-4 is needed to boost caspase-1
activation only in the presence of live Eh. Caspase-1 activation alone, on the other hand,

was sufficient to mount an immune response to MSU.

Caspases were originally categorized as involved in: 1) cell death or 2) regulating
inflammatory processes, but there is emerging evidence to indicate that caspases have
more than one function. For instance, caspase-8, unlike its conventional role in apoptosis,
was shown to mediate IL-1p processing in response to Candida albicans and Aspergillus
fumigatus in dendritic cells [145]. There are some other functions of caspase-4 that have

been described in the field. Intracellular LPS and gram-negative bacterial pathogens have
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been shown to activate caspase-4 [125,159]. Caspase-4 was found to be critical in
mediating IL-1o. and cell death in response to gram-negative pathogens, Yersinia
pseudotuberculosis, Salmonella enterica serovar Typhimurium, and Legionella
pneumophila [159]. To exclude a role for caspase-4 in mediating cell death, an LDH
assay was performed with CASP4 CRISPR/Cas9 KO and CASP1 CRISPR/Cas9 KO
macrophages. Cell death was not observed to be dependent on caspase-4 in response to

Eh and neither did cell death differ among the caspase knockout macrophages.

As the raging pro-inflammatory response elicited upon Eh invasion is also characterized
by the release of several other cytokines/chemokines, | quantified those that may be
regulated by caspase-4 using a Human Focused-13 Plex Cytokine/Chemokine Array.
Only two chemokines have been detected wusing this array and the other
cytokines/chemokines were undetectable. In order to detect TNF-o levels and other
chemokines, treatment with Eh would need to be extended to 3h. There was increased IL-
8 production in both the CASP1 and CASP4 CRISPR/Cas9 KO macrophages compared
to WT macrophages in response to Eh. Additionally, CASP1 CRISPR/Cas9 KO
macrophages displayed increased MCP-1 compared to WT macrophages in response to

Eh. Clearly further studies will be needed to confirm these results.

Studying protein-protein interactions when Eh forms an intercellular bridge with
macrophages also provided clues for a better understanding of signaling processes in
macrophages and mechanisms in Eh pathogenesis. After establishing that the presence of

caspase-4, caspase-1, and IL-1p all interact to cleave pro-IL-1B into its active form, we
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wanted to know if this occurred via direction interactions between caspase-4 and -1. To
study caspase-4-caspase-1 interactions, formaldehyde was used as a cross-linker to
stabilize weak and transient protein-protein interactions. Different conditions were
performed to determine the optimal protocol for cross-linking caspase-4 and -1. These
included varying formaldehyde concentrations (0 to 2%), reaction temperature (optimal
at room temperature), and incubation times (maximum 10 min). The best formaldehyde
concentration to yield the highest amount cross-linked complex was 0.8% and up. In
addition to optimizing the protocol, several antibodies had to be tested to determine the
suitable antibody to detect the protein after formaldehyde modification. The caspase-4 M-
029-3 antibody that was used for all the earlier experiments was suitable for
formaldehyde treated cells, however, a different caspase-1 antibody, sc-56036 that
detects the pro-form and pl0 was used for the detection of caspase-1 for formaldehyde
treated cells. Caspase-4 and -1 cross-linked complexes was stabilized using formaldehyde
treatment, allowing the interacting proteins to be clearly detected in pull-down studies
using caspase-1 and -4 antibodies. Samples of caspase-4 cross-linked proteins were also
sent for mass spectrometry, however caspase-1 was not detected. The reason for this
could be the conditions optimized for immunoblot may not necessarily work for mass
spectrometry. Another reason could be due to high levels of albumin contamination
associated with the beads, as seen in the COS-7 cells experiment, that could have masked
the detection of caspase-1. There were many other proteins that were detected, but the top
3 hits from the COS-7 cells did not seem to be potential routes to pursue from a host-

parasite interactions perspective. It is more relevant to look at caspase-4 interacting
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proteins in THP-1 macrophages, but in addition to that, COS-7 cells had high transfection

efficiency for us to study if caspase-4 and -1 interacted independent of NLRP3 and ASC.

These studies underline the importance of inflammatory caspases in disease pathogenesis
and its importance in alleviating Eh infection. Our study is the first to show that an
extracellular parasite can induce caspase-4 activation. This suggests that there are several
signals that are sensed by caspases. A schematic diagram depicting how Eh stimulates
both caspase-4 and -1 independently to regulate high IL-1f output in macrophages is

shown (Figure 4.1).
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Figure 4.1 Schematic representation of E. histolytica-macrophage interaction and

induction of caspase-4 and -1 activation.

The first step of caspase activation is Eh adherence to macrophage contact via the Gal-
lectin adhesin that binds to Gal/GalNAc residues on the macrophage surfaces (1). EhCP5
IS a cysteine protease that is highly expressed on the surface of Eh and was shown to
activate both caspase-4 and -1 (2). EhCP5 binds to asP1 integrin on macrophage surface
to activate the NLRP3 inflammasome. K* efflux and the generation of reactive oxygen
species then converge to activate the NLRP3 inflammasome and caspase-4 (3). Caspase-4
Is simultaneously activated with caspase-1 (4) and caspase-4 enhances caspase-1 activity
by cleaving the caspase-1 CARD domains independent of the inflammasome complex to

regulate IL-1p activation (5).
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4.1.2 Murine Caspase-11

Some of the studies that were performed with human macrophages to examine caspase-4
were repeated in mouse BMDMs to examine caspase-11 including dose and time-
dependent experiments. To determine the optimal dose and time of Eh treatment for the
activation of both caspase-11 and -1, Eh was added for 5, 30, and 60 min to macrophages
and at 1:40, 1:20, and 1:10 ratios. In contrast to caspase-4, caspase-11 activation was seen
as early as 5 min in both the lysates and supernatants and did not parallel that of caspase-
1 activation. Caspase-1 activation and secretion did not appear until 60 min. It was
difficult to detect caspase-1 p20 activation and IL-1B secretions in the supernatants
consistently with Eh stimulation, therefore optimization is required to determine the best
Eh to macrophage ratio or to increase the number of wells pooled per treatment. Caspase-
11 was detectable upon Eh stimulation, but the bands were saturated and this could have
masked subtle differences between the different time points. Therefore, loading less
supernatant may better help differentiate the time points. Interestingly, some papers have
reported the p26 subunit using the same antibody [118], caspase-11 17D9, however, we
were unable to detect this band for Eh or LPS and CTB stimulation due to degradation or
because there was too little protein to be detected. We have also determined that caspase-
11 activation was dependent on both Gal-lectin binding and EhCP-A5, which is similar to

caspase-4.

The IL-1p ELISA is a standard assay used in the field to examine inflammasome

activation as it is a readout of caspase-1 activation. Some of the earlier studies that we
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performed with BMDMs involved using the IL-1p ELISA and attempts were made to
elucidate the effects of Caspl-/-Caspl11-- and Casp-11-- on IL-1pB secretions in response to
Eh. Caspl”/-Caspll’” BMDMs displayed comparable levels of IL-1p with the
Caspl**Casp11** BMDMs in response to Eh stimulation. In contrast, western blots
indicated that there was no IL-1p present in the Caspl”/-Casp11”’- BMDMs. The results of
the IL-1p ELISA did not support the western blots and this could due to the detection of
pro-IL-1p in cell supernatants using the IL-1p ELISA. Thus, it was concluded that with
the success of the use of HEK-IL-1B reporter cells, the availability of a cell line for

animal studies would be valuable to interrogate the bioactive levels of IL-1p in BMDMs.

The NLRP3 sensor and ASC adaptor are important for activating caspase-1, and we were
interested in knowing whether it was also important for activating caspase-11. To
determine whether Eh-induced caspase-11 activation depended on NLRP3 and ASC, we
used NIrp3” BMDMs and Asc’- BMDMs. Caspase-11 activation, similar to caspase-4,
occurred independently of NLRP3 and ASC. Interestingly, the murine ortholog of human
caspase-4, caspase-11 was shown to also enhance caspase-1 processing and IL-1
production in response to Escherichia coli and cholera toxin B [118]. To determine
whether caspase-11 is involved in caspase-1 activation, we used Caspll’ BMDMs
stimulated with Eh for different time points. In response to Eh, caspase-11 did not seem
to play a role in mediating caspase-1 p20 activation. Altogether, these studies suggest that
caspase-4 and -11 may play different roles in inflammation, each interacting with
different proteins or regulating different cytokine/chemokines. Further studies are needed

to address this.
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In addition to utilizihng BMDMs, examining IL-1B secretions in Casp-117- ameba colonic
loop models would lend further clues as to whether there is any regulatory role for
caspase-11 in IL-1B secretions. If there is evidence for caspase-11 in regulating IL-1f3
secretions, the next question would be to ask if it is through caspase-1 interaction or if
caspase-11 can cleave IL-1B. Using a relevant animal model like mice can unravel the
role of the caspases in the context of disease, in this case amebiasis. Furthermore,
elucidating the relationship between human caspase-4 and murine caspase-11 is
important in helping to understand whether mice models are useful for understanding the

human inflammatory conditions.

The novelty of these studies is that there is cross talk between caspase-4 and -1. The
activation of these inflammatory caspases is shown to be induced by an extracellular
parasite through outside-in signaling. Elucidating the inflammatory caspase-caspase
interacting proteins have been important not only for understanding Eh pathogenesis, but
also on how inflammation is regulated in infectious and inflammatory diseases. NLRP3
inflammasome and specifically caspase-1 has been implicated in a variety of conditions
including sepsis and inflammatory bowel disease [104,181]. As current knowledge of
caspase-4 biology in inflammatory diseases is limited, our study highlights a critical role
of this protein in amplifying IL-1B secretion. Since caspase-4 plays an essential role in
mediating caspase-1 bioactivity, it poses to be a novel therapeutic target for treating

uncontrolled inflammation.
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4.1.3 Applications of Research Findings

It is important that in vitro studies can be translated to human diseases and we are
particularly interested in amebiasis. Patients with amebic colitis display various clinical
manifestations including diarrhea, bloody stool, and abdominal pain [182]. Endoscopic
findings reveal inflamed colons and multiple ulcers attributed to Eh invasion and host
immune responses. These clinical results reflect the many different interactions
happening at the cellular level between host and the parasite and among host cells
themselves that drive disease pathogenesis. With this in perspective, it shows how the
early host immune response is vital for resolving Eh infections. My studies addressed
several novel targets from the parasite and/or host that can help with treating the disease

or aid in vaccine development.

In our study we showed that Eh Gal-lectin-mediated contact is the critical first step in
eliciting the activation of inflammasome and caspase-4. Thus, limiting Eh contact with
host cells during colonization in the colon could be a strategy to inhibit disease. In this
regard, the Gal-lectin is the best candidate for generating neutralizing/blocking antibodies
as a vaccine candidate to limit colonization and prevent against disease. On the host side,
this study brought to light that caspase-4 is another sensor for detecting and responding to
live parasites during tissue invasion and could be a novel target to develop intervention
strategies to control inflammation. Currently there is no specific caspase-4 inhibitor
available. In fact, no caspase inhibitory drugs are available on the market [183,184]. As

the output that is regulated by caspase-4 is IL-1p, targeting IL-1p could be a promising
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therapeutic approach. Canakinumab, a human anti-IL-1B monoclonal antbody has been
approved for use as treatment of Familial Cold Auto inflammatory Syndrome and
Muckle-Wells Syndrome [185], and therefore can be used to control inflammation in
amebiasis. Importantly, the inhibitors would need to be tested in an in vivo model of

invasive amebiasis and in the field for clinical efficacy.

4.1.4 Technical Limitations in Studying Caspase-4

We tried different approaches to examine caspase-4 and to study its function in
inflammation. The most relevant technique to use for studying caspase-4 is western
blotting to determine protein levels because caspase-4 is a protease and is modified post-
translationally by cleavage. However, we have experienced inconsistencies in western
blots from each experiment. To overcome this, we have tried to maintain similar
conditions and repeated more experiments. For most publications in this field, only
representative blots are shown, however, for subtle differences, it is necessary to apply
densitometric analyses to establish any significant results. In our studies, it has been
particularly tricky to quantify caspase-4, since the active intermediate forms appear as a
triplet band rather than one band. Moreover, the bands do not necessarily all appear
consistently and it is difficult to separate the bands for analysis. Despite this, we have
applied densitometric analyses for many experiments to allow for greater confidence in

the data.
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A second approach to examine caspase-4 is to measure its proteolytic activity since one
of its function is to cleave substrates ending with the residues LEVD. The rationale for
utilizing this assay was to study caspase-4 activity to correlate caspase-4 protein
activation by western blot, as cleavage of the intermediate forms does not always equate
to caspase activation. In order to measure caspase enzymatic activity, the 7-amino-4-
trifluoromethyl coumarin (AFC)-LEVD (as a probe for caspase-4) or AFC-YVAD (as a
probe for caspase-1) [100] have been used. However, when we attempted to use the
caspase-4 enzymatic assay, both the positive and negative controls were not working.
Different controls would need to be used for optimizing the assay first before proceeding
with Eh stimulation. Other controls that could be used include ATP treatment or

transfecting LPS into macrophages.

A third approach that we used to study caspase-4 is through the use of pharmacological
inhibitors. We realized though that the use of pharmacological inhibitors is not the ideal
method to tease out differences between caspases because the substrates overlap. This
was observed when we utilized the caspase-4 inhibitor, Z-LEVD-FMK (Enzo Life
Sciences, ALX-260-142-R100). In the caspase-4 CRISPR/Cas9 KO macrophages, we
used the caspase-4 inhibitor and found that it also inhibited caspase-1 activation.
Although substrates are useful in studying purified caspases, it becomes more
complicated for cell lysates because cells express a variety of caspases. Substrates are not

specific for one caspase and this was also reported by several other groups [129,132].
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When CRISPR/Cas9 gene editing was not available, we relied on utilizing SiRNA
knockdown of caspase-4 to elucidate its function. A limitation to sSiRNA knockdown is
the difficulty in achieving a high percentage of transfection and silencing required to see
its downstream effects. As evident from our studies, caspase-4 siRNA knockdown did not
change caspase-1 CARD levels, but we saw reduced IL-1p levels, indicating that even the
presence of a small quantity of caspase-4 can alter caspase-1 CARD levels. In this case,
we saw that the presence of caspase-4 was able to cleave the caspase-1 CARD domain in
the caspase-4 SIRNA knockdown and the levels seen were comparable to scrambled
siRNA with Eh stimulation. When we obtained the CASP4 CRISPR/Cas9 KO cells, we
were able to clearly elucidate that caspase-l1 CARD was reduced in the CASP4
CRISPR/Cas9 KO macrophages when stimulated with Eh. The results obtained from
using CASP4 CRISPR/Cas9 KO macrophages clarified the caspase-4 SiRNA experiments
and brought to light that caspase-1 CARD was actually reduced in the caspase-4 deficient
macrophages compared to WT. It provided another line of evidence that IL-1p levels are

reduced in the absence of caspase-4.

For earlier studies, we used an IL-1B ELISA as the main assay for measuring IL-1f
secretions in macrophages stimulated with Eh. However, it was difficult to achieve
consistency between experiments. An explanation for this is that the IL-1B ELISA uses
two antibodies that may recognize both pro-IL-1p and IL-1pB, and therefore should not be
used as a measurement of bioactive IL-1f. As a test for usability of the ELISA, caspase-1
CRISPR/Cas9 KO macrophages were stimulated with Eh and the supernatants were used

to determine IL-1B levels. Surprisingly, there were similar levels of IL-1p in the CASP1
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CRISPR/Cas9 KO compared to WT macrophages. It is expected that IL-1B levels are
reduced in CASP1 CRISPR/Cas9 KO macrophages because it was observed to be absent
by western blotting. In place of the IL-1p ELISA, the HEK-IL-1pB reporter cells were
used for all subsequent studies, as it is more specific in measuring only bioactive IL-1f3
levels through the production of SEAP. The SEAP assay yielded much more consistency
between experiments and when we used the CASP1 CRISPR/Cas9 KO macrophages,
there was 90% significantly less IL-1p secretions, which supports our previous finding

that Eh-induced IL-1B secretion is dependent on caspase-1 [156].

Although we have elucidated an important role for caspase-4 in enhancing IL-1P
activation, we do not know whether the effects are significant in an in vivo context. For
instance, we do not know whether the enhanced IL-1B response would help clear Eh
infection or even how it alters the pro-inflammatory response because there are multiple
other immune cells, cytokines, and chemokines that could be at play as well. Existing
models for Eh infection include gerbils for amebic liver abscesses and the colonic loop
model is suitable as an early acute inflammatory response model. Although our studies
have highlighted that caspase-11 may not be a direct ortholog of caspase-4, it would still
be valuable to explore whether Caspl11”- mice have any alterations to IL-1B compared to

Casp11**mice injected with Eh in colonic loops.
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4.2 Future Directions

4.2.1 Determining the Domains for Caspase-4 and -1 Interaction

In our pull-down studies, we have shown that caspase-4 and -1 interact, but there are still
many unanswered questions as to where they interact. Although it was reported that the
p20 of caspase-4 binds to the p20 of caspase-1 [121], it is unclear which domains interact
under Eh stimulation. Using CASP4 CRISPR/Cas9 KO macrophages, full-length
caspase-1 could be pulled-down and subsequently be exposed to recombinant caspase-4
to quantify the cleavage sites by sequencing. Alternatively, constructs of the possible
cleaved domains on caspase-1 (including different CARD cleavages and p20 and pl10
subunits) could be designed based on caspase-4 preferential cleavage site, LEVD [109]
and transfected into COS-7 cells. Following that, immunoprecipitation of the different
caspase-1 constructs would be performed and then immunoblotting for caspase-4 would
allow us to determine the specific domain that is important for interacting with caspase-4.
To further investigate caspase-4-caspase-1 interaction, constructs of caspase-4 can be
generated in the same way to determine the specific caspase-4 domain that directly

interacts with caspase-1.

Inflammatory caspase activation happens quite rapidly and is exported into the
extracellular space. To determine the sequence of events that occur during the cleavage of
caspase-1 by caspase-4, different cleavage sites on caspase-1 could be mutated and then
IL-1B levels could be quantified. This would lend clues to the rate-limiting step in this

proteolytic cascade, as it is unclear whether cleavages of each subunit occur at the same

136



time or whether one occurs before the next. To explore whether caspase-4 activity is
necessary for caspase-1 activation, the catalytic cysteine site (285) could also be mutated
to an alanine residue. The mutated caspase-4 plasmid could be transfected along with
caspase-1 and IL-1p in COS-7 cells, stimulated with Eh and the proteins would be
detected via immunoblot and IL-1p via the SEAP assay. This would provide evidence
that the cysteine site is the critical residue for mediating enzymatic activity to enhance
caspase-1 bioactivity. In our studies we have only used caspase-1 sc-622 antibody to
detect the CARD domain, but it would be interesting to determine if the p20 and p10
subunits protein levels align with that of the CARD as it is the formation of the

heterotetramer that exhibits proteolytic activity.

4.2.2 Studying Inflammasomes in Other Cells

THP-1 cells are a human acute monocytic leukemia cell line isolated from a 1-year old
male and they have been used extensively to study monocyte and macrophage functions
[186]. The most effective differentiation reagent for THP-1 cells to differentiate into
macrophages is PMA. THP-1 macrophages are known to be the best model for studying
inflammasomes  because they highly express NLRP3, ASC, and pro-caspase-1.
Alternatives to THP-1 macrophages include human peripheral blood mononuclear cells
(PMBCs), however, it is associated with drawbacks such as high variability from donors,
slower growth rate, and limited availability of PMBCs as they cannot be stored in liquid
nitrogen [187]. In addition to THP-1 macrophages, there is increasing evidence for the

importance of inflammasomes in epithelial cells. In particular, Knodler et al. examined
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the role of non-canonical caspase-4 inflammasome in epithelial cells in extruding
Salmonella [126]. Although Eh is an extracellular parasite, it has the ability to induce
outside-in signaling as seen with this study and since epithelial cells are the first to make
contact with Eh, it is also critical to study epithelial defenses in disease pathogenesis.
Although IL-18 was not explored in this study, it may be more apparent in caspase-4

activation in epithelial cells.

4.2.3 The Role of Caspase-4 in Other Pathogen Models or Inflammatory Diseases

An interesting question to answer is whether other pathogens could activate caspase-4 to
trigger the same pathway of caspase-1 activation or if this role is unique to Eh or even
extracellular pathogens in general. There are a plethora of parasites that activate the
inflammasome including Plasmodium [188], Trypanosoma [189], and Toxoplasma [190],
so it is worth investigating whether the function of caspase-4 in regulating caspase-1 is
conserved across different pathogens. Malaria has one of the highest rates of morbidity
and mortality worldwide due to a parasite, accounting for 730,500 deaths in 2015, so
application to other parasites may be beneficial [191]. Interestingly, increased caspase-4
and -5 expression are observed in inflamed and dysplastic tissue of patients with colitis-
associated colorectal cancer [192]. Investigating whether IL-1B levels differ in inflamed
tissues versus controls would also lend some insight into whether secretions of this
cytokine is driven by caspase-4 and -1 as well. Understanding whether this caspase-4-
caspase-1-IL-1B pathway is operating in other diseases can definitely shed light on

therapeutic options for controlling inflammation.
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4.2.4 Studying Other Inflammatory Caspases

Caspase-5 is another inflammatory caspase that shares high homology to human caspase-
4, caspase-1, and murine caspase-11, so it would be an important avenue of research
because the understanding of caspase-5 is even more limited compared to caspase-4.
Caspase-5 is expressed in macrophages. Caspase-5 was shown to bind to LPS via its
CARD domain, similar to caspase-4 and caspase-11 [125]. It was also reported to be
important in regulating cell death and IL-1B in response to Salmonella typhimurium in
THP-1 monocytes [166]. Interestingly, double deletion of both caspase-5 and -4 resulted
in greater IL-1B reduction [166]. Moreover, a recent study showed that caspase-5
functions independently of ASC to activate IL-1p [193]. ASC deficient keratinocytes that
were UVB-irradiated had induced caspase-5 expression and IL-1p release [193]. These
studies indicate that there may be functional redundancies between caspase-4 and -5. It
would be interesting to assess whether caspase-5 and -4 cross talk by immunoblotting for
caspase-5 in CASP4 CRISPR/Cas9 to determine any potential interactions and if they act

synergistically to regulate IL-1pB secretions.

4.3 Conclusions

Inflammasomes were first discovered in 2002 and the discoveries made to date have
advanced out understanding of how host immune defenses are activated upon pathogenic
and sterile insults. Identifying alternate pathways of caspase-1 regulation is central to

understanding how the pro-inflammatory response contributes to ameba pathogenesis.
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My studies examined both the parasite requirements for activating caspase-4 and the role
of caspase-4 in regulating IL-1B secretions. This is a huge progression not only for the
field of inflammasomes, but also for amebiasis. Although amebiasis still remains a
problem worldwide today, advances in molecular biology have allowed for a better
understanding of Eh pathogenesis and have shed light on the complexities of host-
parasite interactions. Although there are currently no clinical trials for an Eh vaccine,
early studies on potential vaccine candidates have been explored. The conclusions of our
studies exploring the molecular mechanisms of Eh pathogenesis have provided novel

insights into therapeutic targets for limiting disease and inflammation.
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Figure 4.2 Conceptual diagrams of how my research findings fit in the pathogenesis

of amebiasis.

(A) In asymptomatic infection, Eh colonizes the colon by binding of the Gal-lectin
adhesion to galactose and N-acetyl galactosamine residues of MUC2 mucin. Here the
parasite feeds on bacteria and dead slough cells and patients show no symptoms of
disease. During Eh invasion, Eh degrades the mucus bilayers through cysteine proteases
and glycosidases allowing the parasite to make contact with mucosal epithelial cells.
Susceptibility to invasion is due to various factors including host genetics, Eh virulence
factors and immunological status of the host. When Eh breaches the surface epithelial
cells it encounters several immune cells in the lamina propria including neutrophils and
macrophages. The key interaction during this early invasion are Eh-macrophage
interactions and the production of many cytokines/chemokines including IL-1a, FGF-2,
MDC, IP-10, and TNF-a. Of importance is high-output IL-1p secretion (dash box in red).
(B) Eh first makes contact with a macrophage via binding through the Gal-lectin adhesin
(1), followed by the EhCP-AS5 ligation of a5B1 integrin (2) and then the activation of
various signaling pathways. The earliest pathway that is activated is caspase-6 mediated
degradation of cytoskeletal proteins including paxillin, talin, and Pyk2 occurring within 5
min. Several cellular events subsequently occur during the next 30 min including the
release of ATP through the pannexin-1 channel that signals back through the P2X7
receptor, K* efflux, and the generation of ROS (4), followed by the activation of caspase-
4 and the NLRP3 inflammasome consisting of the recruitment of NLRP3, ASC, and pro-
caspase-1 (5). The resulting IL-1p secretion (6) is the final output of the various different
signaling pathways. My studies have made the intriguing finding that only live parasite
can activate caspase-4, which in turn amplifies caspase-1 activation for high output IL-1

production (dash box in red).
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4.5 Appendix

This appendix is composed of original blots from key experiments to illustrate cropped
sections of blots for each of the figures. It also includes a list publications and book
chapters that contain work completed during the course of this project, as well as

permission obtained for excerpts used in Chapter 3.
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4.5.1 Original Blots

Figure 4.3 Original blot for caspase-4 detection in the supernatants of THP-1

macrophages stimulated with Eh.

Full blot scanned using ChemiDoc for Figure 3.1A Eh treatment for different timepoints
and samples were run on a 10% SDS-PAGE gel and immunoblotted using caspase-4
M029-3 antibody followed by the anti-mouse 1gG-HRP. The SuperSignal West Femto
Chemiluminescence Reagent was added to detect proteins. The 43 kDa band is the pro-
form of caspase-4, while the 32-36 kDa (triplet bands) are caspase-4 intermediate forms.
The cropped image for final presentation of the western blot included the pro-form and

the intermediate forms.
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Figure 4.4 Original blot for caspase-1 CARD detection in the supernatants of THP-1

macrophages stimulated with Eh.

Full blot scanned using ChemiDoc for Figure 3.1A Eh treatment for different timepoints
and samples were run on a 12% SDS-PAGE gel and immunoblotted using caspase-1 sc-
622 antibody followed by the anti-rabbit IgG-HRP. The SuperSignal West Femto
Chemiluminescence Reagent was added to detect proteins. The doublet band at around 11
kDa is the CARD domain of caspase-1 once it is cleaved from the pro-form. The pro-
form (45 kDa) is over saturated due to the exposure time used. This doublet band was
cropped from the western blots from all experiments performed to show the activation of

caspase-1.
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Figure 4.5 Original blot for IL-1p detection in the supernatants of THP-1

macrophages stimulated with Eh.

Full blot scanned using ChemiDoc for Figure 3.1A Eh treatment for different timepoints
and samples were run on a 12% SDS-PAGE gel and immunoblotted using IL-1B sc-7884
antibody followed by the anti-rabbit IgG-HRP. The SuperSignal West Femto
Chemiluminescence Reagent was added to detect proteins. The band at around 17 kDa is
the cleaved (active) IL-1B. The pro-form (31 kDa) is over saturated due to the exposure
time used. This band was cropped from the western blots from all experiments performed

to show the cleavage of IL-1p.
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Figure 4.6 Original blot for pro-caspase-4 detection in the lysates of THP-1

macrophages stimulated with Eh.

Full blot scanned using ChemiDoc for Figure 3.1A Eh treatment for different timepoints
and samples were run on a 10% SDS-PAGE gel and immunoblotted using caspase-4
M029-3 antibody followed by the anti-mouse IgG-HRP. The Western Chemiluminescent
HRP Substrate was added to detect proteins. The 43 kDa band is the pro-form of caspase-
4, while the 32-36 kDa (triplet bands) are caspase-4 intermediate forms. The cropped
image for final presentation of the western blot data included the pro-form and the

intermediate forms.
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Figure 4.7 Original blot for pro-caspase-1 detection in the lysates of THP-1
macrophages stimulated with Eh.

Full blot scanned using ChemiDoc for Figure 3.1A Eh treatment for different timepoints
and samples were run on a 12% SDS-PAGE gel and immunoblotted using caspase-1 sc-
622 antibody followed by the anti-rabbit 1gG-HRP. The Western Chemiluminescent HRP
Substrate was added to detect proteins. The doublet band at around 11 kDa is the CARD
domain of caspase-1 once it is cleaved from the pro-form. The pro-form (45 kDa) is over
saturated due to the exposure time used. This single band was cropped from the western
blots from all experiments performed to show pro-caspase-1.
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Figure 4.8 Original blot for pro-IL-1p detection in the lysates of THP-1
macrophages stimulated with Eh.

Full blot scanned using ChemiDoc for Figure 3.1A Eh treatment for different timepoints
and samples were run on a 12% SDS-PAGE gel and immunoblotted using IL-1p sc-7884
antibody followed by the anti-rabbit 1gG-HRP. The Western Chemiluminescent HRP
Substrate was added to detect proteins. The band at around 31 kDa is the pro-IL-1p. This

band was cropped from the western blots from all experiments performed to show the

cleavage of IL-1p.
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Figure 4.9 Original blot for caspase-4 detection in the supernatants of WT and
Casp-4 KO THP-1 macrophages stimulated with Eh.

Full blot scanned using ChemiDoc for Figure 3.4A Eh treatment for different timepoints
in WT as compared to Casp-4 CRISPR/Cas9 KO macrophages and samples were run on
a 10% SDS-PAGE gel and immunoblotted using caspase-4 M029-3 antibody followed by
the anti-mouse 1gG-HRP. The SuperSignal West Femto Chemiluminescence Reagent was
added to detect proteins. The 43 kDa band is the pro-form of caspase-4, while the 32-36
kDa (triplet bands) are caspase-4 intermediate forms. The cropped image for final
presentation of the western blot data included the pro-form and the intermediate forms.
There was no ladder run within the same gel, but a ladder was run on a separate gel to

determine the molecular weight.
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Figure 4.10 Original blot for caspase-1 CARD detection in the supernatants of WT
and Casp-4 KO THP-1 macrophages stimulated with Eh.

Full blot scanned using ChemiDoc for Figure 3.4A Eh treatment for different timepoints
in WT as compared to Casp-4 CRISPR/Cas9 KO macrophages and samples were run on
a 12% SDS-PAGE gel and immunoblotted using caspase-1 sc-622 antibody followed by
with the anti-rabbit 1gG-HRP. The SuperSignal West Femto Chemiluminescence Reagent
was added to detect proteins for the supernatants. The doublet band at around 11 kDa is
the CARD domain of caspase-1 once it is cleaved from the pro-form. The pro-form is
over saturated due to the exposure time used. This doublet band was cropped from the
western blots from all experiments performed to show the activation of caspase-1. There
was no ladder run within the same gel, but a ladder was run on a separate gel to

determine the molecular weight.
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WT CASP4 KO

Figure 4.11 Original blot for IL-1p detection in the supernatants of WT and Casp-4
KO THP-1 macrophages stimulated with Eh.

Full blot scanned using ChemiDoc for Figure 3.4A Eh treatment for different timepoints
in WT as compared to Casp-4 CRISPR/Cas9 KO macrophages and samples were run on
a 12% SDS-PAGE gel and immunoblotted using IL-1B sc-7884 antibody followed by the
anti-rabbit 19gG-HRP. The SuperSignal West Femto Chemiluminescence Reagent was
added to detect proteins. The band at around 17 kDa is the cleaved (active) IL-1P. The
pro-form (31 kDa) is over saturated due to the exposure time used. This band was
cropped from the western blots from all experiments performed to show the cleavage of
IL-1B. There was no ladder run within the same gel, but a ladder was run on a separate

gel to determine the molecular weight.
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Figure 4.12 Original blot for caspase-4 detection in the lysates of WT and Casp-4
KO THP-1 macrophages stimulated with Eh.

Full blot scanned using ChemiDoc for Figure 3.4A Eh treatment for different timepoints
in WT as compared to Casp-4 CRISPR/Cas9 KO macrophages and samples were run on
a 10% SDS-PAGE gel and immunoblotted using caspase-4 M029-3 antibody followed by
the anti-mouse 1gG-HRP. The Western Chemiluminescent HRP Substrate was added to
detect proteins. The 43 kDa band is the pro-form of caspase-4. The cropped image for
final presentation of the western blot data only has the pro-form. There was the presence
of a band slightly higher than 43 kDa in the Casp-4 CRISPR/Cas9 KO macrophages that
may be a non-functional protein of caspase-4 that the antibody picked up or that it cross-
reacted with other caspases. There was no ladder run within the same gel, but a ladder

was run on a separate gel to determine the molecular weight.

178



Ng
I\ NS b
e RO M AL
K NS > o "R
| & & & e T
72 PR B o e ol Eh‘
55 , 5 '
43 — s s QD - ; ; a
34 : SR SEaE &
26
17
10 * am

Figure 4.13 Original blot for caspase-4 detection in the supernatants of COS-7 cells

stimulated with Eh following transfected plasmids.

Full blot scanned using ChemiDoc for Figure 3.8A Eh stimulated following different
plasmid transfections and samples were run on a 10% SDS-PAGE gel and
immunoblotted using caspase-4 M029-3 antibody followed by with the anti-mouse 1gG-
HRP. The SuperSignal West Femto Chemiluminescence Reagent was added to detect
proteins for the supernatants. The 43 kDa band is he pro-form of caspase-4, while the 32-
36 kDa (doublet bands) are caspase-4 intermediate forms. The cropped image for final

presentation of the western blot data included the pro-form and the intermediate forms.
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Figure 4.14 Original blot for IL-1p detection in the lysates in COS-7 cells stimulated

with Eh following transfected plasmids.

Full blot scanned using ChemiDoc for Figure 3.8A Eh stimulated following different
plasmid transfections and samples were run on a 12% SDS-PAGE gel and
immunoblotted using IL-1B sc-7884 antibody followed by the anti-rabbit 1gG-HRP. The
SuperSignal West Femto Chemiluminescence Reagent was added to detect proteins for
the supernatants. The band at around 17 kDa is the cleaved (active) IL-1B. The pro-form
(31 kDa) is over saturated due to the exposure time used. This band was cropped from the
western blots from all experiments performed to show the cleavage of IL-1p3. There was
no ladder run within the same gel, but a ladder was run on a separate gel to determine the

molecular weight.
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4.5.2 Publications

Manuscripts Submitted
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Articles Published in Refereed Journals
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histolytica:  progression to  disease.  Frontiers in  Microbiology. 6:1394.
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