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Summary 
Around 10-15% of patients with inflammatory bowel disease (IBD) develop colitis-associated colorectal 

cancer (CAC). Recent findings indicate that a diet high in linoleic acid (ω-6) and infection with the small 

intestinal nematode Heligmosomoides polygyrus bakeri increase the risk of CAC separately, with the 

combination resulting in further exacerbation of disease. In a murine CAC model, inhibition of 

cyclooxygenase (COX) metabolites, products of linoleic acid, and subsequent prostaglandin signalling, 

significantly reduced tumour formation in H. polygyrus infected mice. Notably, activating COX-derived 

prostaglandin E2 (PGE2) receptors EP2 and EP4 prior to disease onset enhanced tumour formation, 

similar to the effect of H. polygyrus infection. 

This thesis demonstrates that H. polygyrus infection activates EP2 and EP4 receptors in the colon in 

vivo, and that excretory/secretory products (HES) increase cell permeability in vitro via EP2 and EP4 

signalling. Biochemical analysis identified a heat-stable, non-protease molecule between 10,000-

50,000 MW in HES responsible for this effect. The H. polygyrus genome revealed 17 proteins similar to 

human secretory phospholipase A2 (PLA2), with proteomic analysis confirming the presence of three 

in the 10-50,000 MW fraction. Among these, HPOL_0000384601 showed the highest similarity to 

human PLA2G1B active sites. Using an in vitro fluorescence assay, PLA2 activity was confirmed in HES. 

With commercial inhibitors of human and murine PLA2G1B showing no effect against H. polygyrus 

PLA2G1B, a structure-based design approach was taken to identify novel compounds to inhibit its 

activity. Using a crystal model of H. polygyrus PLA2G1B generated through protein threading, a known 

inhibitor was docked into the active site, and important ligand interactions used to identify compounds 

that interact with these residues. Testing of the IC50 of the best ten compounds based on in silico visual 

inspection revealed AF-3999/14183760 as having the highest potency, and addition of this compound 

along with HES in vitro resulted in a reduction in the ability of HES to increase cell permeability, 

suggesting H. polygyrus PLA2G1B plays a central role in HES-mediated increase in cell permeability. 

To explore the mechanisms by which H. polygyrus may exacerbate CAC, transcriptomic analysis of 

infected mice colons revealed upregulation of inflammatory and oncogenic pathways, alongside 

downregulation of cell cycle regulatory and tumour suppressor pathways. These findings offer new 

insights into H. polygyrus-driven CAC progression and open avenues for further functional studies. 
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Chapter 1:  General Introduction 

1.1 The Healthy Colon 

1.1.1 Structure & function 

The colon forms an integral part of the large intestine, which accounts for one-fifth of the length of 

the gastrointestinal (GI) tract (1). In healthy individuals, the colon has three main functions; absorbing 

water and electrolytes, producing and absorbing vitamins, and propelling faeces towards the rectum 

for elimination (1). These functions are carried out in specific regions of the colon, which is divided 

into four parts: the ascending colon, transverse colon, descending colon, and the sigmoid colon (2). 

The ascending colon has the role of absorbing the remaining water and other key nutrients from 

indigestible material which hasn’t been absorbed in the small intestine (2). This material is then 

solidified and stored in the descending colon as faeces which will eventually be secreted via the rectum 

(2). The sigmoid colon is able to contract to increase the pressure inside the colon, causing the faeces 

to move into the rectum where it is subsequently excreted (2).  

The anatomy of the intestinal architecture is shown in Figure 1, made up of four layers. The colon 

contains an additional  mucus layer on top of the epithelium. This mucus layer is imperative in forming 

the intestinal barrier, which is a direct barrier between the external environment and the internal host 

(3). There are several examples of these mucosal barriers throughout the human body, with one of 

the largest being found within the GI tract (4). The intestinal barrier plays a critical role in the 

regulation of the immune system in health and disease; and critical to this function is its complex 

structure as seen in Figure 2 (3). 
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Figure 1. Figure showing the structure of the human colon. The architecture consists of continuous 

villi and crypts known collectively as the epithelium. There is a thick mucus layer over the top of 

the epithelium to prevent the entry of pathogens. The colon also contains several layers of muscle 

which contract to enable the movement of faeces to the rectum and also the elimination of 

intestinal pathogens. Image made using Biorender. 

Figure 2. Interactions between gut microbiota, epithelial cells, and immune responses in the 

intestinal mucosa. The gut lumen contains pathogens, oral microbes, and commensal antigens 

interacting with the epithelial barrier. Goblet cells (GC) secrete mucus, forming a protective layer, 

while tight junctions (TJ) and adherens junctions (AJ) maintain epithelial integrity. Dendritic cells 

(DC) sample antigens and present them to naïve T cells, promoting differentiation into Th1, Th17, 

Tfh, or regulatory T cells (Treg). Th1 cells produce IFN-γ, Th17 cells produce IL-17, and Tregs secrete 

anti-inflammatory cytokines TGF-β and IL-10. Microbial antigens also stimulate B cells, which 

differentiate into plasma cells producing secretory Immunoglobulin A (sIgA) for mucosal immunity. 

Paneth cells (PC) secrete antimicrobial peptides (AMPs), while enteroendocrine cells (EC) 

contribute to gut homeostasis. Image made using Biorender. 
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The first line of physical defence against invading and commensal bacteria from being able to directly 

contact the epithelial cells is the mucus layer (5). The mucus layer is composed of several highly 

glycosylated mucin proteins, most notably mucin 2 (MUC2) which is the most abundant mucus protein 

secreted by goblet cells (6). The importance of MUC2 in colonic protection was demonstrated in a 

MUC2 knockout mouse model, where these knock out mice spontaneously developed colitis; 

inflammation of the large intestine (7). The mucus layer also releases mediators such as secretory 

immunoglobulin A (sIgA), which prevents pathogens and toxins from attaching to mucosal surfaces by 

binding antigens and trapping them in mucus (8). Below the mucus layer are the intestinal epithelial 

cells (IECs), which form the strongest physical component of the intestinal barrier (3). Within the IECs 

are a pool of pluripotent stem cells which reside in the intestinal crypts giving rise to five distinct cell 

types (3). These cell types include goblet cells, tuft cells, Paneth cells and enteroendocrine cells (3). 

Altogether, these cells form a monolayer separating the intestinal lumen from the lamina propria (3). 

The transport of molecules from the intestinal lumen to the blood stream is highly regulated by three 

junctional complexes: tight junctions, adherens junctions, and desmosomes (9).  

1.1.2 Stem cells 

Stem cells are undifferentiated cells with three key traits: extensive proliferation, derivation from a 

single cell, and the ability to differentiate into various cell types and tissues (10). Pluripotent stem 

cells, from the inner embryonic cell mass or reprogrammed somatic cells, can form tissues from all 

three germ layers. In contrast, multipotent stem cells, such as mesenchymal stem cells, differentiate 

into tissues from a single germ layer, like adipose, bone, and cartilage (10). 

1.1.2.1 Intestinal stem cells 

The architecture of the large intestine consists of continuous villi and crypts as shown in Figure 3A. 

The villi contains differentiated mature epithelial cells which are no longer capable of proliferating, but 

have the ability to de-differentiate in response to injury (11). These mature epithelial cells can be 

categorised based on their differing functions (11). The main function of enterocytes is digestion and 

the absorption of ions, water, nutrients, vitamins, and unconjugated bile salts (12). Enterocytes have 

also been shown to play a key role in maintaining the intestinal immune environment, by regulating 

the inflammatory responses (12). They achieve this by producing anti-inflammatory cytokines, such as 

interleukin-10 (IL-10), which help dampen excessive immune activation, thereby protecting the 

intestinal tissue from damage (13). Simultaneously, enterocytes can secrete pro-inflammatory 

mediators like interleukin-8 (IL-8) in response to pathogenic threats, activating and recruiting immune 

cells to contain infections (13). The next category of cells are goblet cells, which as previously discussed 
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play a critical role in maintaining the integrity of the mucus barrier by secreting MUC2 (6). 

Enteroendocrine cells are responsible for the secretion of several peptide hormones which regulate 

intestinal metabolism (14). Like the other cells of the intestinal epithelium, enteroendocrine cells are 

in a continuous state of cell turnover, being replaced every 3-5 days by a cycle of local stem cell division 

in the small and large intestine (14). Tuft cells have been related to taste cells, where they share similar 

chemosensory molecules (15). Using this ability to sense their environment, tuft cells can trigger the 

type 2 immune response in the presence of infection (15). In response to infection, they secrete 

interleukin-25 (IL-25), which activates group 2 innate lymphoid cells (ILC2s). ILC2s release type 2 

cytokines, including interleukin-13 (IL-13) and interleukin-5 (IL-5), which promote mucus production, 

smooth muscle contraction, and eosinophil activation to expel parasites and mediate inflammation 

(16). These cytokines also recruit additional immune cells, such as mast cells and basophils, and create 

feedback loops to amplify the response, ensuring effective defence and tissue repair. Finally, Paneth 

cells are highly specialised secretory epithelial cells which unlike the other categories of epithelial cells 

discussed, are located at the base of the small intestinal crypts of Lieberkühn (17). Paneth cells can 

secrete granules which contain antimicrobial peptides and immunomodulating proteins which 

function to regulate the composition of the intestinal flora (17). The crypts of Lieberkühn contain 

undifferentiated and rapidly dividing cells which are responsible for providing the incredible rate of 

cell turnover in the intestinal epithelium (Figure 3B) (18). As these cells begin to differentiate, they 

then migrate up the toward the tip of the villus where they are eventually shed (18).  
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1.1.2.2 Signalling pathways involved in intestinal stem cell differentiation  

The predominant signalling pathway involved in regulating intestinal stem cell (ISC) differentiation is 

the canonical Wingless-related integrated site (Wnt) cascade (Figure 4) (19). The Wnt signalling 

cascade is activated once Wnt binds to its frizzled/Low-density lipoprotein receptor-related proteins 

(LRP) receptor complex (19). When this receptor is engaged, it releases β-catenin from the destruction 

complex made up of adenomatous polyposis coli (APC), axin, and glycogen synthase kinase-3 beta 

(GSK3-β). Once β-catenin is released from the destruction complex, it can be phosphorylated at several 

sites determining its fate (20). For example, it is phosphorylated at Ser552 (pβ-catenin Ser552) allowing 

it to translocate to the nucleus where it can cause the transcription of Wnt target genes (Figure 4) (19). 

When the Wnt receptor is not engaged, the destruction complex binds to β-catenin where it becomes 

ubiquitinated for degradation (19).  

 

 

 

 

Figure 3. Architecture of the intestinal crypt. (A) Figure showing the structure of the intestine, 

with the villi and crypt clearly distinguished. (B) Figure showing the composition of the small 

intestinal crypt, showing the different types of cells which are present. The levels of APC and Wnt 

signalling show an inverse relationship, with adenomatous polyposis coli (APC) being prominent at 

the top of the villus whereas Wnt signalling is at its highest at the bottom of the crypt. This is to 

control the levels of cell proliferation throughout the small intestinal crypt. Image made using 

Biorender. 
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As shown in Figure 3B, the levels of Wnt signalling increase from the crypt up to the tip of the villi 

which is the opposite of APC expression (19). There is an incredible demand within the intestinal crypt 

to keep up with the need for cell turnover due to high levels of mechanical stress and to maintain 

homeostasis (21), therefore Wnt signalling is key for this in the base of the crypt (19). Moving up from 

the crypt to the villi, levels of APC then start to increase, resulting in a reduced rate of cellular 

proliferation (19). APC is a well-known tumour suppressor gene and mutations within this gene have 

been well characterised in pathology, in particular colorectal cancer (CRC) (22). Aberrant activation of 

the Wnt pathway, often through mutations in key components such as APC, β-catenin, or Axin, leads 

to uncontrolled cell growth and resistance to apoptosis (23). This dysregulation is commonly 

associated with colorectal cancer but also contributes to other malignancies like breast, liver, and 

prostate cancer (23). 

Figure 4. Figure showing a schematic of the Wnt canonical signalling pathway. (A) When Wnt is 

bound to its receptor complex, axin prevents GSK3-β from phosphorylating β-catenin. This leaves 

β-catenin free in the cytoplasm, where it can translocate to the nucleus and promote the 

transcription of Wnt target genes. (B) When Wnt is not bound to its receptor complex, β-catenin 

is bound to a “destruction complex” formed of axin, APC, and GSK3-β. Whilst bound to this complex 

GSK3-β tags β-catenin therefore targeting it for ubiquitination, leading to the transcription of Wnt 

target genes being switched off. Image made using Biorender. 
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1.2 Colorectal Cancer 

1.2.1 Genetics of colorectal cancer 

CRC is the second leading cause of cancer-related mortality worldwide, with an estimated 881,000 

deaths being accredited to CRC in 2018 (24). There are several factors linked to an increased risk of 

developing CRC, including inherited genetic mutations, diet and lifestyle factors, including smoking 

and alcohol (25). Chronic inflammatory conditions of the large intestine, such as inflammatory bowel 

disease (IBD), are also known to increase the risk of developing colitis-associated colorectal cancer 

(CAC) by 10-15% (26, 27).  

Non-inherited adenocarcinomas account for 80% of CRC diagnoses, with the risk of these increasing 

with age (>90% are over 50) as well as other factors such as obesity and a diet high in red meat (28). 

It is estimated that patients with IBD have a 10-15% increased risk of developing CAC (26, 27). The 

other 20% of CRC diagnoses are known as hereditary adenocarcinomas where the risk is significantly 

increased with a strong family history (29). Approximately 1% of these hereditary adenocarcinomas 

are due to familial adenomatous polyposis (FAP) which is driven by a mutation in the APC gene, which 

is part of the β-catenin destruction complex (19). A loss of heterozygosity mutation in APC prevents 

the proteolytic degradation of β-catenin so it can translocate to the nucleus and cause the 

transcription of Wnt target genes such as cellular-myelocytomatosis oncogene (c-myc) and cyclin D1 

(Figure 4) (30). C-myc is a proto-oncogene whose transcription is dysregulated in the majority of 

human CRC cases and is thought to contribute to at least 40% of CRC tumours (31). C-myc is also able 

to promote the transcription of pro-proliferative genes such as cyclin D1 (32). Cyclin D1 is an important 

regulator of the G1 to S phase in the cell cycle (Figure 5) and has been found to be important for the 

development and progression of several cancers, including breast and lung (33). It is estimated that 

all FAP positive patients will develop CRC by the age of 45 and all are offered prophylactic colectomy 

(29). 
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Another form of hereditary adenocarcinoma is hereditary non-polyposis colorectal cancer (HNPCC) 

which is also known as Lynch syndrome (29). Lynch syndrome accounts for 3% of CRC diagnoses and 

is driven by error in DNA repair genes (29). These tumours are characterised by a high level of 

microsatellite instability, which is a characteristic of CRC arising from defective mismatch repair 

(MMR) genes, causing errors in DNA to go uncorrected (29). The MMR system includes several genes, 

such as human mutS homologue 2 (hMSH2) and human mutL homologue 1 (hMLH1), and is imperative 

for maintaining genomic stability (34). The MMR system does this by correcting single-base 

mismatches and insertion-deletion loops that form during DNA replication (34). The most commonly 

mutated MMR genes are hMSH2 and hMLH1 which account for up to 90% of Lynch Syndrome cases 

(35).  

Patients who are identified as having genetic susceptibility to developing CRC are routinely screened 

in the UK with the NHS screening programme. However, most patients will present with advanced CRC 

in accident & emergency (A&E) departments or general practice (GP) surgeries due to the early stages 

of CRC being asymptomatic (36). It is in more advanced stages of CRC where clinical symptoms start 

to appear, examples of these include weight loss, abdominal pain, and changes in bowel habits (37).  

Figure 5. Schematic figure of the cell cycle, including details of the G1/S checkpoint. Cyclin D1 

acts with cyclin dependent kinase 4/6 (CDK 4/6) to phosphorylate and inactivate the 

retinoblastoma protein. Image made using Biorender. 
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Among colon cancers, the most common sites are the sigmoid colon (55%), followed by the ascending 

colon (23.3%), transverse colon (8.5%), descending colon (8.1%), cecum (8.0%), and crossing site 

(2.1%) (38). CRC may also metastasise to distant organs by invading the lymph vessels and the 

bloodstream (39). This is where patient prognosis severely decreases, and current treatment 

strategies are redundant. Current treatment modalities for CRC are limited to either surgery or 

chemotherapy (40), both of which have detrimental impacts on the patient such as neutropenia, 

anaemia, diarrhoea, nausea, vomiting, fatigue, hematologic disorders, and liver toxicity (41). These 

side effects and the development of drug resistance mean that treatment outcomes to date have not 

been highly efficacious (42). 

1.2.2 Mechanisms of colorectal cancer development 

The timeline of events which characterise CRC development were first described by Bert Vogelstein in 

what he later called the “Vogelgram” model of cancer development (Figure 6) (43). 



20 
 

 

The “Vogelgram” model of cancer development is a well-established model which assumes that CRC 

originate from a monoclonal tumour origin, that originates from a single mutated cell (43). While the 

Vogelstein model provides a foundational framework for understanding colorectal cancer 

progression, its linear, mutation-centric approach is increasingly challenged by emerging evidence of 

tumour complexity, heterogeneity, and the interplay of genetic, epigenetic, and environmental factors 

that can influence disease (44).  

Figure 6. A schematic diagram detailing the Vogelstein model of colorectal cancer progression. 

The figure shows the different stages of carcinogenesis and the genetic mutations which occur to 

allow progression from healthy epithelium to cell metastasis. The first mutational event is a loss of 

heterozygosity (LOH) mutation on chromosome 5 at position q21 in the APC gene, leading to the 

accumulation of β-catenin resulting in a hyperproliferative epithelium. Next is a mutation in Kirsten 

rat sarcoma viral oncogene homologue (KRAS) which acts as a molecular switch to control 

intracellular signalling pathways such as phosphatidylinositol 3-kinase (PI3K)/ protein kinase B 

(AKT) and mitogen activated protein kinase (MAPK). The mutation in KRAS allows these pathways 

to be constantly switched on resulting in uncontrolled cellular proliferation. Finally, mutations in 

tumour protein 53 (TP53) and Suppressor of Mothers Against Decapentaplegic 4 (SMAD4) occur in 

the later stages on CRC development. TP53 is activated when DNA damage occurs and promotes 

the transcription of cell cycle arrest genes to prevent the mutation progressing through the cell 

cycle. A loss of TP53 allows mutations in DNA to be replicated allowing for mutant clones to form. 

SMAD4 is a member of the SMAD family of proteins who respond to transforming growth factor-

beta (TGF-β) signalling. The SMAD family of proteins are tumour suppressors and promote the 

transcription of genes which inhibit epithelial cell proliferation. Image made using Biorender. 
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The colorectal cancer stem cell (CSC) theory offers an alternative framework to the Vogelstein model 

for understanding colorectal cancer development. While the Vogelstein model focuses on the linear 

accumulation of genetic mutations driving tumour progression through a clonal evolution process, the 

CSC theory emphasizes the role of a subpopulation of cancer cells in differing lineages with stem-like 

properties that drive tumour initiation, growth, and recurrence (45). 

1.2.2.1 Colorectal cancer stem cell theory 

As previously discussed, stem cells are defined by their ability to self-renew and differentiate into cells 

of the tissue of origin (10). Adult colonic stem cells are characterised as being Leucine-rich repeat-

containing G-protein coupled receptor 5 (Lgr5) positive and are located at the base of the intestinal 

crypt (46). Lgr5-positive cells in the colon serve as ISCs that are crucial for maintaining and 

regenerating the epithelial lining of the colon (47). Lgr5 is a ligand of the Wnt signalling pathway, and 

is therefore constitutively activated at the base of the intestinal crypt to promote cellular proliferation 

towards the peak of the intestinal villi (48). Therefore, it is these Lgr5+ ISC which play a pivotal role in 

maintaining the plethora of functional intestinal cells, including goblet cells (GC), Paneth cells (PC), 

tuft cells (TC), and enteroendocrine cells (EC) (Figure 7) (49).  

 

Figure 7. Figure showing the process by which Lgr5 ISCs can differentiate into functional 

intestinal cells. There are two groups of cells which the ISCs can differentiate into, absorptive cells 

(AC) and secretory cells. The secretory cells include goblet cells (GC), tuft cells (TC), 

enteroendocrine cells (EC), and Paneth cells (PC). In terms of which lineage the ISCs differentiate 

into, this is dependent on the signaling pathway activated. Image made using Biorender. 
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According to CSC theory, also known as the “hierarchal model”, tumours contain cells with different 

tumorigenic potential; cells that have lost the ability to propagate the tumour and cells which retain 

their clonogenic ability (50). In fact, biologically distinct populations of CSC have been identified in 

most solid tumours, including colon cancer (51). CSCs are thought to have three key characteristics; 

the capacity of self-renewal indefinitely, the potential for multilineage differentiation, and the 

expression of a distinctive set of surface biomarkers (52) such as cluster of differentiation (CD) 24, 

CD44 and CD133 (53). CSCs have also been shown to display alterations of DNA repair mechanisms, 

due to the presence of cytoprotective properties such as telomerase activation and a high expression 

of anti-apoptotic factors (54). CSCs also display a relatively low proliferative potential, which underpins 

the failure of most anti-tumour therapies as they target rapidly dividing cells, leaving CSCs to 

proliferate slowly (55). CSCs are also known to express high levels of proteins belonging to the 

adenosine triphosphate (ATP) binding cassette (ABC) membrane transporters family, which are 

involved in resistance to chemotherapeutic drugs such as paclitaxel and cisplatin (55). 

Although the characteristics of CSCs has been well studied, there is still debate surrounding the origin 

of cancer formation (50).  There are two possible hypothesis which have been suggested: the so-called 

“bottom-up” and the “top-down” theories (56). The “bottom-up” hypothesis proposes that an ISC, 

either a progenitor or a differentiated cell, is the first transformed cell that differentiates to give rise 

directly to cancer cells (56). This is typically an APC mutation in the intestinal crypt, leading to 

increased levels of β-catenin and cellular proliferation (57). Evidence for the “bottom-up” model is 

shown with the significant increase in expression of Lgr5 in human CRC (58). Conversely, a study 

showed that the dysplastic cells at the tops of the crypts often exhibited genetic alterations of APC 

and neoplasia-associated patterns of gene expression (59). In contrast, cells located at the base of 

these same crypts did not contain such alterations and were not clonally related to the contiguous 

transformed cells above them (59). These results imply that development of adenomatous polyps 

proceeds through a “top-down” mechanism. 
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1.2.2.2 Dysregulation of intestinal barrier function 

Disruption of the intestinal barrier has been linked to several pathologies, most notably IBD and CRC 

(60). Research performed by Michielan and D’Inca found that 40-50% of patients with colitis had 

increased gut permeability, as measured by functional tests such as the sugar absorption tests (61). 

This was further assessed using the novel imaging technique of confocal laser endomicroscopy, with 

the highest values observed in patients with chronic disease. (61). Permeability tests in explants of 

tissue from IBD patients have shown increased intestinal fluxes and changes in tight junction protein 

expression, with alteration in the mucus layer being described (62). Evidence points towards a role for 

inflammatory cytokines in promoting this increase in intestinal permeability (3). Tumour necrosis 

factor-alpha (TNF-α), a traditional therapeutic target for IBD, has been attributed to causing the 

dysfunction of the intestinal barrier by altering the expression of tight junction proteins (63). Further 

evidence of its role in driving disease comes from a study of Crohn’s patients, whereby treatment with 

an anti-TNF-α antibody appears to normalise intestinal permeability (64). However, the safety and 

effectiveness of such therapies has been shown to differ between younger and older IBD patients (65, 

66). One study found that anti-TNFα therapy in IBD patients over 60 years old was associated with an 

increased risk of developing serious infections compared to those not on anti-TNFα therapy (67), 

therefore this treatment is not a safe option.  

A further mechanism for this increase in intestinal permeability is a dysregulation of the protease/anti-

protease balance in the gut, contributing to epithelial damage and increased permeability (68). 

Proteases can be produced by both the IECs (69) and certain species of bacteria within the microbiome 

(70). Proteases are enzymes that catalyse proteolysis, by breaking the peptide bonds of proteins, and 

are categorised into seven groups based on the catalytic residue (71). The largest group of proteolytic 

enzymes present in the human and mouse genome are the matrix metalloproteases (MMPs), which 

have been implicated in several cancers due to their ability to break down physical barriers by cleavage 

of tight junction proteins (72). In physiological conditions, MMPs are produced at very low levels by 

IECs generally in the non-pathogenic form and are involved in the normal tissue turnover 

(73). However, the expression of MMPs significantly increases in inflammatory disorders such as IBD, 

where MMPs are suggested to play a role in degrading the intestinal barrier (69, 73). Serine proteases, 

a group of proteases characterised by the presence of serine in its catalytic site, are also shown to be 

upregulated in IBD patients (74, 75) and thought to contribute to disease pathology by loss of the tight 

junction protein occludin and myosin light chain phosphorylation (76). 
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Disruption of the inner mucus layer is thought to result in colitis as the resulting penetration of the 

intestinal barrier by commensal bacteria resident in the gut leads to inflammation  (77). This was 

demonstrated in a  dextran sodium sulfate (DSS) murine model of colitis, shown by analysing bacterial 

localisation using immunofluorescence, with bacteria shown to translocate from the gut lumen into 

the usually sterile gut tissue (77). DSS is widely used as it induces the intestinal barrier dysfunction 

and inflammation seen in the human colitis (78). These observations in a colitis mouse model have 

also been seen in ulcerative colitis patients where bacteria are shown to be in present in the 

epithelium instead of being localised to the gut lumen (79). This crossing over results in bacteria being 

present in a usually sterile environment, therefore triggering an immune response, including the 

production of inflammatory cytokines such as tumour necrosis factor-alpha (TNF-α) resulting in an 

overall increase in intestinal inflammation (77). The mechanism behind this is mediated by myosin 

light chain kinase-mediated phosphorylation of myosin light chains which promotes tight junction 

disruption (80). Inhibition of this ability to phosphorylate myosin light chain restored intestinal barrier 

function, highlighting the important role of tight junctions for maintaining barrier function (80).  

The increase in penetration of the intestinal barrier by bacteria forms the basis of the ‘leaky-gut’ 

hypothesis, which provides an explanation for the increase in systemic inflammation seen in IBD and 

CRC (81). A clinical study reveal elevated gut permeability, circulating bacterial DNA in the blood, and 

pro-inflammatory markers in affected patients (82). Animal models with genetic mutations affecting 

gut barrier proteins exhibit similar permeability and inflammation, while dysbiosis—characterized by 

reduced beneficial bacteria and increased pathobionts (a microorganism normally part of a host’s 

microbiome but can become harmful under certain conditions)—further weakens the intestinal 

barrier (83). These findings highlight the central role of gut barrier dysfunction in systemic 

inflammatory conditions. 

1.3 Changing epidemiology  

Currently, the highest incidence of CRC is within high-income regions such as Europe and Northern 

America. However, the incidence is rapidly starting to increase in low- and middle-income regions, 

primarily found in Africa and Asia (84). The incidence of CRC in low- and middle-income regions overall 

is estimated to increase rapidly by 71.3% by 2040, in comparison to an increase of 33.8% in the United 

Kingdom (84). There are several reasons for this predicted trend, which will now be discussed in more 

detail. 

1.4 Risk factors for colorectal cancer development  

1.4.1 High omega-6 diet 
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The dietary ratio of omega-6 (ω-6) to omega 3 (ω-3) polyunsaturated fatty acids (PUFAs) has emerged 

as one of the key risk factors for developing CRC, with several studies proving its significance (85-89). 

The average ω-6:ω-3 ratio in the western diet is estimated to be 20:1-50:1, whereas in Asia it is 

estimated to be 4:1 (90). This coincides with the low incidence of CRC diagnoses in Asia, where a high 

consumption of sources of ω-3 such as fish oil and flax seeds are common (90). The ω-6 PUFA found 

in the diet is linoleic acid (LA), which is commonly found in sunflower and corn oils and are prominent 

features of the western diet (90). The metabolism of ω-6 and ω-3 PUFAs is shown in Figure 8, where 

production of oxylipins is linked to activation of pro/anti-inflammatory responses, e.g. production of 

cytokines (91). Whether these oxylipins result in a pro- or anti-inflammatory response is context 

dependent, for example prostaglandin E2 (PGE2) produced at sites of tissue injury can promote an anti-

inflammatory neutrophil response (92), but also a pro-inflammatory response by inducing TNF-α 

production (93).  
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Diets rich in the -6 PUFA LA, which is converted into arachidonic acid (AA) in vivo, are associated with 

increased IBD and CRC in humans and mouse models of disease (94-98). Murine studies have 

demonstrated a role for AA-derived oxylipins generated by cyclooxygenase (COX), such as PGE2 in CAC 

using pharmacological tools such as aspirin, which also significantly reduces the risk of CRC incidence 

and improves disease-associated survival in humans (99, 100). 

1.4.1.1 Prostaglandin E2 

PGE2 is derived from AA downstream of the ω-6 PUFA LA, whereby the substrate prostaglandin H2 

(PGH2) is converted to PGE2 by prostaglandin E synthase (PGES) (Figure 9) (91). PGE2 is able to exert 

its effects throughout the body through binding prostaglandin E2 (EP) receptors EP1, EP2, EP3, and 

EP4 (101). These receptors are differentially expressed throughout the body, EP2 and EP4 are 

predominantly found in the colon, whilst EP1 and EP3 are found largely in the kidney (101). 

Figure 8. A schematic diagram showing the stages of both ω-6 and ω-3 PUFA metabolism. Sources 

of ω-6 include sunflower oil and red meat, whereas ω-3 is found in fish oils and walnuts. Once 

ingested, both ω-6 and ω-3 are stored in the phospholipid bilayer where they are released by 

phospholipase A2 enzymes. Once released, ω-6 forms arachidonic acid. Arachidonic acid is 

metabolized via lipoxygenase (LOX) and cyclooxygenase (COX) enzymes to form pro-inflammatory 

oxylipins such as prostaglandin E2 (PGE2) and 12-hydroxyeicosatetraenoic acid (12-HETE). Once ω-

3 is released from the phospholipid bilayer it forms α-linoleic acid. This is converted to 

eicosatetraenoic acid and then to eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). 

EPA and DHA are metabolized by COX and LOX to form anti-inflammatory oxylipins such as 

leukotriene B5 (LTB5) and prostaglandin E3 (PGE3). Image made using Biorender. 
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In the context of CRC, the role of PGE2 has been well characterised and is shown to play a significant 

role in promoting tumorigenesis by increasing tumour growth and invasion, whilst reducing apoptosis 

(102, 103). Levels of PGE2 have been shown to be elevated in the colon tissue of patients with CRC 

(104). Recently, the role of the EP4 receptor has been highlighted in the context of CRC, with the use 

of an EP4 antagonist significantly reducing liver metastasis from the colon following intrasplenic 

injection of MC26 colon cancer cells (105, 106).  Furthermore, global deletion of the EP4 receptor 

inhibited colorectal tumorigenesis in vivo (107).  

Binding of PGE2 to EP1, EP2, and EP4 receptors has been linked with increasing intestinal cell 

permeability (Figure 10), which as previously discussed is one of the key initiating events in CRC (108, 

109). PGE2-EP1/EP2/EP4 signalling results in the activation of Gαs proteins, leading to elevated cyclic 

adenosine monophosphate (cAMP) levels and activation of protein kinase A (PKA) (110). PKA 

phosphorylates tight junction proteins such as occludin and claudins, weakening their integrity and 

reducing cell-cell adhesion (111). Additionally, PGE2 signaling can activate small guanine 

triphosphatase (GTPases) like Ras homolog family member A (RhoA) and Ras-related C3 botulinum 

toxin substrate 1 (Rac1), disrupting actin cytoskeleton dynamics and further destabilizing tight 

junctions (112).  

 

 

 

Figure 9. A schematic diagram showing the prostaglandin synthesis pathway. Arachidonic acid is 

metabolized by cyclooxygenase (COX) to produce PGH2 which acts as the substrate for the 

prostaglandin synthase and thromboxane A synthase (TxAS) enzymes. PGH2 is metabolized by 

prostaglandin E synthase (PGES), prostaglandin D synthase (PGDS), prostaglandin F synthase (PGFS) 

and TxAS to form PGE2, PGD2, PGF2α, and TxA2 respectively. Image made using Biorender. 
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As the downstream effects of PGE2 signalling have been suggested to promote CRC progression by 

increasing tumour growth and invasion, this pathway has become a very attractive therapeutic target 

for the treatment of malignancies (113). One such therapeutic to target prostaglandin biosynthesis is 

acetylsalicylic acid, also known as aspirin, which targets both COX-1 and COX-2 (114). By inhibiting 

these key enzymes in prostaglandin synthesis, the production of pro-inflammatory prostaglandins 

such as PGE2 is significantly reduced in the urine of CRC patients (114, 115). Data from observational 

studies and clinical trials both strongly support the use of low-dose aspirin in CRC, with one study 

showing a 69% reduction in the development of metastases by patients who developed cancer whilst 

taking aspirin (116-118). Meta-analyses and other systematic reviews of large observational cohort 

studies have estimated that aspirin reduces risk for colorectal neoplasia by approximately 20–30% 

(119). Estimates from adenoma prevention trials typically enrolling higher-risk individuals with a 

personal history of colorectal adenoma have demonstrated that risk for recurrent neoplasia is reduced 

by 13–18% (120-123). Despite aspirin showing efficacy in the treatment of CRC, it is not recommended 

for long-term use due to a high risk of developing severe side effects, such as gastrointestinal and 

intracranial bleeding (124, 125).  

Figure 10. Summary of the mechanisms by which PGE2 signalling has been implicated in 

increasing intestinal cell permeability. 1. Binding to EP1/EP4 activates protein kinase A leading to 

decrease in expression of tight junction proteins. 2. Binding to EP1/EP2 activates phospholipase C, 

which causes increase in calcium release. 3. Binding to EP2/EP4 phosphorylates β-catenin at Ser552 

enabling it to translocate to the nucleus which can lead to a decrease in tight junction expression. 

Image made using Biorender. 
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1.5 Soil-transmitted Helminths 

Soil-transmitted helminths (STHs) refer to the intestinal worms that are transmitted through soil 

contaminated with infective larvae or embryonated eggs (126). STHs are classed as a neglected 

tropical disease (NTD), a group of about 20 communicable conditions that disproportionately affect 

the poorest and most vulnerable communities (127). There are three main STH infections, which are 

hookworm (Ancylostoma duodenale and Necator americanus), Ascaris lumbricoides, and whipworm 

(Trichuris trichiura), and together they account for a major burden of parasitic disease worldwide 

(128). STHs have also been shown to have a detrimental impact on livestock, increasing mortality, 

reducing growth rate, inducing weight loss, and causing economic losses (129). It is estimated that 

1.45 billion people worldwide are affected by STH infection, with particularly high prevalence in 

regions such as Africa (Figure 11) (129, 130). The morbidity of STH infection can be estimated using 

the disability-adjusted life (DALY) indicator, which is expressed as the number of years lost due to ill-

health, disability or early death (131). STH infections have been attributed to approximately 20 million 

DALYs worldwide (130). This is significantly lower than other infectious diseases, with HIV/AIDS 

accounting for approximately 42 million DALYs (132), and malaria 49 million DALYs (133). Patients with 

a low STH infection burden tend to be asymptomatic and so potentially may not know they have an 

infection (126). Those with a higher worm burden will however experience a variety of health 

problems, which could include abdominal pain, diarrhoea, and rectal prolapse (126). 
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Figure 11. Global prevalence of soil-transmitted helminth infections. (A) Figure showing the global 

distribution of soil-transmitted helminth (STH) infection in 2016 per 100,000 population. (B) Map of Africa 

highlighting the prevalence of any STH infection with predominant STH species being highlighted in (C). 

Figures from Daley et al 2016 and Sartorius et al 2021. 
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Infection with Ascaris or whipworm occurs when the eggs are ingested, invade the intestinal mucosa, 

and are carried via the portal, then systemic circulation to the lungs (128). The larvae mature further 

in the lungs (10 to 14 days), penetrate the alveolar walls, ascend the bronchial tree to the throat, and 

are swallowed (134). Upon reaching the small intestine, they develop into adult worms (134). 

Hookworm eggs hatch in the soil, releasing larvae which mature into a form which can penetrate 

human skin (128). On contact with the human host, typically bare feet, the larvae penetrate the skin 

and are carried through the blood vessels to the heart and then to the lungs (135). They penetrate 

into the pulmonary alveoli, ascend the bronchial tree to the pharynx, and are swallowed (135). The 

larvae reach the jejunum of the small intestine, where they reside and mature into adults (135). Adult 

worms live in the lumen of the small intestine, typically the distal jejunum, where they attach to the 

intestinal wall with resultant blood loss by the host (135). 

Current diagnosis of STH infection involves a labour-intensive method of identifying eggs in a stool 

specimen using a microscope (136). The use of this conventional technique is potentially going to be 

replaced with molecular techniques such as qPCR and ELISA, as this is estimated to have a higher 

sensitivity to a lower worm burden, can easily distinguish between species, and can detect if an 

individual has had previous exposure to infection (137). In terms of treatment, there are a variety of 

broad-spectrum anthelmintics such as albendazole and mebendazole which are used to treat parasitic 

infections (138). Albendazole typically has higher efficacy, curing 95–100% of Ascaris lumbricoides 

infections, 70–95% of hookworm, and 28–54% of Trichuris trichiura (139). Mebendazole also achieves 

high cure rates for A. lumbricoides (90–95%) but is less effective against hookworm and T. trichiura 

(139). This class of drug has been known to block the microtubule systems of developing larva and 

adult helminths, thus leading to a cease in the cell cycle ultimately causing cell death (138). Recently, 

cases of drug resistance to both albendazole and mebendazole have been reported in hookworm 

infections which is predicted to become a significant global issue (140). There is currently no vaccine 

available against human STH infection (140), but a vaccine for Necator americanus is currently in 

development with early studies showing the vaccine is safe and well-tolerated (141).  

 

 

 

 

 

 



32 
 

1.5.1  Heligmosomoides polygyrus bakeri 

The rodent intestinal nematode Heligmosomoides polygyrus bakeri has been extensively used to 

model human STH infection Figure 12 (142). H. polygyrus is a roundworm, causing chronic long-lasting 

infections, whilst replicating the human immune response to infection (142). The chronicity of H. 

polygyrus infections in rodents has been shown to be strain dependent (143). This was demonstrated 

by Filbey et al who compared adult worm burden and egg production in SJL, BALB/c, C57BL/6, and 

CBA mice (143). Filbey et al showed that C57BL/6 and CBA mice had a significantly higher adult worm 

burden and egg count at day 28 post-infection in comparison to SJL and BALB/c mice (143). Using H. 

polygyrus as a model for intestinal infection offers researchers an incredible insight into the parasite-

host relationship.  
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Despite residing in the small intestine, H. polygyrus can have both local and systemic consequences 

on the inflammatory response to infection (144). This is thought to be due to a number of mechanisms, 

including the release of excretory/secretory products (HES) during chronic parasitic infection, 

modulation of host immune responses to evade detection, suppression of inflammatory pathways to 

reduce immune-mediated damage, alteration of cytokine production to favour a regulatory immune 

environment, and interference with antigen presentation by host immune cells, thereby diminishing 

the host's ability to mount an effective defence (144). 

 

Figure 12. The lifecycle of Heligmosomoides polygyrus bakeri. The L3 larvae of H. polygyrus reside 

in the soil of warm and humid climate countries, where they are ingested via the fecal-oral route. 

The L3 larvae then invade the intestinal barrier of the small intestine which is where they reside. 

At day 8, the L4 adults have developed from the L3 larvae in the mucosa and emerge in the lumen 

of the small intestine. At day 10, the L4 adults begin to mate and produce eggs which are excreted 

via the faeces back into the soil. The eggs in the faeces then hatch and form L3 larvae. Image made 

using Biorender. 
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1.5.2  Heligmosomoides polygyrus bakeri excretory/secretory products 

HES is a complex mixture of proteins, lipids, carbohydrates, exosomes, extracellular vesicles, and 

mRNAs (145) which has been characterised by proteomic analysis as containing 446 different proteins 

(145). Several secreted enzyme families have been identified in the HES, with predominant examples 

including proteases, lysozymes, apyrases, and acetylcholinesterase (145). Along with different enzyme 

families, many HES proteins have also been identified, with the most abundant being members of the 

venom allergen-like (VAL) family (145). The VAL family of proteins are the major immunogens, which 

lead to an immune response in the host and an increase in antibody production (145). Immune-

regulatory proteins have also been discovered in HES, such as a transforming growth factor-beta (TGF-

β) mimic promoting the expansion of T regulatory (Treg) cells (146), and the H. polygyrus Binds Alarmin 

Receptor and Inhibits (HpBARI) protein which inhibits the alarmin cytokine interleukin-33 (IL-33) 

binding to its receptor and activating mast cell degranulation (147). 

1.6 Link Between Soil-transmitted Helminth Infection and Colorectal 

Cancer 

It is currently estimated that infectious diseases are estimated to contribute to 33% of cancer 

diagnoses and up to 20% of cancer-related mortality (148). There is growing evidence in both murine 

and human epidemiological studies that STH are an emerging risk factor for increased CRC (149-152). 

However, the role for STH in CRC and colitis is controversial, as a range of helminths —in particular 

those involving the gastrointestinal tract—have been found to alleviate inflammation in rodent models 

(153-156), and there is epidemiological evidence that helminth-infected children are less prone to 

develop IBD (157). The therapeutic application of helminths during colitis has been suggested, 

however due to the tumour promoting effects discussed in detail in this section, these risks should be 

taken into account. 

Recent evidence from Pastille et al utilised H. polygyrus infection and the AOM/DSS model of CAC to 

investigate a link between helminth infection and tumour development (151). The AOM/DSS model 

consists of azoxymethane (AOM) and dextran sodium sulfate (DSS) (158). The first component, AOM, 

is a procarcinogen which is metabolised by cytochrome P450 2E1 (CYP2E1) into methylazocymethanol 

(MAM). MAM is a highly reactive alkylating species which induces O6 methylguanine adducts in DNA, 

causing a guanine to alanine transition (159). After AOM is excreted into the bile, it is taken up by 

colonic epithelium where it induces DNA damage (159). The second component of the model, DSS, is 

dissolved in the drinking water and acts as a direct chemical toxin to the colonic epithelium resulting 

in epithelial cell injury and a loss of intestinal barrier integrity (160). Interestingly, H. polygyrus infection 
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had no impact on carcinogenesis when given at week 8 of the AOM/DSS model when disease is 

established, whereas when mice were infected one day after AOM injection there was a significant 

increase in tumour burden (151). Infection exacerbated DSS colitis with an increase in interleukin-6 (IL-

6), a prognostic biomarker for IBD (161), being observed. Pastille et al then neutralised IL-6 in vivo 

resulting in a reduction in H. polygyrus exacerbation of CAC (151). 

Hayes et al showed that infection with the murine gut-dwelling nematode Trichuris muis led to changes 

in the caecum of the mouse that were comparable to those seen with mice administered AOM (150). 

In addition to this, T. muis infection was also able to increase the development of adenomas in the 

small intestine of APCmin/+ mice that spontaneously develop tumours (150). This change was abrogated 

if a Treg cell type was blocked during infection (150), suggesting that although the Treg cell type that 

arises during infection has been shown to play an important role in protecting the host from damage 

caused by the parasite (146), they may have a negative impact in the context of cancer development. 

1.6.1 Helminth regulation of tight-junction markers and intestinal permeability 

Most research has focussed on the impact of helminth infection on local epithelial permeability in the 

small intestine, as this is where helminths live. The results of these studies show a clear trend toward 

helminth infection causing an increase in local epithelial permeability, in the regions where the 

helminth parasite inhabits. For example, infection with Trichinella spiralis was shown to result in a 

decrease in the expression of occludin in the tight junction, leading to an increase in epithelial 

permeability of the jejunum (162). Infection with Nippostrongylus brasiliensis resulted in a decreased 

expression of E-cadherin and a subsequent loss of adhesion in the epithelial cells of the small intestine 

(163). An infection with H. polygyrus was also shown to increase the mucosal permeability of the small 

intestine (164).  

The effect of helminth infection on systemic intestinal permeability in the colon has also been shown. 

Research by Su et al were able to demonstrate that infection with H. polygyrus caused a significant 

increase in colonic epithelial permeability, increasing susceptibility to Citrobacter rodentium infection 

and the severity of C. rodentium-induced colitis (165). Histological analysis of the colon tissue after H. 

polygyrus infection revealed severe structural abnormalities, including alterations in the apical 

junction and distortion of the paracellular space (165). These results indicate that H. polygyrus 

infection can compromise the integrity of the colonic epithelium at a location distinct from where the 

parasite typically resides in the small intestine (165). Western blot and immunofluorescence analysis 

also revealed that H. polygyrus causes a reduction in E-cadherin expression and distribution in the 

colonic epithelium, whilst causing no effect in expression or distribution of ZO-1 (165). The distribution 

of E-cadherin in uninfected mice was located on the cell membrane, whereas in infected mice the 
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distribution had changed to the cytoplasm (165). These findings suggest the molecular mechanism by 

which helminth infection can increase intestinal permeability, as altering the amount and distribution 

of E-cadherin inevitably will contribute to the opening of tight junctions and subsequent increase in 

epithelial permeability. Su et al then repeated the same experiments in immune-deficient mice to 

determine if there is a required role for the immune system (165). In contrast to the 

immunocompetent BALB/c mice, H. polygyrus infection appeared to have no impact on E-cadherin 

expression or distribution, suggesting a role for adaptive immune activation in the increase of intestinal 

epithelial barrier permeability (165). Reconstitution of the H. polygyrus-infected SCID mice with T and 

B lymphocytes derived from the spleen of BALB/c mice resulted in the same effects on E-cadherin and 

intestinal permeability as previously seen in H. polygyrus-infected BALB/c mice (165). These findings 

highlight the importance of the type-2 adaptive immune response to helminth infection in causing the 

increase in intestinal barrier permeability. This finding is supported by in vitro research on CRC cell 

lines and keratinocytes, which show that type-2 cytokines IL-4 and IL-13 downregulate the expression 

of E-cadherin (166, 167). 

A role for helminth excretory/secretory products (ESPs) has also been suggested in their ability to 

increase cell permeability. Both the ability of the ESPs of T. muris and T. spiralis to increase cell 

permeability was demonstrated to be dependent on the activity of a serine protease, as shown by 

experiments involving heat inactivation and the addition of protease inhibitors (168, 169). 

Furthermore, Hiemstra et al demonstrated how the ESPs of Trichuris suis reduce the barrier function 

and expression of the tight junction protein claudin-4 in a colon cancer cell monolayer in vitro in a 

glycan-dependent manner (170). 

The importance of the adaptive immune response to helminths in contributing to a decrease in 

epithelial integrity has also been shown in an acute infection with the intestinal parasite T. muris (171). 

Like other intestinal parasites, infection with T. muris was shown to cause an increase in the activation 

of epithelial mast cells (172). These mast cells have been shown to have a role in regulating epithelial 

barrier function, with mast cell-derived proteases shown to regulate epithelial permeability (173). The 

most notable mast cell-derived protease is MCPt-1, which is a characteristic of mucosal mast cells 

(172). In this study by Sorobetea et al levels of MCPt-1 were measured in both infected and non-

infected mice in the small and large intestine (171). Levels of MCPt-1 were shown to increase 

significantly during infection when compared to naïve mice (171). Increased intestinal permeability 

also correlated with increased serum levels of MCPt-1, with depletion of mast cells reversing this effect 

(171).  
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1.6.2 Helminth regulation of cancer stem-cell function 

The intestinal epithelium undergoes drastic remodelling during the “weep and sweep” response 

against parasitic infection, driven by the type-2 immune response and its signature cytokines IL-4 and 

IL-13 (174). There is an expansion of goblet, Paneth, and tuft cells which are detrimental to the survival 

of the helminth parasite (16, 175, 176).  

Nusse et al revealed how H. polygyrus is able to alter the stem cell population in the crypts overlying 

larvae-associated granulomas, with a loss in Lgr5+ cells and an increase in Sca1+ cells (177). These 

granulomas also exhibited loss of the Paneth cell marker MMP7 and the goblet cell marker MUC2, with 

expansion of both these cell types being previously recognised in helminth infections (175). 

Interestingly, non-granuloma-associated crypts retained expression of Lgr5 (177). Thus, the epithelium 

overlying granulomas exhibits loss of ISC markers and disruption of the ISC niche (178), creating a 

favourable environment for helminth survival. 

Drurey et al investigated the impact on stem cell differentiation of the helminth secretions (HES) using 

small intestinal organoids (179). The addition of HES was found to skew stem cell differentiation 

induced by the type-2 cytokines IL-4 and IL-14 away from goblet cells, tuft cells, Paneth cells, and 

enteroendocrine cells (Figure 13) (179). HES resulted in the downregulation of several tuft cell 

necessary genes upregulated during the type-2 immune response, such as Dclk1 and Trpm5 (179). HES 

also suppressed the induction of MUC2, which is a key goblet cell product and may be crucial for 

maintaining the integrity of the mucosal layer (7, 179). Drurey et al then investigated whether these 

findings of inhibition of tuft cell expansion occur in vivo (179). To do this, they performed a co-infection 

with H. polygyrus and another GI nematode N. brasillienses (179). Expression of the tuft cell markers 

Dclk1 and Trpm5 were significantly increased in N. brasilienses-alone infected mice but were then 

significantly decreased in H. polygyrus and H. polygyrus /N. brasilienses co-infected mice (179). These 

same effects were also observed for levels of the MUC2 gene and numbers of goblet cells (179). From 

this data, it was suggested that H. polygyrus and not N. brasilienses can alter the differentiation of 

secretory-lineage cell types to favour its survival (179). To investigate this, Drurey et al analysed the 

expression of key developmental genes in the intestinal epithelium (179). Most notably, HES caused a 

significant decrease in the expression of Atoh1, which is also induced with the addition of IL-4 and IL-

13 (179). Atoh1 is known to play a key role in the differentiation of intestinal epithelium towards the 

secretory lineage, which include goblet, Paneth, and tuft cells (180). Genes downstream of Atoh1, for 

example Neurog3, were also suppressed with the addition of HES (179). Neurog3 is also a key player 

in the secretory cell lineage, as it specifies differentiation to enteroendocrine cells (181). Another 

transcription factor Hes1 is known to repress Atoh1 and shift the cell lineage towards an absorptive 
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cell and away from secretory cells (182). Although levels of Hes1 were not affected by IL-4/IL-13, the 

addition of HES caused a significant increase in expression levels of this transcription factor (179).  

Furthermore, Drurey et al acknowledge that the small intestinal organoids with the addition of HES 

showed an altered morphology which resembled organoids produced from stem cells collect from H. 

polygyrus infected mice (177). Here, it is proposed that these stem cells have switched from being 

Lgr5+ stem cells to Sca1+ stem cells, which corroborates findings in vivo from Nusse et al and Karo-Atar 

et al (177, 183). While this may initially protect the epithelium under stress, it can impair long-term 

homeostasis and create conditions that favour chronic inflammation, epithelial dysfunction, and 

increased risk of colon cancer development (184-186). The induction of Sca1+ stem cells has been 

linked to the injury response in the intestinal crypt and have been shown to have a more spheroidal 

morphology (177, 187). This spheroid morphology has been linked to a pro-proliferative tissue repair 

processes which could be essential to recover from epithelial destruction caused by the helminth 

infection itself (177).  

 

Figure 13. Figure showing the effect of HES on small intestinal organoids. The addition of HES causes a 

skew towards Notch signaling and an increase in expression of Hes1. This increase in Hes1 expression 

inhibits Atoh1 expression, a ligand of Wnt signaling. Hes1 causes the differentiation of intestinal stem cells 

to absorptive cells (AC). The decrease in expression of Atoh1 leads to a decrease in differentiation of 

secretory cells, which include goblet cells (GC), tuft cells (TC), enteroendocrine cells (EC). And Paneth cells 

(PC). The addition of HES also causes a switch in the intestinal stem cell marker Lgr5 to Sca1, which is 

indicative of a more proliferative phenotype. Figure based on results from Drurey et al. 
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1.6.3  Helminth regulation of omega-6 polyunsaturated fatty acid metabolism 

As previously discussed, a diet high in ω-6 has been associated as a risk factor for developing CRC, with 

its metabolism leading to the production of pro-inflammatory metabolites such as PGE2 and 12-

hydroxyeicosatetraenoic acid (12-HETE) (91). Recent evidence has shown that infection with N. 

brasiliensis or addition of HES was shown to cause alterations in oxylipin production (188, 189). Henkel 

et al compared the eicosanoid profiles in the airways of mice that had either been exposed to house 

dust mite or N. brasilienses infection (188). Comparison of the infected and non-infected eicosanoid 

profiles revealed a significant increases in the levels of oxylipins derived from ω-6, such as PGE2, 

thromboxane B2 (TxB2), and prostaglandin F2alpha (PGF2α) in the airways (188). de los Reyes et al showed 

that addition of H. polygyrus larvae extract to murine or human monocytes resulted in increased 

production of PGE2 and TxB2 and decreased production of 5-HETE and LTB4 (189). These changes in 

oxylipin production correlated with altered transcriptional changes in the metabolic enzymes 

responsible for their production, including  increased expression of  PTGS2 and microsomal 

prostaglandin E synthase 1 (mPGES-1) and decreased expression of 5 lipoxygenase (5-LOX) and 

leukotriene c4s (Ltc4s) (189).  

The changes described by the studies discussed point towards an anti-inflammatory eicosanoid switch 

in the context of airway allergy (189). However, in the context of carcinogenesis, these alterations in 

PUFA metabolism could be causing more harm than good. Findings from Smith et al show that 

helminth infection can exacerbate tumour burden and weight loss in mice fed a “western diet” with a 

high omega-6:omega 3 ratio (Figure 14A&B). Evidence from the colon showed that both the “western 

diet” or helminth infection increased the production of AA-derived oxylipins (Figure 14C) (190). This 

study indicated a potential link between helminth alterations in PUFA metabolism and exacerbation of 

CAC.   

There are various studies showing that parasitic helminths can produce their own prostaglandins to 

have an effect on the host (191). Examples of this include Schistosoma mansoni, Onchocerca volvulus, 

and Trichuris suis (192-194). S. mansoni has been shown to produce PGD2 that mediates pro-

inflammatory effects in the host, including activation of eosinophils, as well as immunomodulatory 

PGE2 that can induce production of IL-10 that promotes migration and survival of the parasite (192, 

195, 196). In addition, other helminth parasites such as B. malayi, have also been shown to produce 

PGE2, PGD2, and TXB2 (197, 198). These lipids have been shown to play an immunomodulatory role in 

the host, preventing platelet aggregation around the parasites as they grow in blood vessels (197, 198). 

Furthermore, T. suis produces PGE2 that can directly suppress the production of cytokines from 

activated dendritic cells (194).  
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Parasite products have also been shown to regulate PUFA metabolic enzyme expression, or contain 

secreted metabolic enzymes that can promote prostaglandin production. Secretory phospholipase A2 

(sPLA2), a subfamily of PLA2 enzymes, has been identified within the secretions of helminths like 

Steinernema carpocapsae and Clonorchis sinensis (199-201). The release of sPLA2 is considered an 

immunomodulatory strategy utilized by helminths, where the resulting prostaglandins produced play 

a role in regulating the host immune response to pathogens (199, 202). Prodjinotho et al show that 

glutamate dehydrogenase from viable cysts of Taenia solium instructs tolerogenic monocytes to 

release IL-10 and the lipid mediator PGE2 (203). These act in concert, converting naive CD4+ T cells into 

Tregs, through the EP2 and EP4 and the IL-10 receptors, unearthing an immune evasion mechanism of 

these cysts (203).  

Although these are all possible mechanisms for how helminths exacerbate CAC, there are still many 

unanswered questions remaining. Throughout this thesis, I will aim to define a mechanism for how 

helminths exacerbate CAC by using similar techniques as described in this section, as well as taking a 

more in-depth transcriptomics approach. 
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Figure 14. Effect of H. polygyrus on PUFA metabolite production in the colon and tumour 

development. The effect of H. polygyrus infection can also be seen on (A) tumour burden and (B) 

weight loss. (C) Volcano plot showing the metabolites which are increased and decreased with H. 

polygyrus infection. Figures taken from Smith et al. 2025 
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1.7 Project Aims and Hypothesis 

The overall aim of this thesis was to determine a mechanism by which H. polygyrus exacerbates CAC, 

with the following objectives: 

1. Establish a role for prostaglandin signalling in H. polygyrus exacerbation of CAC 

2. Establish a role for secreted helminth products in increasing clinical signs associated with CAC 

3. Utilise an In silico approach to target secreted factor believed to exacerbate CAC 

4. Take an unbiased transcriptomic approach to see what other pathways are altered in the colon 

Hypothesis: 

1. Based on section 1.6.3 we hypothesis that helminths exacerbate CAC through prostaglandin 

signalling 

2. Based on section 1.6.1 we hypothesis that helminth secretions mediate this effect on 

prostaglandin signalling in vitro 

3. That an in silico drug design can be effectively used to design a specific inhibitor of this secreted 

factor 

4. That an unbiased transcriptomic approach will reveal potential other pathways that may be 

contributing to helminth exacerbation of CAC 
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Chapter 2:  Materials and Methods 

2.1 Cell Culture 

2.1.1 Established cell line 

The CMT-93 cell line used throughout this thesis were kindly provided by Dr. Cedric Berger (School of 

Biosciences, Cardiff University) and tested negative for Mycoplasma contamination (Figure 1). This cell 

line is derived from Mus musculus, and is from a large intestinal polyploid carcinoma (204). These cells 

have an epithelial morphology, and are regularly used in vitro for preclinical colon cancer research and 

to assess the impact of intestinal parasite infections (205, 206). The cells were maintained for a 

maximum of 20 passages. 

 

2.1.2 Cell line maintenance  

The CMT-93 cell line was maintained in the appropriate media as recommended by the American Type 

Culture Collection (ATCC) (Manassas, VA, USA) with some modifications (Table 1).  

 

 

Figure 1. CMT-93 Mycoplasma test. 1. 100 base pair (bp) ladder, 2. Empty lane, 3. Positive control, 

4. Negative control, 5. CMT-93 cell supernatant.  
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Component Add Final concentration UK Catalogue number 

Dulbecco's Modified Eagle 

Medium F12 

(DMEM/F-12) 

500 mL - 21331020 (ThermoFisher Scientific) 

Foetal Bovine Serum (FBS), 

heat-inactivated  

50 mL 10% 10500064 (ThermoFisher Scientific) 

Penicillin/streptomycin 

(100X stock) 

5 mL 0.5 mg/mL P7539-100ML (ThermoFisher 

Scientific) 

L-glutamine (200 mM) 5 mL 2 mM A2916801 (ThermoFisher Scientific) 

NEAA (100X stock) 5 mL 1X 11140050 (ThermoFisher Scientific) 

 

2.1.3 Defrosting cells from liquid nitrogen and seeding 

Cells taken from liquid nitrogen were transferred on ice before being rapidly defrosted using a water 

bath set to 37°C and added to 5 mL of pre-warmed culture medium just before ice pellet had 

completely melted. Cells were then centrifuged at 2,000 x g for 5 mins to remove the freezing medium. 

The supernatant was then removed and cells resuspended in 1 mL culture medium before seeding into 

a T25 flask. Cells were supplemented with 5% FBS and medium was changed every day until the cells 

reached 70-80% confluency, before being passaged as described in section 1.1.4. 

2.1.4 Passaging cells 

The CMT-93 cells were grown in media described in Table 1 in a 37°C incubator containing 5% CO2. 

When 70-80% confluency was achieved, ~ 2.5 x106 cells were passaged in a 1:5 ratio as recommended 

by ATCC (VA, USA). DMEM/F-12 media was aspirated from the T25 flask (ThermoFisher Scientific, MA, 

USA, Cat #156340) and replaced with 2 mL 0.25% (w/v) trypsin-disodium ethylenediaminetetraacetic 

acid (EDTA) 0.53 mM (Invitrogen, CA, USA, Cat #15400054) to cause cell detachment from the flask 

surface. Cells were detached following five to seven minutes of incubation in trypsin, at 37°C with 5% 

CO2. Once all cells became detached from the flask surface, 5 mL of cell culture medium supplemented 

with FBS was added. The media, trypsin and cells were added to a 15 mL falcon and centrifuged at 

2,000 x g for 5 mins. Following centrifugation, the supernatant was aspirated and the pellet was 

resuspended in 5 mL culture medium, with 1 mL containing  ~ 7 x 105 cells seeded into a new T25 flask 

containing 4 mL fresh DMEM/F-12 and returned to the incubator. 

Table 1. Media requirements for CMT-93 cell line 



45 
 

2.1.5 Freezing cells 

Cultures of CMT-93 that had undergone low passage numbers were selected for freezing, to avoid 

genetic drift which may occur with increasing passage numbers (207). Cells at 70-80% confluence were 

detached from the T25 flask and centrifuged as described in 1.1.4. The supernatant was aspirated and 

the pellet resuspended in 5 mL RecoveryTM Cell Culture Freezing Medium (ThermoFisher Scientific, 

MA, USA, Cat #12648010) before 1 mL aliquots were added to cryopreserve vials (ThermoFisher 

Scientific, MA, USA, Cat #4000200). Tubes were stored in the Mr FrostyTM Freezing Container 

(ThermoFisher Scientific, MA, USA, Cat #5100-0001) for one week at –80°C before being transferred 

on ice to liquid nitrogen.  

2.1.6 Seeding cells for functional assays 

To seed specific quantities of cells for functional assays, cells were detached from the flask surface and 

resuspended in 1 mL media as previously described in section 2.1.4. Cells were then counted manually 

using a hemacytometer (Fisher Scientific Ltd, Cat #10200872) and trypan blue exclusion (ThermoFisher 

Scientific, MA, USA, Cat #15250061). Appropriate dilutions were performed to account for different 

types of plates. For experiments using Transwell inserts in 24-well plates, 100 μL of cells at 3.3x105/mL 

in media were added to the apical chamber of each insert before growing to confluency (3-5 days) 

(section 2.2.1).  For Western blot analysis, cells were seeded in 6-well plates by adding 2.5 mL of the 

1:5 dilution from a T75 to each well before growing to confluency (48 hrs) (section 2.2.2.1). 

2.1.7 Preparation of drug solutions for cell treatment 

The PGE2 antagonists PF-04418948 and ONO-AE3-208, (Cambridge Bioscience, Cat #15016-10mg-CAY 

& Cat #14522-10mg-CAY) were purchased and made up to a final concentration of 10 mg/mL in 0.1% 

dimethylsulfoxide (DMSO) (Sigma, Missouri, USA, Cat #D8418) and stored at -20°C ready for use. 

Aspirin (ThermoFisher Scientific, MA, USA, Cat #158180500) was made up to a final concentration of 

100 μM in deionised H2O and stored at -20°C ready for use. 

2.1.8 Treatment of cell lines 

The CMT-93 cell line was used to determine effects of Heligmosomoides polygyrus bakeri 

excretory/secretory products (HES) (see section 2.3.1), the prostaglandin receptor agonist 16,16-

dimethyl prostaglandin E2 (dmPGE2) (Cambridge Bioscience, Cat #14750-1mg-CAY), the prostaglandin 

E2 receptor antagonists PF-04418948 and ONO-AE3-208, and Aspirin on cellular PGE2 receptor 

signalling and cellular permeability (see section 2.2.1 and 2.2.2). For assessments of PGE2 receptor 

signalling, cells were seeded in triplicate into a 6-well plate as described in section 1.1.6. After 3-5 days, 
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cells received either 10 μg/mL HES, 200 ng/mL diMe-PGE2, 1 μM PF-04418948 and ONO-AE3-208 in 

0.1% DMSO or DMSO alone. For cell permeability experiments, cells were seeded in triplicate in 

Transwell inserts as described in section 2.1.6. After 3-5 days when the cells have formed a monolayer 

in the insert, cells were treated with either 10 μg/mL HES, 200 ng/mL dmPGE2, 10mM Aspirin, 1 μM 

PF-04418948 and/or ONO-AE3-208 in 0.1% DMSO or 0.1% DMSO alone as a vehicle control. Trypsin-

EDTA 0.25% was added in triplicate at a concentration of 1 μM as a positive control for permeability 

(208). 

2.2 In vitro Experiments 

2.2.1 FD4 cell permeability assay 

The set up of the experiment is summarised in Figure 2. CMT-93 cells were seeded into 6.5 mm 

Transwell inserts with 0.4 μM pore size (Sarstedt Ltd, Cat #83.3932.041) as described in section 2.1.6. 

After forming a monolayer 3-5 days from being seeded, cells were treated as described in section 2.1.8 

as well as Fluorescein isothiocyanate–dextran 4kDa (FD4) (Merck Life Science Ltd, Cat #FD4-100MG) 

being added to the apical chamber at a concentration of 1 mg/mL. In the basolateral chamber, 600 μL 

of the same cell culture medium that is in the apical chamber is added. The plate is incubated in the 

37°C incubator with 5% CO2 for 20 hrs, then the contents of the basolateral chamber are collected into 

a 1.5 mL Eppendorf tube wrapped in tinfoil. Then, 100 μL of each sample is loaded in triplicate into a 

black opaque-bottomed 96-well plate (ThermoFisher Scientific, MA, USA, Cat #M33089). A 2-fold serial 

dilution of FD4 ranging from 200 μg/mL to 0.1 μg/mL was prepared in cell media and added to the 

black opaque-bottomed 96-well plate in duplicate to generate a standard curve to quantify FD4 

concentrations in the basolateral chamber using the equation from the graph (Figure 3). Trypsin was 

included as a positive control at a concentration of 1 μM, whilst a Transwell containing only CMT93 

cells and no FD4 was used as a negative control. To account for background fluorescence, values 

obtained from the negative control were subtracted from all values. Fluorescence was determined at 

530/485 nm excitation/emission using a plate reader (Tecan Infinite M200 Pro). 
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Figure 2. General FD4 cell permeability assay workflow. 1. Cells were seeded in a Transwell insert 

in a 24-well plate at a density of 3.3x104. 2. The cells are left for 3-5 days to form a monolayer with 

the cell media being changed every day. 3. Once the monolayer is formed, FD4 is added to the 

apical chamber at a final concentration of 1 mg/mL and cell media is added to the basolateral 

chamber. 4. After 20 hours, the contents of the basolateral chamber are collected and fluorescence 

measured. Image created in Biorender.com 
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2.2.2 Western Blotting 

Differences in PGE2 receptor signalling and E-cadherin expression in CMT-93 cells and murine colon 

tissue was evaluated, to assess the effect of HES treatment and H. polygyrus infection respectively. 

Western blot enables the identification of proteins through molecular weight-based separation (209). 

Separation is achieved using gel electrophoresis, producing a band for each protein. The gel is then 

transferred to a membrane which can be incubated with antibodies specific to the protein of interest 

and detected by developing the membrane. A single band corresponding to the molecular weight of 

the peptide recognised by the antibody is expected. The intensity of the protein bands is measured 

using ImageJ, which assigns numerical values to the band intensities based on pixel density. The band 

intensity is normalised to the loading control glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to 

account for variations in sample loading. The process is summarised in Figure 4. 

Figure 3. Example standard curve used to determine FD4 concentrations in samples. All values 

are corrected for background fluorescence. Data shown is the mean of one experiment performed 

in duplicate. Error bars Mean ± SD.  
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2.2.2.1 Whole cell lysate harvesting and protein extraction  

Cells were seeded in a 6-well plate as described in section 2.1.6 and left for 24 hrs before being treated 

as described in section 2.1.8, then left for a further 24 hrs to form 70-80% confluency. After 48 hrs had 

elapsed, the cell media was aspirated and wells washed with ice cold phosphate buffered saline (PBS) 

before being aspirated. The plate was placed on ice and 250 μL lysis buffer (Table 2) added to each 

well. Each well was scraped thoroughly using a cell scraper and the contents collected into 1.5 mL 

Eppendorf tubes which were kept on ice. To chelate DNA, a 21-gauge needle is placed on a 1 mL syringe 

and the sample is pipetted up and down 20-25 times. The protein is isolated from the cells by 

centrifuging the sample at 9,600 x g for 15 mins at 4°C. The supernatants are moved to a fresh 1.5 mL 

Eppendorf and stored at -20°C ready for use. Protein concentrations were determined using a  Pierce™ 

Figure 4. General western blot workflow. 1. Cells are isolated from a sample and prepared for 

protein extraction. 2. Cells undergo lysis to release proteins, including the target protein of interest. 

3. The proteins are separated by size using SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis). 4. Separated proteins are transferred from the gel to a PVDF (polyvinylidene 

difluoride) membrane for detection. 5. The membrane is probed with a primary antibody specific 

to the target protein, followed by a secondary antibody conjugated to a detection enzyme. The 

enzyme reacts with a substrate to produce a detectable signal. 6. The signal is captured using an 

imaging system for visualization, and band intensity is quantified to measure protein levels.  Image 

created in Biorender.com 
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BCA Protein Assay Kit (ThermoFisher Scientific, MA, USA, Cat #23227) as described in section 2.2.3 

with standards mixed with lysis buffer. 

Component Quantity  Concentration  UK Catalogue number 

Tris 1 M pH 7.4 7 mL 350 mM RC-107 (VWR International) 

NaCl 1.22 g 1.05 M 71380-1KG-M (Merck Life Science Ltd) 

EDTA  104 mg 14 mM 46-034-CI (Scientific Laboratory Supplies) 

NP-40  1.4 mL 7% 85124 (ThermoFisher Scientific, MA, USA) 

H2O 11.6 mL   

 

2.2.2.2 Tissue harvesting and protein extraction  

Colon tissue harvested from in vivo experiments for protein extraction was immediately stored in 1 mL 

1X RIPA buffer (VWR International, Cat #PIER89901) containing 1X protease/phosphatase inhibitor 

cocktail (ThermoFisher Scientific, MA, USA, Cat #78430) and stored in -80°C until ready for protein 

extraction. For extraction, 2-3 ceramic beads were added to the sample and homogenised using a bead 

beater (BeadBugTM) by pulsing at maximum speed for 30 sec x 2 and immediately placed on ice. To 

chelate DNA, a 21-gauge needle is placed on a 1 mL syringe and the sample is pipetted up and down 

20-25 times.  The protein is isolated from the tissue by centrifuging the sample at 9,600 x g for 15 mins 

at 4°C. The supernatants are moved to a fresh 1.5 mL Eppendorf and stored at -20°C ready for use. 

Protein concentrations were determined using a  Pierce™ BCA Protein Assay Kit (ThermoFisher 

Scientific, MA, USA, Cat #23227) as described in section 2.2.3 with standards mixed with RIPA buffer. 

2.2.2.3 Sample preparation for loading 

The correct volume of sample was added to 10 μL 4X loading buffer (Table 3) to a final volume of 30 

μL and final protein concentration of 20 μg. The protein solution was boiled at 100°C for 5 mins before 

brief centrifugation at maximum speed to remove condensation.  

 

 

 

 

 

Table 2. Lysis buffer 7X components 
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Component Quantity Concentration UK Catalogue number 

Tris 0.5 M pH 6.8 5 mL 250 mM RC-107 (VWR International) 

Glycerol 4 mL 25% 17904 (ThermoFisher 

Scientific, MA, USA) 

SDS 600 mg 6% 1610301 (Bio-Rad 

Laboratories Ltd) 

1% Bromophenol blue 200 μL  14331-25g-CAY (Cambridge 

Bioscience) 

β-mercaptoethanol 800 μL  BC98 (VWR International) 

 

2.2.2.4 Gel production and protein separation 

Proteins within cell and tissue lysates were separated according to size by gel electrophoresis using a 

mini 7.5 or 12% gel depending on the size of the protein of interest. Gel components are listed in Table 

4 & 5. The resolving gel (pH 8.8) was cast between two glass plates separated by a 1 mm spacer (Bio-

Rad Laboratories Ltd, Cat #1653308 & #1653311). A small layer of butanol was then added on top of 

the liquid resolving gel to ensure gel integrity and then the gel was incubated at room temperature 

until the residual gel left over had set (approximately one hour). Once the resolving gel had set, a 

stacking gel (pH 6.8) was then loaded between the plates, on top of the solid resolving gel. A 1 mm 

comb (Bio-Rad Laboratories Ltd, Cat #1653359) was immediately inserted into the stacking gel, which 

was then left to set at room temperature for approximately 30 mins.  

 

 

 

 

 

 

 

Table 3. Components of sample loading buffer for western blot 
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 7% 12%  

Component Quantity  Quantity UK Catalogue number 

H2O 5.1 mL 3.4 mL  

Acrylamide/Bis-acrylamide 

(30%/0.8% w/v) 

2.3 mL 4 mL A3574-100ML (Merck Life 

Science Ltd) 

1.5 M Tris-HCl pH 8.8 2.5 mL 2.5 mL RC-107 (VWR International) 

20% Sodium dodecyl sulfate 

(SDS) 

50 μL 50 μL 1610301 (Bio-Rad 

Laboratories Ltd) 

10% Ammonium persulfate 

(APS) 

50 μL 50 μL HC2005 (ThermoFisher 

Scientific, MA, USA) 

Tetramethylethylenediamine 

(TEMED) 

6.6 μL 6.6 μL HC2006 (ThermoFisher 

Scientific, MA, USA) 

 

Component Quantity UK Catalogue number 

H2O 3.075 mL  

Acrylamide/Bis-acrylamide 

(30%/0.8% w/v) 

670 μL A3574-100ML (Merck Life 

Science Ltd) 

0.5 M Tris-HCl pH 6.8 1.25 mL RC-107 (VWR International) 

20% Sodium dodecyl sulfate 

(SDS) 

25 μL 1610301 (Bio-Rad Laboratories 

Ltd) 

10% Ammonium persulfate 

(APS) 

25 μL HC2005 (ThermoFisher 

Scientific, MA, USA) 

Tetramethylethylenediamine 

(TEMED) 

5 μL HC2006 (ThermoFisher 

Scientific, MA, USA) 

 

Once the stacking gel had set, 30 μL of the sample containing 20 μg protein was loaded into wells using 

gel loading tips (ThermoFisher Scientific, MA, USA, Cat #LC1001) for accuracy. A 10-250 kDa ladder 

(Bio-Rad Laboratories Ltd, Cat #1610374) was used to ensure detected bands were of the expected 

Table 4. Western blot resolving gel composition 

Table 5. Western blot stacking gel composition 
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size for the protein of interest. The space between the gels was flooded with 1X running buffer (Table 

6) and a 300V power pack (Bio-Rad Laboratories Ltd, Cat #1645070) was set to 120V and used to run 

the gel at room temperature for approximately 90 mins. 

Component Quantity UK Catalogue number 

SDS-PAGE tank buffer 
Tris-Glycine-SDS (10X) 

900 mL B9-0032 (Geneflow Ltd) 

H2O 100 mL  

 

2.2.2.5 Semi-dry membrane transfer 

To transfer the separated proteins from the gel to a low fluorescence poly(vinylidene fluoride) (LF-

PVDF) membrane (Bio-Rad Laboratories Ltd, Cat #1620262) for antibody staining, a rapid semi-dry 

transfer was performed once the gel had completed its run and the protein ladder had visibly 

separated enough so that different molecular weight bands were easily distinguishable.  

All transfer equipment including gels and membranes were soaked in 1X transfer buffer (Table 7) for 

at least 5 mins to ensure they remained wet throughout the procedure. The LF-PVDF membrane was 

cut to size and initially soaked in 100% methanol for 10 sec before being added to 1X transfer buffer 

separate from the incubating gel and filter paper. Care was taken throughout to avoid contact of the 

membrane with potential sources of protein contamination including gloves, with tweezers being used 

to handle the membrane at all times. 

Component Quantity UK Catalogue number 

10X Tris/glycine buffer  200 mL 1610734 (Bio-Rad Laboratories Ltd) 

100% Ethanol 200 mL 10680993 (Fisher Scientific) 

H2O 600 mL  

 

Transfer equipment was assembled as shown in Figure 5, with the membrane being carefully placed 

over the gel and sandwiched between filter paper.  Assembled transfer equipment was then placed in 

the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories Ltd, Cat #1704150) which is set at 1.3A and 

25V which runs for 7 mins.  

Table 6. Western blot running buffer composition 

Table 7. Western blot transfer buffer composition 
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2.2.2.6 Membrane blocking and primary antibody staining 

Once proteins had transferred from the gel to the membrane, the membrane was blocked to prevent 

non-specific binding of the primary antibodies. Blocking was achieved by incubating the membrane in 

blocking buffer (Table 8) in a sealed bag for at least 30 mins at room temperature on a shaker set to 

40 rpm. Membranes were then incubated with primary antibody at the dilution detailed in Table 9 at 

4°C overnight on a rocker. 

Component Quantity Concentration  UK Catalogue number 

Tris 1 M pH 7.4 10 mL 10 mM RC-107 (VWR International) 

NaCl 8.76 g 0.15 M 71380-1KG-M (Merck Life Science 

Ltd) 

EDTA 372 mg 1 mM 46-034-CI (Scientific Laboratory 

Supplies) 

Bovine Serum Albumin 

(BSA) 

30 g 3% A7030-50G (Merck Life Science Ltd) 

Gelatine 5 g 0.5% 48722-100G-F (Merck Life Science 

Ltd) 

H2O 1L   

 

Figure 5. Gel and membrane setup for electrophoretic transfer. Image adapted from Bio-rad.com 

Table 8. Western blot blocking buffer composition 
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2.2.2.7 Secondary antibody staining  

Following primary antibody incubation, membranes were washed for 3 x 15 mins with Tris buffer 

saline-Tween 20 (TBS-T) on a shaker set to 40 rpm. Membranes were then placed in a new sealable 

plastic bag and secondary antibodies dissolved in blocking buffer at the recommended dilution factor 

(Table 9) were added. Membranes were incubated with secondary antibody for one hour at room 

temperature on a shaker set to 40 rpm. Washing, as described above, was repeated before detection. 

Target Host species Species 

reactivity 

Classification Dilution UK Catalogue number 

GAPDH Rabbit Human, 

mouse 

Primary antibody 1:1000 ab9485-100ug (Abcam) 

Total β-catenin Rabbit Human, 

mouse, 

rabbit, 

monkey 

Primary antibody 1:1000 8480T (Cell Signalling 

Technology) 

Phosphorylated 

β-catenin 

Ser552 

Rabbit Human, 

mouse 

Primary antibody 1:1000 9566S (Cell Signalling 

Technology) 

E-cadherin Rat Dog, human, 

mouse 

Primary antibody 1:250 14-3249-80 

(ThermoFisher 

Scientific, MA, USA) 

Alexa Fluor 

790-conjugated 

AffiniPure 

donkey anti-

rabbit IgG 

Donkey Rabbit Secondary antibody 1:10,000 711-655-152 (Jackson 

ImmunoResearch 

Laboratories Inc.) 

IRDye800CW 

Goat anti-Rat 

Goat Rat Secondary antibody 1:10,000 926-32219 (Li-Cor Bio) 

 

Table 9. Antibodies used for western blot  
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2.2.2.8 Protein detection 

To visualise the protein bands, membrane sections were placed face-up inside the Li-Cor Odyssey cXL 

system (Li-Cor Biosciences) which uses a 2-channel near-infrared fluorescent imager to detect the 

signal produced. The infrared lasers excite the fluorophore conjugated to the secondary antibody to 

give the signal.  

2.2.2.9 Protein quantification   

Density of target bands normalised to density of internal control protein (GAPDH) was used to indicate 

expression of the target protein. Analysis was conducted in ImageJ (210) with data being presented 

using GraphPad Prism 10.2.0 (GraphPad, CA, USA). 
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2.2.3 BCA protein quantification assay 

To quantify protein quantification in samples, the Pierce™ Bicinchoninic Acid (BCA) Protein Assay Kit 

(ThermoFisher Scientific, MA, USA, Cat #23227) was used following manufacturers instructions. In 

brief, BCA reagent A was mixed with BCA reagent B at a 50:1 ratio to make the working reagent (WR). 

To a 96-well microplate (ThermoFisher Scientific, MA, USA, Cat #15041), 200 μL of WR was added 

followed by 25 μL of sample. To quantify protein concentration, a standard curve using BSA (20-2000 

μg/mL) was generated (Figure 7) by performing a dilution series in the same diluent as the sample. A 

negative control of diluent alone with no BSA was included. To account for background absorbance, 

values obtained from the negative control were subtracted from all values. The plate was covered in 

foil and incubated at 37°C for 30 mins, before measuring absorbance at 562 nm (Tecan Infinite M200 

PRO). 
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2.2.4 PCR 

Following methods published by Harcus et al (211), expression levels of prospective metabolic enzyme 

homologues of prostaglandin E synthase 2 (PGES2) and phospholipase A2 (PLA2) were investigated in 

different lifecycle stages of H. polygyrus using polymerase chain reaction (PCR).  

Figure 7. Example standard curve used to determine BSA concentrations in samples. All values 

are corrected for background fluorescence. Data shown is the mean of one experiment performed 

in duplicate. Error bars Mean ± SD.  
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2.2.4.1 PCR primer design 

PCR primers were designed using National Centre for Biotechnology Information (NCBI) Primer-BLAST 

(212). For primer pair specificity checking parameters, the organism against which primers were 

designed was ‘Nematoda’ (taxid: 6231). Consideration was made to optimal primer parameters when 

designing primers, these included; forward and reverse primer length of between 18-24 bases, product 

size maximum of 200 base pairs, melting temperatures (Tm) less than 3°C apart, a guanine and cytosine 

(GC) content of between 40-60% and as close to the 3’ end of the target sequence as possible. Once 

potential candidates were identified, they were aligned to the target sequence using the sequence 

alignment software, Multalin (213). The reverse primer was reverse complemented using a reverse 

complement tool to ensure correct binding (214). If the chosen primer pair sequences aligned well to 

the target sequence and the predicted product size matched with the size proposed by NCBI Primer-

Blast, then primers were ordered (Eurofins genomics). The sequences of the designed primers are 

shown in Table 10. The primer sequences for H. polygyrus actin were obtained from published work 

by Harcus et al (211). 

Gene name Primer sequence (5’-3’) Species 

Actin TGAGCACGGTATCGTCACCAAC Nematoda 

TTGAAGGTCTCGAACATGATCTG 

PGES2 CGCCATTGGACCGAATAGGA Nematoda 

CGACACCTAGTTCGCCTGAA 

PLA2 GATAGGTGGGTGAGCTGTCG Nematoda 

TGTCTTTGGTGTCGGTCTCG 

2.2.4.2 RNA extraction  

RNA was extracted from H. polygyrus eggs, L3 larvae, and adults using TRIzol reagent (ThermoFisher 

Scientific, MA, USA, Cat #15596026). Samples were homogenised by adding 1-2 ceramic beads and 

homogenising using the BeadBugTM homogeniser on 4,000 rpm for 2 x 30 sec pulses. The samples are 

incubated in the TRIzol reagent for 5 mins to allow complete dissociation of the nucleoproteins 

complex. To each sample, 0.2 mL chloroform (Merck Life Science Ltd, Cat #366927) was added and 

shaken thoroughly, followed by centrifugation (12,000 x g, 15 mins, 4°C) to allow separation of the 

phases. The upper aqueous phase was then transferred to a new tube for further processing. Here, 0.5 

mL isopropanol (Merck Life Science Ltd, Cat #I9516-25ML) was added to each sample, incubated and 

centrifuged (12,000 x g, 10 minutes, 4°C) to allow precipitation of the RNA. Supernatant was discarded 

and pellet resuspended in 1 mL 75% ethanol (Fisher Scientific, Cat #16606002), vortexed and 

Table 10. Primers used for PCR reactions 
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centrifuged again to precipitate the pellet (7500 x g, 5 mins, 4°C). Supernatant was discarded, and 

pellet was left to air dry for 10 mins. Once dry, the pellet was resuspended in 20 µL nuclease-free water 

(ThermoFisher, MA, USA, Cat #R0581) and stored at -80°C. Quantity (ng/ µL) and purity (260/280 ratio) 

of extracted RNA were measured using a Nanodrop-1000 spectrophotometer (ThermoFisher, MA, 

USA).  

2.2.4.3 DNase treatment  

To 1 µg of each RNA sample, 1 µL RQ1 RNase 10x reaction buffer (Promega, Cat #M6101 ), 1 U/ µg RNA 

RNase free DNase (Promega, Cat #M6101) and DNase and RNase free water (up to 10 µL were added 

and the reaction mixture incubated at 37°C for 30 minutes. Following this, 1 µL RQ1 DNase stop 

solution (Promega, Cat #M6101) was added to terminate the reaction and incubated at 65°C for 5 

mins. 

2.2.4.4 cDNA synthesis  

Using the DNase digested RNA, cDNA mixes were prepared. For each sample, 1 µL random hexamer 

primers (50 µM) (Invitrogen, Cat #N8080127), 1 µL deoxyribonucleotide triphosphate (dNTPs) (10 mM) 

(New England Biolabs, Cat #N0447S), up to 5 µg RNA and DNase and RNase free water to make the 

total reaction mixture up to 14 µL were all added. The reaction mixture was then heated at 65°C for 5 

mins and allowed to cool at 4°C. To the cDNA mix, 4 µL 5X First Strand Buffer, 1 µL 0.1M dithiothreitol 

(DTT) and 1 µL SuperScript III (Invitrogen, Cat #18080093) were added. The 20 µL total mix was then 

incubated in a thermocycler, programmed as follows: 25°C for 5min, 50°C for 1hr, and 70°C for 15min. 

Samples were allowed to cool and then stored at -20°C. 

2.2.4.5 DNA amplification 

The PCRBIO Ultramix (PCRBIO, Cat # PB10.32-01) master mix was prepared according to manufacturer 

instructions for the required number of samples +1 to account for error. 22 μL of the master mix was 

aliquoted into 0.2 mL non-stick PCR tubes (Starlabs, Cat #I1402-8100), and to each aliquot 1 μL 

template DNA, 1 μL forward primer (10 μM) and 1 μL reverse primer (10 μM) were added. Samples 

were then placed in the thermocycler with the programme in Table 11 used to amplify the DNA.  
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Cycles Temperature (°C) Time  

1 95 5 mins 

35-40 95 30 sec 

60 30 sec 

72 50 sec/kb 

1 72 10 mins 

 

2.2.4.6 Gel electrophoresis  

A 2% agarose gel was made combining agarose and Tris-acetate EDTA (TAE) buffer and microwaving 

until molten, before being poured into the gel caster and comb immediately inserted. To allow 

visualisation, 5 μL SYBR safe (Invitrogen, Cat # S33102) per 100 mL of agarose gel was added prior to 

pouring into the gel caster. Once set, the agarose gel was placed into the gel electrophoresis tank and 

submerged in TAE buffer. 8 μL of sample was mixed with 2 μL 6X sample loading dye (PCRBIO, Cat # 

PB40.12-01) on parafilm before being loaded into the designated wells. For product size reference, 5 

μL of 10 – 10,000 bp ladder was loaded (PCRBIO, Cat #PB40.12-01). The gel electrophoresis tank was 

connected to a PowerPacTM Basic Power Supply (Bio-Rad Laboratories Ltd, Cat #1645070) set to 90V 

and run for 30 – 40 mins. Once the sample loading dye had run to the bottom, the gel was visualised 

on the GelDoc Go Imaging System (Bio-Rad Laboratories Ltd).   

2.2.5 Molecular cloning into E. coli  

Gibson cloning was performed in an attempt to express the proposed H. polygyrus PGES2 enzyme to 

investigate its function. The Gibson cloning technique was chosen as it is a relatively quick and 

inexpensive method of joining multiple overlapping DNA fragments in a single-tube isothermal 

reaction (215). The overview of the Gibson cloning process is shown in Figure 8. 

Table 11. Thermocycler conditions used during DNA amplification 
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2.2.5.1 DNA preparation and Gibson assembly 

The pET15b vector used for cloning of the PGES2 sequence was kindly provided by Dr Mark Young  

(School of Biosciences, Cardiff University). Primers used to amplify the PGES2 insert sequence and the 

pET15b vector were obtained using Benchling software (Table 12).  

Primer name Sequence (5’-3’) 

pET15b ATC ATC ATC ATC AT CAT TAG GAT CCG GCT GCT 

AAC AAA GC 

TCA ATA TGA AAC GTC AGC ATG GTA TAT CTCC 

TTC TTA AAG TTA AAC AA 

PGES2 CTT TAA GAA GGA GAT ATA CCA TGC TGA CGT 

TTC ATA TTG AG 

GCT TTG TTA GCA GCC GGA TCC TAA TGA TGA 

TGA TGA TGA TGA TTT G 

 

For the PCR amplification, the pET15b vector was diluted 1:50 with nuclease free water to a final 

concentration of 2ng/mL. The insert sequence is supplied at a concentration of 2µg/mL which was 

made up to 100ng/µL by adding 20 µL of nuclease free water. The PCR amplification involved using 

high fidelity Q5 DNA polymerase (New England Biolabs, Cat #M0491S) as opposed to a low fidelity 

Figure 8. Overview of Gibson assembly process. 1. Insert sequence is ligated into the chosen 

vector using the Gibson assembly mix. 2. The successfully transformed vector is then 3. 

transformed into bacteria. Image created using Biorender.com 

Table 12. Primer sequences of pET15b vector and PGES2 insert 
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DNA polymerase due to its exonuclease activity resulting in a low mutation rate. The reaction mix was 

put in the thermocycler using the conditions found in Table 13. 

pET15b vector 

Cycles Temperature (°C) Time 

1 98 30 sec 

35 98 10 sec 

60 30 sec 

72 4 mins 

1 72 2 mins 

PGES2 insert 

1 98 30 sec 

35 98 10 sec 

65 30 sec 

72 30 sec 

1 72 2 min 

 

The PCR was performed as previously described in section 2.2.8.6 only with a 1% gel so that it is easier 

to cut through in the fragment extraction step. To estimate fragment size, 5µL of a 1kbp DNA ladder 

(Meridian science, Cat #BIO33053) was run alongside. Both amplified fragments were PCR extracted 

by using the Monarch DNA Gel Extraction Kit (New England Biolabs, Cat #T1120). The extracted 

fragments were then quantified using a Qubit dsDNA broad range (BR) assay kit (ThermoFisher, MA, 

USA, Cat #Q33265) with the Qubit fluorometer (Invitrogen, Cat #Q33238). The PGES2 insert fragment 

was then cloned into the pET15b vector using a Gibson Assembly Cloning Kit (New England Biolabs, 

Cat #E5510S) with the following mix shown in Table 14. The fragment assembly mix was then heated 

at 50°C for 30 mins and stored at -20°C ready for bacterial transformation 

 

 

 

 

Table 13. Thermocycling conditions used during DNA amplification 
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Component Fragment assembly (μL) Positive control (μL) 

Fragments 2 10 

Gibson assembly master mix 

(10X) 

10 10 

H2O 7 0 

 

2.2.5.2 Bacterial transformation 

The bacteria used for transformation were 5-alpha competent E. coli cells supplied by (New England 

Biolabs, Cat #C2987I) and stored at -80°C until ready to perform the transformation. Cells were thawed 

on ice for 30 mins before 2 μL of the Gibson assembled plasmid DNA was added directly to the cells 

and incubated on ice for a further 30 mins. The plasmid DNA was introduced into the cells by using the 

heat shock transformation method, where the vial was submerged in a water bath set to 42°C for 

exactly 30 sec and placed back on ice for 5 min. To the vial, 950 μL SOC media (New England Biolab, 

Cat #B9020S) was added and the mix was placed on a shaker set at 37°C and 250 rpm for 1 hr. A 1 in 

10 serial dilution of the cells was performed down to 10-7 with 100 μL being spread onto lysogeny 

broth (LB) agar (Merck Life Sciences, Cat #BP9724-500) supplemented with 100 μg/mL ampicillin 

(ThermoFisher, MA, USA, Cat #11593027) to select for positive colonies.  

2.2.5.3 Colony PCR 

To confirm positive transformation of the plasmid into the bacteria, a colony PCR was performed on 

randomly selected single colonies. The DNA was extracted from the colonies by picking a single colony 

and mixing it with 50 μL 5%- Chelex-100 (Bio-Rad Laboratories, Cat #1421253) by pipetting up and 

down. The sample was heated to conditions shown in Table 15. 

 

 

 

 

 

 

 

Table 14. Details of Gibson assembly mix 
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Cycles Temperature (°C) Time 

1 95 5 min 

4 5 min 

95 5 min 

4  5 min 

 

The Chelex resin can be seen at the bottom of the tube after this heating step, so we next took 1 μL of 

colony DNA from the top of the tube and added to a PCRBIO ultramix and primers for the PGES2 insert 

sequence were used. The sample was then heated in the thermocycler using conditions shown in Table 

16. 

Cycles Temperature (°C) Time 

1 95 5 min 

35 95 30 sec 

62 30 sec 

72 1 min 

1 72 10 min 

 

The samples were loaded onto a 1.2% agarose gel as previously described in section 2.2.4.6. Colonies 

showing successful transformation were grown in an overnight culture of 10 mL LB broth 

supplemented with 100 μg/mL ampicillin to maintain selection pressure on a shaker in a 37°C 

incubator set at 250 rpm for plasmid extraction the next day. 

2.2.5.4 Plasmid extraction and sequencing  

The plasmid extraction was performed using the Monarch plasmid miniprep kit (New England Biolab, 

Cat #T1010S) following manufacturer instructions, with the workflow being summarised in Figure 9. 

In brief, transformed colonies were inoculated into LB broth with 100 μg/mL ampicillin and grown 

overnight. The culture is centrifuged, and the bacterial cells lysed with lysis buffer before cell debris 

being removed. The plasmid DNA is then added to a spin column, with multiple wash steps allowing 

the plasmid DNA to bind to the matrix and be eluted in nuclease-free water. Once extracted, plasmid 

was stored in -20°C ready for subsequent use. To ensure the plasmid had the correct insert sequence 

transfected, 20 μL of plasmid was sent to Eurofins for sequencing against a standard T7 primer. Once 

Table 15. Thermocycling conditions used for DNA extraction with Chelex-100 resin 

Table 16. Thermocycling conditions for colony PCR 
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the sequencing was complete, the resulting plasmid sequence was blasted against the PGES2 insert 

sequence using NCBI-Blast to ensure both sequences matched. 

 

2.2.5.5 Protein expression in E. coli 

To express the PGES2 protein, the transformed pET15b plasmid is next transformed into a T7 express 

E. coli strain (New England Biolab, Cat #C2566H). In the T7 system, the target gene is cloned into an 

expression vector downstream of the T7 promoter and this construct is introduced into a T7 expression 

host. T7 expression hosts carry a chromosomal copy of the phage T7 RNA polymerase gene. When an 

inducer is added, such as Isopropyl β- d-1-thiogalactopyranoside (IPTG), T7 RNA polymerase is 

expressed and becomes dedicated to target gene transcription (216).  

The pET15b plasmid was transformed into the T7 express E. coli strain using the heat shock method as 

previously described in section 2.2.9.2. A 5ml culture of LB broth (Merck Life Sciences, Cat #12801660) 

containing 100 µg/mL of ampicillin was inoculated with a colony from this culture and grown overnight 

at 37°C in a shaking incubator set to 250 rpm. A 10 mL culture of LB broth was inoculated with 0.5 mL 

of the overnight culture and grown at 37°C until an optical density (OD)600 of 0.6 was reached. Optical 

density was measured by taking 100 μL of culture and mixing with 900 μL LB broth (1 in 10) in a 

microcuvette (ThermoFisher, MA, USA, Cat #221S). The OD was quantified at 600 nm using a 

Figure 9. Schematic summarizing the process of plasmid extraction using the Monarch plasmid 

miniprep kit. Image created using Biorender.com 
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spectrophotometer (Jenway 6300) then multiplied by 10 to account for the dilution factor. Once the 

OD600 was equal to 0.6, a 1ml sample was taken (time 0) and added into a 1.5mL Eppendorf. The 

remaining culture was split into two 50mL Falcon tubes and 9µL of IPTG (Cambridge Bioscience, Cat 

#15300-5g-CAY) from 1M frozen stock was added to each tube. One tube was placed in a shaking 

incubator at 37°C for 3hr whilst the other tube was placed in a shaking incubator at 18°C for 20hr. The 

samples were then centrifuged at maximum speed in a microcentrifuge for 30sec, with the 

supernatant being discarded. The pellet was stored at -20°C until ready to process.  

The cell pellets were suspended in 100µL of lysis buffer consisting of 1mL Bugbuster and 2µL Lysonase 

(Merck Life Science Ltd, Cat #71370-3) and rotated at room temperature for 5 mins. The samples were 

then centrifuged in a microcentrifuge at maximum power for 2 mins to remove inclusion bodies and 

cell debris. The soluble supernatant was then pipetted into a fresh tube and 10µL being taken for SDS-

PAGE. The insoluble cell debris was resuspended in 100 µL H2O and 10 µL was taken for SDS-PAGE. The 

10 μL sample was combined with 10 μL 4X loading buffer (section 2.2.2.3) and heated at 100°C for 2 

mins and centrifuged at maximum speed in a microcentrifuge. The samples were loaded alongside a 

10-180 kDa molecular weight ladder (Bio-Rad Laboratories) on a 12% SDS-PAGE gel (section 2.2.2.4). 

The gel was run at 120V for 90 mins and then stained with Instant blue stain (Abcam, Cat #ab119211-

1000ml) before being washed with deionised water 3 x 5 mins. The gel was imaged using the GelDoc 

Go imaging system (Bio-Rad Laboratories).  

2.3 HES Analysis  

2.3.1 Heligmosomoides polygyrus bakeri larvae and HES preparation  

The H. polygyrus lifecycle was performed using an established protocol by Johnston et al (217) 

summarised in Figure 10. Male, 8-week-old C57BL/6 mice (Charles River) were maintained on standard 

chow diet and infected with 400 L3 H. polygyrus larvae (donated to us from Dr Benjamin Dewals, 

University of Liege), by oral gavage, with the adult worms being collected from the small intestine 14 

days post-infection. The adult worms were then washed repeatedly with Hank’s Balanced Salt Solution 

(HBSS) (Merck Life Science Ltd, Cat #H9394-1L) with 100 U/mL penicillin/streptomycin before 

incubation with Roswell Park Memorial Institute-1640 (RPMI-1640) medium (ThermoFisher, MA, USA, 

Cat #21875091), supplemented with 2mM L-glutamine (ThermoFisher, MA, USA, Cat #A2916801), 100 

U/mL penicillin/streptomycin, and 100 µg/mL gentamicin (ThermoFisher, MA, USA, Cat #15710049). 

The pooled culture supernatants collected twice weekly for three weeks were then concentrated  in 

1xPBS over a 3000MW Amicon membrane (Merck Life Science Ltd, Cat #UFSC05001). The protein 

concentration of the HES was quantified using a BCA assay as described previously (section 2.2.3) and 
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then stored at -80°C ready for use. For the H. polygyrus larvae preparation, faecal material containing 

the eggs are removed from the lower gut. The faecal material is then mixed with washed activated 

charcoal (Merck Life Science Ltd, Cat #1096310100) and smeared onto filter paper in a large petri dish. 

This is kept in a humid box for 12-14 days, with the larvae being removed from day 5 onwards. The 

filter paper is removed, and the larvae left on the plate is washed with water into a 50 mL falcon tube. 

The wash step is repeated and then spun at 13,800 x g for 10 mins to obtain the L3 larvae. 

 

2.3.2 HES heat-inactivation, protease inhibition and size fractionation 

Where indicated, HES was heat-inactivated by incubating at 95°C for 20 mins in accordance with a 

published protocol (146). For protease inhibition, the HaltTM protease inhibitor cocktail, EDTA-free 

100X stock (ThermoFisher Scientific, MA, USA, Cat #78430) was added to cells at a final 

concentration of 1X. To perform size fractionation,  Vivaspin 500 molecular weight cut off (MWCO) 

spin columns with 10,000 and 50,000 MWCO filters were used (VWR International, Cat #28-9322-

25&28-9322-36). To the 50,000 MWCO spin column, 100 μL of HES was added and centrifuged at 

9,600 x g for 5 mins with the concentrate and filtrate collected and stored at -20°C. To the 10,000 

Figure 10. Animated schematic of H. polygyrus cultivation. Summary of key events during 

cultivation of H. polygyrus and isolation of HES. Image made using information from Johnston et 

al. Image created in Biorender.com  
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MWCO spin column, 50 μL of the filtrate from the 50,000 MWCO spin column was added and 

centrifuged at 9,600 x g for 5 mins with the concentrate and filtrate collected and stored at -20°C. To 

evaluate % efficiency, a sample of bovine serum albumin (BSA) was run on the spin column and 

protein concentration quantified using the BCA assay as described previously (section 2.2.3). 

2.3.3 Oxylipin analysis 

HES was made up to 500 µL with water, with 100 µL being used for analysis. To this 100 µL of sample, 

2.1-2.9ng of 13(S)-HODE-d4, 5(S)-HETE-d8, 12(S)-HETE-d8, 15(S)-HETE-d8, 20-HETE-d6, LTB4-d4, 

Resolvin D1-d5, PGE2-d4, PGD2-d4, PGF2α-d4, TXB2-d4, 11-dehydro-thromboxane B2-d4 standard 

(Cayman chemicals) was added. Lipids were then extracted following sequential additions of 

isopropanol/hexane/acetic acid extraction buffer and hexane before removal of the upper layer of 

lipids following centrifugation at 2,000 x g for 5 mins. Lipid extraction from the lower layer was then 

completed according to the Bligh and Dyer technique using sequential additions of methanol and 

chloroform before vacuum drying of the sample and reconstitution of the lipid extract with 200 μL 

high-performance liquid chromatography (HPLC) grade methanol. Samples were separated by liquid 

chromatography (LC) using gradients of two mobile phases and an Eclipse Plus C18 Column (Agilent) 

and analysed on a QTRAP® 6500 LC-MS/MS system (Sciex) according to established multiple reaction 

monitoring (MRM) transitions (Table 17). Following quantification of each oxylipin to the internal 

standard using MultiQuant™ software (Sciex). 

Table 17. Multiple reaction monitoring (MRM) transitions.  

Analyte Retention Time 

(RT; min) 

Declustering 

potential (DP) 

Collision 

energy (CE) 

Transition 

Q1 

(m/z) 

Q3 

(m/z) 

5-HETE 14.4 -55 -19 319.20 115.2 

8-HETE 14.1 -65 -18 319.20 155.201 

9-HETE 14.27 -50 -20 319.20 167.2 

11-HETE 13.91 -60 -19 319.20 167.202 

12-HETE 14.11 -65 -18 319.20 179.2 

15-HETE 13.65 -55 -18 319.20 219.2 

20-HETE 12.64 -85 -21 319.20 275.1 

5-HEPE 13.17 -60 -20 317.20 115.1 

8-HEPE 12.8 -65 -19 317.20 155.2 

9-HEPE 12.99 -50 -18 317.50 167.2 

11-HEPE 12.69 -50 -20 317.20 167.201 
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12-HEPE 12.91 -65 -18 317.20 179.2 

15-HEPE 12.63 -65 -16 317.20 219.2 

18-HEPE 12.25 -50 -15 317.20 259.2 

4-HDOHE 14.66 -50 -17 343.20 101.1 

7-HDOHE 14.2 -50 -21 343.20 141.2 

8-HDOHE 14.31 -50 -19 343.20 189.2 

10-HDOHE 13.99 -55 -21 343.20 153.201 

11-HDOHE 14.14 -60 -18 343.20 121.1 

13-HDOHE 13.87 -55 -19 343.20 193.1 

14-HDOHE 13.99 -45 -17 343.20 205.2 

16-HDOHE 13.73 -55 -17 343.20 233.201 

17-HDOHE 13.79 -70 -15 343.20 201.2 

20-HDOHE 13.47 -55 -17 343.20 241.201 

9-HODE 13.34 -85 -23 295.20 171.1 

13-HODE 13.28 -85 -23 295.20 195.2 

9-HOTrE 12 -60 -20 293.20 171.2 

13-HOTrE 12.2 -70 -22 293.20 195.101 

5-HETrE 15.49 -70 -19 321.20 115.1 

15-HETrE 14.29 -70 -21 321.20 221.2 

9-OxoODE 14 -85 -23 293.20 185.1 

13-OxoODE 13.72 -85 -25 293.20 195.1 

5-OxoETE 15.06 -65 -20 317.20 273.2 

12-OxoETE 14.36 -75 -20 317.20 153.1 

15-OxoETE 14 -60 -22 317.20 113.1 

9,10-DiHOME 10.9 -80 -29 313.20 201.2 

12,13-DiHOME 10.62 -80 -28 313.20 183.2 

5,6-DiHETrE 12.64 -75 -24 337.20 145.1 

8,9-DiHETrE 12.14 -70 -25 337.20 127.1 

11,12-DiHETrE 11.79 -65 -26 337.20 167.1 

14,15-DiHETrE 11.45 -65 -25 337.20 207.1 

5,6-DiHETE 11.2 -60 -23 335.20 115.2 

5,15-DiHETE 9.92 -60 -21 335.30 115.2 

8,15-DiHETE 9.63 -65 -22 335.20 235.2 
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14,15-DiHETE 10.35 -65 -23 335.30 207.2 

17,18-DiHETE 9.97 -65 -24 335.30 247.2 

RvE1 3.21 -65 -22 349.30 195.1 

RvD1 7.47 -55 -23 375.50 215.1 

RvD2 6.8 -65 -21 375.20 141.2 

RvD3 6.49 -65 -24 375.20 147.1 

RvD5 10.09 -65 -22 359.20 199.1 

LTB3 11.5 -65 -22 337.20 195.2 

LTB4 10.22 -70 -23 335.20 195.1 

20-carboxy LTB4 3.24 -80 -25 365.20 347.2 

20-hydroxy LTB4 3.55 -80 -25 351.20 195.2 

6-trans LTB4 9.89 -65 -23 335.20 195.101 

LXA4 7.32 -55 -19 351.20 115.2 

Mar-01 10.1 -60 -23 359.50 250.2 

7,17-DiHDPA 10.38 -65 -20 361.50 263.3 

9(10)-EpOME 14.86 -80 -21 295.30 171.1 

12(13)-EpOME 14.74 -80 -19 295.30 195.2 

5(6)-EET 15.37 -60 -16 319.20 191.1 

8(9)-EET 15.15 -60 -15 319.30 167.201 

11(12)-EET 15.15 -60 -18 319.30 167.2 

14(15)-EET  14.84 -65 -18 319.20 219.3 

8(9)-EpETE 14.2 -70 -18 317.20 127.2 

11(12)-EpETE 14.12 -70 -15 317.20 167.2 

14(15)-EpETE 14.04 -70 -18 317.20 207.2 

17(18)-EpETE 13.7 -75 -16 317.20 215.2 

7(8)-EpDPA  15.2 -60 -16 343.20 113.1 

10(11)-EpDPA  15.08 -65 -15 343.20 153.2 

13(14)-EpDPA  15.02 -70 -15 343.20 193.2 

16(17)-EpDPA   14.97 -55 -16 343.20 233.2 

19(20)-EpDPA  14.71 -70 -18 343.20 241.2 

PGD1 6.65 -55 -16 353.30 317.202 

PGD2 6.61 -50 -22 351.20 271.302 

PGD3 5.26 -50 -17 349.30 269.201 
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PGE1 6.53 -60 -18 353.30 317.2 

PGE2 6.2 -60 -19 351.20 271.3 

PGE3 4.86 -60 -17 349.30 269.2 

PGB2 8.82 -60 -24 333.30 175.1 

13,14-dihydro-15-keto PGE2 7.33 -55 -19 351.20 235.2 

13,14-dihydro-15-keto PGD2 8.16 -50 -25 351.50 207.2 

13,14-dihydro-15-keto PF2α 7.43 -55 -23 353.50 113.001 

11β-PGE2 6.38 -55 -23 351.20 271.2 

6-keto PGE1 3.22 -55 -23 367.20 143.1 

8-iso PGE2 5.94 -55 -21 351.20 271.001 

15-deoxy-Δ12,14-PGJ2 12.44 -65 -18 315.20 271.2 

8-iso-15-keto PGF2α 5.37 -50 -23 351.20 289.2 

PGF2α 5.89 -85 -24 353.20 309.2 

6-keto PGF1α 3.3 -75 -26 369.30 163.2 

TXB2 4.83 -60 -22 369.20 169.1 

11-dehydro TXB2 6.24 -60 -20 367.20 305.2 

13(S)-HODE-d4 13.22 -60 -25 299.2 198.1 

5(S)-HETE-d8 14.32 -55 -19 327.2 116.1 

12(S)-HETE-d8 14.02 -60 -20 327.2 184.1 

15(S)-HETE-d8 13.55 -65 -22 327.2 226.1 

20-HETE-d6 12.6 -70 -21 325.2 281.1 

Leukotriene B4-d4 10.17 -65 -21 339.2 197.1 

Resolvin D1-d5 7.41 -75 -18 380.2 141.1 

Prostaglandin E2-d4 6.16 -60 -23 355.2 275.101 

Prostaglandin D2-d4 6.58 -55 -23 355.2 275.1 

Prostaglandin F2α-d4 5.86 -80 -24 357.2 313.2 

Thromboxane B2-d4 4.79 -55 -22 373.2 173.1 

11-dehydro Thromboxane B2-d4 6.21 -55 -21 371.2 309.2 

11(12)-EET (EpETrE) -d11 15.09 -65 -18 331.2 167.1 

 

2.3.4 Phospholipase A2 activity assay 

Phospholipase A2 (PLA2) enzymatic activity was measured using the EnzChek™ Phospholipase A2 Assay 

kit, (ThermoFisher Scientific, MA, USA, Cat #E10217) following manufacturers protocol. Honey-bee 
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venom PLA2 was used to produce a standard curve by diluting the 500 U/mL stock in 1X reaction buffer 

to a concentration range of 0-10 U/mL in a 96-well black plate (ThermoFisher Scientific, MA, USA, Cat 

#M33089) (Figure 11). The H. polygyrus adult supernatant was prepared by homogenising H. polygyrus 

adults in 1X reaction buffer at 4,000 rpm for 2 x 30 secs (BeadBug™), centrifuged at maximum speed 

in a microcentrifuge, and supernatant removed and stored at -80°C. Assays were performed at 100 µL 

total reaction volume, each well containing 50 µL of the sample supernatant and 50 µL Substrate-

Liposome (SL) mix and left for 10 minutes in the dark. As a negative control, 50 μL 1X reaction buffer 

was added with the SL mix. To account for background fluorescence, values obtained from the negative 

control were subtracted from all values. Fluorescence was measured at 460/515 nm 

excitation/emission (Tecan Infinite M200 PRO). 

 

2.3.5 Nano-LC mass spectrometry 

This methodology was performed by Dr Kate Heesom (Proteomics Facility, Biomedical Sciences 

Building, University of Bristol, Bristol, UK). The 10,000-50,000 MW HES sample was run on a 10% SDS-

PAGE gel until the dye front had migrated approximately 1cm into the separating gel. The gel lane was 

then excised as a single slice and subjected to in-gel tryptic digestion using a DigestPro automated 

digestion unit (Intavis Ltd.).  

Figure 11. Example standard curve used to determine PLA2 activity in samples. All values are 

corrected for background fluorescence. Data shown is the mean of one experiment performed in 

duplicate.  

 



73 
 

The resulting peptides were fractionated using an Ultimate 3000 nano-LC system in line with an 

Orbitrap Fusion Lumos mass spectrometer (ThermoFisher Scientific, MA, USA) In brief, peptides in 1% 

(vol/vol) formic acid were injected onto an Acclaim PepMap C18 nano-trap column (ThermoFisher 

Scientific, MA, USA) After washing with 0.5% (vol/vol) acetonitrile 0.1% (vol/vol) formic acid peptides 

were resolved on a 250 mm × 75 μm Acclaim PepMap C18 reverse phase analytical column 

(ThermoFisher Scientific, MA, USA) over a 150 min organic gradient, using 7  gradient segments (1-6% 

solvent B over 1min., 6-15% B over 58min., 15-32%B over 58min., 32-40%B over 5min., 40-90%B over 

1min., held at 90%B for 6min and then reduced to 1%B over 1min.) with a flow rate of 300 nl min−1.  

Solvent A was 0.1% formic acid and Solvent B was aqueous 80% acetonitrile in 0.1% formic acid.  

Peptides were ionized by nano-electrospray ionization at 2.2 kV using a stainless-steel emitter with an 

internal diameter of 30 μm (ThermoFisher Scientific, MA, USA) and a capillary temperature of 300°C.  

All spectra were acquired using an Orbitrap Fusion Lumos mass spectrometer controlled by Xcalibur 

3.0 software (ThermoFisher Scientific, MA, USA) and operated in data-dependent acquisition mode.  

FTMS1 spectra were collected at a resolution of 120 000 over a scan range (m/z) of 350-1550, with an 

automatic gain control (AGC) target of 4E5 and a max injection time of 50ms.  Precursors were filtered 

according to charge state (to include charge states 2-7), with monoisotopic peak determination set to 

peptide and using an intensity threshold of 1E3. Previously interrogated precursors were excluded 

using a dynamic window (40s +/-10ppm). The MS2 precursors were isolated with a quadrupole 

isolation window of 0.7m/z. ITMS2 spectra were collected with an AGC target of 2E4, max injection 

time of 35ms and HCD collision energy of 30%.  

2.3.5.1 Proteomic data analysis 

The raw proteomic data analysis was performed by Dr Kate Heesom (Proteomics Facility, Biomedical 

Sciences Building, University of Bristol, Bristol, UK). The raw data files were processed and quantified 

using Proteome Discoverer software v2.1 (Thermo Scientific) and searched against the UniProt 

Heligmosomoides polygyrus database (downloaded February 2024; 31791 sequences) using the 

SEQUEST HT algorithm.  Peptide precursor mass tolerance was set at 10ppm, and MS/MS tolerance 

was set at 0.6Da.  Search criteria included oxidation of methionine (+15.995Da), acetylation of the 

protein N-terminus (+42.011Da) and Methionine loss plus acetylation of the protein N-terminus (-

89.03Da) as variable modifications and carbamidomethylation of cysteine (+57.021Da) as a fixed 

modification. Searches were performed with full tryptic digestion and a maximum of 2 missed 

cleavages were allowed.  The reverse database search option was enabled and all data was filtered to 

satisfy false discovery rate (FDR) of 5%. 
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To determine GO terms, the accession gene IDs were inputted into g:Profiler using the g:GO functional 

profiling tool and searched against the H. polygyrus genome (PRJEB15396) (218). Uniqueness of 

protein expression to H. polygyrus was also determined in g:Profiler. Signal peptide sites were 

predicted using SignalP 6.0 (219). 

2.4 In vivo Experiments 

2.4.1 Animal husbandry 

All animal experiments were conducted with Cardiff University Animal Welfare and Ethical Review 

Board (AWERB) approval, in accordance with UK Home Office regulations and under valid Personal and 

Project licences (PIL: I94048829 and PPL: PP8622667). Mice received free access to standard animal 

diet unless otherwise stated and water, with a maximum of six mice of the same sex housed per cage. 

Appropriate environmental enrichment was provided for experimental animals, with regular health 

and well-being inspections occurring in accordance with regulatory requirements. Tick@Lab software 

(A-Tune Software Inc, USA) was used for population management. 

2.4.2 AOM/DSS model 

The azoxymethane (AOM)/dextran sodium sulfate (DSS) was chosen as a model of CAC as it is a 

reproducible and relatively inexpensive model which utilises chemical induction of DNA damage 

followed by repeated cycles of colitis (220). We followed an established AOM/DSS protocol published 

by Parang et al, (158) with a basic schematic outlining the protocol shown in Figure 12.  

 

Female 6-8 week old BALB/c mice (Charles River) were housed for one week prior to initiation of 

experiment to climatise. The mice were randomly allocated to a cage upon arrival which corresponded 

to the experimental condition. The infected group were given 200 H. polygyrus L3 using a 21-gauge 

oral gavage needle in 200 μL sterile water, with the non-infected group receiving just sterile water. All 

mice were maintained on a modified pro-inflammatory high sucrose American Institute of Nutrition 

(AIN)-76A rodent diet (221) with a high ω-6:ω-3 ratio of 120:1 (Product #D16083101, ResearchDiets, 

Figure 12. Schematic timeline for AOM/DSS induced inflammatory carcinogenesis. Adapted using 

information from Parang, et al 2016 
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USA) for one week before helminth infection. The diet composition is shown in Table 18 showing how 

the mAIN-76A diet differs from the standard chow diet. AOM (Merck Life Science Ltd, Cat #A5486-

25MG) was administered intraperitoneally (i.p.) at a dose of 10 mg/kg followed by three fortnightly 7 

day cycles of 2% 40,000-50,000 MW DSS (Fisher Scientific Ltd, Cat #J14489.22) in the water. EP2 and 

EP4 inhibitors PF-04418948 and ONO-AE3-208 were given i.p. at a dose 10mg/kg at day -10, -7, -4 and 

-1 before AOM administration, with control mice receiving 200 μL 1:1 DMOS:PBS i.p. as a vehicle 

control. Mice were monitored daily for weight loss, physical, and behavioural changes and were 

immediately euthanised if the humane endpoint was reached.  

Diet Standard Laboratory Chow Modified AIN-76A 

Component g/kg g% g/kg g% 

Protein 225 22.5 200 20 (casein) 

Carbohydrate 509 50.9 660 66 (corn starch, 

sucrose, 

cellulose) 

Fiber 44 4.4 50 5 (all cellulose) 

Fat 42 4.2 50  5 (sunflower oil, 

high linoleic) 

Ingredient  g/kg g% g/kg g% 

Linoleic acid (ω-6) 12.6 1.26 30.1 3.01 

α-linoleic acid (ω-3)  1.7 0.17 0.25 0.025 

ω-6:ω-3 ratio 25:3 120:4 

 

2.4.3 Tissue harvest and processing 

Once mice reached the end-point of the experiment or an ethical related humane endpoint (Table 19), 

mice were culled using a Schedule 1 approved method and colon tissue immediately dissected and 

harvested. Approximately 0.2 cm sections of tissue were stored in either RIPA buffer or Trizol reagent 

(ThermoFisher Scientific, MA, USA) at -80°C for subsequent protein and RNA extractions respectively.  

 

Table 18. Composition of rodent diets.  
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Parameter Animal ID Score 

Appearance General lack of grooming  1 

Staring coat, ocular and nasal 

discharges  

2 

Piloerection, hunched up 3 

Food and water intake 5% weight loss 1 

Up to 10% weight loss 2 

Up to 15% weight loss 3 

Natural behaviour Minor changes e.g. lack of nest 1 

Less mobile and alert, isolated 2 

Provoked behaviour  Minor depression or 

exaggerated response 

1 

Moderate change in expected 

behaviour 

2 

Tumour growth  Discharge  3 

Ulceration  3 

Redness  3 

Foot lesion  Impaired motility  3 

2.4.4 Immunohistochemistry  

For tumour burden quantification and immunohistochemical staining, the entire colon was removed 

from below the caecum to the anus, measured, weighed, and flushed with PBS and opened 

longitudinally before rolling around a toothpick and fixing in 100% ethanol overnight at 4°C. Following 

overnight incubation, ethanol-fixed tissues were transferred to the Cardiff University School of 

Biosciences Bioimaging Research Hub for paraffin embedding, sectioning, and haematoxylin and eosin 

(H&E) staining. Mounted Hematoxylin and eosin (H&E) stained tissues were scanned and digitised 

using an Olympus Slide Scanner (Olympus Corp, Japan). Infiltrating immune cells were quantified using 

ImageJ using the Cell Concentration Calculator plugin (222). Histological severity score was performed 

to evaluate the grade of malignant tissue transformation (223) (lymphocyte infiltration: 0 – normal, 3 

Table 19. Clinical scoring chart to prevent suffering of pre-clinical models. The chart was used to 

monitor all animal models included in this thesis, according to guidelines stipulated in the AWERB- 

and Home Office-approved project licence. Experimental animals were regularly monitored and 

scored against the morbidity chart. Clinical illness severity score: 1-2 observe daily, 3-6 examine 

daily, >6 cull by Schedule 1 method.  
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– dense inflammatory infiltration; goblet cell hyperplasia: 0 – absent, 3 – severe; muscle thickening: 

base of crypts sits on the muscularis mucosae – 0, marked muscle thickening – 3). This was conducted 

blind, with the order of images being randomised before analysis. 

2.4.5 Faecal calprotectin ELISA 

The mouse S100A8 DuoSet enzyme-linked immunosorbent assay (ELISA) (R&D systems, Cat #DY3059) 

was purchased as it has previously been used to quantify calprotectin in the faecal material (224, 225). 

This is a sandwich ELISA, with the mechanism detailed in Figure 13. 

 

Faecal samples were first weighed, then homogenised in PBS + 0.1% Tween-20 (PBS-T) for 15 mins 

before being centrifuged at 22,500 x g for 10 mins at 4°C. The supernatant was removed and stored at 

-80°C before performing the ELISA. To prepare the ELISA plate, each well was coated with 100 μL rat 

anti-mouse S100A8/S100A9 heterodimer capture antibody (give clone number) then covered with a 

plate sealer and incubated overnight at room temperature. The capture antibody was then aspirated 

and wells thoroughly washed with wash buffer (0.05% PBS-T). After 3x washes, wells were blocked 

with 300 μL 0.1% PBS-T and incubated at room temperature for 1 hr. Wells were again washed with 

wash buffer and then 100 μL of samples and standards were added in duplicate. To prepare the 

standard curve, a 2-fold dilution series of recombinant mouse S100A8/S100A9 heterodimer standard 

was prepared in 0.1% PBS-T ranging from 31.2 to 2,000 pg/mL. A negative control of 0.1% PBS-T alone 

was included, with values from these wells subtracted from all values to account for background 

fluorescence. After samples and standards were added, the plate was covered and incubated at room 

Figure 13. General concept of sandwich ELISA. Image created in Biorender.com 
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temperature for 2 hrs before being washed. 100 μL of biotinylated goat anti-mouse S100A8/S100A9 

heterodimer detection antibody (give clone number) was added to each well, incubated for room 

temperature for 2 hrs then washed. Next, 100 μL of streptavidin-horseradish peroxidase (HRP) was 

added to each well and incubated for 20 mins in the dark, then washed before 100 μL of substrate 

solution (1:1 mixture of Colour Reagent A (H2O2) and Colour Reagent B (Tetramethylbenzidine) was 

added and incubated in the dark for a further 20 mins. Finally, 50 μL of stop solution (2NH2SO4) was 

added to each well before absorbance was immediately read using a plate reader (Tecan Infinite M200 

Pro) set to 450 nm. Concentrations of faecal calprotectin in each sample was determined using the 

standard curve (Figure 14), with the sample weights used to standardised concentrations to pg/mg. 

 

2.5 RNA expression: RNA sequencing data (RNASeq) 

2.5.1 Sample collection and quality control 

Ten Female 6-8 week old BALB/c mice (Charles River) were randomly divided into two cages of five 

mice upon arrival and immediately fed the mAIN-76A diet. After one week of acclimatisation, one 

group of five were infected with 200 L3 H. polygyrus larvae in sterile water by oral gavage, with the 

other group given 200 μL sterile water alone as a control. After two weeks, mice were culled by 

Schedule 1 and 0.5 cm of the distal colon taken and immediately stored in RNAprotect tissue reagent 

(Qiagen, Cat #76104) at -80°C overnight ready for RNA extraction. RNA was extracted from samples 

using the RNeasy Mini Kit (Qiagen, Cat #Q10210) following the manufacturer guidance. Briefly, 

samples were first homogenised using the BeadBugTM as previously described (section 2.2.2.1). The 

Figure 14. Example standard curve used to determine S100A8 concentrations in samples. All 

values are corrected for background fluorescence. Data shown is the mean of one experiment 

performed in duplicate. Data presented as Mean ± SD. Graph generated using GraphPad Prism 

10.2.0.  
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lysate is then loaded onto the RNeasy silica membrane and RNA binds to the silica membrane, and all 

contaminants are efficiently washed away. Residual DNA is removed using on-column RNase-Free 

DNase treatment (Qiagen, Cat #79254). The pure RNA is eluted in nuclease free water. After extraction, 

RNA yield was quantified using the QubitTM RNA BR assay kit (ThermoFisher, MA, USA, Cat #Q10210), 

and DNA yield by using the QubitTM DNA BR assay kit (ThermoFisher, MA, USA, Cat #Q33265) to 

estimate the percentage of DNA contamination. Samples were loaded onto the Nanodrop-1000 

spectrophotometer (ThermoFisher, MA, USA) with 260/280 and 260/230 used to estimate sample 

purity, with ratios > 1.8 being acceptable. TapeStation software (Agilent) was used to show the 

ribosomal integrity number (RIN), with values > 4 acceptable for sequencing. Samples were made up 

to a final concentration of 20 ng/μL in nuclease free water and sent to Novogene on dry ice for 

sequencing. 

2.5.2 Library construction, quality control and sequencing 

The library construction, quality control and sequencing was performed by Novogene. Messenger RNA 

(mRNA) was purified from total RNA using poly-T oligo-attached magnetic beads. After fragmentation, 

the first strand cDNA was synthesized using random hexamer primers, followed by the second strand 

cDNA synthesis using either dUTP for directional library or dTTP for non-directional library (226). For 

the non-directional library, it was ready after end repair, A-tailing, adapter ligation, size selection, 

amplification, and purification. For the directional library, it was ready after end repair, A-tailing, 

adapter ligation, size selection, USER enzyme digestion, amplification, and purification. The read depth 

selected was 30 million reads per sample, with 150 paired-end reads (227). 

2.5.3 Bioinformatic analysis pipeline 

The analysis pipeline is adopted from nf-core/rnaseq (228) and summarised in Figure 15. The pipeline 

was run using the Unix operating system MobaXterm. 
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2.5.3.1 Data quality control  

Raw data (raw reads) of fastq format were first merged using the (cat) command, then the initial QC is 

checked using the FastQC command line (229). The unique molecular identifiers (UMI) were extracted 

using the UMI-tools package and the (extract) command, to enable duplicate reads to be removed 

(230). The raw reads are then trimmed using the Trim Galore! script (231)  to remove low-quality bases 

and residual adapter contamination. After trimming, the data QC is checked again using the FastQC 

command line to see how trimming has improved the data QC. Genome contaminants were removed 

using the BBSplit tool (232), then ribosomal RNA was removed using the SortMeRNA tool (233) to 

prepare the read counts for genome mapping. 

2.5.3.2 Reads mapping to the reference genome 

The Mus musculus BALB_cJ_v1 (GCA_001632525.1) reference genome and gene model annotation 

files were downloaded from Ensemble (EMBL-EBI). To align the RNA-seq data to the Mus musculus 

BALB_cJ_v1 genome, the free open sourced software Spliced Transcripts Alignment to a Reference 

(STAR) was chosen, as it is shown to outperform other aligners by a factor of > 50 in mapping speed, 

while at the same time improving alignment sensitivity and precision (234). To quantify the expression 

Figure 15. RNA-seq bioinformatic analysis pipeline. 1. Data pre-processing. 2. Genome alignment 

and quantification. 3. Data post-processing. 4. Final QC. Adapted from nf-core/rnaseq. 
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of transcripts from the mapped RNA-seq data, the Salmon tool was used due to its high accuracy of 

abundance estimates and sensitivity compared to other methods (235).  

2.5.3.3 Reads indexing, sorting and final QC 

The alignments were sorted and indexed using SAMtools, allowing identification of where each read 

originated in the transcriptome (236). Duplicate reads were marked using the picard MarkDuplicates 

command line (237), with the resulting alignment assembled using StringTie (238). The DESeq2 

package was used to perform the final QC step, performing principle component analysis (PCA) and 

comparison of gene expression levels between samples (239), with the overall QC results being 

compiled into a MultiQC report for inspection. 

2.5.3.4 Differential expression analysis  

Differential expression analysis of two conditions/groups (two biological replicates per condition) was 

performed using the DESeq2Rpackage (1.20.0) (239, 240). DESeq2 provide statistical routines for 

determining differential expression in digital gene expression data using a model based on the negative 

binomial distribution. The resulting p-values were adjusted using the Benjamini and Hochberg's 

approach, which is built in to the DESeq2Rpackage, for controlling the false discovery rate, to reduce 

the proportion of false positives. Genes with an adjusted p-value ≤ 0.05 found by DESeq2 were 

assigned as differentially expressed. 

2.5.3.5 Enrichment analysis of differentially expressed genes 

Gene Ontology (GO) enrichment analysis of differentially expressed genes was implemented by the 

clusterProfiler R package, in which gene length bias was corrected (241). Genes were annotated with 

their biological process (BP) and molecular function (MF) (242). GO terms with corrected P-value less 

than 0.05 were considered significantly enriched by differential expressed genes. 

Gene Set Enrichment Analysis (GSEA) v 4.3.3 is a computational method for exploring whether a given 

gene set is significantly enriched in a group of gene markers ranked by their relevance with a 

phenotype of interest (243). The curated mouse-orthologue hallmark gene set (243) was used to 

compare enriched pathways in H. polygyrus infected mice compared to naïve. In addition, the gene 

sets with fewer than 1 gene or more than 1000 genes were excluded. The phenotype label was set as 

H. polygyrus infection versus naive. The t-statistic mean of the genes was computed in each hallmark 

pathway using a permutation test with 1,000 replications. The upregulated pathways were defined by 

a normalized enrichment score (NES)  0 - 1, and the downregulated pathways were defined by an NES 

0 - -1. Pathways with an FDR P value ≤1 were considered significantly enriched. 
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Leading edge analysis was performed using the leading edge analysis tool in GSEA v 4.3.3, and works 

by analysing the enrichment scores to identify the leading edge subset of genes in each enriched gene 

set.  

2.5.5.6 Kaplan-Meier plotter 

The relationship between enriched gene expression levels and prognosis of CRC patients was analysed 

using the Kaplan-Meier plotter (KM plotter) (244). The CRC KM plotter database contains data from 

1,336 patients, with the analysis being run on all patient subtypes. 

2.5.3.7 Immune cell population analysis 

To estimate the abundance of immune cells, we used CIBERSORTx, an analytical tool to estimate 

abundances of immune cells in a mixed cell population without physical and expensive cell isolation 

(245). Using the impute cell fractions analysis mode, the transcriptome data was inputted as a mixture 

file and utilised a publicly available bulk RNA-seq dataset containing markers for 178 cell types 

obtained from C57BL/6 as part of the Immunological genome project (246-251) . The analysis was run 

in absolute mode to compare all samples to all cell types.  

2.6 Computational Studies 

2.6.1 Molecular modelling and docking studies 

All molecular modelling experiments were performed on Asus WS X299 PRO Intel® i9-10980XE CPU @ 

3.00 GHz × 36 running Ubuntu 18.04 (graphic card: GeForce RTX 2080 Ti). Molecular Operating 

Environment (MOE) 2022.02 and Maestro (Schrodinger Release 2023-4) were used as molecular 

modelling software (252, 253).  The crystal structure of the H. polygyrus PLA2 protein was predicted 

using Iterative Threading ASSEmbly Refinement (I-TASSER) protein threading software (254). The 

protein was prepared using the MOE Protein Preparation tools, and saved in .mae format to be used 

in Maestro for docking simulations. The protein in.mae format was processed using the Schrodinger 

Protein Preparation wizard Wizard by adding hydrogens. A 9 Å docking grid was created for subsequent 

docking analysis. A high throughput virtual screening was then performed using a SPECS library 

consisting of 897,105 structures, keeping the default parameters and setting 1 as the number of output 

poses per input ligand to include.  The highest scoring 750,000 compounds were scored using Glide 

extra precision (XP), with the highest scoring 500,000 being rescored using Protein-Ligand ANT System 

(PLANTS) and ScorePose functions (255, 256). The values of the three different scoring functions for 

each docking pose were then analysed together (consensus score) and only the docking poses falling 

in the top 25% of the score value range in all the three scoring functions were selected for the final 
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visual inspection. In total, 16,917 compounds were selected for visual screening. The visual inspection 

process, conducted as last step of the structure-based virtual screening, was performed using MOE 

2022.02. The docking poses of the compounds obtained from the consensus score procedure were 

evaluated considering the following criteria: 

• Ability of a compound to overall occupy the binding site; 

• Number of interactions formed between the compound and specific residues in the active site 

(calcium, histidine, and aspartic acid) 

• Coverage of different chemical scaffolds, discarding similar chemical entities 

From the 16.917 compounds, 358 were selected for the final screening. The absorption, distribution, 

metabolism, and excretion (ADME) pharmacokinetic properties of each compound were evaluated 

using SwissADME screening software (257). The following criteria had to be met for the compound to 

be accepted: 

• Complying with the Lipinski rule of 5; 

• No pan assay interference compounds (PAINS); 

• LogP > 2 

The 10 compounds with the optimal ADME properties were purchased from the Specs library. 

2.6.2 Bioinformatic sequence analysis  

Sequence analysis and alignments were performed using NCBI blast and Clustal Omega (258, 259). For 

searches against specific sequences of the Hpb genome (PRJEB15396), WormBase Parasite 

(https://parasite.wormbase.org/index.html) was used. Sequences for human and murine enzymes 

were obtained in UniProt (260). Those sequences with ≥ 50% identity to the human and murine 

enzymes, or had 100% conservation within the human and murine active sites were considered 

significant. To map the 3D structures together and analyse the active site configuration, PyMol 

software was used (261). Signal peptide sites were predicted using SignalP 6.0 (219). The subcellular 

locations of unknown proteins was predicted using DeepLoc 2.0 (262). 

2.7 Statistical analysis 

GraphPad Prism 10.2.0 (GraphPad, CA, USA) was used to analyse and present the data. Results are 

expressed as Mean ± SEM. For each statistical analysis presented as part of this thesis, data was first 

tested for normality using GraphPad Prism 10.2.0 software to run a Shapiro-Wilk standard deviation 



84 
 

normality test and a quantile-quantile (QQ) plot graphical test for 37 normality. An unpaired T-test was 

performed comparing groups, with a Mann-Whitney post-hoc test performed when data was not 

normally distributed. Significance was expressed as * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005, **** p ≤ 

0.001. Where no statistical comparison is shown the result was not significant.  
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Chapter 3: Role of prostaglandin signalling in helminth 

exacerbation of CAC 

3.1 Introduction 

Research from our lab has recently shown that combining infection with the murine helminth 

Heligmosomoides polygyrus bakeri with a high ω-6:ω-3 ratio diet exacerbates tumour development in 

a murine model of colitis-associated colorectal cancer (CAC) (190). Prostaglandin receptor signalling 

was implicated playing a role in helminth exacerbation of disease, as aspirin treatment of helminth 

infected mice significantly reduced tumour burden in this model (Figure 1A&B) (190). Furthermore, 

the administration of a prostaglandin E2 receptor agonist to mice fed a high ω-6:ω-3 ratio before 

initiation of disease increased tumour burden to the levels seen following helminth infection of mice 

fed this diet (Figure 1C&D) (190).  



86 
 

 

Although these data provided evidence that the helminth increases in tumour burden may occur due 

to increased prostaglandin receptor signalling, it was not clear whether this occurred following 

helminth infection, if this process was linked to helminth-dependent increases in tumour burden, nor 

how helminth infection may promote prostaglandin signalling in vivo.  

3.1.1 Relationship of prostaglandin E2 signalling with colitis-associated colorectal 

cancer 

Accumulating evidence indicates that breakdown of the protective mucosal barrier of the gut, known 

as “leaky-gut syndrome”, plays a role in CAC development in both human disease and animal models, 

leading to increased intestinal inflammation and a favourable environment for mutations to occur 

Figure 1. Experiments supporting the role for PGE2 receptor signalling in H. polygyrus 

exacerbation of CAC. Mice fed a high ω-6:ω-3 ratio diet were given 25 mg/kg/day aspirin in the 

drinking water from day -15 to day 0 of H. polygyrus infection, or the equivalent time to uninfected 

(naive) mice. At day 0, aspirin-treated mice were placed onto water and CAC initiated by 

administering 10 mg/kg azoxymethane (AOM), followed by three fortnightly cycles of 2% dextran 

sulfate sodium (DSS) in the drinking water. (A) Tumour burden was quantified in the colon at day 

59 following administration of AOM (B). Mice fed a high ω-6:ω-3 ratio diet were administered 

16,16-dimethyl-PGE2 (dmPGE2) i.p. at 12 μg/kg at day -10, -7, -4, and -1, or a vehicle control (Veh) 

before AOM administration at day 0, followed by three fortnightly cycles of 2% DSS in the drinking 

water (C). Tumour burden was determined at day 61 following administration of AOM (D). 

Experiments shown are one representative from two experiments with n≥4 mice/group (C) or 

pooled data from two separate experiments with n≥4 mice/group (D). Unpaired T-test *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001, error bars SEM. Data taken from Smith et al., 2025. 
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(263). Clinical and pre-clinical experimental data has implicated the prostaglandin E2 (PGE2) signalling 

pathway as playing a predominant role in promoting  this “leaky-gut” phenotype, marked by decreased 

expression of tight junction proteins such as E-cadherin (108, 109, 264, 265). PGE2 signalling through 

the EP2 and EP4 receptors has been implicated in promoting colon cancer development and increased 

intestinal permeability (109, 264, 266). Studies have shown that PGE2 signalling through EP2 and EP4 

can lead to the downregulation of E-cadherin and increased cell permeability (267, 268), or increased 

cancer cell detachment and invasion (106, 269, 270). 

One of the mechanisms by which PGE2 EP2/EP4 signalling has been implicated in carcinogenesis is 

through activation of β-catenin signalling, with phosphorylation of β-catenin at the Serine 552 site (pβ-

catenin Ser552) noted as a key molecular event (269, 271, 272). Importantly, a relationship between 

PGE2 signalling and pβ-catenin Ser552 in intestinal carcinogenesis has been shown. PGE2 promoted 

tumour development in an APCmin/+ model through PGE2 receptor signalling-dependent pβ-catenin 

Ser552 (273). Furthermore, nuclear expression levels of pβ-catenin Ser552 were linked with worsening 

progression of disease in the AOM/DSS model of CAC (274).  

A further mechanism linking PGE2 EP2/EP4 signalling to exacerbation of CAC is an increase in intestinal 

inflammation, with dysregulated signalling leading to chronic inflammation as indicated by an increase 

in faecal calprotectin concentration (266, 275, 276). Faecal calprotectin is predominantly released from 

neutrophils that accumulate at the site of inflammation, in this instance the colon, during disturbance 

of the mucosal architecture, and is also the gold-standard biomarker used in the clinic to assess the 

severity of colitis (277-279). As well as being used in the clinic, faecal calprotectin concentrations have 

also been used to quantify intestinal inflammation during the AOM/DSS model, with Rafique et al 

observing significant increases compared to an untreated group (280). It is not yet known whether 

Hpb exacerbation of CAC requires EP2/4-dependent regulation of E-cadherin and increased 

inflammation, via p of β-catenin Ser552  

3.1.2 How might helminths modify intestinal permeability and drive CAC? 

Loss of E-cadherin expression has been observed by Su et al as a consequence of H. polygyrus infection, 

which resulted in a decrease in E-cadherin expression and re-distribution in the colon at day 7 post-

infection, accompanied by an increase in epithelial permeability (165). Su et al revealed that this 

impact on E-cadherin and epithelial permeability was dependent on STAT6-dependent activation of 

CD4+ T cells (165). Additionally, Shea-Donohue et al describe the host release of interleukin-4 (IL-4) as 

mediating the effect of H. polygyrus on the intestinal epithelial barrier (164). Both these studies 

highlight the importance of the host immune response to live infection in the breakdown of epithelial 
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barriers. However, several studies have highlighted the importance of the excretory/secretory 

products (ESPs) in disrupting epithelial barriers, independently of the immune system (168, 169).  

Both the ESPs of larval Trichuris suis and Schistosoma mansoni ova contain PGE2 (194, 196), although 

it is not known how secretion influences intestinal permeability. In addition, both the larval cysts of 

Taenia solium and the larval extract of H. polygyrus were shown to contain a glutamate 

dehydrogenase, which was found to promote PGE2 production by human monocyte-derived 

macrophages (13,14). Prodjinotho et al then went on to show that T. solium-dependent production of 

PGE2 promoted induction of T regulatory cells through the EP2 and EP4 receptor (203), providing 

evidence that helminth-promotion of PGE2 production can activate EP2 and EP4 receptor signalling. It 

is not yet known whether H.polygyrus ESPs promote cell permeability via EP2/4-dependent regulation 

of E-cadherin. With the evidence that live helminth infection may promote CAC by activating PGE2 

receptor signalling in the host, the overall aims of this chapter are to 1. determine whether helminth 

infection modifies EP signalling in vivo, 2. test whether EP receptor signalling contributes to the 

development of CAC by modifying intestinal permeability and, 3. determine whether this effect may 

be mediated through its secretions. This will be address through the following objectives:  

3.2 Chapter aims 

1. Determine whether helminth-exacerbation of tumour development is associated with 

increased prostaglandin E2 signalling and increased intestinal permeability in vivo 

2. Investigate whether helminth secretions drive CAC by promoting PGE2 receptor activation-

dependent increases in intestinal permeability 

3.3 Hypothesis 

1.  H. polygyrus exacerbation of CAC is mediated through prostaglandin signalling-dependent 

increases in intestinal permeability 

2. H. polygyrus-dependent increases in intestinal permeability are driven by a secreted factor 

that activates prostaglandin (EP2/EP4) signalling.  

3.4 Results 

3.4.1 H. polygyrus infection increases PGE2 receptor activation in the colon at day 

14 post-infection 

Considering an established link between enhanced PGE2 (EP) receptor activation and the development 

of colorectal cancer (266, 272, 281), the initial investigation focused on whether H. polygyrus infection 

leads to an increase in PGE2 receptor activation at day 14 post-infection, coinciding with when CAC was 
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induced in the AOM/DSS model. Western blot analysis of total β-catenin and pβ-catenin Ser552 (both 

92kDa) levels in the colon were compared between helminth infected and uninfected mice. I first 

confirmed that expression levels of total β-catenin did not significantly change across conditions by  

determining the ratio of total β-catenin to the loading control protein glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) (37kDa) (282) (Figure 2A, B). I then found a significant increase in the ratio of 

pβ-catenin Ser552 to total β-catenin  following helminth infection, when compared to naïve controls 

(Figure 2C). This data suggests that H. polygyrus infection can activate PGE2 receptor signalling in the 

colon, as indicated by the significant increase in pβ-catenin Ser552. 
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3.4.2 H. polygyrus infection has no significant effect on E-cadherin expression in 

the colon at day 14 post-infection 

Because increased EP activation has been associated with reduced E-Cadherin expression and 

alterations in intestinal permeability (267, 268), I then determined the impact of helminth infection on 

E-Cadherin expression in the colon at this time-point. Western blot analysis of E-cadherin (131 kDa) 

levels in the colon tissue revealed no significant difference in the ratio of E-cadherin to GAPDH between 

infected mice at day 14 post-infection, when compared to uninfected control mice at the same time 

point (Figure 3). Although sample size was limited, this result suggests that the expression of E-

cadherin is not effected by H. polygyrus at this stage of infection. 

Figure 2. H. polygyrus infection causes a significant increase in phosphorylation of β-catenin 

Ser552 in vivo. (A) Example western blot of total and pβ-catenin Ser552 (both 92kDa) compared to 

GAPDH (37kDa) from the colon of mice from day 14 following infection with H. polygyrus. (B) 

Graphical summary of the ratio of total β-catenin to GAPDH, expressed as a fold change relative to 

naïve mice. (C) Graphical summary of the ratio of β-catenin Ser552 normalised to total β-catenin 

and expressed as a fold change relative to naïve mice. Data shown represents one independent 

experiment (Naïve, n = 7; Hpb n = 7). Unpaired T-test, * p ≤ 0.05, error bars Mean ± SD.  
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3.4.3 H. polygyrus infection increases PGE2 receptor activation in the colon in the 

AOM/DSS model 

I then investigated whether helminth exacerbation of CAC may be due to increased PGE2 signalling 

through the EP2 and EP4 receptors in the colon following helminth infection, as both have been shown 

to increase colorectal cancer cell development (266, 270, 281, 283). Western blot analysis of the colon 

of helminth infected and uninfected mice fed a high -6:-3 ratio diet was performed at day 64-post 

AOM administration. To demonstrate whether alterations PGE2 signalling were mediated via EP2 and 

EP4 receptor signalling, the ratio of pβ-catenin Ser552 to total β-catenin was determined in helminth 

infected mice given 10mg/kg of the PGE2 receptor 2 (EP2) and 4 (EP4) inhibitors (PF-04418948, ONO-

AE3-208) i.p. at day -10, -7, -4 and -1 before AOM administration and compared to helminth infected 

mice given a vehicle control at the same time-points (Figure 4A).   

Figure 3. E-cadherin expression in the colon does not change at day 14 following H. polygyrus 

infection. Example western blot of E-cadherin (131 kDa) and GAPDH (37 kDa) from the colon of 

mice infected with H. polygyrus (Hpb) at day 14 post-infection (A) Graphical summary of the ratio 

of E-cadherin to GAPDH, expressed as a fold change relative to naïve mice (B). Data shown 

represents one independent experiment (Naïve, n = 3; Hpb n = 3). Unpaired T-test, error bars Mean 

± SD.  
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Analysing the ratio of total β-catenin to GAPDH (37kDa), I found that expression levels of total β-

catenin did not significantly change across conditions (Figure 4C, E). Following administration of 

AOM/DSS, there was no significant change in the levels of pβ-catenin Ser552 in naïve mice (Figure 4D). 

In line with my results from day 14-post-infection (Figure 2C), there was a significant increase in the 

ratio of pβ-catenin Ser552 to total β-catenin in helminth infected mice, when compared to naïve controls 

(Figure 4D, E). Administration of EP2 and EP4 receptor inhibitors to helminth infected mice completely 

prevented helminth infection-dependent increases in the ratio of pβ-catenin Ser552 to total b-catenin 

(Figure 4D, E), strongly suggesting that helminth infection can increase PGE2 signalling through EP2 

and EP4. 
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Figure 4. H. polygyrus infection causes a significant increase in EP2 and EP4-dependent 

phosphorylation of β-catenin Ser552 in vivo. (A) Mice infected with H. polygyrus (Hpb) were given 

10 mg/kg of the EP2 and EP4 inhibitors (Inbs) PF-04418948 and ONO-AE3-208 i.p. at day -10, -7, -

4, and -1 before AOM injection and initiation of CAC, or a vehicle control. Colon samples were taken 

at day 64 following administration of AOM. (B) Example western blot of total and pβ-catenin Ser552 

(both 92kDa) and GAPDH (37kDa) from the colon of mice from each treatment condition at day 64 

following administration of AOM. (C) Graphical summary of the ratio of total β-catenin to GAPDH, 

expressed as fold change relative to naïve animals. (D) Graphical summary of the ratio of pβ-catenin 

Ser552 to total β-catenin, expressed as a fold change relative to naïve animals. Data shown is one 

experiment with Naïve, n = 3; Naïve AOM/DSS, n = 5; Hpb AOM/DSS, n = 4; Hpb + Inb AOM/DSS, n 

= 4. Unpaired T-test * p ≤ 0.05, error bars Mean ± SD.  
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3.4.4 H. polygyrus infection decreased E-Cadherin expression in the colon in the 

AOM/DSS model 

I found that E-cadherin levels did not change at day 14 following infection with H.polygyrus, despite 

an increase in pβ-catenin Ser552 (Figure 2). To determine whether this was the case after CAC onset,  

the ratio of E-cadherin expression to GAPDH expression was quantified in H. polygyrus infected mice 

64 days post-administration of AOM and compared to control mice given vehicle. In contrast to day 14 

post-infection (Figure 3), a significant reduction in the ratio of E-cadherin expression to GAPDH 

expression was observed in H. polygyrus infected mice in which CAC had been induced, when 

compared to naïve mice in which CAC had been induced (Figure 5). As EP2 and EP4 signalling has been 

linked to a decrease in E-cadherin expression (267, 268), I determined the ratio of E-cadherin 

expression to GAPDH following administration of EP2 and EP4 inhibitors to helminth infected mice. As 

shown in Figure 5, delivery of EP2 and EP4 inhibitors during helminth infection restored the ratio of E-

cadherin expression to GAPDH at day 64 post-AOM to that seen in the naïve group at day 64 post-

AOM, demonstrating the ability of H. polygyrus to decrease E-cadherin expression through PGE2 

EP2/EP4 receptor signalling. 

 

3.4.5 Addition of EP2 & EP4 inhibitors during AOM/DSS model 

So far in this chapter, an association between H. polygyrus infection and EP2 and EP4 receptor-

dependent modulation of E-cadherin expression has been determined. To investigate whether this 

Figure 5. H. polygyrus infection causes a significant decrease in E-cadherin expression in vivo 

which is rescued by EP2 & EP4 inhibitors. (A) ) Example western blot of E-cadherin (131 kDa) and  

GAPDH (37kDa) from the colon of mice from each treatment condition at day 64 following 

administration of AOM. (B) Graphical summary of the ratio of E-cadherin to GAPDH, expressed as 

a fold change relative to naïve mice. Data shown represents one experiment (Naïve, n = 3; Naïve 

AOM/DSS, n = 5; Hpb AOM/DSS, n = 4; Hpb + Inb AOM/DSS, n = 4). Unpaired T-test, * p ≤ 0.05, 

error bars Mean ± SD.  
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pathway represents the mechanism by which H. polygyrus exacerbates CAC, the clinical symptoms of 

the AOM/DSS model were monitored following delivery of EP2 and EP4 inhibitors during helminth 

infection. Concerningly, no differences in weight loss or colon weight:length ratio were observed in 

naïve mice given AOM/DSS, when compared to naïve untreated mice (Figure 6A, B). Furthermore, 

there were no differences in weight loss and colon weight:length ratio disease between naïve and H. 

polygyrus infected mice in the AOM/DSS model (Figure 6A, B) and there were no visible tumours or 

colon shortening in any of the mice (Figure 6C), contradicting previous findings from our lab (190). An 

absence of these clinical signs and visible tumours limited the ability to determine whether inhibition 

of EP2 and EP4 receptor signalling had any impact on helminth-exacerbation of CAC. 

 

 

 

Figure 6. EP2/EP4 antagonist treatment had no effect on weight loss or colon weight/length 

ratio. (A) Weight loss was monitored throughout the experiment. (B) Colon length (mm) was 

determined at day 64 following administration of AOM, with (C) weight/length ratio calculated. 



96 
 

Impact of inhibitors on helminth-exacerbation of CAC were also evaluated through hematoxylin and 

eosin (H&E) immunohistochemical staining of the colon (Figure 7A-E). At sacrifice, a large area of 

pathology resembling a colonic polyp was observed on the luminal epithelium side in one section from 

one of the naïve mice in which CAC had been induced (Figure 7B). Closer magnification revealed 

structures resembling intertumoral crypt abscesses as well as hyperchromatic nuclei (Figure 7C). 

Furthermore, what appears to be a large inflammatory aggregate was observed on the luminal 

epithelium side in 1 out of 10 sections from 1 out of 4 H. polygyrus infected mice in which AOM/DSS 

had been induced (Figure 7D). Confirmation of whether these features are colonic tumours would 

require further analysis. Histologically, a significantly higher histology severity score, represented by 

high levels of goblet cell hyperplasia and large infiltration of inflammatory cells in stroma and 

submucosa (Materials & Methods section 2.4.4),  was observed in the colon of both naïve and 

helminth treated mice in the AOM/DSS condition, when compared to naïve mice (Figure 7B, D). 

Administration of EP2 and EP4 inhibitors during helminth infection significantly reduced histology 

severity score, when compared to helminth infected mice given a vehicle control (Figure 7F, G). 

However, there was still some evidence of goblet cell hyperplasia and infiltrating immune cells in 

helminth infected mice treated with  EP2/EP4 inhibitors, suggesting a level of intestinal inflammation 

remains (Figure G), possibly due to the H. polygyrus infection alone.  
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Figure 7. EP2/EP4 antagonist treatment reduces histological score and infiltrating immune cells 

during AOM/DSS in H. polygyrus infected colon. (A-E) Mice from each group were euthanised at 

day 64 post-administration of AOM and colon sections taken for H&E histological staining. (D, Naïve 

n = 4; E, Naïve AOM/DSS n = 11; F, Hpb AOM/DSS n = 10; G, Hpb + Inbs AOM/DSS n = 8). 

Representative H&E stained colon sections (100x magnification) are shown for each group. Arrows 

indicate infiltrating immune cells (white), goblet cell hyperplasia (green), intratumoural abscess 

(black), and hyperchromatic nuclei (blue). Polyps are highlighted with a black dotted circle. From 

the H&E stained slides, (F) the histological score was estimated and (G) infiltrating immune cells 

quantified using ImageJ. Data shown represents one experiment (Naïve, n = 3; Naïve AOM/DSS, n 

= 5; Hpb AOM/DSS, n = 4; Hpb + Inb AOM/DSS, n = 4). Unpaired T-test,* p ≤ 0.05, *** p ≤ 0.005, 

**** p ≤ 0.001, error bars Mean ± SD.  
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3.4.6 H. polygyrus infection results in a significant increase in intestinal 

inflammation which is reduced with EP2/EP4 inhibitors 

Despite the lack of clinical signs and visible tumours in the AOM/DSS model, the increased histology 

severity score indicates there is a degree of intestinal pathology. Given the relationship between 

EP2/EP4 signalling and intestinal inflammation as indicated by increased faecal calprotectin, this 

marker was chosen in order to quantify the intestinal pathology with H. polygyrus infection. Stool 

samples were collected from all mice on the final day of each DSS cycle. The concentration of faecal 

calprotectin showed a trend of increasing throughout the DSS cycles in the naïve and infected cohort, 

reaching significance at cycle 3 (Figure 8A). There was a significant reduction in the concentration of 

calprotectin during all cycles of DSS in helminth infected mice given EP2 and EP4 inhibitors, reaching 

levels similar to those observed in uninfected naive mice in the no AOM/DSS group, suggesting the 

ability of H. polygyrus to increase intestinal inflammation is dependent on EP2/EP4 signalling (Figure 

8A).  

To establish the effect of H. polygyrus activation of EP2/EP4 receptors on intestinal inflammation, 

faecal calprotectin was measured at different points in the lifecycle with and without inhibitors. Stool 

samples were collected at day 0, 4, 7, 10, and 14 post-infection with and without inhibitors, as well as 

from uninfected mice at the same timepoints. Calprotectin concentrations showed no significant 

change up to day 7 post-infection, whereas at day 10 and 14 there was an significant increase observed 

compared to uninfected (Figure 8B). Interestingly, the inhibitors treated group showed a significant 

decrease at these same timepoints compared to the infected group, with calprotectin concentrations 

returning to those observed in the naïve uninfected group (Figure 8B). Given there is little difference 

in the concentrations of calprotectin in the AOM/DSS model compared to H. polygyrus alone, it cannot 

be concluded whether H. polygyrus increases intestinal inflammation during the AOM/DSS model. 
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Figure 8. Impact of H. polygyrus infection on faecal calprotectin concentrations. (A) Stool samples 

were collected from all mice from different treatment conditions on the final day of each DSS cycle. 

(B) Stool samples were collected from all mice from different treatment conditions at day 0, 4, 7, 

10, and 14 post-infection. Data shown is the average of one independent experiment performed in 

duplicate (Naïve, n = 3; Naïve AOM/DSS, n = 4; Hpb AOM/DSS, n = 4; Hpb + Inbs AOM/DSS, n = 

4).Unpaired T-test,* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005, **** p ≤ 0.001, error bars Mean ± SD.  
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3.4.7 HES causes an increase in in vitro intestinal cell permeability in a similar 

manner to a PGE2 receptor agonist 

Data shown so far in this chapter has increased PGE2 EP2/EP4 receptor signalling in the colon following 

helminth infection in vivo which is then responsible for a downregulation in E-cadherin expression, 

suggestive of a “leaky-gut” phenotype. Although infection has been shown to modulate intestinal 

permeability, ESPs can also promote increased cellular permeability. Whether this is mediated through 

PGE2-dependent activation of EP2 and EP4 is not known. As the colon is at a distant site to where H. 

polygyrus resides, H. polygyrus may be able to activate PGE2 receptor signalling in the colon via the 

release of its secretions (HES). The effect of HES on cell permeability was investigated by developing a 

well-established fluorescein isothiocyanate (FITC)-dextran 4kDa (FD4) trans-well assay using two 

murine colorectal cancer cell lines. Following 3-5 days of culture, CMT-93 were able to form an 

impermeable monolayer, as indicated by a lack of FD4 in the basolateral chamber of the assay, whereas 

CT26 were not able to form an impermeable monolayer (Figure 9). 1uM Trypsin is known to increase 

cell permeability by cleaving proteins involved in maintaining cell-cell junctions, including E-cadherin 

(284, 285) and was included as a positive control, whilst a trans-well containing only CMT93 cells and 

no FD4 was used as a negative control. 
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Permeability of a CMT-93 cell monolayer was quantified by determining the FD4 concentration in the 

basolateral chamber of the assay at 18 hours following addition of a 10-fold dilution series of HES (0.01 

– 10 μg/mL). The positive control trypsin increased cellular permeability, reflected by an increase in 

FD4 concentration to 323.399 SD+/- μg/mL. The addition of 0.01 μg/mL HES resulted in an average 

increase in FD4 concentration of 1.414 μg/mL, whereas 10 μg/mL of HES lead to a 209.410 μg/mL 

increase (Figure 10A). As the fold-change in FD4 concentration compared to the untreated control did 

not increase by factors of 10, it can be concluded that this observed effect is not dose-dependent 

(Figure 10B).  

The ability of 10ug/ml HES to increase permeability was compared to a known agonist of EP receptor 

signalling, 16,16-dimethyl PGE2 (dmPGE2). Two concentrations of dmPGE2 were chosen, 2ng/mL as this 

was the physiological concentration of PGE2 observed in the murine colon by Smith et al (190), whereas 

200ng/mL was previously shown to activate EP signalling in vitro (286). Addition of 2 or 200ng/mL 

dmPGE2 led to a significant increase in cell permeability, with an average increase in FD4 concentration 

of 86.65 μg/mL and 222.89 μg/mL respectively (Figure 10C). Increased permeability following addition 

of 10ug/ml HES was equivalent to that seen following addition of 200ng/mL dmPGE2 (Figure 10C). 

These experiments suggest that 10ug/ml HES correlates with  an increase in cell permeability by 

promoting PGE2 receptor activation. 

Figure 9. Comparison of the ability of two murine colorectal cancer cell lines to form a monolayer. 

FD4 in the basolateral chamber was quantified after CMT93 and CT26 cells were cultured for 3-5 

days. Data shown is the mean of three independent experiments with n = 3 per group. Unpaired T-

test, *** p ≤ 0.005, error bars Mean ± SD. 



102 
 

 

3.4.8 The ability of HES to increase in vitro intestinal cell permeability is mediated 

primarily through EP2 receptor signalling  

My in vivo experiments suggested that helminth infection activated PGE2 receptor signalling via EP2 

and EP4.  To determine whether HES increases cell permeability by promoting PGE2 receptor activation 

through EP2 and EP4,  expression of PTGER2 and PTGER4 by CMT-93 cells was first confirmed by PCR 

(Figure 11).   

Figure 10. The addition of HES correlates with an increase in intestinal cell permeability in vitro 

to a similar degree than a PGE2 receptor agonist. (A) FD4 in the basolateral chamber quantified 

after addition of dmPGE2 at 2 ng/mL and 200 ng/mL. (B) Table showing the FD4 concentration and 

fold change from untreated with each concentration of HES. Mean +/- SD = +/-. (C) FD4 in the 

basolateral chamber quantified after the addition of  HES in a 1/10 dilution series (0.01 – 10 μg/mL). 

Data shown is the mean of three independent experiments with n = 3 per group. Unpaired T-test, 

** p ≤ 0.01, *** p ≤ 0.005, **** p ≤ 0.001, error bars Mean ± SD. 
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I then established whether inhibition of EP2 and EP4 could prevent dmPGE2-dependent increases in 

cellular permeability. Adding both EP2 and EP4 inhibitor significantly decreased dmPGE2-dependent 

increases in permeability (Figure 12A). Addition of either the EP2 or EP4 inhibitor alone significantly 

reduced dmPGE2-dependent increases in permeability, however an EP2 inhibitor was more effective, 

resulting in a final FD4 concentration of 9 μg/mL vs 45.8 μg/mL (Figure 12A&C). I then determined 

that addition of both EP2 and EP4 inhibitors significantly decreased HES-dependent increases in 

permeability, again with the EP2 inhibitor being significantly more effective (Figure 12B&D). My 

findings suggest that although dmPGE2 drives permeability through EP2 and EP4 receptor activation, 

the effect of HES is mainly due to a preference for EP2. 

Figure 11. Expression of EP2 and EP4 in CMT93 cells. (1) 100 base pair (bp) DNA ladder, (2) GAPDH 

predicted size 180bp, (3) EP2 predicted size 569bp, (4) EP4 predicted size 612bp. Data shown is 

representative of one independent experiment. 



104 
 

 

 

 

 



105 
 

 

3.4.9 HES causes an increase in phosphorylation of β-catenin Ser552 in vitro which 

is significantly reduced with EP2 & EP4 inhibitors  

Previously in this chapter, I showed that H. polygyrus infection dependent increases in pβ-catenin 

Ser552 were mediated through EP2 and EP4 in vivo (Figure 3). Results shown in Figure 12 show that 

HES-dependent increases in cellular permeability can be mediated by EP2 and EP4 signalling. I 

therefore aimed to determine whether HES-dependent increases in cellular permeability via EP2/EP4 

were associated with increased pβ-catenin Ser552. Having shown that dmPGE2 increases pβ-catenin 

Ser552 I next established whether inhibition of EP2 and EP4 could prevent dmPGE2-dependent increases 

in pβ-catenin Ser552. Addition of these inhibitors resulted in a significant decrease in pβ-catenin Ser552 

compared to dmPGE2 treatment alone (Figure 13). 

The same strategy was adopted to investigate whether addition of HES to CMT93 cells increases 

activation of PGE2 receptor signalling in vitro in a similar manner to dmPGE2. Addition of 10 μg/mL HES 

resulted in a significant 4.8 fold increase in pβ-catenin Ser552 in comparison to the untreated group 

(Figure 13). This significant increase demonstrates that the HES is able to activate PGE2 receptor 

signalling (Figure 13). pβ-catenin Ser552 can occur as a consequence of several activated signalling 

pathways (287-289). Therefore, to determine the extent to which PGE2 receptors are activated with 

the addition of HES, CMT93 cells were treated with a combination of EP2 and EP4 inhibitors alongside 

Figure 12. HES favourably signals through the EP2 receptor to increase cell permeability. The 

addition of EP2 and EP4 inhibitors were tested both individually (1 μM) and in combination to 

assess impact on (A) dmPGE2 and (B) HES-induced increase in cell permeability. (C&D) Tables 

showing the FD4 concentration in the basolateral chamber following inhibitor treatment and fold 

change from untreated. Mean +/- SD = +/-. Data shown is the mean of three independent 

experiments (n = 9). Unpaired T-test, ** p ≤ 0.01, **** p ≤ 0.0001, error bars Mean ± SD. 
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HES and quantified pβ-catenin Ser552. The addition of EP2 and EP4 receptor inhibitors resulted in a 

significant 2.15 fold decrease in pβ-catenin Ser552 compared to HES treatment alone. (Figure 13). This 

result suggests that the HES is able to activate PGE2 EP2/EP4 receptor signalling in CMT93 cells in a 

similar manner to dmPGE2.  

 

3.4.10 HES causes a decrease in expression of E-cadherin in vitro which is rescued 

with EP2 & EP4 inhibitors 

To validate in vivo findings observed with H. polygyrus infection in mice with CAC, E-cadherin 

expression was investigated after treating the CMT93 monolayer with HES (10 μg/mL) or dmPGE2 (200 

ng/mL). As was found in vivo in mice with CAC, a significant decrease in E-cadherin expression in the 

HES treated monolayer was observed (Figure 14). Finally, it was shown that this decrease in E-cadherin 

expression is mediated by PGE2 receptor signalling, as cells treated with a combination of EP2 and EP4 

inhibitors show a significant increase in E-cadherin expression near to untreated levels (Figure 14). 

Together, this data suggests that the decrease in E-cadherin expression observed during H. polygyrus 

infection in vivo is mediated by HES activation of PGE2 EP2/EP4 receptor signalling. 

Figure 13. The addition of EP2 & EP4 inhibitors significantly reduces the ability of HES to increase 

phosphorylation of β-catenin Ser552 in vitro. (A) Example western blot of pβ-catenin Ser552 and 

total β-catenin (both 92 kDa) compared to GAPDH (37 kDa) from CMT93 cells treated with HES (10 

μg/mL) or dmPGE2 (200 ng/mL) +/- EP2/EP4 inhibitors (Inbs) (1 μM). (B) Graphical summary of the 

ratio of β-catenin Ser552 normalised to total β-catenin and expressed as a fold change relative to 

control wells. Data shown represents four independent experiments (n = 4). Unpaired T-test,* p ≤ 

0.05, ** ≤ 0.01, *** ≤ 0.005, error bars Mean ± SD.  
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3.5 Discussion  

To summarise, this chapter was crucial in following on from findings from Smith et al, who point to a 

role for PGE2 in driving the mechanism for exacerbation of CAC by H. polygyrus infection (190). EP2/EP4 

receptor activation following helminth infection mediated a decrease in E-cadherin expression in the 

colon. Findings in vivo were corroborated using an in vitro CMT93 cell monolayer culture, with HES 

treatment replicating the increase in dmPGE2 EP2/EP4 receptor signalling and decrease in E-cadherin 

expression. Taken together, these findings demonstrate a role for the release of HES during H. 

polygyrus infection in increasing PGE2 receptor signalling in the colon, leading to a decrease in E-

cadherin expression. 

To begin, this chapter investigates levels of PGE2 receptor activation in the colon at day 14 post-

infection, coinciding with when CAC was induced in the AOM/DSS model, and finds a significant 

increase of pβ-catenin Ser552. This report is the first to describe the ability of H. polygyrus to increase 

pβ-catenin Ser552 in the colon. In fact, this ability to increase pβ-catenin Ser552 has only been described 

for one other parasite; Toxoplasma gondii, which modulates pβ-catenin Ser552 to promote its 

replication and infection in host cells (290).  

Levels of pβ-catenin Ser552 have been shown to be associated with worsened disease progression in 

the AOM/DSS model (274). Analysis of in vivo colon samples taken from mice 64 days post-AOM 

administration showed significantly increased pβ-catenin Ser552 observed with H. polygyrus infection. 

Figure 14. The addition of EP2 & EP4 inhibitors significantly increased the expression of E-

cadherin following HES treatment. (A) Example western blot of E-cadherin (131 kDa) and GAPDH 

(37 kDa) from CMT93 cells treated with HES (10 μg/mL) or dmPGE2 (200 ng/mL) +/- EP2/EP4 

inhibitors (Inbs) (1 μM). (B) Graphical summary of the ratio of E-cadherin normalised to GAPDH 

and expressed as a fold change relative to control wells. Data shown represents four independent 

experiments (n = 4). Unpaired T-test,* p ≤ 0.05, ** ≤ 0.01, error bars Mean ± SD.  
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Despite pβ-catenin Ser552 being noted as a key molecular event downstream of EP2/EP4 activation 

(269, 271, 272), it is important to acknowledge that pβ-catenin Ser552 can occur downstream of several 

receptors, including the glucagon receptor, low-density lipoprotein receptors (LDLR), and the 

epidermal growth factor receptor (EGFR) (287-289). Given how the administration of a combination of 

EP2/EP4 receptor inhibitors resulted in a significant reduction in pβ-catenin Ser552, it demonstrates 

how H. polygyrus infection is causing increased pβ-catenin Ser552 downstream of EP2/EP4 activation. 

However, levels of pβ-catenin Ser552 did not change in the AOM/DSS model which contradicts findings 

from Brudvik et al (273), who show a significant increase in pβ-catenin Ser552 during the AOM/DSS 

model. Therefore, results shown in this chapter are suggestive of the significant increase in pβ-catenin 

Ser552 being due to H. polygyrus infection, and not the induction of CAC. 

PGE2-EP2/EP4 receptor signalling has previously been shown to increase intestinal inflammation by 

increasing inflammatory cytokine production and immune cell recruitment (291, 292). Therefore, to 

investigate if H. polygyrus activation of EP2/EP4 receptors mediated intestinal inflammation, faecal 

calprotectin was utilised as a biomarker for intestinal inflammation, due to its high sensitivity and 

specificity and regular use in the clinic (293). Knowledge of the different points of the H. polygyrus 

lifecycle were used to choose timepoints post-infection whereby significant events occur (217), and so 

may influence inflammation. No significant changes were observed until day 10, where concentrations 

of calprotectin significantly increased, with a further increase seen at day 14. As expected based on 

previous findings (280), concentrations of calprotectin increased with each cycle of DSS. Additionally, 

concentrations of calprotectin were further increased with H. polygyrus infection. Finally, 

concentrations of calprotectin were found to be significantly decreased with the addition of EP2/EP4 

inhibitors, both during the H. polygyrus lifecycle and AOM/DSS model, returning to levels observed in 

the naïve group. However, with the concentrations observed, it cannot be concluded that H. polygyrus 

is exacerbating intestinal inflammation during the AOM/DSS model. The concentrations observed are; 

significantly lower than what is observed in the literature (280), and not significantly different than the 

lifecycle.  

Along with increased intestinal inflammation, a further key feature of the pathogenesis of colitis is an 

increase in intestinal barrier permeability (61). The cell-cell adhesion protein E-cadherin was chosen 

to investigate effects of H. polygyrus on the integrity of the intestinal barrier, as it is an essential protein 

for barrier function (294). E-cadherin expression is shown to not change at day 14 post-infection in the 

colon, which is contradictory to results observed in the literature (165). However, it is important to 

note that Su et al performed experiments using a different strain of mouse (BALB/c) and took samples 

at day 7 post-infection, indicating that results may differ depending on strain and also time post-

infection. Furthermore, the sample size in this report was low (n = 3), and therefore an increased 
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sample size may reveal significance. Analysis of in vivo colon samples taken from mice 64 days post-

AOM administration showed a significant decrease in E-cadherin expression, which was restored to 

naïve levels with the administration of EP2/EP4 receptor inhibitors. As E-cadherin did not change with 

H. polygyrus infection alone, it is concluded that the decrease in E-cadherin expression is due to the 

induction of AOM/DSS CAC, which supports the literature (274). It is important to acknowledge that E-

cadherin is not only a marker of cell-cell adhesion, but also epithelial-mesenchymal transition (EMT), 

with the loss of its expression occurring frequently during tumour metastasis (295). Therefore, despite 

this report showing a significant decrease in E-cadherin expression in the colon with H. polygyrus 

infection during the AOM/DSS model, it is not possible to conclude this leads to a more “leaky-gut”. 

However, it is more likely that this is an indication of increased permeability as opposed to EMT as 

there was little visual evidence of cancer in these mice. 

Next, histologically stained colon tissue samples were analysed for disease severity score and colon 

length/weight ratios measured. The length/weight ratios of the colon are used as a marker of 

hyperplasia of the mucosa and of the severity of chronic colitis; because DSS induces shortening of the 

colon, this can be used as a visual index and to quantitate levels of colitis (158). Histologically, no 

significant difference between the naïve and H. polygyrus infected mice in the AOM/DSS group was 

observed. Given results from Pastille et al who show H. polygyrus exacerbation of pathology in the 

colonic histology (151), this result was a surprise and suggests the model may not have worked as 

expected. This may be due to a lack of appropriate controls, such as a naïve group plus the EP2/EP4 

inhibitors, and a H. polygyrus group without induction of AOM/DSS CAC plus the EP2/EP4 inhibitors. 

Further surprising observations included the lack of visible tumours in the colon, no differences in 

colon/weight ratios, (190) and no differences in weight loss throughout the AOM/DSS model compared 

to the vehicle group. It is well documented in the literature that the AOM/DSS model results in a 

significant number of visible tumours, significant weight loss, and colon shortening (158, 296, 297). 

Despite no visible tumours, one tumour was detected in the histology for both the naïve and helminth 

infected group, however this is significantly less than what is reported in this model (158). Therefore, 

despite the inhibitors significantly reducing the histology severity score and number of infiltrating 

immune cells, it is difficult to draw conclusions from this experiment due to the lack of clinical signs in 

the naïve AOM/DSS group.  

As described in Introduction section 1.5.2 excretory/secretory products (HES) are released when the 

parasite emerges into the lumen as an adult (144, 298). Treating the CMT93 cell monolayer with HES 

did result in a significant increase in cell permeability, as indicated by the increased FD4 concentration. 

Similar findings with other excretory/secretory products (ES) have been observed by Hiemstra et al, 

who show that the ES from the nematode T. suis dose-dependently increased flux of FD4 in treated 
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CMT93 monolayers, which was accompanied with a decrease in tight junction expression (170). This 

increase in FD4 flux observed in this chapter was also associated with a decrease in E-cadherin 

expression in the HES-treated monolayers, which was dependent on EP2/EP4 receptor signalling. 

Furthermore, HES treatment resulted in a significant increase in pβ-catenin Ser552 which was inhibited 

with EP2/EP4 inhibitors. These results suggest that the HES is mediating E-cadherin expression via 

activation of EP2/EP4 receptors. This is believed to be the first evidence detailing the ability of HES to 

activate EP2/EP4 receptors. This result has previously only been shown for the antigens from Taenia 

solium larval cysts, which have been shown to stimulate PGE2 production from monocytes, which then 

triggers Treg cell expansion via EP2/EP4 receptor activation as an immunomodulation strategy (203). 

As EP2/EP4 signalling has been implicated in increasing cell permeability (108, 264), it was investigated 

whether the HES exhibits preferential receptor activation by adding EP2/EP4 inhibitors separately. 

Evidence for preferential receptor activation comes from Lejeune et al, who show the ability of the 

protozoan parasite Entamoeba histolytica to preferentially signal via the EP4 receptor to alter cell 

permeability (299). The inhibitors in combination resulted in significant amelioration in the ability of 

the HES to increase cellular permeability, with a significant restoration in E-cadherin expression also 

observed. The addition of EP2 antagonist alone resulted in a significant decrease in FD4 concentration, 

with little additive effect being observed with the addition of the EP4 inhibitor. This is suggestive of the 

HES having a preference for EP2 receptor signalling over EP4. Interestingly, data from Ma et al indicate 

that the PGE2-EP2 signalling axis dominates in the colon tumour microenvironment due to a higher 

affinity for the EP2 receptor in the colonic environment, promoting the production of inflammatory 

cytokines (300). Therefore, this ability of HES to preferentially signal through EP2 may give a clue as to 

how H. polygyrus can mediate intestinal inflammation. 

Finally, it is important to note a major criticism of this chapter, and that is the use of a murine CRC cell 

line. The CMT-93 cell line has been shown to exhibit chromosomal instability and is replicative of 

human late-stage CRC (301), therefore may respond differently to H. polygyrus antigen compared to 

non-cancerous cells. Despite this, in the absence of an in vivo model, the use of a CRC cell line does 

provide some evidence of H. polygyrus effecting cell permeability and E-cadherin expression in cancer 

epithelial cells, providing scope to investigate this further in vivo. 

The original objectives of this chapter were met to a certain extent. During this chapter, it was 

established that helminth secretions promote EP receptor-dependent increases in intestinal 

permeability in vitro, and helminth infection in vivo is associated with increased PGE2 signalling and 

decreased colonic E-cadherin expression. However, whether the increase in PGE2 EP2/EP4 signalling is 

linked to exacerbation of CAC was not determined due to the AOM/DSS model not working as 
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expected. Therefore, it remains inconclusive from this chapter that H. polygyrus exacerbation of CAC 

is mediated through prostaglandin signalling-dependent increases in intestinal permeability. 
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Chapter 4: Analysis of the HES to determine what is driving 

the increase in cellular permeability 

4.1 Introduction 

In the previous chapter, I revealed the ability of HES to increase cell permeability in vitro through 

EP2/EP4 activation, however it is currently unknown what molecule within the HES is responsible for 

this effect. Therefore, this chapter adopts several in vitro and bioinformatic techniques in an attempt 

to identify the molecule within the HES enabling the increase in cell permeability. 

The excretory/secretory products (ESPs) of Trichuris muris and T. spiralis have been shown to contain 

a serine protease. The ability of these ESPs to increase cell permeability was demonstrated to be 

dependent on the activity of the serine protease, as shown by experiments involving heat inactivation 

and the addition of protease inhibitors (168, 169). Hewitson et al demonstrated that the HES contains 

several serine proteases, as well as other protease families such as matrix metalloproteases (MMPs) 

(145). Whether these proteases in the HES contribute to the increase in cell permeability remains 

unknown and will be investigated in this chapter. 

The HES contains several immune-modulatory proteins, with both heat-stable and heat-labile 

molecules modulating the effect on the immune response (298). I aim to investigate whether the HES-

induced increases in cell permeability are reliant on a heat-labile protein. Furthermore, both Hewitson 

et al and McSorely et al utilised size fractionation to identify active immune-modulatory molecules 

from 100’s of proteins (298, 302). I will utilise size fractionation columns to identify active molecules 

within the HES that lead to the increase in cell permeability. 

Interestingly, ESPs of other helminths have been shown to contain PGE2, with T. suis being one example 

(Figure 1) (194). Furthermore, it was revealed that T. suis PGE2 was responsible for modulating 

dendritic cell function partly via EP2 and EP4 signalling (194), demonstrating how a helminth secreted 

PGE2 is able to activate EP2/EP4 receptors. Therefore, given results in Chapter 3 pointing to a role for 

PGE2 signalling via EP2/EP4 receptors to increase cell permeability, this evidence provides a rational 

for screening the HES to investigate if a PGE2 molecule is present. 
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Several novel proteins have also been identified using a variety of bioinformatic approaches (211, 303-

305), and I aim to utilise these approaches to investigate whether H. polygyrus encodes metabolic 

enzymes that may contribute to downstream PGE2 synthesis, and contribute to increased EP2/EP4 

activation as observed in Chapter 3. For example, McSorely et al identified transforming growth factor-

β (TGF-β) homologues in H. polygyrus and another laboratory model nematode N. brasiliensis, as well 

as two major parasites of ruminant livestock; Haemonchus contortus and Teladorsagia circumcincta, 

by utilising sequence analysis of the parasitic genome to identify sequences of significant homology 

(304). Harcus et al also used this bioinformatic analysis approach when identifying novel C-type lectin 

proteins in H. polygyrus and N. brasiliensis (211). Production of PGE2 has been shown by helminth-

derived glutamate dehydrogenase (203, 306), however it is not yet known whether adult H. polygyrus 

can encode enzymes which can promote PGE2 production in vivo. Using the publicly available H. 

polygyrus genome accessed via WormBase Parasite (PRJEB15396), I adopted the same strategy to 

perform sequence analysis searching for enzyme homologues which may contribute to downstream 

PGE2 synthesis and subsequent increase EP2/EP4 signalling. 

With the evidence presented in Chapter 3 detailing the HES being able to increase cell permeability 

through activation of PGE2 EP2/EP4 receptor signalling, the overall aims of this chapter are to 1. 

Figure 1. Identification of PGE2 in sample P3 by LC-MS/MS. (A) Extracted ion chromatograms from 

two control fractions (P2 and P4) and one active fraction (P3) showing one discriminative peak 

between the active fraction and control fractions. (B) SRM transition of the active fraction showed 

a high-intensity peak at a relative retention time corresponding to the internal standard PGE2. Data 

from Laan et al., 2017. 
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determine if the proteases within HES contribute to its ability to increase cell permeability, 2. 

investigate the presence of PGE2 in the HES and, 3. analyse the H. polygyrus genome for sequences 

bearing significant homology to human and murine metabolic enzymes which contribute to PGE2 

synthesis. This will be address through the following objectives: 

4.2 Chapter Aims 

1. Determine if the ability of HES to increase cell permeability is due to the presence of proteases 

2. Investigate if the HES contains PGE2 or any other oxylipins 

3. Investigate if the HES contains metabolic enzymes which contribute to synthesis of PGE2 and 

therefore increased EP2/EP4 receptor signalling 

4.3 Hypothesis 

1. The HES contains PGE2 which can lead to increased signalling through EP2/EP4 receptors and 

subsequent increase in cell permeability 

2. The HES contains metabolic enzymes which contribute to the downstream synthesis of PGE2, 

leading to increased signalling through EP2/EP4 receptors and subsequent increase in cell 

permeability 

4.4 Results 

4.4.1 Protease inhibition had no significant impact on the ability of HES to 

increase cellular permeability 

Given the abundance of proteases in HES and established evidence that helminth-derived proteases 

can increase cell permeability (145, 169), initial investigations focussed on establishing a role for 

proteases with the HES in increasing cell permeability. Confirming the ability of a bovine pancreatic 

protease to disrupt epithelial integrity, addition of 1 μM of trypsin significantly increased permeability 

of the CMT-93 monolayer (Figure 2A). As the ability of trypsin to increase cell permeability has been 

shown to be inhibited by both heat and the addition of protease inhibitors (307), I tested the efficiency 

of the heat-inactivation protocol and protease inhibitor cocktail on trypsin.  Addition of a protease 

inhibitor cocktail significantly decreased this trypsin-dependent increase in permeability, reducing FD4 

concentration in the basolateral chamber by 95.1% based on the average value (Figure 2A). Similarly, 

heat-inactivation of trypsin prevented the ability of trypsin to increase permeability of these cells 

(Figure 2A). Addition of the protease inhibitor had no significant impact on the increased permeability 

of the CMT-93 monolayer seen following exposure to 10ug/ml HES (Figure 2B). Heat-inactivation of 
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HES did result in a significant reduction in permeability when compared to HES however, this reduction 

was not complete and there was still an 63% increase in permeability with heat-inactivation of HES, 

when compared to a 0.9% increase with heat-inactivated trypsin based on the average values (Figure 

2A-C).  

 

 

Figure 2. The ability of HES to increase cell permeability is dependent on a molecule(s) that is 

not a protease. Effects of heat-inactivation (HI) and addition of protease inhibitor (PI) on the ability 

of  (A) HES and (B) Trypsin to increase cell permeability. (C) Table showing FD4 concentrations with 

trypsin and HES alone, with PI or HI, and the % increase compared to untreated. Data shown is the 

mean of (A) three (B) or six independent experiments. Unpaired T-test, *** p ≤ 0.005, **** p ≤ 

0.001, error bars Mean ± SD. 
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4.4.2 Size fractionation of HES reveals a predicted molecular weight of 

molecule(s) responsible for increasing cellular permeability 

As HES is estimated to contain 374 of proteins of various molecular weights (145), I performed size 

fractionation using 10,000 and 50,000 molecular weight cut-off (MWCO) filters to see if I could 

determine the fraction of molecular weight (MW) containing the molecule responsible for the 

observed increase in cell permeability. Data shown in Figure 3A shows that the ability of HES to 

increase permeability is due to a molecule below 50,000 MW, with activity being maintained in the 

filtrate (< 50,000 MW) and lost in the concentrate (> 50,000 MW). The 50,000 MW HES filtrate was 

then put through a 10,000 MWCO filter which showed activity being lost in the filtrate (< 10,000 MW) 

and maintained in the concentrate (> 10,000 MW) (Figure 3B). It is important to note that there is still 

a significant loss in the ability to increase cell permeability within the concentrate of the 50,000 MWCO 

filter and the filtrate of the 10,000 MWCO filter (Figure 3A&B), suggesting that there are molecules 

within the HES > 50,000 MW and < 10,000 MW that may contribute to the ability of HES to increase 

cell permeability. 

 

 

Figure 3. The active molecule(s) in the HES that are driving the increase in cellular permeability 

are between 10,000 and 50,000 molecular weight. Size-fractionation of the HES using (A) 50,000 

MWCO filter and (B) 10,000 MWCO filter with FD4 concentrations quantified using a standard 

curve. Data shown is the mean of three independent experiments. Unpaired T-test, * p ≤ 0.05, **** 

p ≤ 0.001, error bars Mean ± SD. 
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4.4.3 Oxylipins were below the level of detection in HES using LC/MS  

Based on the evidence from the previous chapter, which shows that HES can enhance PGE2 receptor 

signalling in vitro and that its ability to increase cell permeability depends on this signalling, 100 μL of 

HES was screened for the presence of PGE2 and other oxylipins known to increase during H. polygyrus 

infection using LC/MS (194). Internal standards were detected (details in Materials and Methods) but 

as shown in Figure 4, it is clear that there is no PGE2 or any other oxylipins present in the HES. 
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Figure 4. LC/MS analysis of HES. Extracted ion chromatograms showing peaks for internal 

standards (black) and overlay of corresponding intensity of sample at the same retention time in 

100 μL HES (red).  



119 
 

4.4.4 HES contains three  homologues of secreted phospholipase A2 

To investigate the composition of the 10,000 – 50,000 MW fraction of HES, a sample was sent for 

proteomic analysis. The raw data files obtained from LC/MS were run against the H. polygyrus database 

found in Uniprot using the SEQUEST HT algorithm, with 1,198 proteins being identified and the top 

100 most abundant based on the sum of the scores of the individual peptides shown in Appendix Table 

1. The full list of proteins can be found in Appendix Table 2. It is interesting to note the difference in 

detected proteins in this analysis (1,198) compared to that of Hewitson et al (374) (145), highlighting 

the advancements of proteomic technologies in the last decade (308). 

Amongst the proteins identified in this fraction of HES were a selection of proteases, particularly 

metalloproteases (zinc metalloproteases) metalloendopeptidases, and cysteine proteases, as well as 

other classes of enzymes such as apyrases, chitinases, and lysozymes. A large number of proteins were 

detected which belong to the family of  Venom Allergen-Like (VAL) proteins, supporting the findings of 

Hewitson et al (145). 

By inputting the gene IDs into g:Profiler, GO annotations of the HES 10,000 – 50,000 molecular weight 

fraction (Figure 4 and Appendix Table 3) were obtained. The GO analysis indicated that catalytic 

activity (GO: 0003824) was the most common “molecular function” term (Figure 4A), and metabolic 

process (GO: 0008152) was the most common “biological process” term (Figure 4B).  

Of the 1,198 proteins identified, 470 (56.29%) contained a predicted N-terminal signal peptide (SP) 

(Figure 4D) suggesting the majority of proteins are secreted. To support this, extracellular (GO: 

0005615) was the most common “cellular compartment” term (Figure 4D). In addition, 203 (17.4%) 

were novel proteins to H. polygyrus (Figure 4E), which was determined by comparing them to known 

secreted proteins identified by Hewitson et al (145). When these 203 secreted proteins of unknown 

function were examined for the presence of a SP, 119 (58.6%)  were SP positive, indicating that an 

important set of novel secreted proteins are present in this fraction of HES. 
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Figure 4. GO distribution of the proteins in the 10,000 – 50,000 molecular weight fraction of HES. All 

identified proteins in the 10,000 – 50,000 molecular weight fraction of HES were analysed by Gene 

Ontology and categorized into (A) molecular function, (B) biological process and (C) cellular 

component. Within each category, the top 10 enriched terms are listed. Gene Ontology analysis 

performed using g:Profiler. (D) Proportion of signal peptide (SP)-containing protein sequences. (E) 

Proportions of novel and characterized proteins containing signal peptides. Signal peptide analysis 

conducted using SignalP-6.0. 
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4.4.5 HES-dependent increases in cell permeability are cyclooxygenase-

dependent 

With no PGE2 present and evidence from Chapter 3 suggesting the importance of EP2/EP4 signalling 

in increasing permeability, I utilised acetylsalicylic acid (aspirin), a non-selective cyclooxygenase (COX) 

inhibitor to assess the contribution of COX activity to the HES-induced increase in EP2/EP4 signalling. 

Using dmPGE2, an EP receptor agonist and product of COX activity, I found that addition of increasing 

doses of aspirin significantly reduced the permeability of a CMT-93 monolayer (Figure 5A). 

Administration of 10 mM aspirin to 10μg/mL HES significantly reduced cell permeability to the levels 

seen with 10 mM aspirin alone (Figure 5A&B). This implies that the addition of HES results in the 

activation of COX2 and a subsequent increase in the production of PGE2 which can then activate 

EP2/EP4 receptors. 

  

4.4.6 HES encodes several homologues of metabolic enzymes 

Evidence in this chapter has shown no PGE2 in the HES, however Chapter 3 points towards HES being 

able to increase EP2/EP4 activation leading to increased cell permeability. I have shown that there may 

be an increase in paracrine or autocrine EP2/EP4 signalling with HES, however what is enabling this 

remains unknown. Therefore, I next investigated whether any metabolic enzymes which contribute to 

Figure 5. The ability of aspirin treatment to inhibit HES-induced increase in cell permeability. (A) 

dmPGE2 was added at 200 ng/mL with different concentrations of aspirin to determine optimum 

dose that caused most significant decrease in FD4 concentration. (B) The effect of the addition of 

aspirin (10 mM) to HES (10 μg/mL) treated cells on FD4 concentration in the basolateral chamber. 

Data shown is the mean of three independent experiments. Unpaired T-test, * p ≤ 0.05, *** p ≤ 

0.005, **** p ≤ 0.001, error bars Mean ± SD. 
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PGE2 synthesis are encoded in the genome, and could be secreted in the HES to increase PGE2 

production from the cells, leading to increased paracrine or autocrine EP2/EP4 signalling. Using the 

publicly available H. polygyrus genome (PRJEB18396) in Wormbase Parasite, I used a variety of search 

terms corresponding to important enzymes in producing arachidonic acid, as well as enzymes which 

use this substrate to produce PGE2 (Figure 6). The results are shown in Table 1, with several hits 

revealed in the H. polygyrus genome corresponding to some of the enzymes of interest, suggesting 

metabolic enzymes corresponding to PGE2 synthesis may be encoded in the H. polygyrus genome. To 

see if any of these are secreted in the 10,000 – 50,000 MW fraction of HES, I mapped the gene IDs 

from WormBase Parasite back to the proteomics data discussed earlier in the chapter.  The proteomics 

confirmed hits against PTGS2, prostaglandin E synthase (PGES), and fatty acid desaturase are not 

present in the 10,000 – 50,000 MW fraction of HES. Interestingly, the proteomics revealed the 

presence of  HPOL_0000384601 encoding a known orthologue of several human PLA2 enzymes 

(PLA2G2D, PLA2G5, PLA2G2F, PLA2G2C, PLA2G2A, PLA2G2E), HPOL_0000928401 encoding a known 

orthologue of the human PLA2G15, and HPOL_0001491401 which doesn’t have a known orthologue 

but appeared using the search term “Phospholipase A2” in WormBase Parasite (Table 1). These results 

suggest the presence of three homologues of sPLA2 within the 10,000 – 50,000 MW fraction of HES. 
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Figure 6. A schematic summary of how arachidonic acid is synthesised and how it is converted 

to PGE2. Arachidonic acid is synthesised via 3 main pathways: 1. Phospholipase A2 (PLA2) liberates 

arachidonic acid which is metabolised by cyclooxygenase (COX) to prostaglandin H2 (PGH2) which 

is metabolised to PGE2 via prostaglandin E synthase (PGES), 2. Phospholipase C (PLC) releases 

diacylglycerol (DAG) from phospholipids, which is metabolised to 2-arachidonylglycerol by DAG 

lipase (DAGL) and then to arachidonic acid by monoacylglycerol lipase (MAGL) or Fatty acid 

amidohydrolase (FAAH), 3. Linoleic acid is metabolised to γ-linoleic acid by fatty acid desaturase 2 

(FADS2), then metabolised to dihomo- γ-linoleic acid by fatty acid elongase 5 (ELOVL5), before 

metabolism to arachidonic acid by fatty acid desaturase 1 (FADS1). PGE2 is inactivated by 15-

prostaglandin dehydrogenase and converted to 15-keto prostaglandin. Image generated in 

Biorender.com 
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Table 1. Enzymes with hits against H. polygyrus genome. Search terms used in WormBase Parasite 
to identify hits, with Gene IDs listed. Whether genes were mapped to proteome is indicated by being 
coloured in black. 

Search term Hits Gene ID Mapped to proteome 

Phospholipase A2 17 HPOL_0000928401 
HPOL_0000384601 
HPOL_0002120101 
HPOL_0001789301 
HPOL_0001544401 
HPOL_0002294901 
HPOL_0000225901 
HPOL_0002142601 
HPOL_0001237801 
HPOL_0000739901 
HPOL_0000740001 
HPOL_0001491401 
HPOL_0000043801 
HPOL_0000559401 
HPOL_0001391701 
HPOL_0000274901 
HPOL_0001319601 

YES 
YES 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
YES 
NO 
NO 
NO 
NO 
NO 

Cyclooxygenase, Prostaglandin-
endoperoxide synthase, COX 

1 HPOL_0000753101 NO 

Prostaglandin E synthase 1 HPOL_0000513601 NO 

Fatty acid desaturase 1  4 HPOL_0001982101 
HPOL_0001800801 
HPOL_0000711501 
HPOL_0001929101 

NO 
NO 
NO 
NO 

Fatty acid desaturase 2 2 HPOL_0000711501 
HPOL_0001929101 

NO 
NO 

Fatty acid elongase 0 - - 

Diacylglycerol lipase 1 HPOL_000612301 NO 

Monoacylglycerol lipase 0 - - 

Fatty acid amidohydrolase 0 - - 

Phospholipase C 0 - - 

Hydroxyprostaglandin 
dehydrogenase 15, 15-
prostaglandin dehydrogenase 

0 - - 

 

4.4.7 PGES2 gene is expressed in the adult life-stage of H. polygyrus 

To investigate gene expression of PGES2 at different points in the lifecycle of H. polygyrus, PCR was 

employed with cDNA prepared from larval (free-living), adult (intestinal) and eggs, with gene-specific 

primers designed for the PGES2 (HPOL_0000513601) cDNA sequence. To ensure the cDNA in each 

lifecycle amplified, primers for H. polygyrus actin were used as a housekeeping gene as it has been 

shown to be equally expressed in all lifecycle stages (211). The results show that the PGES2 gene 

expression appears to be restricted to the adult, intestinal-dwelling, stage of H. polygyrus (Figure 6A). 
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However, it should be noted that the H. polygyrus actin expression observed in the egg cDNA is 

significantly lower than expected (211), therefore it cannot be concluded from this experiment alone 

that PGES2 is not expressed in the egg lifecycle stage. 

A phylogenetic tree for the PGES2 H. polygyrus gene was generated using WormBase Parasite and is 

shown in Figure 6B. The H. polygyrus PGES2 gene is shown to have highly related gene IDs in the rodent 

nematode N. brasiliensis,  as well as highly related gene IDs in ruminant and human nematodes, 

including Haemonchus contortus and Necator americanus (Figure 6B) suggesting conservation across 

species.  
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Figure 6. Gel electrophoresis showing gene expression of H. polygyrus PGES2 at different lifecycle 

stages. (A) Adult, L3 larvae, and egg cDNA with primers designed against the HPOL_0000513601 

H. polygyrus sequence. Actin was run as the housekeeping gene. Predicted product sizes: Actin – 

180 base pairs (bp); HPOL_0000513601  – 235 bp. (B) Phylogeny trees showing high conservation 

of HPOL_0000513601 in other species of nematodes. Phylogeny trees generated in WormBase 

Parasite. Blue square – speciation node, red square – duplication node, clear square – gene node. 
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4.4.8 H. polygyrus PGES2 enzyme homologue shows highly conserved primary 

and tertiary amino acid structures to human and murine enzyme 

The HPOL_0000513601 gene is predicted to encode a protein 346 amino acids in length with a 

predicted molecular weight of 39 kDa. Clustal Omega alignment of the predicted primary amino acid 

structure of  HPOL_0000513601 with the human and murine PGES2 amino acid sequence (Uniprot ID: 

Q9H7Z7) revealed 41.94% identity, as well as 100% conservation of active site residues (Figure 7A). 

The 3D tertiary structure of the H. polygyrus PGES2 protein generated in Swiss-prot and the human 

PGES2 protein (Uniprot ID: Q9H7Z7) were aligned using Pymol software (Figure 7B). The alignment 

revealed a high degree of similarity, including active sites with similar configurations, with the only 

exception being the presence of an additional alpha helix in the human PGES2 structure.  
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Figure 7. Amino acid sequence and tertiary structure alignment of H. polygyrus sequence 

HPOL_0000513601 against human and murine PGES2. (A) Amino acid alignment of 

HPOL_0000513601 to the human and murine PGES2. Active sites (green) are indicated. Symbols 

under each alignment indicate the degree of conservation between the sequences, with an asterisk 

(*) indicating positions which have a single, fully conserved residue, a colon (:) indicating 

conservation between groups of strongly similar properties and a period (.) indicating conservation 

between groups of weakly similar properties. H. polygyrus sequences obtained using WormBase 

ParaSite, human and murine sequences obtained using Uniprot. Alignment performed using Clustal 

Omega. (B) Alignment of the predicted tertiary structure of sequence ‘HPOL_0000513601’ (blue) 

and known human PGES2 crystal structure (green). Active site residues of the human PGES2 were 

marked on the alignment to identify homology at these sites. Alignment performed using PyMol 

(Version 2.5.2). 
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4.4.9 Addition of a recombinant human PGES2 increases cellular permeability 

As PGES2 is one of the key enzymes involved in PGE2 synthesis, it was hypothesized that it may be 

present in HES and contribute to increased PGE2 production by the cells, subsequently enhancing cell 

permeability through EP2/EP4 receptor signalling. To investigate whether PGES2 increases cellular 

permeability, I added a recombinant human PGES2 in a 10 fold dilution series (0.001 – 10 μg/mL) to a 

CMT93 cell monolayer and measured FD4 concentration in the basolateral chamber after 20 hrs. As 

shown in Figure 8A, the addition of PGES2 resulted in a significant increase in cell permeability, with 

the addition of 0.001 μg/mL resulting in an average increase of 2.2415 μg/mL and the addition of 10 

μg/mL resulting in an average increase of 204.196 μg/mL (Figure 8B). As the fold-change in FD4 

concentration compared to the untreated control did not increase by factors of 10, it can be concluded 

that this observed effect is not dose-dependent. This data suggests that if H. polygyrus PGES2 is 

expressed, it may be one of the responsible molecules in the HES which increase cell permeability if it 

has the same activity as the human recombinant PGES2 used.  
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4.4.10 H. polygyrus PGES2 is not predicted to be secreted 

Having established that human recombinant PGES2 does increase cell permeability, it was investigated 

whether the H. polygyrus PGES2 sequence contains a signal peptide, to further confirm findings from 

the proteomics of H. polygyrus PGES2 not being secreted. Using SignalP software, HPOL_0000513601 

was not predicted to contain a signal peptide (Figure 9A). Deeploc software predicted it is processed 

via a non-secretory pathway and expressed in the mitochondria (Figure 9B). In addition to utilising this 

prediction software, attempts to clone and express the H. polygyrus PGES2 protein proved 

Figure 8. The addition of recombinant human PGES2 (rPGES2) causes a significant increase in cell 

permeability. (A) Titration of the human rPGES2 in a 1/10 dilution series (0.001 – 10 μg/mL) with 

FD4 concentrations being calculated from a standard curve. (B) Table showing the FD4 

concentration and fold change from untreated with each concentration of PGES2. Mean +/- SD = 

+/-. Data shown is the mean of three independent experiments performed in triplicate. Unpaired 

T-test, **** p ≤ 0.001, error bars Mean ± SD. 
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unsuccessful (details of the cloning strategy in Materials & Methods), as expression was only successful 

in the insoluble fraction (Figure 9C). These data demonstrate that the secretion of this homologue is 

unlikely to be responsible for HES-mediated increases in permeability of a  CMT-93 cell line. 

 

4.4.11 H. polygyrus has PLA2 activity in the HES and adult antigen 

Earlier in the chapter, bioinformatic analysis of the H. polygyrus genome revealed the presence of three 

PLA2 homologue sequences; HPOL_0000384601, HPOL_0000928401, and HPOL_0001491401. The 

presence of all three proteins were confirmed with proteomic analysis, therefore I performed a 

colorimetric PLA2 assay to investigate if the HES or H. polygyrus adult antigen has PLA2 activity. The 

assay confirmed PLA2 activity in both the HES and adult antigen (Table 2). This suggests that 

HPOL_0000384601, HPOL_0000928401, and HPOL_0001491401 may encode functional PLA2 enzymes 

that are secreted into the HES. 

 

 

 

Figure 9. Evidence that the H. polygyrus HPOL_0000513601 sequence is predicted not to be 

secreted. (A) Signal peptide and (B) subcellular processing analysis performed using SignalP 6.0. 

and DeepLoc prediction software respectively. (C) SDS-PAGE gel stained with Instant Blue stain to 

detect expression of HPOL_0000513601 protein. Expected band size of expressed 

HPOL_0000513601 protein is 28kDa. 
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Table 2. Quantification of PLA2 activity in the HES and adult supernatant  

Sample Fluorescent reading (460/515 nm) Activity (U/mL) Activity (U/μg) 

HES 648.5 572.5 0.303 0.06 

Adult supernatant  11206.5 11010.5 2.14 0.002 

 

4.4.12 Addition of recombinant PLA2 increases cellular permeability 

A recombinant Apis mellifera PLA2 was used to assess whether this enzyme causes an effect on cell 

permeability, as it has previously been demonstrated to do so (309). As with the recombinant human 

PGES2, I observed a significant increase in cell permeability with the addition of bee venom sPLA2 

(Figure 10A). Similarly, this effect was shown not to be dose-dependent (Figure 10B). This data 

suggests that the PLA2 activity seen in the HES may contribute to its ability to increase cell permeability. 
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Figure 10. The addition of recombinant bee venom PLA2 causes a significant increase in cell 

permeability. Titration of bee venom PLA2 in a 1/10 dilution series (0.001 – 10 μg/mL) with FD4 

concentrations being calculated from a standard curve. (B) Table showing the concentration and 

fold change from untreated with each concentration of PLA2. Mean +/- SD = +/-.All values are 

corrected for background fluorescence. Data shown is the mean of three independent 

experiments. Significance was analysed using GraphPad Prism 10.2.0 and an unpaired T-test 

performed, where p ≤ 0.01, **** p ≤ 0.001. Where no statistical comparison is shown the result 

was not significant. Data presented as Mean ± SD. 
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4.4.13 H. polygyrus PLA2 enzyme homologues show highly conserved primary and 

tertiary structures to human enzymes 

With 10 catalytically active isoforms of human secretory PLA2 (sPLA2) known, I performed a percentage 

identity matrix to determine whether HPOL_0000384601, HPOL_0000928401, and HPOL_0001491401 

share significant identity to a specific isoform of sPLA2. As shown in Figure 11 HPOL_0000384601 

shares most significant identity to human PLA2G1B (36.36%), HPOL_0000928401 to PLA2G15 (44.99%), 

and HPOL_0001491401 to PLA2G2A (26.26%).  

Having confirmed which human isoforms the three H. polygyrus PLA2 sequences share the most 

significant homology with, I compared the amino acid structures looking for conservation in active and 

binding sites (Figure 12). Alignment of the HPOL_0000384601 sequence with the human PLA2G1B 

revealed 100% conservation of calcium binding sites and active sites (Figure 12A), suggesting 

HPOL_0000384601 may be an active homologue of the human PLA2G1B enzyme. Despite 

HPOL_0000928401 showing conservation in the active sites of the human PLA2G15, 50% of the zinc 

binding sites are not conserved (Figure 12B). Zinc can be used to inhibit activity in human PLA2G15 

(310), so although this does not rule out this enzyme being functional, it suggests the worm protein 

may not be inhibited in the same way. Similarly, HPOL_0001491401 shows conservation in the active 

site of the human PLA2G2A, but the calcium binding sites are not conserved (Figure 12C), suggesting 

HPOL_0001491401 may not encode a functional PLA2G2A. 

Finally, as the amino acid alignments suggest HPOL_0000384601 may be the most likely homologue to 

possess PLA2 activity, I compared the predicted tertiary structure of HPOL_0000384601 with the 

known tertiary structure of human PLA2G1B, to analyse the configuration of the active sites. The 

tertiary structures show significant similarities in the overall structure, as well as highly identical 

configurations of active site residues (Figure 13). Together, this data suggests that HPOL_0000384601 

encodes a functional PLA2G1B enzyme, and may be the responsible molecule for the PLA2 activity 

detected in the HES and adult antigen. 
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Figure 11. Percentage identity matrix H. polygyrus PLA2 sequences to human sPLA2 enzymes. The 

% identity of the amino acid sequences of (A) HPOL_0000384601, (B) HPOL_0000928401, and (C) 

HPOL_0001491401 were compared to the 10 isoforms of human sPLA2. Analysis performed in 

Clustal Omega. 
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Figure 12. Amino acid alignment of H. polygyrus PLA2 homologues to human PLA2 enzymes. 

Amino alignment of (A) HPOL_0000384601 to human PLA2G1B, (B) HPOL_0000928401 to human 

PLA2G15, and (C) HPOL_0001491401 to human PLA2G2A. In all alignments active site residues are 

coloured in blue. In alignment (A) and (C) calcium binding sites are highlighted in yellow, whereas 

in (C) zinc binding sites are highlighted in yellow. Symbols under each alignment indicate the degree 

of conservation between the sequences, with an asterisk (*) indicating positions which have a 

single, fully conserved residue, a colon (:) indicating conservation between groups of strongly 

similar properties and a period (.) indicating conservation between groups of weakly similar 

properties. Alignment performed using Clustal Omega 
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4.4.14 sPLA2 gene is expressed in the adult life-stage of H. polygyrus 

With HPOL_0000384601 being suggested to encode a functional PLA2G1B, I designed primers for the 

H. polygyrus sPLA2 (Gene ID: HPOL_0000384601) cDNA sequence and investigated gene expression at 

different points in the lifecycle of H. polygyrus. The results show that the sPLA2 gene expression 

appears to be restricted to the adult, intestinal-dwelling, stage of H. polygyrus (Figure 14A) as was the 

case with the PGES2 gene earlier in the chapter. Again, the H. polygyrus actin expression observed in 

the egg cDNA is significantly lower than expected (211), therefore it cannot be concluded from this 

experiment alone that sPLA2 is not expressed in the egg lifecycle stage. 

A phylogenetic tree for the sPLA2 H. polygyrus gene was generated using WormBase Parasite and is 

shown in Figure 14B respectively. The H. polygyrus sPLA2 gene is shown to have highly related gene 

Figure 13. Tertiary structure alignment of HPOL_0000384601 to human PLA2G1B. The predicted 

tertiary structure of HPOL_0000384601 (blue) is aligned to the known human PLA2G1B tertiary 

structure (green). Known active residues of human PLA2G1B at His70 and Asp121 are highlighted. 

Alignment performed using PyMol (Version 2.5.2). 
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IDs in the rodent nematode N. brasiliensis,  as well as highly related gene IDs in canine and human 

nematodes, including Ancylostoma caninum  and Necator americanus (Figure 14B) suggesting 

conservation between species.  
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Figure 14. Gel electrophoresis showing gene expression of H. polygyrus sPLA2 at different 

lifecycle stages. (A) Adult, L3 larvae, and egg cDNA with primers designed against the 

HPOL_0000384601 H. polygyrus sequence. Actin was run as the housekeeping gene. Predicted 

product sizes: Actin – 180 base pairs (bp); HPOL_0000384601 – 205 bp. (B) Phylogeny trees 

showing high conservation of HPOL_0000384601 in other species of nematodes. Phylogeny trees 

generated in WormBase Parasite. Blue square – speciation node, red square – duplication node, 

clear square – gene node. 
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4.4.15 H. polygyrus sPLA2 is predicted to be secreted  

Having shown HPOL_0000384601 as being the most likely candidate for encoding a functional sPLA2 

enzyme homologue, and how it shows preferential expression for the adult-stage of H. polygyrus, I 

finally wanted to investigate whether HPOL_0000384601 is predicted to be secreted. The 

HPOL_0000384601 sequence is predicted to contain a signal peptide sequence (Figure 15A), and is 

processed via a secretory pathway into the extracellular domain (Figure 15B). Furthermore, proteomic 

analysis of the 10-50,000 MW fraction confirmed the presence of HPOL_0000384601, indicating it is 

secreted in the HES. Therefore, this data suggests that HPOL_0000384601 may encode a functional 

sPLA2 enzyme, enabling an increase in the amount of arachidonic acid available to the cells to convert 

to PGE2, leading to enhanced EP2/EP4 activation and subsequent cell permeability. 
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4.5 Discussion 

To summarise, this chapter follows on from findings in Chapter 3, whereby the ability of HES to increase 

permeability via EP2/EP4 signalling was uncovered, but the molecule responsible remains unknown. 

Biochemical characteristics of the molecule(s) are revealed, with it not being a protease, heat-stable, 

and between 10,000 – 50,000 molecular weight. The possibility of HES containing PGE2 or any other 

oxylipin was eliminated using LC/MS, with the genome analysis identifying sequences bearing 

significant identity to PGES2 and several members of the sPLA2 family. It was demonstrated using 

predictive software that HPOL_0000384601 is predicted to be secreted, with proteomics confirming it 

Figure 15. Evidence that the H. polygyrus HPOL_0000513601 sequence is predicted to be 

secreted. (A) Signal peptide and (B) subcellular processing analysis performed using SignalP 6.0. 

and DeepLoc prediction software respectively. 
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is secreted into the 10,000 – 50,000 molecular weight HES fraction. Along with existing literature 

showing that sPLA2 can increase cellular permeability, and the evidence presented in this chapter, it is 

suggested that H. polygyrus sPLA2 may play a key role in increasing PGE2 synthesis and subsequent 

EP2/EP4 signalling, ultimately leading to increased cell permeability.  

Within the HES mixture, Hewitson et al profiled several examples of enzymes belonging to the protease 

family (145). Proteases are naturally occurring in the intestine in low levels to maintain gut 

homeostasis, however they are significantly upregulated during inflammatory disorders, and are 

associated with a loss in integrity of the intestinal barrier (69, 74, 75). Furthermore, the ESPs 

mechanism of T. muis and T. spiralis have been shown to contain serine proteases, and it is the release 

of these serine proteases which enables them to breakdown the intestinal barrier, the proposed by 

which they establish their respective lifecycles (168, 169). By adopting similar methods of heat-

inactivation and protease inhibition used by Hasnain et al and Song et al (168, 169), the possibility of 

a protease being responsible for the ability of HES to increase cell permeability is unlikely. The use of 

a broad range protease inhibitor cocktail is a robust method of inhibiting proteases, however it is a 

possibility that H. polygyrus proteases may have significant structural discrepancies deeming the 

inhibitor ineffective against them (311, 312). It is also important to acknowledge the existence of 

proteases whereby activity can still remain despite the high temperature, such as certain isoforms of 

matrix metalloproteases (MMPs) (313), which cannot be conclusively ruled out. 

Evidence from Chapter 3 strongly suggests that the HES is acting through PGE2 receptors EP2 and EP4 

to increase cell permeability. The initial hypothesis was that the HES may contain PGE2 which is then 

able to activate EP2 and EP4 receptor signalling in the CMT93 cell monolayers. Using LC/MS, PGE2 has 

been detected in T. suis ES (35,945 pg/mL +/- 516.2) as well as different lifecycle stages of S. mansoni 

as a proposed immunomodulatory oxylipin (194, 196). Given that lipidomic analysis has never been 

performed on the HES, LC/MS was performed in an attempt to identify if PGE2, or any other oxylipins 

are present. It was shown that HES doesn’t contain PGE2 or any other oxylipins, however this 

experiment is limited by the level of detection, and it is possible HES contains oxylipins at 

concentrations beyond the level of detection used.  

As the HES doesn’t contain high amounts of PGE2 compared to T. suis, it was investigated whether HES 

is stimulating the CMT93 cell monolayer to produce PGE2, enabling increased paracrine or autocrine 

signalling through the EP2 and EP4 receptors. Activation of EP2 signalling in neutrophils is linked to 

stimulation of cAMP production, increased expression of pro-inflammatory genes, including the 

prostaglandin endoperoxide synthase-2 (Ptgs2) gene encoding COX-2 and thus increased production 

of PGE2 (300).  Similarly in human colorectal cancer cell line, activation of EP4 receptor signalling was 
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also shown to elevate cAMP levels via COX-dependent PGE2 synthesis (314). Following exposure of 

human monocyte derived macrophages to the larval products of H. polygyrus, increased PGE2 

production was associated with increased Ptgs2 expression, which could be inhibited by the non-

selective COX inhibitor (indomethacin) and a selective COX-2 inhibitor (CAY10404) (306). In this 

chapter, it was shown that aspirin treatment inhibits the ability of HES to increase cell permeability in 

a similar manner to dmPGE2, suggesting that the ability of HES to increase cell permeability is both 

COX-dependent as well as EP2 and EP4 receptor signalling. However, whether CMT93 cells increase 

PGE2 synthesis upon HES stimulation in this assay would need to be determined. 

A possible mechanism for HES increasing PGE2 autocrine or paracrine signalling is by secreting enzymes 

which contribute to PGE2 synthesis, and therefore leading to increased EP2/EP4 activation. Of 

particular importance was the identification HPOL_0000513601 baring significant amino acid identity 

to PGES2, and HPOL_0000384601, HPOL_0000928401, and HPOL_0001491401 showing identity to 

isoforms of the sPLA2 enzyme family. These are believed to be significant findings as both PGES2 and 

sPLA2 enzymes are critical for the synthesis of PGE2.  

Proteomic analysis of the 10-50,000 MW HES fraction revealed the secretion of HPOL_0000384601, 

HPOL_0000928401, and HPOL_0001491401 but not HPOL_0000513601. Further analysis revealed a 

lack of conservation of the HPOL_0000928401 and HPOL_0001491401 amino acid sequences with the 

zinc and calcium binding domains of the human PLA2G15 and PLA2G2A enzymes respectively. This is 

believed to be a significant discrepancy, as PLA2G2A is known to be calcium-dependent (315), and so 

the inability of HPOL_0001491401 to bind calcium may deem the enzyme inactive. In contrast, 

HPOL_0000384601 was shown to have conservation within the calcium binding sites of human 

PLA2G1B, therefore HPOL_0000384601 was pursued as a potential active enzyme homologue.  

Further evidence for HPOL_0000384601 being secreted in the HES was provided by utilising a PLA2 

colorimetric assay, showing PLA2 activity in the HES. It is believed that this is the first description of 

PLA2 activity in the HES, but the presence of a sPLA2 enzyme has been shown in the ESPs of other 

species of helminths, such as Trypanosoma cruzi and Trypanosoma brucei  (316, 317). The PLA2 enzyme 

produced by T. brucei is shown to be important in releasing arachidonic acid and increasing the release 

of eicosanoid products that modulate the host immune response (318). Additionally, sPLA2 in the 

products of Steinernema carpocapsae was shown by Parks et al to possess immunosuppressive 

properties, such as downregulation of the production of anti-microbial peptides (199). Phylogenetic 

analysis revealed high conservation of HPOL_0000384601 with other species of helminths such as N. 

americanus and H. contortus, suggesting this may be a highly conserved component of helminth ESPs.  
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The activity of sPLA2 enzymes results in the release of bioactive oxylipins which are involved in several 

biological functions such as immunomodulation and inflammation, and is crucial for the liberation of 

arachidonic acid, a key precursor in the biosynthesis of PGE2 (319-321). The discovery of sPLA2 activity 

in the HES is exciting, however the benefit of H. polygyrus encoding such an enzyme currently remains 

unclear. In order to gather more information as to how H. polygyrus might exploit the presence of this 

enzyme, the cDNA of three different lifecycle stages of H. polygyrus was analysed: the infective L3 

larvae, the tissue-dwelling adult, and the egg to see if its expression was unique to one or more 

lifecycle stage. The gene expression of the sPLA2 homologue sequence HPOL_0000384601 was 

discovered in the adult tissue-dwelling stage, however it is acknowledged that the expression of the 

housekeeping gene actin is significantly lower in the L3 and egg cDNA than what would be expected 

based on previous publications (211, 304), therefore it cannot be concluded that it is not expressed in 

L3 or egg H. polygyrus cDNA without replication. Nonetheless, the discovery of adult expression is 

interesting, as this suggests that H. polygyrus may utilise this enzyme as an immunomodulation 

strategy. Another function could be to liberate polyunsaturated fatty acids from the phospholipid 

bilayer as a source of nutrition, as H. polygyrus has been shown to feed on epithelial cells as opposed 

to blood (322). These speculative functions of HPOL_0000384601, and whether its function is 

important in H. polygyrus survival, require further investigation.  

Finally in this chapter, it is eluded that the PLA2 activity seen in the HES is key in explaining how HES 

treatment of a cellular monolayer results in an increase in permeability. It was first demonstrated how 

the addition of a secretory sPLA2 isolated from A. mellifera is able to increase cell permeability, which 

corroborates evidence in the literature of PLA2 enzymes being able to disrupt cellular barriers (323-

325). The levels of PLA2 are shown to be elevated in the sera of ulcerative colitis patients, where a 

compromised intestinal barrier is a key characteristic of disease (326). PLA2 mediates hydrolysis of 

phosphatidylcholine (PC) to lysophosphatidylcholine (L-PC), and when both are applied to the apical 

surface of a murine intestinal cell monolayer an increase in permeability is observed (325), suggesting 

the implications of helminth-secreted PLA2 on human epithelial barriers. 

Together, evidence presented in this chapter suggests the ability of HES to increase cell permeability 

may be due to an active homologue of human PLA2G1B, which enable an increase in PGE2 synthesis 

and EP2/EP4 activation. 

The aims of this chapter were achieved successfully, with the ability of HES to increase permeability 

shown not to be due to proteases, the lipidomic profile of HES screened for oxylipins, and the presence 

of a potential PLA2G1B homologue discovered. The first hypothesis of this chapter, that the HES 

contains PGE2, was disproven with LC/MS analysis. The second hypothesis that the HES contains 
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metabolic enzymes that may contribute to PGE2 synthesis was proved to an extent, with the discovery 

of H. polygyrus PLA2G1B. However it still remains unknown from this chapter whether there is 

increased PGE2 production from CMT93 cells treated with HES. 
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Chapter 5: H. polygyrus secretory phospholipase A2 drug 

development and linking its activity to increased cell 

permeability 

5.1 Introduction 

In the previous chapter, screening of the H. polygyrus genome revealed three potential homologues 

to the human PLA2 enzyme family. Alignment of the amino acid sequences using Clustal Omega, and 

superimposition of the tertiary structures using PyMol revealed sequence HPOL_0000384601 as 

showing the most conservation between active and binding sites of the human PLA2G1B enzyme.  

Several PLA2 enzymes have been shown to influence inflammatory diseases in the gastrointestinal tract 

(GIT), with PLA2G4A shown to exacerbate DSS colitis and decrease E-cadherin expression in vivo (327). 

Interestingly, inactivation of PLA2G4A using barberine, a natural benzylisoquinoline alkaloid found in a 

wide variety of plants such as Coptis chinensis Franch. (Chinese goldthread), was shown to be 

beneficial in suppressing disease (328). PLA2G1B is one of the most abundant PLA2 in the GIT, and 

genetic inactivation of PLA2G1B has been shown to protect against DSS-induced colitis by restoring 

expression of zonula occludens 1 (ZO1) and E-cadherin (329). Furthermore, increased PLA2 activity is 

proposed to trigger PGE2 biosynthesis, and is associated with increased EP signalling (330), leading to 

subsequent increase in cell permeability (108) (Figure 1). Evidence from previous chapters has shown 

that the ability of HES to increase cell permeability is dependent on EP2/EP4 signalling and COX activity. 

In this chapter, the proposed mechanism summarised in Figure 1 will be investigated, whereby it is 

proposed that the H. polygyrus PLA2G1B secreted in the HES increases biosynthesis of PGE2 in the cell 

monolayer, leading to increased autocrine or paracrine EP2/EP4 signalling and decreased E-cadherin 

expression.  
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Figure 1. Schematic showing the proposed mechanism by which H. polygyrus phospholipase A2 

exacerbates cell permeability. 1. Adult H. polygyrus releases HES once it emerges into the 

intestinal lumen, and within the HES is a secreted PLA2G1B homologue (“H. polygyrus PLA2G1B”). 

2. H. polygyrus PLA2G1B results in the release of arachidonic acid from the phospholipid bilayer, 

which then promotes the increased production of prostaglandin E2 (PGE2). 3. The PGE2 binds to 

EP2/EP4 receptors, thereby increasing phosphorylation of β-catenin Ser552. 4. The increased 

EP2/EP4 receptor signalling results in disassembly of E-cadherin and an increase in cell 

permeability. 5. The increase in cell permeability results in an increase in intestinal inflammation. 

Image created in Biorender. 
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With the involvement of sPLA2s in the development and progression of inflammatory diseases coming 

to light, several small-molecule synthetic inhibitors have been developed (331, 332). One of the most 

well-known sPLA2 inhibitors is varespladib, which shows high-level inhibition of snake venom sPLA2 at 

nano- and picomolar concentrations (333). Another potent sPLA2 inhibitor is manoalide, designed 

against cobra venom PLA2, and known to inhibit rodent sPLA2 in an irreversible manner (334). Both 

these drugs have been used to inhibit human and rodent sPLA2 enzymes (335, 336), but have not been 

tested against helminth PLA2 activity. Interestingly, neither of these drugs have been used in 

permeability assays, therefore their effect is unknown. Experiments conducted by Mazvydas Koveckis 

showed that these two commercial inhibitors could effectively inhibit Apis mellifera PLA2 activity 

(Figure 2A&B), with 100 μM manoalide inhibiting activity by 87.1% and 100 μM varespladib inhibiting 

activity by 92.5%. However, these concentrations did not significantly alter PLA2 activity in the somatic 

antigen isolated from H. polygyrus, with 100 μM manoalide resulting in an agonistic effect, whereas 

500 μM of varespladib was required to see significance (Figure 2C&D).  
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As the commercially available sPLA2 inhibitors were ineffective on the H. polygyrus PLA2G1B 

homologue, an in silico structure-based methodology was utilised in an attempt to design molecules 

to be specific for the H. polygyrus PLA2G1B. This proposed strategy has been successfully used to 

design novel helminth-specific inhibitors, for example, Zheng et al successfully developed an inhibitor 

specific for S. mansoni cyclic nucleotide phosphodiesterase 4A (337).  

By using inhibitors designed using in silico structure-based drug design, this chapter aims to define a 

role for H. polygyrus PLA2G1B in increasing cell permeability. 

Figure 2. The commercially available PLA2 inhibitors manoalide and varespladib effectively 

inhibit bee venom PLA2 activity, however are ineffective against H. polygyrus PLA2. Data re-

plotted from experiments performed by M Koveckis, A. mellifera PLA2 activity measured after 

treatment with titration of (A) manoalide or (B) varespladib. PLA2 activity measured in H. polygyrus 

somatic antigen after treatment with titration of (C) manoalide or (D) varespladib. Data shown 

represents (A&B) two (n = 2) or (C&D) four (n = 4) technical replicates. Error bars Mean ± SD.  
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5.2 Chapter Aims 

1. Screen for effective inhibitors of the H. polygyrus PLA2G1B homologue, using in silico structure-

based drug design 

2. Determine whether inhibition of H. polygyrus PLA2G1B activity prevents HES-dependent 

increases in cell permeability 

5.3 Hypothesis  

1. A helminth-derived PLA2G1B homologue increases cell permeability 

5.4 Results 

5.4.1 Structure-based identification of potential H. polygyrus secretory 

phospholipase A2 inhibitors and molecular docking studies 

With the use of two commercial PLA2 inhibitors proven to be unsuccessful, a well characterised in silico 

structure-based virtual screening approach (338-340) was adopted to identify novel inhibitors of H. 

polygyrus PLA2G1B. As there is no 3D crystal structure for H. polygyrus PLA2G1B, one first had to be 

generated using the Iterative Threading ASSEmbly Refinement (I-TASSER) protein threading technique 

(254). The high-resolution crystallographic structure of human sPLA2 complexed with a highly potent 

inhibitor (FPL67047XX ) (Protein Data Bank (341) accession code PDB ID: 1KVO (342)) was selected for 

a template for the protein threading. Having the inhibitor complexed with the H. polygyrus PLA2G1B 

protein threading model allows us to see the important ligand interactions in the binding pocket 

(Figure 2), therefore allowing the identification of potential inhibitors which interact with these 

residues.  
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Virtual screening was aimed at identifying small molecule inhibitors that might interact with important 

residues in the H. polygyrus sPLA2 binding pocket, within a library of commercially available, drug-like 

small molecules. The substrate analogue from the template structure 1KVO, included in the model 

generation for induced fit, revealed Aspartic acid 102 (Asp102), Glycine 56 (Glys56), and Histidine 72 

(His72) as key residues that the inhibitor may interact with (Figure 3). These residues are also predicted 

to have hydrophobic interactions with the inhibitor, as shown with ligand interaction prediction 

software in MOE, suggesting higher binding affinity (343). Furthermore, the histidine/aspartic acid 

dyad present in the binding pocket has been shown to be critical for human PLA2 enzymatic activity 

(344). Therefore, molecules were selected from the virtual screening exercise based on their predicted 

ability to interact with all three of these residues to enable disruption of enzymatic activity.  

Using Clustal Omega, an amino acid alignment of these residues to the other 3 sPLA2 homologues 

secreted in the HES discovered in chapter 4 revealed no conservation (Figure 4), suggesting that this 

inhibitor may be specific for H. polygyrus PLA2G1B. Interestingly, the proposed drug binding sites are 

100% conserved with homologues in canine and human pathogenic species, A. caninum 

Figure 3. Predicted 3-D structure of the H. polygyrus secretory phospholipase A2 in complex with 

the substrate analogue 4-(s)-[(1-oxo-7-phenylheptyl)amino]-5-[4-

(phenylmethyl)phenylthio]pentanoic acid. The H. polygyrus sPLA2 is represented with a green 

ribbon with the inhibitor shown in blue. The binding site area is represented as a molecular surface. 

Predicted binding with amino acids in the binding pocket is shown (dotted blue and orange). 
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(ANCCAN_24124), N. americanus (Necator_chrII.pre1.g7596.t1), as well as the rodent species N. 

brasiliensis (Nippo_chrII.g3596) (Figure 4). 

                                                                                              

HPOL_0000928401                  KLRGMQRSFTSSAFLFPSNGVWNSTEVLASTVEKNYTVANVQ----EFFQDINYMTGWEQ 292 

HPOL_0001491401                  -----HLSCSATPIDFIGNGTWECGTTPF---VKQLFLAPVSLFCPSLRNDLNACCNQHD 141 

ANCCAN_24124                     ---------------YNNYGCW-CGVGG----------------SHEPIDEIDECCMHHD 73 

Necator_chrII.pre1.g7596.t1      -----V---HVWLYVYNNYGCW-CGVGG----------------AHEPVDEIDKCCMLHD 98 

HPOL_0000384601                  ---------------YNNYGCW-CGVGG----------------SHEPVDEIDRCCMHHD 73 

Nippo_chrII.g3596                ---------------YNNYGCW-CGVGG----------------SHEPVDEIDRCCMNHD 73 

                                                : . * * .                      .  ::::     .: 

 

HPOL_0000928401                  YQVAAQLNGKLDPPGVKVHCIYGSGLSTPEQFNWAKGYF------PDYQP---AVVYGDG 343 

HPOL_0001491401                  QCYTDQ-KGREKCDGIYCRCLT----RVTKHSNWGCRVLYSKAYCALVKAF--------G 188 

ANCCAN_24124                     KCYDAA-VDARICYDVAWEYI--------DGYKWTCSN--GTAVCAEKQTACKTALCACD 122 

Necator_chrII.pre1.g7596.t1      KCYDAA-VDSKICFDTAWEYI--------DAYKWKCDN--GTAVCAEKQDACKAALCACD 147 

HPOL_0000384601                  KCYDAA-VDKKVCFDVAWEYI--------DSYKWKCIN--STAICTETSDNCKAALCACD 122 

Nippo_chrII.g3596                KCYDAA-VDNKVCFDVPWEYV--------DSYKWKCVN--GTAICAEAQDDCKSALCACD 122 

                                         .     .   . :        .  :*              .          . 

 

HPOL_0000928401                  DGTVNKRSAEVCLNWNEKNNNGKPVTTHEVPNA-EHMGILQSPVAIEIVRKAIYGLL 399 

HPOL_0001491401                  GSAYEASKDYVPPEKKD---------------------------------------- 205 

ANCCAN_24124                     AAVVQCWSRHPKPEKKLKCNHIRKL---PLPYRFQH--------------------- 155 

Necator_chrII.pre1.g7596.t1      SAVVECWSKQPKPPKKKKCNHVSRIKKHPSSNGFQH--------------------- 183 

HPOL_0000384601                  VAVVNCWSQYGKPQRRAKCNRTRPTPK---TDRFLH--------------------- 155 

Nippo_chrII.g3596                VAVVNCWAKYPKPQQKARCNRSNFLAT---DAEYFQL-------------------- 156 

                                  .. :          .           

The structure-based virtual screening process is summarised in Figure 5. The screening was performed 

using the SPECS library (345), a database of over 300,000 commercially available drug-like compounds. 

A first, rapid docking simulation on the target site was conducted using Glide high-throughput virtual 

screening (HTVS) (346). The top 15% ranked compounds based on scoring of the ligand pose were then 

analysed with the more accurate Glide standard precision (SP) docking (253), and the docked poses 

thus obtained were then rescored with three different scoring functions, Protein-Ligand ANTSystem 

(PLANTS) software, Glide extra precision (XP) and ScorePose (253, 255, 347). These scoring systems 

evaluate the binding affinity between a ligand and its target site by considering interaction energies 

(van der Waals, electrostatics, hydrogen bonds) (253, 255).  Applying an internal consensus score 

procedure, a methodology validated previously by Bassetto et al, the values of the three different 

scoring functions for each docking pose were combined (348).  Only the docking poses falling in the 

top 25% of the score value range in all the three scoring functions were considered as hits. From the 

rescoring, 16,917 compounds were taken forward for the final screening, involving visually inspecting 

the docking poses of the different molecules and their potential binding to the target sites. 358 

molecules passed the visual inspection stage, and 10 molecules were chosen based on their predicted 

binding to the pocket and desirable pharmacokinetic properties assessed using Swiss ADME (details in 

Materials & Methods) (257). The molecular docking results of the 10 molecules in the binding pocket 

Figure 4. Amino acid alignment of 3 H. polygyrus PLA2s showing drug binding sites are not 

conserved. The proposed drug binding sites Gly56, His72, and Asp102 are highlighted in yellow. 

Alignment performed using Clustal Omega.  
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of the H. polygyrus PLA2G1B protein threading model are shown in Figure 6A, whilst their skeletal 

structures can be seen in Figure 6B.  
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Figure 5. The screening workflow that was applied to discern novel H. polygyrus sPLA2 inhibitors. 

Each number represents the number of unique entries at each stage, not the total number of 

poses. Glide high-throughput screening (HTVS), Glide standard precision (SP), Glide extra precision 

(XP), Protein-Ligand ANTSystem (PLANTS), Absorption Distribution Metabolism Excretion (ADME).  
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Figure 6. Structure of the 10 compounds selected from the ligand-based screening. (A) 3-D 

structure of compound visualized in the binding pocket of the H. polygyrus PLA2G1B and (B) the 2-

D skeletal structures of each compound. All the selected compounds are associated with an 

optimum predicted occupation of the main binding site, with an ideal overall fitting of the binding 

pocket, and the potential of forming direct contacts with Asp102, Glys56, and His72.  
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5.4.2 Selected inhibitors of H. polygyrus secretory phospholipase A2 show activity 

against H. polygyrus adult supernatant   

Having identified 10 virtual hit compounds, further investigation aimed to quantify their effect on 

PLA2 activity in the adult H. polygyrus adult supernatant. The compounds were screened against the 

supernatant and not the HES as a higher signal was detected in the PLA2 enzymatic assay detailed in 

Chapter 4. Each compound was initially tested at 100 μM, an initial concentration used commonly in 

the literature when testing novel compounds for activity (339, 340, 348, 349). All compounds except 

compound AO-022/43454654 were shown to exhibit 85-95% inhibition of PLA2 activity (Figure 

7A&B). For studies to determine the IC50, four compounds were selected based on highest % 

inhibition (AK-968/41924463, AK-918/15390026, AK-778/43413446 and AF-399/14183760) (Figure 

7B). The IC50 is defined as the concentration of the drug at which 50% inhibition of the target activity 

(e.g., enzyme activity, receptor binding, cell viability) is observed (350). To determine their IC50 

values, a dose-response titration (0.1 – 30 μM) was conducted on adult H. polygyrus supernatant 

(Figure 7C). The calculated IC50 values are shown in Figure 7D, revealing AF-399/14183760 as having 

the highest potency with the lowest IC50 value (IC50 = 0.72 µM).  
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5.4.3 Inhibiting the H. polygyrus secretory phospholipase A2 significantly reduces 

the ability of H. polygyrus excretory/secretory products from increasing intestinal 

cell permeability   

To determine whether the ability of HES to increase cell permeability is dependent on the PLA2 

activity, the compound determined to have the highest potency (AF-399/14183760) was tested in a 

dose-response titration (0.1 – 100 μM) and FD4 basolateral concentration measured after 18 hrs. 

Addition of AF-399/14183760 to the apical chamber along with HES resulted in a significant 

reduction in FD4 concentration in the basal chamber (Figure 8A). The addition of 0.1 μM resulted in 

a final FD4 concentration of 104.1 μg/mL, whereas 100 μM resulted in a final FD4 concentration of 

Figure 7. The novel H. polygyrus secretory phospholipase A2 inhibitors successfully inhibit 

activity in the adult supernatant. (A) The 10 H. polygyrus secretory PLA2 inhibitors were screened 

in duplicate against the adult supernatant at 100 µM. The top four compounds are indicated with 

a star (*). (B) Table detailing the % inhibition of all 10 of the compounds. (C) The top four 

compounds based on % inhibition were titrated (30 – 0.1 µM) and screened against the adult 

supernatant in triplicate to determine IC50 values. (D) Table showing the IC50 values for the top 

four compounds. Data shown represents (A) two n = 2 or (B) three n = 3 technical replicates. Error 

bars Mean ± SD.  
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18.8 μg/mL (Figure 8B). As the fold change of FD4 concentration does not decrease by a factor of 10 

(Figure 8B), this effect cannot be concluded to be dose-dependent.  

To assess the contribution of H. polygyrus PLA2 in the ability of HES to increase cell permeability, I 

used the dose-response curve in Figure 7C was used to calculate the inhibitory concentration (IC) of 

AF-399/14183760 at 0.1, 1, 10 and 100 μM. The IC can then be compared to the % decrease in FD4 

concentration, to determine the contribution of PLA2 activity in increasing cell permeability. At 1 μM 

the IC is 38.35 whereas a 53.5% decrease in FD4 was observed (Figure 8B). This data is suggestive 

that the ability of HES to increase cell permeability is largely due to PLA2 activity.  
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5.4.4 Off-target effects of H. polygyrus PLA2G1B inhibitor AF-399/14183760 

Finally, potential off-target effects of AF-399/14183760 were investigated by performing an amino acid 

alignment of all human sPLA2 isoforms to H. polygyrus PLA2G1B using Clustal Omega and evaluating 

the potential conservation of key amino acids identified in the model binding site. As shown in Figure 

Figure 8. The addition of a H. polygyrus secretory phospholipase A2 inhibitor significantly reduces 

the ability of the excretory/secretory products to increase cellular permeability. (A) Cells were 

treated with HES (10 μg/mL) alongside a 10-fold increasing concentration of compound AF-

399/14183760 (0.1 – 100 μM). (B) Table showing the FD4 concentration and fold change from HES 

alone, alongside the predicted inhibitory concentration (IC) of each concentration of drug using 

the IC50 curve, with the observed % decrease in [FD4] also shown. Data shown represents 3 

biological replicates with 9 technical replicates. Unpaired T-test performed, where ** p ≤ 0.01, *** 

p ≤ 0.001,  **** p ≤ 0.0001, error bars Mean ± SD.  
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9, the Gly56, His72, and Asp102 residues are conserved in the murine PLA2G10 and PLA2G2F isoforms, 

suggesting that AF-399/14183760 may have off-target effects if used in vivo.  

 

5.5 Discussion 

To summarise, this chapter focusses on identifying a novel inhibitor of H. polygyrus PLA2G1B, and 

elucidating the contribution of H. polygyrus PLA2G1B in the ability of HES to increase cell permeability. 

The use of two commercially available PLA2 inhibitors failed to inhibit PLA2 activity in H. polygyrus adult 

supernatant, therefore a well-established structure-based virtual screening approach was utilised to 

identify H. polygyrus PLA2 specific inhibitors. Ten molecules were selected with this computational 

exercise, with eight found to inhibit H. polygyrus PLA2 activity of the adult antigen by >90%. Most 

notably, inhibition of H. polygyrus PLA2 activity significantly reduces the increased cell permeability 

induced by HES, implicating phospholipase activity from the secreted protein encoded by 

HPOL_0000384601 as having a key role in HES-induced increase in cell permeability. 

This structure-based virtual screening approach has been successful in the literature at identifying 

specific inhibitors for helminth-specific enzymes (337, 351). It is important to acknowledge that this 

method of virtual screening has its advantages and disadvantages, most notably the use of a predictive 

structural model of the target enzyme, which enables this screening to be performed without a known 

Figure 9. Amino acid alignment of human PLA2 isoforms with H. polygyrus PLA2G1B homologue. 

The drug binding sites Gly56, His72, and Asp102 are highlighted in yellow. The two murine isoforms 

with full conservation with drug binding sites are highlighted in blue. Alignment performed using 

clustal omega.  
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crystal structure (352, 353). However, the reliance on a model made with protein threading and not a 

known crystal structure can have implications for reliability of the predicted ligand interactions, such 

as not accounting for confirmational changes upon enzyme-substrate binding (354).  

From the virtual screening, the top 10 compounds were purchased and tested for activity against the 

H. polygyrus PLA2 in the adult supernatant. Excitingly, eight out of the 10 compounds exhibited 85-95% 

inhibition of PLA2 activity, with the top four also showing low IC50 values; indicative of high potency 

(355). The compound with the lowest IC50 (highest potency) was AF-399/14183760 (1-benzyl-3-chloro-

4-(4-ethylanilino)-1H-pyrrole-2,5-dione). A literature search of the published use of the compound 

revealed that it has been shown to possess strong antifungal activities against a panel of clinically 

important fungi including yeasts, Aspergillus species and dermatophytes due to the presence of an 

intact maleimido ring (356). The compound is not known to target PLA2 enzymes, therefore the anti-

fungal activity suggests off-target effects.  

As a final proof of principle experiment to link H. polygyrus PLA2 activity to the increase in cell 

permeability following HES treatment, compound AF-399/14183760 was added with HES to the cell 

monolayer and FD4 concentration in the basolateral chamber quantified. Addition of AF-

399/14183760 was shown to significantly reduce the ability of HES to increase cell permeability. At the 

highest concentration of 100 μM, there is still a significant increase in FD4 concentration (18.8 μg/mL) 

compared to untreated (1.8 μg/mL), therefore suggesting that the ability of HES to increase cell 

permeability is not solely due to PLA2G1B activity. As discussed in Chapter 4, HES contains three 

potential sPLA2 homologues. Sequence alignment revealed that the drug binding sites are not 

conserved, suggesting that compound AF-399/14183760 is specific for HPOL_0000384601 and is not 

predicted to react with the other H. polygyrus isoforms. However, amino acid alignment with murine 

sPLA2 isoforms revealed conservation of the predicted binding sites with PLA2G10 and PLA2G2F, 

suggesting the possibility for off-target effects if used in vivo, although this suggestion is limited 

without a tertiary alignment. Therefore, if compound AF-399/14183760 were to be used in vivo, there 

may be implications for lipid metabolism and cell function. 

Overall, sPLA2 expression in colon adenocarcinoma tissue sections was strongly associated with 

tumour diameter (357), with PLA2G1B gene overexpression shown by Abbenhardt et al to be 

associated with CRC (358). Furthermore, Haller et al reveal how PLA2G1B may be a target for colitis 

management, with PLA2G1B-/- mice treated with DSS showing a reduction in weight loss and colitis 

pathology compared to wild-type mice (329). Given the findings of this chapter implementing H. 

polygyrus PLA2G1B in exacerbation of CAC, and the knowledge of PLA2G1B overexpression in CRC, the 
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development of a novel H. polygyrus PLA2G1B inhibitor could be beneficial in the treatment of 

helminth-exacerbation of cancer, or could be modified to target the human isoform. 

Interestingly, recent literature has shown the importance of PLA2 enzymes in parasite survival, given 

their role in immunomodulation (199, 359) and enabling tissue invasion to establish infection (360, 

361); therefore suggesting their importance as novel anthelmintics. For example, Saffer et al showed 

the importance of PLA2 in invasion of Toxoplasma gondii (361). Exogenous PLA2 from snake venom 

(Naja naja) increased the penetration of fibroblasts by T. gondii, while horse antiserum 

to Ophiophagus hannah venom inhibited penetration (361). An irreversible PLA2 inhibitor, p-

bromophenacyl bromide, blocked penetration without metabolically disabling the parasite (361). 

Given the significant rise in anthelminthic resistance (362, 363), and a shift in focus towards host 

metabolism when designing novel anthelminthics (364), it is proposed that compound AF-

399/14183760 should be investigated further for anthelminthic potential.  

 

 

 

 

 

 

 
 



164 
 

Chapter 6: Profiling the colonic transcriptome of H. polygyrus 

infected mice 

6.1 Introduction 

Previous chapters in this thesis have implicated a role for HES-induced EP2/EP4 receptor signalling in 

the increase in cell permeability in vitro, and propose that this may be a mechanism by which H. 

polygyrus exacerbates tumour formation in CAC in vivo. To study the multifaceted nature of CAC 

initiation involving several pathways (365, 366), this chapter details the profiling of the colonic 

transcriptome of H. polygyrus infected mice. Transcriptome analysis is particularly well-suited for this 

context, as it allows for the comprehensive examination of gene expression patterns and pathway 

interactions (367), offering a holistic view of the biological processes influenced by H. polygyrus 

infection. This approach can uncover novel insights that may not be evident through targeted studies, 

thereby enhancing our understanding of CAC development. 

It has been observed that an increase in Ptgs2 expression, one of the key enzymes in the PGE2 synthetic 

pathway, is observed in CRC tumours and correlated with metastasis and poor prognosis in patients 

(104, 368, 369). Furthermore, an overexpression of PGE2 synthases (Ptges, Ptges2, and Ptges3) was 

observed in CRC tumours (370), demonstrating an abnormal behaviour of genes in the PGE2 synthetic 

pathway in CRC tumours. Given findings in previous chapters implicating PGE2-EP2/EP4 activation in 

HES-induced increase in cell permeability, I will investigate PGE2 synthetic enzyme expression, as well 

as EP2/EP4 receptor expression, to determine if this pathway is altered in the colonic transcriptome as 

a consequence of H. polygyrus infection. 

Previous work has shown how the immune cell population is altered in response to helminth infection, 

with an expansion of M2 macrophages, T regulatory cells (Treg), and increase in mast cell 

degranulation seen (144, 371, 372). This results an immunosuppressive environment to allow parasite 

survival, however this may create a favourable environment for tumour growth by limiting the host 

anti-tumour immune response (373, 374). In this chapter, I will combine my transcriptomic data with 

the in silico flow cytometry software CIBERSORTx (245) is utilised to estimate the immune cell 

population of the colon with H. polygyrus infection, to analyse if infection is creating a favourable 

immunosuppressive environment for tumour growth.   

As described in section 1.2.2.1 in Chapter 1, altered intestinal stem cell (ISC) differentiation is one of 

the key initiating events of CRC development, resulting in the uncontrolled proliferation and expansion 

of progenitor cells accumulating into a tumour growth (50, 51, 54, 375). Colonic cancer stem cells are 

characterised as being Leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) positive 
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(376). Infection with H. polygyrus has been shown by Nusse et al to decrease Lgr5 expression in the 

crypts overlying the site where H. polygyrus larvae reside in the small intestine (177). Nusse et al 

reported the increase in Sca-1 (Ly6a) in these crypts, indicative of Ly6a being a useful marker of crypt 

cells responding to H. polygyrus-driven epithelial disruption (177, 183). Whether H. polygyrus is able 

to alter the expression of ISC markers within the colonic crypt is currently unknown. Research from 

Drurey et al show similar findings with HES-treated small intestinal organoids, with a loss of Lgr5 and 

gain of Ly6a expression (377). Drurey et al also report an expansion of tuft cells in the small intestine 

in vivo (377). Again, it is currently unknown whether H. polygyrus alters ISC differentiation in the colon.  

To date, how the colonic transcriptome is altered with helminth infection has not been investigated. 

Therefore, the main aim of this chapter is to profile the colonic transcriptome of infected and 

uninfected mice, and utilise this data to investigate multiple facets of CRC: 1. alterations in gene 

expression, 2. immune cell population, and 3. intestinal stem cell differentiation.  

6.2 Chapter Aims 

1. To compare the colonic transcriptome profiles of infected and uninfected mice two weeks 

post-infection, and identify significant changes in gene expression 

2. To use the colonic transcriptome profiles of infected and uninfected mice to predict the 

immune cell population 

3. To compare the expression of genes relating to intestinal stem cell differentiation and identify 

differences with H. polygyrus infection 

 

6.3 Hypothesis  

1. Infection with H. polygyrus alters cell signalling pathways in the colon, potentially exacerbating 
CAC 

2. Infection with H. polygyrus alters the immune cell population in the colon, resulting in an 
immunosuppressive environment  

3. Infection with H. polygyrus alters the colonic stem cell compartment to represent epithelial 
dysfunction as seen in the small intestine 

6.4 Results 

6.4.1 RNA extraction quality control results  

Proper quality control measures, such as assessing RNA integrity (RIN) and purity (260/280), help 

identify and eliminate degraded samples with impurities, thereby minimizing the risk of sequencing 
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artifacts and optimizing the success of downstream applications (378). As shown in Table 1 and Figure 

1, all 10 samples showed high integrity and purity, with RIN between 8-10 and 260/280 ratios being ~2 

(379, 380), and so all samples were used for transcriptomic sequencing. Interestingly, though no 

significant differences were observed in the total number of unique mapped reads, a notable 

difference in detected transcripts with reads ≥ 1 was seen in sample 4 from both conditions (Table 1). 

This suggests a significantly lower amount of genes were successfully mapped to the genome in these 

samples. 

Principal component analysis (PCA) was performed to identify similarities in the gene expression levels 

between conditions, and reveal the presence of any outliers in the dataset (381). As shown in Figure 

2A, a significant variation in the dataset of sample 4 in both conditions compared to the other samples 

was identified. We believe this is due to the discrepancy in total detected transcripts as detailed in 

Table 1. The decision was made to remove sample 4 from both conditions as it was concluded that the 

inclusion of this sample could skew the dataset to not be representative of the transcriptome. After 

removing sample 4 from both conditions, a second PCA analysis was performed showing no extreme 

outliers and separate clustering between the two experimental conditions (Figure 2B).  
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Table 1. Quality control results from the RNA extractions and sequencing. (A) Table detailing DNA and RNA concentrations which were used to calculate 
the % DNA contamination. The 260/280 and 260/230 ratios were obtained using a Nanodrop. TapeStation was used to quantify the ribosomal integrity 
number (RIN). Numbers are highlighted in green as they meet the requirements for high quality RNA (RNA concentration > 180 ng/μL; % DNA contamination 
< 5%; 260/280 > 2; 260/230 > 1.8; RIN > 4). Total number of uniquely mapped reads and total number of detected transcripts ≥ 1 are also detailed. 

Sample  DNA (ng/uL) RNA (ng/uL) Total nucleic 
acid 

% DNA 260/280 260/230 RIN Total 
number of 
uniquely 
mapped 
reads 

Total 
number of 
detected 
transcripts 
with reads 
≥ 1 

Naïve 1 4.74 276.3 281.04 1.686593 2.18 2.33 8.8  59,455,532  21,574 

Naïve 2 4.8 202.1 206.9 2.319961 2.07 1.97 8.4  58,746,877  21,603 

Naïve 3 3.2 185.9 189.1 1.692226 2.04 2.18 9.5  55,219,077  21,558 

Naïve 4 4.56 251 255.56 1.784317 2.1 2.16 9.4  56,876,118  18,172 

Naïve 5 3.68 211.8 215.48 1.707815 2.08 2.14 9  52,441,493  23,003 

Hpb 1 3.86 206.1 209.96 1.838445 2.1 2.07 9.4  64,509,544  22,686 

Hpb 2 4.36 289.3 293.66 1.48471 2.09 2.17 8.6  57,456,581  21,993 

Hpb 3 4 214.8 218.8 1.828154 2.08 2.11 9.4  56,181,780  23,162 

Hpb 4 5 211.7 216.7 2.307337 2.1 2.08 8.3  77,506,389  17,982 

Hpb 5 4.22 234.8 239.02 1.765543 2.11 2.22 8.8  62,846,757  21,887 
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Figure 1. Quality control results from the RNA extractions and sequencing. The resulting gel 

electrophoresis from the TapeStation showing intact 18S (1.5 kb) and 28S (4.5 kb) rRNA bands. 
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Figure 2. Pearson correlation analysis and principle component analysis (PCA) of all samples 

reveals sample 4 has high variance within its dataset. (A) PCA plot shows 88.5% variation between 

wild type (WT) and H. polygyrus (Hpb) groups and 3.8% variation in the datasets of the individual 

samples in the same conditions. (B) PCA plot showing the reduction in variance between conditions 

(51.8%) and an increase in variance between the individual samples (15.2%) after the exclusion of 

sample 4 from both conditions.  
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6.4.2 Differential gene expression in the colon of H. polygyrus infected mice vs 

un-infected  

To identify genes that were altered in the colon with H. polygyrus infection, differential gene expression 

(DEG) analysis was performed with samples 1, 2, 3, and 5 from each condition using the nf-core/rnaseq 

pipeline (228, 382). Input was a matrix of 56,941 genes for 8 samples, reduced to 29,110 genes after 

filtering for low abundance (total read count from all samples < 1). From 29,110 genes which showed 

abundant expression levels, 163 genes were differentially expressed between naive and H. polygyrus 

infected mice (Appendix table 4) using two criteria: a greater than 1.5 fold expression level change 

and p-value (FDR) ≤ 0.05 from Wald test with Benjamini-Hochberg correction. These 163 genes 

included 151 upregulated genes and 12 downregulated genes as shown in the volcano plot in Figure 

3A, with the top 10 being labelled. The heat map of the whole set of DEG in colon tissue (Figure 3B) 

confirms the expression pattern shown in the volcano plot where most genes are significantly 

upregulated with H. polygyrus infection, even if there are some inconsistencies between replicates. 
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Figure 3. Differential gene expression analysis. (A) Volcano plot showing 29,110 differentially 

expressed genes, with 163 being significant (Log2FoldChange > 0.58 or < 0.58, padj < 0.05). Each 

circle corresponds to one gene. The x-axis represents log2 fold change (Hpb / WT) and the y-axis 

represents log10 p-adjusted value calculated using the Wald test followed by Benjamini/Hochberg 

correction between Hpb and WT groups. The top 10 significantly differentially expressed genes are 

shown with red dots and labelled. (B) Heatmap showing the log2 fold change of all significantly 

changed genes -4 (green) = downregulated, 4 (red) = upregulated. 
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6.4.3 Upregulated genes and their corresponding biological process and 

molecular function  

Using the clusterProfiler R package, gene ontology (GO) analysis of the upregulated DEGs revealed the 

top 20 enriched biological process terms (Figure 4A) and 20 molecular function terms (Figure 4B) as 

defined by the PANTHER classification system (383).  

These results suggest that H. polygyrus infection in mice leads to significant enrichment of biological 

processes related to the humoral immune response, regulation of epithelial cell proliferation, and 

wound healing (Figure 4A), alongside molecular functions involving carbohydrate binding and serine 

hydrolase activity (Figure 4B). The highly significant enrichment of complement binding activities and 

humoral immune responses suggests genes associated with an immune response are activated in the 

colon in response to H. polygyrus infection.  
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Figure 4. Gene ontology (GO) annotation of the upregulated genes. Transcriptome annotation 

classification reporting the top 20 most abundant GO terms for (A) Biological Process and (B) 

Molecular Function groups in the H. polygyrus infected group compared to the uninfected group 

for the upregulated genes. The size of the dots represent the number of genes in the significantly 

differentially expressed gene list associated with the GO term and the colour of the dots represent 

the p-adjusted values. The gene ratio is the number of genes in the input list associated with the 

GO term. 
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6.4.4 Downregulated genes and their corresponding biological process and 

molecular function 

Gene ontology (GO) analysis of the downregulated DEGs revealed the top 20 enriched biological 

process terms (Figure 5A) and 20 molecular function terms (Figure 5B) as defined by the PANTHER 

classification system (383).  

Among the top terms are biological processes related to cytoplasmic translation, ribosome biogenesis, 

and ribonucleoprotein complex biogenesis, all of which are critical for protein synthesis and ribosome 

assembly (Figure 5A). Other notable processes include non-coding RNA (ncRNA) processing and 

ribosomal RNA (rRNA) metabolic processes, which further support the notion that H. polygyrus 

infection negatively impacts core ribosomal and RNA processing pathways (384). The downregulation 

of rRNA transcription is a mechanism that is involved in the response to various types of stress (385, 

386), and it induces various processes, such as cell cycle arrest, apoptosis, or autophagy (387, 388). 

These results suggest that H. polygyrus may induce cell stress in the colon. 
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Figure 5. Gene ontology (GO) annotation of the downregulated genes. Transcriptome annotation 

classification reporting the top 20 most abundant GO terms for (A) Biological Process and (B) 

Molecular Function groups in the H. polygyrus infected group compared to the uninfected group 

for the downregulated genes. The size of the dots represent the number of genes in the 

significantly differentially expressed gene list associated with the GO term and the colour of the 

dots represent the P-adjusted values. The gene ratio is the number of genes in the input list 

associated with the GO term. 
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6.4.5 Gene set enrichment analysis reveals significantly enriched pathways in the 

colon of H. polygyrus infected mice 

To explore the biological pathways enriched in the dataset, Gene Set Enrichment Analysis (GSEA) was 

performed using the significantly altered genes and the mouse-orthologue hallmark gene sets from 

the Molecular Signatures Database (MSigDB) (389). GSEA is often used in conjunction with GO analysis, 

with GSEA providing information on how the significantly altered genes may work together in different 

cellular processes. The analysis revealed several significantly enriched pathways, as shown in Figure 6. 

Coagulation and complement pathways were highly enriched (Figure 6A&B), with positive enrichment 

scores (ES) peaking at approximately 0.55 and 0.45, respectively, suggesting H. polygyrus influences 

the immune response in the colon. Epithelial-Mesenchymal Transition (EMT), a critical process 

involved in cancer metastasis, also demonstrated significant enrichment (Figure 6C), with ES peaks 

near 0.5. Genes associated with increased KRAS Signalling (Figure 6D) also showed positive enrichment 

(ES 0.5). This indicates that genes involved in KRAS signalling are upregulated in the colon of H. 

polygyrus infected mice, potentially pointing towards activated oncogenic signalling pathways (390). 

G2/M Checkpoint and p53 Pathway (Figure 6E&F) displayed negative enrichment scores, with ES 

values around -0.4 and -0.6, respectively. This negative enrichment suggests that genes involved in the 

G2/M cell cycle checkpoint and p53 tumour suppressor pathway are downregulated in the colon of H. 

polygyrus infected mice. This may imply a disruption in cell cycle control and apoptosis mechanisms in 

the colon, which are crucial hallmarks of cancer progression. 

 

 

 

 

 

 

 

 

 



177 
 

 

Figure 6. Gene set enrichment analysis in the colon of H. polygyrus infected mice compared to 

uninfected. The running enrichment score for each gene set is represented by the green line. The 

vertical lines show where the members of the gene appear in the ranked list of genes. (A-D) 

Enrichment plots showing the four most positively enriched pathways being complement, 

coagulation, epithelial-to-mesenchymal transition, and KRAS signalling in the colon H. polygyrus 

mice. (E&F) Enrichment plots showing the two negatively enriched pathways being p53 pathway 

and G2M checkpoint pathways in the colon of H. polygyrus infected mice. Analysis performed using 

Gene Set Enrichment Analysis (GSEA). 
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To expand on the GSEA, leading edge analysis was used to identify the subset of genes within the 

enriched gene set that are the most responsible for driving the enrichment signal. Out of the 49 

enriched gene sets, Bhlhe40, Me1, and Cd44 were the most enriched genes, being found in five gene 

sets (Figure 7A). Genes Angptl4, Cfh, Thy1, C3, Il15, and Serpinb2 were enriched in four gene sets, 

whilst Irs2 was enriched in three gene sets (Figure 7A).  

To assess the significance of this enriched subset of genes, Kaplan-Meier plots were used to analyse 

CRC survival data based on expression of these genes (Figure 7B-G). Interestingly, high expression 

levels of six of the genes, Bhlhe40, Cd44, Cfh, Thy1, C3, and Serpinb2 (Figure 7B-G), were all 

significantly associated with poorer survival outcomes in human CRC, with the hazard ratio (HR) > 1 

and p value < 0.05. These results highlight the potential prognostic value of specific gene expressions 

in predicting how helminth infection may prime the colon environment for cancer development, and 

suggest that some genes may serve as potential biomarkers (391). 
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6.4.6 Expression profiling of the PGE2 synthetic and signalling pathway in the 

colon of H. polygyrus infected mice 

Given the upregulation of the PGE2 synthetic pathway in human CRC tumour samples, and the 

suggestion from previous chapters that increased PGE2-EP/EP4 is occurring in the colon of H. polygyrus 

infected mice, I analysed the colonic transcriptome of mice infected with H. polygyrus and compared 

expression levels of significant genes in PGE2 synthesis. The Log2 fold change values for these enzymes 

are shown in Figure 8A-C, with no significant difference between naïve and H. polygyrus infected mice 

seen. Expression of the EP receptors was also shown not to be significant between the two conditions 

(Figure 8D).  

Despite no change in EP receptor expression, I next analysed the expression of transcription factors 

known to be activated downstream of EP2/EP4 activation (392-397). Again, no significant change in 

peroxisome proliferator-activated receptor gamma (Pparg), vascular endothelial growth factor A 

(Vegfa), laminin subunit alpha 1 (Lama1), matrix metalloprotease 7 (Mmp7), cellular 

myelocytomatosis oncogene (c-myc), or cyclin D1 (Ccnd1) expression were observed between naïve 

and H. polygyrus infected mice (Figure 8E). 

Figure 7. Leading edge analysis identifies a subset of genes in the colon of H. polygyrus infected 

mice responsible for enriched pathways. (A) Table showing the results of the leading edge analysis, 

showing the top 10 enriched genes from the gene set enrichment analysis. (B-G) Corresponding 

Kaplan-Meier plots for the six enriched genes showing unfavourable survival with high expression. 

For all figures, the red curves represent the survival probability of individuals with highly expressed 

genes/gene combinations, while the black curves represent the survival probability of individuals 

with non-highly expressed genes/gene combinations. A p value < 0.05 is considered a statistically 

significant correlation. HR – hazard ratio. Figures generated using Kaplan-Meier plotter. 
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Together, these data demonstrate that there is no change in the expression of enzymes involved in 

PGE2 synthesis and suggest no increase in EP2/EP4 activation in the colon as a consequence of H. 

polygyrus infection. 
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6.4.7 Differential immune cell content in the colon of H. polygyrus infected mice  

The immune cell population of the colon has been shown by Hang et al and Pastille et al to be altered 

with H. polygyrus infection, with an expansion of Tregs seen (398, 399). This is suggestive of an 

immunosuppressive environment, which may be favourable for tumour growth by limiting the 

beneficial effects of the anti-tumour adaptive immune response (400, 401). With the gene signature 

suggesting activation of immune cells, we explored this further using CIBERSORTx to estimate immune 

cell populations from the gene expression data. The CIBERSORTx software is utilised as an in silico flow 

cytometry analysis, whereby the immune cell populations are defined by the expression of certain 

genes. The data obtained from CIBERSORTx has been validated in the literature by flow cytometry (402, 

403), therefore we believe this analysis gives an accurate estimation of the immune cell population. 

The population of immune cells was shown to change with H. polygyrus infection, with an increase in 

M2 macrophages, plasma cells, and activated mast cells (Figure 9), supporting results from Weng et al 

who also show an expansion of M2 macrophages in the colon post-infection (404). Despite the 

variation between conditions seen in Figure 9A, the heatmap in Figure 9B suggests that an increase in 

immune cells associated with helminth infection is seen. 

Figure 8. Expression of PGE2 synthetic enzymes and receptors. (A-D) Graphs showing normalised 

read count values for synthetic enzymes involved in the synthesis of PGE2 as well as the receptors 

PGE2 activates. Naïve (blue) and H. polygyrus (red). (E) Graphs showing normalised read count 

values for transcription factors activated downstream of EP2/EP4 signalling. 
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An important observation to note is the presence of certain immune cell types in the naïve group that 

was unexpected. The naïve 5 sample includes a high percentage of activated dendritic cells (Figure 

9A), whilst naïve 2 contains a signature relating to plasma cells and naïve 1 containing activated mast 

cells (Figure 9B). These signatures are indicative of an activated type-2 immune response (405), 

suggesting these mice may not be truly naïve, possibly due to an unrelated infection transmitted in the 

housing facility.  
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Figure 9. Different immune cell profiles in the colon of H. polygyrus infected mice compared to 

uninfected. (A) Relative immune cell percentages in the naive and H. polygyrus (Hpb) infected 

groups estimated with CIBERSORTx based on a publicly available bulk RNA-seq dataset containing 

markers for 178 cell types obtained from C57BL/6 as part of the Immunological genome project. 

(B) Heat map showing the log2 fold change of differential immune cell fractions between the H. 

polygyrus and naive groups (padj < 0.05).  
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6.4.8 Effect of H. polygyrus infection on the colonic stem cell compartment  

With the ISC compartment of the small intestine shown to be altered with H. polygyrus infection (177, 

377), and the established role for an altered ISC in CRC (51), expression of ISC markers in the colonic 

transcriptome were analysed.  

Markers of ISC proliferation in the colonic crypt Lgr5, Ly6a, and Olfm4 were chosen from the literature 

(49, 177, 406), and show no significant change between naïve and H. polygyrus conditions (Figure 

10A), suggesting no change in the colonic ISCs within the crypt as a consequence of H. polygyrus 

infection. As shown in Figure 10B, there are significant increases in markers of tuft cell differentiation 

(Dclk1 and Pou2f3) in response to H. polygyrus infection, suggesting an increase in tuft cell expansion 

in the colon.  

Following results from Nusse et al showing how helminth-associated crypts acquire a foetal-like 

programme associated with crypt injury (177), we investigated this panel of foetal epithelial markers 

to investigate if this same phenotype is observed in the colon. The gene expression of Il33 and Vsig1 

were significantly increased in response to H. polygyrus infection, whereas Chga significantly 

decreased (Figure 10C). The rest of the markers were unchanged (Figure 10D).  
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Figure 10. Impact of H. polygyrus infection on colonic stem cell markers. Normalised read counts 

shown to investigate the impact of H. polygyrus on (A) colonic stem cell markers in the crypt, (B) stem 

cell differentiation, and a panel of foetal stem cell markers as described by Nusse et al, 2018 with (C) 

significant change and (D) no significant change. Naïve (blue) and H. polygyrus (red). Unpaired T-test 

followed by Benjamini and Hochberg’s correction for multiple testing was used to adjust the p-value, * 

p < 0.05, ** p < 0.01, error bars SEM.  
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6.5 Discussion  

To conclude, this chapter describes the first study profiling the colonic transcriptome of H. polygyrus 

infected mice, providing a comprehensive gene expression analysis. Correlation analysis revealed 

sample 4 from both the H. polygyrus and naïve groups showed significant variability compared to the 

other samples. The sample quality control (QC) performed before sequencing did not highlight any 

clear discrepancies in RNA quality or quality, however there is a significant difference in the total 

number of transcripts with reads ≥1. This suggests variation in the sequencing depth or the library 

preparation, or could be a consequence of biological variation. 

This study highlights the multifaceted host response to H. polygyrus infection, characterized by a gene 

signature associated with colonic inflammation, immune modulation, and potential oncogenic 

signalling. A gene signature associated with inflammatory pathways, coagulation, complement 

activation, and wound healing align with observed increases in faecal calprotectin and MMP 

expression, suggesting tissue damage. Protease dysregulation, enriched hydrolase and peptidase 

activity, and epithelial-mesenchymal transition (EMT) pathway activation indicate risks of 

tumorigenesis, with KRAS signalling enrichment and p53 pathway suppression further implicating 

oncogenic processes. Despite no significant changes in PGE2 synthesis or downstream EP2/EP4 

signalling, mast cell activation and M2 macrophage expansion point to immune modulation that aids 

parasite clearance but may promote tumor growth. Additionally, alterations in stem cell signatures, 

including potential tuft cell differentiation, suggest adaptive responses to infection and tissue injury. 

Overall, H. polygyrus infection presents a "double-edged sword," balancing anti-inflammatory 

mechanisms and immune activation with increased tumorigenic potential in the colon. 

The upregulated acute inflammatory and humoral immune response, as well as wound healing, 

coagulation, and complement activation demonstrate that colonic inflammation may be a feature of 

the host response to H. polygyrus infection. This supports findings from Pastille et al and Ariyaratne et 

al (151, 407), and aligns with results seen in Chapter 3, whereby an increase in faecal calprotectin is 

seen with H. polygyrus infection suggesting an increase in colonic inflammation. An increase in colonic 

inflammation with H. polygyrus was also observed by Ariyaratne et al, who show an increase in MMP 

expression in the host response to infection resulting in tissue damage (407). In this analysis, we 

observed hydrolase, endopeptidase, and peptidase molecular function terms enriched. As previously 

discussed in Chapter 4, protease dysregulation, especially their overexpression, is often linked to 

cancer progression, as they can influence various key processes in tumour development, including 

tumour invasion, growth, and metastasis (408).  
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The EMT pathway’s positive enrichment indicates a potential shift in cellular characteristics from 

epithelial to mesenchymal states, which is commonly associated with increased cellular motility and 

invasive potential. This transition is significant in processes like cancer progression (409), hinting that 

such mechanisms might be active in H. polygyrus infection. Importantly, live infection and in vivo and 

in vitro treatments with HES, have previously been shown to alter the expression of EMT markers (410-

412) The enrichment of KRAS signalling suggests an upregulation of proliferative signals, likely 

impacting cell growth and survival. KRAS signalling activation is common in various cancers and plays 

a crucial role in maintaining proliferative signals (413). The downregulation of the p53 pathway 

suggests a potential suppression of tumour-suppressive mechanisms, which may enhance cell survival 

and reduce apoptosis (414). Given p53’s role in DNA damage repair and apoptosis (414), its decreased 

activity could enable genomic instability, promoting unchecked cell proliferation in the colon of H. 

polygyrus infected mice upon administration of AOM. Finally, the negative enrichment in the G2/M 

checkpoint pathway indicates potential dysregulation in cell cycle control, specifically in the transition 

from G2 to mitosis. This checkpoint ensures DNA is correctly replicated before cell division, and its 

suppression could lead to aberrant cell cycle progression, a hallmark in many proliferative disorders, 

including cancers (415). Overall, these findings highlight significant dysregulation in both oncogenic 

signalling and tumour suppressor pathways, which may contribute to the exacerbation of CAC as a 

result of H. polygyrus infection. Interestingly, this analysis contradicts in vitro findings from Jacobs et 

al, who treat a different CRC murine cell line CT26.WT with HES and see an increase in p53 expression 

and a decrease in cellular proliferation (410). This discrepancy highlights how the effect of HES on cell 

behaviour differs from cancer cells to healthy epithelial cells, and also the differences in an in vivo 

model. 

The leading edge analysis revealed Bhlhe40, Me1, and Cd44 as being the most significantly enriched 

subset of genes in the colonic transcriptome following H. polygyrus infection. Bhlhe40 regulates pro-

inflammatory cytokines and immune responses, which may exacerbate chronic inflammation and 

contribute to a tumour-promoting microenvironment (416). Me1 supports metabolic reprogramming 

by generating NADPH for lipid biosynthesis and redox balance, fuelling the rapid proliferation of cells 

and enhancing their resistance to apoptosis (417). Cd44 promotes cancer stem cell properties, cell 

migration, and extracellular matrix remodelling, facilitating tumour growth and invasion (418). 

Interestingly, all three of these genes show upregulated expression in CRC patients and have been 

suggested to have pro-tumorigenic roles  (419-421). Together, these genes suggest a convergence of 

inflammatory signaling, metabolic adaptation, and stemness, providing a potential mechanistic link 

between H. polygyrus infection, chronic inflammation, and CAC development 
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Data presented in this thesis has implicated a role for HES-dependent activation of EP2/EP4 signalling 

in increasing cell permeability, following on from results by Smith et al who show how PGE2 signalling 

may contribute to exacerbation of tumour formation during CAC (190). Therefore, the colonic 

transcriptome was used to determine if expression of enzymes contributing to the synthesis of PGE2 

or levels of EP2/EP4 signalling are increased with H. polygyrus infection. It was revealed that there are 

no significant alterations in gene expression of enzymes contributing to PGE2 synthesis, therefore 

suggesting that H. polygyrus infection does not alter PGE2 production in the colon. Evidence from Smith 

et al supports these findings, as they show using LC/MS that the concentration of PGE2 is not altered 

at day 14 post-infection.  

We next looked at EP2/EP4 receptor signalling, and found no change in the gene expression of 

transcription factors that are activated downstream of EP2/EP4 activation. Interestingly, PGE2-EP2/EP4 

signalling has been shown to regulate proliferation and type 2 cytokine production from activated type 

2 innate lymphoid cells (ILC2) (422), the migration and release of inflammatory mediators in 

eosinophils (423, 424), degranulation of mast cells (425, 426), and immunomodulatory effects in 

dendritic cells (194). The transcriptome analysis showed significant increases in the gene expression 

of mast cell protease 1 (Mcpt1), mast cell protease 4 (Mcpt4), and chymase 2 (Cma2), suggesting an 

increase in mast cell degranulation. An in silico flow cytometry also predicts an increase in mast cell 

activation in response to H. polygyrus infection. Mast cells are frequently activated in the tumour 

microenvironment in CRC (427) as well as in response to helminth infection (428). The activation of 

mast cells results in the release of proteases, leading to an increase in intestinal permeability to 

facilitate the expulsion of parasites (162), which may have consequences for CAC.  

Analysis of the immune cell population also revealed the increase in alternatively activated 

macrophages, otherwise known as M2 macrophages seen with H. polygyrus infection. This was 

indicated by the increase in M2 macrophage markers, such as chitinase-like 3 (Chil3), arginase 1 (Arg1), 

and secreted frizzled-related protein 4 (Sfrp4) (429). M2 macrophages are activated by exposure to 

certain cytokines, notably IL-4 or IL-13 which are released as part of the type 2 immune response to 

infection (430). M2 macrophages have been shown to play a crucial role in the clearance of parasites, 

where they contribute to trapping helminth larvae in tissues to make them accessible to infiltrating 

immune cells (372). However, M2 macrophages are also known as tumour-associated macrophages 

(TAMs) and constitute an essential component of the tumour microenvironment (374). During the 

initial phases of tumour development, M2 macrophages have been shown to accumulate and 

distribute around tumour tissue to induce regulatory T-cell responses, promote tumour cell immune 

escape, provoke epithelial-mesenchymal transition (EMT), and enhance tumour cell infiltration and 
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spread (431). Therefore, despite their ability to clear parasite infections, the expansion of the M2 

macrophage population in the colon may contribute to exacerbation of CAC. 

Finally, we investigated whether H. polygyrus leads to an alteration in ISC differentiation in the colon. 

Infection with H. polygyrus has been shown to alter the Lgr5+ population, with Nusse et al showing 

that in the small intestine there is loss of Lgr5+ cells and an up-regulation of Sca-1 (Ly6a) in the crypt 

epithelium overlying the granuloma 6 days post-infection (177). Drurey et al reveal similar findings in 

vitro where small intestinal organoids treated with HES show an increase in Sca-1 expression (377). 

The expansion of the Sca-1+ ISC population is suggested to be indicative of an increase in cell 

proliferation in response to crypt damage, with Lgr5+ ISC increasing day 10 post-infection, indicating 

resolution of crypt damage (177). The colonic transcriptome showed no change in Lgr5 or Ly6a gene 

expression, suggesting that H. polygyrus doesn’t alter the population of stem cells within the colonic 

crypt. The adoption of a foetal gene signature in the small intestine is indicative of an infection-

mediated alteration in response to injury, whereby foetal development pathways are used to 

regenerate tissue when there is injury (177). A significant change in three foetal gene signatures was 

observed, with the increase in Il33 and Vsig1 suggesting the development of a foetal-like programme 

in the colonic crypt. The Vsig1 gene encodes the V-set and Immunoglobulin domain containing 1 

(VSIG1) protein, a transmembrane protein possessing immunosuppressive and anti-proliferative 

properties in response to tissue injury (432, 433). Il33 encodes for interleukin-33 (IL-33) which is 

expressed by intestinal epithelial cells in response to tissue injury to recruit immune cells, behaving as 

an alarmin (434). However, it cannot be concluded from the alteration of two genes in the panel that 

a foetal-like programme is acquired in the colonic crypt.  

Further RNA-seq performed by Nusse et al and Drurey et al revealed the signatures of tuft cells, Dclk1 

and Pou2f3, were upregulated in the small intestine and on HES-treated organoids (177, 377). 

Upregulation of Dclk1 and Pou2f3 was also seen in the colonic transcriptome of H. polygyrus infected 

mice, suggesting an increase in ISC differentiation to tuft cells in the colon. Tuft cells have recently 

emerged as having a critical function in initiating mucosal type 2 immune responses following helminth 

infection through interleukin-25 (IL-25) secretion, which activates ILC2s to initiate the anti-helminth 

immune response through type 2 CD4+ helper T cells (15, 16, 435). However, CIBERSORTx analysis 

showed no expansion of type 2 CD4+ helper T cells, highlighting the need for future investigations to 

confirm if tuft cell expansion does occur in the colon as a consequence of H. polygyrus infection.  

The overall aims of this chapter were successfully met, with the colonic transcriptome profiled and 

effects of H. polygyrus on gene expression, immune cell population, and intestinal stem cell 

differentiation investigated. The first hypothesis was proven to be correct, with GSEA analysis revealing 
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KRAS signalling enrichment which may exacerbate CAC. Additionally the second hypothesis was also 

proven, with profiling of the immune cell population revealing an enrichment of M2 macrophages 

which may promote an immunosuppressive environment. Lastly, the third hypothesis was disproven, 

with analysis of markers in the ISC compartment revealing few are significantly altered unlike what is 

seen in the small intestine, suggesting little epithelial dysfunction. 
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Chapter 7: Final Discussion 

7.1 Summary of results 

This thesis has focussed on identifying a mechanism by which H. polygyrus is able to exacerbate 

tumour formation in an in vivo model of CAC with a high ω-6 diet via PGE2 signalling. Both in vitro and 

in vivo evidence suggests the ability of H. polygyrus live infection and secretions (HES) to increase 

EP2/EP4 signalling, accompanied with a decrease in E-cadherin expression in the colon, suggesting a 

mechanism for increase in cell permeability. This decrease in E-cadherin expression both in vitro and 

in vivo was shown to be dependent on EP2/EP4 activation, with a combination of EP2/EP4 inhibitors 

partially restoring E-cadherin expression. Using a bioinformatic approach, I identified homologues of 

the sPLA2 family of enzymes in the H. polygyrus genome, with proteomic evidence presented in this 

thesis suggesting they may be secreted into the HES. Preliminary investigations using novel inhibitors 

I identified by in silico drug identification suggest that it is the secretion of a helminth homologue of 

sPLA2 which mediates the increase in cell permeability seen in vitro. 

Initial experiments focussed on utilising pβ-catenin Ser552 as a marker for EP2/EP4 activation, and 

showed a significant increase in the colon with H. polygyrus infection. With an established role for 

EP2/EP4 activation and increased cell permeability (267, 268), expression of E-cadherin in the colon 

was investigated in vivo as it is a marker of colonic epithelial tight junctions, and was shown to 

significantly decrease with H. polygyrus infection, supporting findings from Su et al (165). Interestingly, 

Su et al showed the decrease in E-cadherin at a different time point (day 7) and in a different strain of 

mouse (C57BL/6). Using a combination of EP2/EP4 antagonists, I show this decrease in E-cadherin to 

be dependent on EP2/EP4 activation, although a lack of clinical signs questions the clinical relevance 

of this result. Results of the impact of EP2/EP4 antagonists on Hpb-exacerbation of tumour burden 

were inconclusive, due to a lack of clinical signs of disease in all treatment groups, therefore repetition 

is needed. As the colon is at a distant site to where H. polygyrus resides, I focussed on the ability of 

HES to increase permeability. HES has been shown to cause systemic effects during helminth infection, 

such as during a model of airway allergy (306). Therefore, I optimised an FD4 in vitro permeability 

assay using two murine CRC cell lines; CMT-93 and CT26, to assess the effect of HES on cell 

permeability. Having optimised the assay with CMT-93, I then demonstrated the ability of HES to 

significantly increase cell permeability, and that this is dependent on EP2/EP4 activation with a 

suggested preference for EP2. However, it is important to acknowledge that the inhibitors used show 

affinity to other EP receptor subtypes, therefore non-specific effects due to binding of other subtypes 

are possible. However, as other subtypes are not highly expressed in the colon, we don’t believe this 
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to be a concern to the validity of the data. This is believed to be a novel finding, as the ability of HES 

to permeabilise a cell monolayer has not been investigated, whereas this has been performed for ESPs 

of other helminths (168, 169). Aligning with findings in vivo, HES was shown to activate EP2/EP4 

receptors with an increase in pβ-catenin Ser552, which was associated with a decrease in E-cadherin 

expression. Interestingly, similar findings are observed with a PGE2 receptor agonist (dmPGE2). This 

suggests that the HES may possess a similar mechanism of action to dmPGE2 to increase cell 

permeability.  

Further investigation into the mechanism by which HES is able to activate EP2/EP4 receptor signalling 

and increase cell permeability was performed, involving various in vitro and bioinformatic approaches. 

Since EP2/EP4 are PGE2 receptors and Laan et al demonstrated the presence of PGE2 in the ESPs of T. 

suis (194), I conducted a lipidomic analysis of the HES to search for PGE2 but conclusively ruled out its 

presence. I ruled out the possibility of a protease in the HES increasing permeability, which contradicts 

findings with T. spiralis ESPs (169), and that the activity of the molecule is not impacted by heat which 

again contradicts findings with T. spiralis ESPs (169). The molecule was further narrowed down to the 

10-50,000 MW fraction of HES. Proteomic analysis of the 10-50,000 MW fraction revealed the 

presence of three sequences (HPOL_0000384601, HPOL_0000928401, and HPOL_0001491401) 

bearing significant identity to human sPLA2 isoforms, with an in vitro assay confirmed PLA2 activity in 

the HES and helminth adult antigen. I confirmed the ability of a PLA2 enzyme to increase cell 

permeability by using A. mellifera PLA2 on the FD4 assay, which supports evidence in the literature of 

PLA2 increasing cell permeability (323-325). Despite sPLA2 being identified in other ESPs of helminths 

(199, 316, 317), I believe this is the first functional characterisation of sPLA2 activity in the HES, which 

may contribute to its ability to increase cell permeability. As to why H. polygyrus encodes a sPLA2 

enzyme, this remains unknown from this project, but it could be linked to a mechanism of obtaining 

nutrients from the host or to invade the host epithelium to establish chronic infection. 

For the purpose of this thesis, HPOL_0000384601 was pursued as the most promising candidate for 

encoding a functional sPLA2, as HPOL_0000928401 and HPOL_0001491401 have not got conservation 

in the zinc and calcium binding sites respectively, which are critical for PLA2 function (310, 315). 

HPOL_0000384601 is hypothesised to encode a homologue for the human PLA2G1B enzyme, with 

significant tertiary and secondary similarities shown in this thesis. Interestingly, HPOL_0000384601 is 

shown to be conserved with other species of helminths that lack abrasive structures to invade host 

epithelium. Furthermore, sPLA2 secreted by other helminths has been shown to have 

immunomodulatory effects (199, 318), therefore suggesting a further survival advantage to helminths 

for secreting a functional sPLA2. This immunomodulation likely contributes to creating a more 

favourable environment for the helminths' persistence and survival within the host. These findings 
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suggest that the secretion of functional sPLA2 by helminths could be a strategic adaptation to evade 

immune detection and suppression. Consequently, understanding the mechanisms and pathways 

through which sPLA2 mediates these effects could provide valuable insights into helminth biology and 

host-parasite interactions, potentially unveiling new therapeutic targets or strategies to mitigate 

parasitic infections. 

Chapter 5 aimed to link sPLA2 activity to the HES-induced increase in cell permeability, with existing 

evidence in the lab using commercially available PLA2 inhibitors, manoalide and varespladib, showing 

minimal inhibition at high concentrations against the H. polygyrus somatic antigen. Initially this result 

was surprising, however further research into the mechanism of action of these inhibitors revealed 

the binding sites of the inhibitors were not conserved in the H. polygyrus PLA2G1B amino acid 

sequence. Therefore, I utilised an established in silico ligand-based molecular docking workflow to 

design inhibitors specific for HPOL_0000384601. A homology model was first developed for 

HPOL_0000384601, with a known ligand for human PLA2 docked to identify significant interactions in 

the binding pocket. Compounds passing computational and visual scoring were ordered, with the 

compound displaying the highest affinity (lowest IC50) for PLA2 activity in the somatic antigen chosen 

for in vitro testing. Compound AF-399/14183760 was added alongside HES, and significantly inhibited 

HES-induced increase in cell permeability. It is important to acknowledge how the compounds were 

screened against the somatic antigen, but then tested against the HES. This approach was chosen as 

the somatic antigen gave the strongest signal in the PLA2 activity assay, however it is possible that the 

compounds could have reacted differently if they were screened against the HES. The data presented 

in chapter 5 suggests that the ability of HES to increase cell permeability is dependent on activity of H. 

polygyrus PLA2G1B, however whether this increases PGE2 concentration in the cell monolayer, leading 

to paracrine or autocrine EP2/EP4 signalling and increased permeability, remains unknown. 

Additionally, the importance of H. polygyrus encoding a homologue of PLA2G1B in vivo also remains 

unknown and warrants further investigation. 

Chapter 6 details the analysis of the colonic transcriptome in mice infected with H. polygyrus fed a high 

ω-6 diet. The transcriptomics revealed the inflammatory response and wound healing as being 

enriched functional processes, with protease activity also increased following helminth infection. 

Given findings described in this thesis, an increase in protease activity could be significant in 

dysregulating the colonic epithelial barrier (68). Work in this thesis also describes activation of the 

PGE2-EP2/EP4 signalling pathway by HES as being crucial for increasing cell permeability in vitro. 

Transcriptomic data showed that the gene expression of enzymes involved in synthesising PGE2 are not 

altered in vivo, nor are the transcription factors downstream of PGE2-EP2/EP4 activation. This data 

supports findings from Smith et al who show no alteration in PGE2 concentration in the colon of H. 
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polygyrus infected mice at the same time-point (190). Pathway enrichment analysis revealed the 

increase in inflammatory and oncogenic pathways, whilst cell cycle regulation and tumour suppressor 

pathways. Specifically, the upregulation of inflammatory pathways likely promotes a pro-tumorigenic 

microenvironment, characterized by the release of cytokines and chemokines that can stimulate 

angiogenesis, immune cell recruitment, and epithelial cell proliferation (436-440). Concurrently, the 

activation of oncogenic pathways could enhance tumour cell survival, proliferation, and metastasis 

(441). On the other hand, the suppression of cell cycle regulation and tumour suppressor pathways 

likely impairs critical cellular checkpoints, reducing the ability of cells to halt uncontrolled growth or 

undergo apoptosis in response to DNA damage (442). Together, these changes create an imbalance 

favouring tumour initiation and progression, amplifying the severity of CAC under the influence of H. 

polygyrus infection. Finally, we reveal the immune cell phenotype in the colon as having a high 

abundance of M2 macrophages and activated mast cells, indicating an anti-helminthic response but 

also an environment favourable for cancer development (374).    

7.2 Limitations 

While the data presented in this thesis explore the mechanism by which H. polygyrus can exacerbate 

CAC, there are limitations to this study.  

The transcriptomics performed as part of chapter 6 was performed with a read depth of 30 million 

reads per sample, which is the minimum that is accepted in the literature as enabling information on 

a global view of gene expression between conditions (443). The sequencing identified 80.33% of the 

genes in the mouse genome, with missing genes not abundant enough to be picked up with the read 

depth, therefore a higher read depth may identify missing genes of a lower abundancy which could 

still reveal crucial findings (444-446). Furthermore, the initial sample size of n = 5 was reduced to n = 

4 due to high sample heterogeneity. The original sample size of n = 5 was chosen due to G*Power 

analysis which gave n = 5, but reliability could be improved by increasing the number of replicates to 

>6 (447), therefore this analysis requires more replicates to increase reliability of results. 

There are also several limitations associated with the use of Gene Set Enrichment Analysis (GSEA) used 

in Chapter 6. These include its dependence on the quality and relevance of gene set databases, which 

may be outdated, incomplete, or overly generalized, potentially leading to less accurate or misleading 

insights (448). Additionally, GSEA assumes coordinated expression changes across genes within a set, 

which may oversimplify the complexity of biological pathways, as not all genes in a pathway respond 

uniformly to biological stimuli (448). The method is also sensitive to noise, particularly in datasets with 

small sample sizes or high variability, which can obscure meaningful patterns or introduce false 

positives (448). Furthermore, GSEA does not account for interactions or hierarchical relationships 
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between pathways, limiting its ability to provide nuanced, context-specific insights (448). Lastly, the 

scoring mechanism used in GSEA may favour larger gene sets, potentially underrepresenting smaller 

but biologically significant pathways (448). These limitations highlight the need for careful 

interpretation and integration of GSEA results with experimental validation (details in Future Work 

section). 

7.3 Future work 

The data presented in this thesis suggesting a mechanism by which H. polygyrus can exacerbate CAC 

leaves much to be explored.  

The AOM/DSS model detailed in chapter 3 lacks appropriate controls, with a group of H. polygyrus 

infected mice without AOM/DSS and a group of naïve mice given EP2/EP4 inhibitors not included.. It 

was inconclusive from the H&E staining whether tumours were present, therefore these would need 

to be confirmed with β-catenin staining, used as its abnormal activity is commonly associated with 

cancerous cells (449-451),  to have further confidence in these results. 

One key finding from this thesis is that the addition of HES may lead to autocrine or paracrine PGE2-

EP2/EP4 activation, leading to the observed increase in cell permeability in vitro. To investigate this 

mechanism, LC/MS could be performed on cell supernatants and lysates after treatment with HES to 

measure if PGE2 is produced following the stimulus, in a similar manner to the experiments detailed 

by Pozzi et al (452). Jimenez et al performed a similar experiment with bone marrow-derived 

macrophages, showing increased PGE2 production after 24 hrs of stimulation with H. polygyrus larval 

products (306), suggesting the increase in PGE2 occurs quickly after stimulation. Therefore, our 

experiment would involve collecting cell supernatant and lysates every 2 hrs post-stimulation.  

Furthermore, the only measure of tight junction integrity used in this thesis was E-cadherin, whilst it 

is a widely used marker for tight junction integrity there are disadvantages as discussed in chapter 3. 

Therefore, to strengthen this evidence, other tight junction proteins such as claudin-1 and occludin 

should be investigated, with both also showing evidence of being regulated by EP2/EP4 receptor 

activation (109, 314). The FD4 assay can also be replicated in vivo, by administrating FD4 via oral gavage 

alongside the EP2/EP4 inhibitors and measuring concentrations in the serum, to assess if findings in 

vitro are replicated in vivo.  

As previously mentioned, in vitro assays were performed with a CRC cell line which represents a major 

limitation to this thesis. To gain insight into what may be happening in “normal” physiological 

conditions, the use of primary colonic cells or organoids should be considered as these won’t harbour 

the mutations in the cancerous cell line. 
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The discovery of the “H. polygyrus PLA2G1B” is regarded as one of the most exciting findings of this 

thesis. Further work can be conducted to establish the importance of this enzyme for H. polygyrus 

survival, by culturing worms in vitro with the AF-399/14183760 compound and worm viability 

measured, or by administering AF-399/14183760 in vivo and measuring egg burden as well as levels 

of EP2/EP4 signalling which I’ve shown to be upregulated with helminth infection in Chapter 3. 

Performing these experiments would allow the significance of H. polygyrus PLA2G1B to the helminths’ 

survival to be investigated. However, as discussed in chapter 5, the drug binding sites of AF-

399/14183760 are conserved with three isoforms of murine sPLA2 suggesting non-specific binding to 

other sPLA2 isoforms. It would first need to be determined if the inhibitor inhibits these other isoforms, 

which can be predicted using in silico modelling of the inhibitor into the active sites of the isoform 

structures. This could then be tested in vitro by expressing these isoforms using a lipofectamine 

transfection and His-tag expression, followed by a PLA2 activity assay following addition of the inhibitor. 

If the inhibitor is shown to interact with the other isoforms, it would next be important to characterise 

other sites in the binding pocket of H. polygyrus PLA2G1B that are important for its function and not 

conserved in murine isoforms. To do this, residues can be mutated to probe the role of individual 

residues in the stability, abundance and function of a protein (453).  

It is important to validate the transcriptomic findings using qPCR before looking at the functional 

implications of the changes. Furthermore, to get a more robust overview of the effects of H. polygyrus 

infection in the colon, the transcriptomic data can be combined with proteomic analysis, as some 

genes may not be detected at transcriptome level due to post-translational modifications (454). At the 

cellular level, expression and localisation of specific genes can be confirmed using RNA in situ 

hybridisation. Functional assays to confirm the altered biological processes and signalling pathways 

can be performed to investigate the biological relevance of the transcriptomic findings. For example, 

cell proliferation assays such as MTT or BrdU incorporation can measure changes in cell growth rates, 

reflecting pathways related to cell cycle regulation. Migration and invasion assays, including scratch 

wound healing assays or Transwell chamber assays, can assess the impact on pathways influencing 

cellular motility and invasiveness, often tied to EMT processes. Apoptosis assays, such as flow 

cytometry-based annexin V/propidium iodide staining or caspase activity assays, can validate 

disruptions in survival signaling. Furthermore, immunoblotting or immunofluorescence can be used to 

monitor the expression of pathway-specific proteins, such as E-cadherin and KRAS, providing direct 

evidence of altered signaling.  

Flow cytometry can be performed to confirm findings from the CIBERSORTx analysis, with single cell 

RNAseq providing a further avenue to identify the immune cell populations (455). To perform this 

experiment, the immune cells would be isolated from the colon tissue using appropriate markers, such 
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as CD45 for leukocytes or specific markers for subpopulations like T cells (CD3), macrophages (CD11b), 

or dendritic cells (CD11c) (456). These cells would then be stained with fluorescently tagged antibodies 

against surface markers relevant to the immune populations identified in the CIBERSORTx analysis. The 

samples would be analyzed on a flow cytometer, enabling the quantification and characterization of 

distinct immune subsets based on their fluorescence profiles. Additionally, scRNA-seq can be 

employed to provide a more granular view of immune cell diversity. After isolating single cells, RNA 

would be extracted, sequenced, and mapped to a reference genome. The resulting data can be used 

to identify gene expression signatures of different immune populations, validate the proportions 

identified by CIBERSORTx, and uncover novel subsets that may not be detected by bulk RNA 

sequencing. 

7.4 Overall implications 

The findings presented in this thesis significantly enhance our understanding of how H. polygyrus can 

activate colonic PGE2 signalling to increase intestinal cell permeability. By revealing that H. polygyrus 

secretions (HES) increase cell permeability through EP2/EP4 signaling in vitro, this work provides new 

insights into how helminth infections can disrupt epithelial integrity. The identification of a helminth 

homologue of PLA2G1B in HES, which is shown to be functionally active and linked to increased cell 

permeability, is a novel contribution to the field. This discovery suggests that H. polygyrus PLA2G1B 

activity may not only facilitate parasite invasion but also modulate the host's immune environment to 

favour chronic infection, and  possibly have an impact on cancer development. Furthermore, the 

transcriptomic analysis highlights how H. polygyrus infection enriches inflammatory and oncogenic 

pathways, contributing to a microenvironment which may favour tumour development. While the 

findings offer promising directions for future research, particularly regarding the functional 

characterization of the H. polygyrus PLA2G1B enzyme and the broader implications of PGE2 signaling, 

the study also acknowledges limitations, such as the use of a cancer cell line and incomplete 

transcriptomic data. These findings underscore the need for further in vivo studies and more 

comprehensive cell-based models to fully elucidate the parasite-host interactions in the context of 

cancer. Ultimately, this thesis opens avenues for exploring therapeutic strategies targeting H. polygyrus 

PLA2G1B or EP2/EP4 signaling, potentially mitigating the adverse effects of helminth infections on 

cancer progression. 
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Appendix 

Appendix table 1. Top 100 proteins identified in HES 10,000 – 50,000 molecular weight fraction by LC/MS. 

Rank Description Accession Score Sequest HT 

1 Venom allergen/ancylostoma secreted protein-like 1 isoform 2  G4XWW4 1702.62 

2  Venom allergen/ancylostoma secreted protein-like 3 isoform 1  G4XWX0 1288.05 

3 Venom allergen/ancylostoma secreted protein-like 1 isoform 1  G4XWW3 1282.26 

4 Lysozyme-1  G3C8W1 970.89 

5 Venom allergen/ancylostoma secreted protein-like 2 isoform 3  G4XWW9 942.18 

6 Carboxylic ester hydrolase  F6LW93 885.5 

7 Apyrase-2  G4WZX8 873.21 

8 Venom allergen/ancylostoma secreted protein-like 2 isoform 2  G4XWW8 815.07 

9 Transthyretin-related-1  G3C8V9 810.37 

10 GLOBIN domain-containing protein  A0A183FNA3 744.69 

11 GLOBIN domain-containing protein  A0A183FNA1 722.09 

12 SCP domain-containing protein  A0A3P8APZ8 721.46 

13 Vitellogenin domain-containing protein  A0A183G4X9 678.18 

14 Lysozyme  A0A3P8DRS4 673.03 
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15 GLOBIN domain-containing protein  A0A183FC19 649.52 

16 GLOBIN domain-containing protein 1 A0A183GV03 636.13 

17 Venom allergen/ancylostoma secreted protein-like 9  G4XWX8 607.89 

18 VWFD domain-containing protein  A0A3P7ZT66 586.45 

19 SCP domain-containing protein  A0A183FE39 493.04 

20 SCP domain-containing protein  A0A183GC37 467.62 

21 Zinc metalloproteinase  A0A183GKC3 462.99 

22 Venom allergen/ancylostoma secreted protein-like 7 isoform 2  G4XWX5 459.15 

23 Venom allergen/ancylostoma secreted protein-like 7 isoform 3  G4XWX6 412.19 

24 SCP domain-containing protein  A0A183GC36 410.06 

25 Venom allergen/ancylostoma secreted protein-like 7 isoform 1  G4XWX4 389.42 

26 Polyprotein allergen nematode domain-containing protein  A0A3P7ZEG5 385.06 

27 SCP domain-containing protein  A0A3P8AQ08 380.89 

28 Uncharacterized protein  A0A183FR70 366.99 

29 Zinc metalloproteinase  A0A183GCF4 362.23 

30 Zinc metalloproteinase  A0A183GCF3 361.68 

31 GLOBIN domain-containing protein  A0A183G1J6 359.14 

32 Apyrase  A0A3P8D4Q0 355.89 
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33 GLOBIN domain-containing protein  A0A183GH14 352.44 

34 Major sperm protein  A0A183F4S0 337.4 

35 Venom allergen/ancylostoma secreted protein-like 1 isoform 4  G4XWW6 336.72 

36 Zinc metalloproteinase  A0A183GE59 335.89 

37 Apyrase  A0A183G2S1 332.16 

38 Apyrase  A0A183GJY2 324.57 

39 SCP domain-containing protein  A0A183F9U8 322.45 

40 Venom allergen/ancylostoma secreted protein-like 1 isoform 3  G4XWW5 321.29 

41 Apyrase-1 isoform 4  G4WZX7 311.31 

42 SCP domain-containing protein  A0A3P8C155 308.37 

43 Carboxylic ester hydrolase  F6LW95 300.29 

44 Acetylcholinesterase-2  F6LW94 292.1 

45 GLOBIN domain-containing protein  A0A183FL83 288.46 

46 SCP domain-containing protein  A0A183GL21 280.51 

47 SCP domain-containing protein  A0A3P7XU79 279.32 

48 Apyrase-1 isoform 1 G4WZX4 278.35 

49 Venom allergen/ancylostoma secreted protein-like 14  G4XWY2 267.88 

50 GLOBIN domain-containing protein  A0A183G0G6 266.76 



226 
 

51 Venom allergen/ancylostoma secreted protein-like 12  G4XWY0 257.26 

52 Uncharacterized protein  A0A183F2W9 249.23 

53 Legumain prodomain domain-containing protein  A0A8L8JU57 246.17 

54 Venom allergen/ancylostoma secreted protein-like 5  G4XWX2 245.17 

55 Enolase  A0A183GB30 244.44 

56 SCP domain-containing protein  A0A3P8C0T7 239.18 

57 Apyrase  A0A3P7YPR1 232.12 

58 Metalloendopeptidase  A0A183G4Z8 220.24 

59 Zinc metalloproteinase  A0A183FJU9 212.99 

60 Transthyretin-like family protein  A0A183GUL4 200.16 

61 Venom allergen/ancylostoma secreted protein-like 8 isoform 1  G4XWX7 195.23 

62 Venom allergen/ancylostoma secreted protein-like 6  G4XWX3 194.17 

63 Chitin-binding type-2 domain-containing protein  A0A3P7XC10 182.41 

64 SCP domain-containing protein  A0A183GMB4 180.3 

65 Novel secreted protein 16  G3C8V7 171.79 

66 Metalloendopeptidase  A0A3P8AZS9 166.88 

67 SCP domain-containing protein  A0A183FQW2 162.05 

68 Metalloendopeptidase  A0A183GJB1 160.57 
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69 Fructose-bisphosphate aldolase  A0A3P8F538 159.44 

70 PHA domain  G3C8V5 154.82 

71 SCP domain-containing protein  A0A3P7Z2D6 153.73 

72 Uncharacterized protein  A0A183F469 153.49 

73 Peptidase family M13  A0A3P7WLY7 153.38 

74 SCP domain-containing protein  A0A183FQW0 152.07 

75 C-type lectin domain-containing protein  A0A3P7Z055 149.55 

76 Cysteine protease inhibitor  L0HAX6 148.84 

77 Heat shock protein 60  A0A183FJW2 148.72 

78 Galectin  A0A3P7ZLW5 147.67 

79 Novel secreted protein 4  G3C8V6 142.65 

80 Metalloendopeptidase  A0A183GL74 142.02 

81 Glutathione S-transferase 2 (Fragment)  Q9NJQ6 141.65 

82 Endoribonuclease  A0A183GBC6 140.02 

83 phosphoglycerate mutase (2,3-diphosphoglycerate-independent)  A0A183G4B0 137.97 

84 SnoaL-like domain-containing protein  A0A183F2I9 137.34 

85 Metalloendopeptidase  A0A183GBM9 137.12 

86 HTH_48 domain-containing protein  A0A3P8F4J5 135.41 
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87 Venom allergen/ancylostoma secreted protein-like 10  G4XWX9 134.68 

88 glutathione transferase  A0A183FXU3 132.84 

89 Thioredoxin domain-containing protein  A0A183FHF8 131.36 

90 Calreticulin  Q0VJ74 130.29 

91 arginine kinase  A0A3P8A4R0 129.89 

92 Uncharacterized protein  A0A183GEN8 126.53 

93 SERPIN domain-containing protein  A0A183G340 126.3 

94 Lysozyme  A0A183GIP3 126.06 

95 Glutathione transferase  A0A183FRS0 124.84 

96 Peptidase_M13 domain-containing protein  A0A3P8C7K1 124.33 

97 C-type lectin domain-containing protein  A0A3P8EMW2 124.04 

98 Sushi domain-containing protein  A0A183FDQ8 121.25 

99 Metalloendopeptidase  A0A183FXF0 119.27 

100 Peptidase_M13_N domain-containing protein  A0A3P7XJ53 118.39 
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Appendix table 2. Alphabetical list of all proteins identified in 10,000 – 50,000 molecular weight HES fraction 

Description Accession Score 

10-formyltetrahydrofolate dehydrogenase  A0A3P7YDJ0 5.49 

14_3_3 domain-containing protein  A0A183FYM3 94.61 

26S proteasome non-ATPase regulatory subunit 13  A0A183FDE6 18.9 

3'-5' exonuclease domain-containing protein  A0A3P8C5E3 3 

3-hydroxyacyl-CoA dehydrogenase NAD binding domain-containing protein  A0A3P8BZG2 4.52 

3-hydroxyacyl-CoA dehydrogenase type-2  A0A183FVT7 14.97 

40S ribosomal protein S12  A0A183FWC6 5.42 

4-hydroxyphenylpyruvate dioxygenase  A0A183FN18 33.84 

6-pyruvoyl tetrahydrobiopterin synthase  A0A183F299 2.27 

7-dehydrocholesterol reductase  A0A183G7Y5 0 

A2M domain-containing protein  A0A183G3U2 41.25 

A2M_N_2 domain-containing protein  A0A3P7YK03 81.04 

A4_EXTRA domain-containing protein  A0A3P8ELF3 5.17 

AA_permease_C domain-containing protein  A0A183F3T8 8.43 

Aa_trans domain-containing protein  A0A183G0J8 4.74 

Aa_trans domain-containing protein  A0A183F651 4.4 

Aa_trans domain-containing protein  A0A183FF40 8.85 

ABC transmembrane type-1 domain-containing protein  A0A3P8CHW6 2.4 

ABC transporter domain-containing protein  A0A3P7ZW14 3.71 

ABC transporter domain-containing protein  A0A3P7WH28 5.62 

ABC transporter domain-containing protein  A0A183G9F9 2.5 

Acetylcholine regulator unc-18  A0A183FDJ8 6.53 

Acetylcholinesterase-2  F6LW94 292.1 

Acetyl-CoA hydrolase  A0A183G409 7.18 

Acetyltransferase component of pyruvate dehydrogenase complex  A0A3P7XU24 8.26 
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Acid phosphatase  A0A183GI99 12 

Actin  A0A183GCY5 65.26 

Actin  A0A183FFE7 73.28 

Actin-binding cytoskeleton protein filamin (Fragment)  A0A3P8CU02 3.28 

Activin_recp domain-containing protein  A0A3P7X186 17.12 

ADAMTS/ADAMTS-like Spacer 1 domain-containing protein  A0A3P7U1D7 13.81 

adenosine deaminase  A0A183F9L2 21.81 

Adenylate cyclase-stimulating G alpha protein  A0A183FJC9 2.05 

Adenylosuccinate synthetase  A0A3P8B7T8 15.9 

Adenylyl cyclase-associated protein  A0A183FHN2 20.31 

ADF-H domain-containing protein  A0A3P8A8R3 12.02 

ADP-ribosylation factor 1  A0A183FZY2 14.17 

ADP-ribosylation factor 1  A0A183GGY6 2.28 

Aha1_N domain-containing protein  A0A183GGI3 10.87 

AIRS domain-containing protein  A0A183F7N0 45.26 

Alanine--glyoxylate aminotransferase 2, mitochondrial  A0A3P8DHM6 8 

Alarmin release inhibitor  A0A3P7XL18 96.97 

Aldedh domain-containing protein  A0A3P7Z9J4 2.3 

Aldo_ket_red domain-containing protein A0A183FTW3 15.65 

Aldo_ket_red domain-containing protein  A0A3P7ZXY1 3.67 

Aldo_ket_red domain-containing protein  A0A183FX21 14.74 

Aldo_ket_red domain-containing protein  A0A3P8AFN7 2.76 

Aldo_ket_red domain-containing protein  A0A3P8EHA3 49.45 

Aldo_ket_red domain-containing protein  A0A183G6P1 15 

Aldo_ket_red domain-containing protein  A0A183G6P2 17.88 

Aldo_ket_red domain-containing protein  A0A183FDQ1 2.55 

Aldo_ket_red domain-containing protein  A0A183GAK0 15.84 

Aldo_ket_red domain-containing protein  A0A183G493 2.29 

Aldoketomutase  A0A183GMK1 9.31 

Aldolase_II domain-containing protein  A0A183G863 2 
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alpha-1,2-Mannosidase  A0A3P8BI18 17.11 

Alpha-1,4 glucan phosphorylase  A0A3P8EHV5 23.66 

Alpha-amylase  A0A183GEX6 111.23 

Alpha-D-phosphohexomutase alpha/beta/alpha domain-containing protein A0A183F5T6 58.24 

Alpha-D-phosphohexomutase alpha/beta/alpha domain-containing protein A0A183FM79 34.23 

Alpha-galactosidase  A0A183F7W8 3.36 

alpha-L-fucosidase A0A183G1C6 59.08 

Alpha-mann_mid domain-containing protein  A0A3P8B1I1 91.5 

Alpha-mann_mid domain-containing protein  A0A183FL60 10.4 

Amidohydro-rel domain-containing protein  A0A183FHE8 5.37 

Amiloride-sensitive sodium channel A0A183FZY1 4.13 

Amino acid transporter transmembrane domain-containing protein  A0A3P8CZI2 2.02 

Aminotran_5 domain-containing protein  A0A183GPW6 13.6 

AMP_N domain-containing protein  A0A183GUA3 27.74 

Annexin  A0A3P8E4E5 18.18 

Annexin  A0A183GSW2 1.86 

Annexin A0A183GU85 3.05 

Annexin  A0A183GUX9 92.22 

Annexin  A0A183F9D9 87.99 

Anti_prolifrtn domain-containing protein  A0A183GKL5 26.93 

Apple domain-containing protein  A0A183FIB6 25.17 

Apple domain-containing protein  A0A3P7XYB2 2.53 

Apyrase  A0A3P7YPR1 232.12 

Apyrase  A0A183G2S1 332.16 

Apyrase  A0A3P8D4Q0 355.89 

Apyrase  A0A183GJY2 324.57 

Apyrase  A0A183G8J6 54.48 

Apyrase-1 isoform 1  G4WZX4 278.35 

Apyrase-1 isoform 4  G4WZX7 311.31 

Apyrase-2  G4WZX8 873.21 
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Aquaporin  A0A3P7ZUZ1 3.96 

arginine kinase  A0A3P8A4R0 129.89 

arginine kinase  A0A183GCV2 58.35 

Aspartate aminotransferase  A0A3P8BWG8 9.72 

Aspartate aminotransferase A0A183FI07 86.13 

Aspartate aminotransferase, mitochondrial  A0A183GUX6 12.81 

Aspartate--tRNA ligase, cytoplasmic  A0A183GXJ9 0 

Aspartyl aminopeptidase (Fragment)  A0A3P8D9G3 29.39 

Aspartyl aminopeptidase A0A3P7YPM0 12.05 

aspartyl aminopeptidase A0A183GRD6 12 

Astacin domain-containing protein  A0A183GRK2 14.84 

Astacin domain-containing protein  A0A183FXW7 3.82 

ATP-citrate synthase A0A183G8F3 3.24 

ATP-dependent (S)-NAD(P)H-hydrate dehydratase  A0A183FD39 30.47 

Battenin  A0A3P8B4Y3 6.98 

Beta-galactosidase  A0A183FJL0 15.4 

Beta-lactamase domain-containing protein  A0A183GG60 9.31 

Beta-mannosidase  A0A183FYI7 5.81 

beta-mannosidase  A0A3P8DLK3 2.21 

beta-N-acetylhexosaminidase  A0A3P7Z4B1 15.74 

beta-N-acetylhexosaminidase A0A3P8ADB1 4.15 

beta-N-acetylhexosaminidase  A0A3P8FYF4 3.91 

Bis(5'-nucleosyl)-tetraphosphatase [asymmetrical]  A0A183FQ35 13.99 

BMERB domain-containing protein  A0A3P8AFF3 2.17 

BPTI/Kunitz inhibitor domain-containing protein (Fragment)  A0A3P8C4N6 21.72 

BPTI/Kunitz inhibitor domain-containing protein  A0A183FRB2 49.07 

BPTI/Kunitz inhibitor domain-containing protein  A0A183FRG6 5.33 

BPTI/Kunitz inhibitor domain-containing protein  A0A3P7YCN1 60.04 

BPTI/Kunitz inhibitor domain-containing protein  A0A183FXX1 16.01 

BPTI/Kunitz inhibitor domain-containing protein  A0A183G181 9.52 
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BPTI/Kunitz inhibitor domain-containing protein  A0A183G978 13.46 

BPTI/Kunitz inhibitor domain-containing protein  A0A3P8CDK5 4.33 

BPTI/Kunitz inhibitor domain-containing protein  A0A3P8DGB2 8.64 

BPTI/Kunitz inhibitor domain-containing protein  A0A183FHZ0 6.95 

BPTI/Kunitz inhibitor domain-containing protein  A0A183FLA8 2.36 

BPTI/Kunitz inhibitor domain-containing protein  A0A183FNM1 10.33 

BPTI/Kunitz inhibitor domain-containing protein A0A183GJ10 7.97 

Branched-chain-amino-acid aminotransferase  A0A183G406 21.05 

BRO1 domain-containing protein A0A3P8EE78 8.41 

BTB domain-containing protein  A0A183FA16 3.91 

BTB domain-containing protein  A0A183GRK7 2.77 

C2 domain-containing protein A0A183FY51 8.87 

C6 domain-containing protein  A0A3P8BIE7 2.31 

C6 domain-containing protein  A0A183F2U6 75.74 

Cadherin domain-containing protein  A0A3P7XEW6 2.56 

Calnexin  A0A183GGH9 2.34 

Calpain catalytic domain-containing protein  A0A3P7YRS2 3.6 

Calponin-homology (CH) domain-containing protein  A0A3P7YPV2 27.04 

Calponin-homology (CH) domain-containing protein  A0A183FW58 3.7 

Calponin-homology (CH) domain-containing protein  A0A183G6K9 3.06 

Calponin-homology (CH) domain-containing protein A0A3P8B709 16.1 

Calreticulin  Q0VJ74 130.29 

Carbonic anhydrase A0A3P8DER1 9.8 

Carbonic anhydrase  A0A183FFC5 7.39 

Carboxylic ester hydrolase  F6LW93 885.5 

Carboxylic ester hydrolase F6LW95 300.29 

Carboxypeptidase  A0A3P8BSJ0 7.3 

Carboxypeptidase  A0A3P7X3M2 63.03 

Carboxypeptidase  A0A183FJF1 21.25 

Carboxypeptidase Q A0A183GQF6 16.08 
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CARMIL pleckstrin homology domain-containing protein  A0A3P8CHZ1 5.04 

Catalase (Fragment)  A0A3P8CQM1 97.54 

Cathepsin propeptide inhibitor domain-containing protein  A0A183FIT4 11.38 

Cathepsin propeptide inhibitor domain-containing protein  A0A183F3W3 15.85 

cathepsin X  A0A183FHF3 47.31 

CCHC-type domain-containing protein  A0A183GVQ5 0 

CD36 family protein  A0A183GI62 11.92 

Chitin-binding type-2 domain-containing protein  A0A183G5A1 86.97 

Chitin-binding type-2 domain-containing protein  A0A183GPG4 8.03 

Chitin-binding type-2 domain-containing protein  A0A183GVF0 13.8 

Chitin-binding type-2 domain-containing protein  A0A3P7XC10 182.41 

Chitin-binding type-2 domain-containing protein  A0A183FA92 2.78 

Chloride intracellular channel exc-4  A0A183FQR7 33.69 

Chondroitin proteoglyca A0A183FVC8 5.27 

Chondroitin proteoglycan 3 A0A183FVC9 26.29 

Chondroitin proteoglycan 3  A0A183G1J5 16.63 

Chondroitin proteoglycan 4 domain-containing protein A0A3P7X3Z3 18.11 

Chondroitin proteoglycan 4 domain-containing protein  A0A183G4M8 4.64 

Citrate synthase  A0A183F511 23.44 

CN hydrolase domain-containing protein  A0A3P7ZEL6 2.7 

CN hydrolase domain-containing protein  A0A183FTP3 55.1 

CN hydrolase domain-containing protein  A0A3P8EN65 15.33 

CN hydrolase domain-containing protein  A0A183GQW1 3.59 

Col_cuticle_N domain-containing protein A0A183GAU8 15.53 

Col_cuticle_N domain-containing protein  A0A183FF94 3.98 

Copper transporter  A0A3P7Z3E7 32.53 

Core-2/I-Branching enzyme  A0A3P7YD99 2.36 

CPG4 domain-containing protein  A0A183GQS0 25.14 

CPG4 domain-containing protein  A0A183GQS1 10.45 

CPG4 domain-containing protein  A0A183F602 6.94 
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CS domain-containing protein  A0A183G1Y3 9.13 

CS domain-containing protein  A0A3P8CI41 2.52 

C-type lectin domain-containing protein  A0A183FQV6 17.76 

C-type lectin domain-containing protein  A0A3P7YZB6 3.17 

C-type lectin domain-containing protein  A0A3P8BDR5 12.2 

C-type lectin domain-containing protein  A0A183G695 6.61 

C-type lectin domain-containing protein  A0A3P8EMW2 122.29 

C-type lectin domain-containing protein  A0A183F725 12.17 

C-type lectin domain-containing protein A0A3P8CHW1 6.55 

C-type lectin domain-containing protein  A0A183GHB3 6.69 

C-type lectin domain-containing protein  A0A183GP42 15.44 

C-type lectin domain-containing protein  A0A3P8AF78 3.57 

C-type lectin domain-containing protein  A0A183FFZ6 3.31 

C-type lectin domain-containing protein  A0A3P7Z055 149.55 

C-type lectin domain-containing protein  A0A183FJI1 56.57 

C-type lectin domain-containing protein  A0A183FMN1 96.13 

C-type lectin domain-containing protein  A0A183FPC1 3.66 

C-type lectin domain-containing protein  A0A3P8C7C9 1.68 

C-type lectin domain-containing protein  A0A183F8S8 2.86 

C-type lectin-1  D2D3S1 31.69 

CUB domain-containing protein  A0A3P7ZFV0 8.73 

CUB domain-containing protein A0A183G717 3.28 

CUB domain-containing protein  A0A183GVI9 59.48 

CUB domain-containing protein  A0A183FUM1 18.42 

Cyclin N-terminal domain-containing protein  A0A183GTM1 2.9 

cystathionine gamma-lyase  A0A183F407 14.02 

Cystatin domain-containing protein  A0A183G0P7 17.23 

Cystatin domain-containing protein  A0A183G7K2 1.97 

Cystatin domain-containing protein  A0A183GDW0 22.88 

Cysteine protease inhibitor  L0HAX6 148.84 
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Cytochrome c domain-containing protein  A0A183GUB8 30.07 

Cytochrome P450  A0A3P7T9L9 4.56 

CYTOSOL_AP domain-containing protein  A0A183FV74 32.51 

CYTOSOL_AP domain-containing protein  A0A183G0L3 28.5 

DAO domain-containing protein A0A3P8CDP5 2.36 

Deoxyribonuclease II  A0A183FJ39 34.56 

deoxyribose-phosphate aldolase  A0A3P7ZN57 13.53 

Deoxyuridine 5'-triphosphate nucleotidohydrolase  A0A183G2G1 6.09 

Dihydrolipoyl dehydrogenase A0A3P8F2V0 62.62 

Dihydropteridine reductase  A0A3P8C8G3 10.16 

Dipeptidyl peptidase 3  A0A183G994 3.01 

DJ-1_PfpI domain-containing protein  A0A183FID5 44.68 

DOMON domain-containing protein  A0A183FZU8 53.98 

DOMON domain-containing protein  A0A3P8BLU1 9.45 

DOMON domain-containing protein  A0A183F7Q0 1.62 

DOMON domain-containing protein  A0A183GIV5 36.1 

DOMON domain-containing protein  A0A183FJE7 2.44 

DUF148 domain-containing protein  A0A183FWJ6 18.42 

DUF148 domain-containing protein  A0A183FXJ2 8.76 

DUF148 domain-containing protein A0A183F5D5 2.29 

DUF148 domain-containing protein  A0A183GC29 6.25 

DUF148 domain-containing protein  A0A183GI10 8.26 

DUF148 domain-containing protein  A0A183GNC2 3.8 

DUF148 domain-containing protein  A0A183GXB0 24.67 

DUF148 domain-containing protein A0A183FBN5 20.25 

DUF148 domain-containing protein  A0A183FGL7 10.56 

DUF148 domain-containing protein A0A183F3E8 12.28 

DUF148 domain-containing protein  A0A183FJT0 3.71 

DUF148 domain-containing protein  A0A183FN70 6.54 

DUF148 domain-containing protein  A0A183F1W0 37.22 
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DUF1794 domain-containing protein  A0A183GCJ0 2.73 

DUF19 domain-containing protein  A0A3P7YL75 15.86 

DUF19 domain-containing protein  A0A3P7ZP34 77.61 

DUF19 domain-containing protein  A0A183G709 9.99 

DUF19 domain-containing protein  A0A3P8B8Y8 30.2 

DUF19 domain-containing protein  A0A183GF06 14.54 

DUF3105 domain-containing protein  A0A183G069 20.68 

DUF3677 domain-containing protein  A0A3P7TBH4 2.85 

DUF4139 domain-containing protein A0A183GX17 2.72 

DUF4440 domain-containing protein  A0A183FR50 11.39 

DUF4440 domain-containing protein A0A183G1U8 4.69 

DUF4440 domain-containing protein  A0A183FHZ5 5.58 

DUF775 domain-containing protein  A0A183G7R2 2.54 

Dynamin-type G domain-containing protein  A0A3P8CZD7 46.99 

Dynein light chain (Fragment)  A0A3P8DA75 5.29 

E2 ubiquitin-conjugating enzyme  A0A183FNG4 4.31 

EB domain-containing protein  A0A183FVC7 11.35 

EB domain-containing protein  A0A183FZB0 4.83 

EB domain-containing protein  A0A183G718 26.18 

EB domain-containing protein  A0A183G7Y1 5.77 

EB domain-containing protein  A0A183GHG2 3.17 

EB domain-containing protein A0A183F4S3 6.68 

EB1 C-terminal domain-containing protein  A0A3P8AVT6 2.46 

EF1_GNE domain-containing protein  A0A183FWW6 9.32 

EF-hand domain-containing protein  A0A183FSK9 2.13 

EF-hand domain-containing protein  A0A183G1K0 11.09 

EF-hand domain-containing protein A0A3P8DWZ1 9.61 

EF-hand domain-containing protein A0A183G9L2 6.16 

EF-hand domain-containing protein  A0A183GES0 5.71 

EF-hand domain-containing protein  A0A183FJM4 37.35 
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EF-hand domain-containing protein A0A183F3L3 26.75 

EF-hand domain-containing protein  A0A183FPD1 23.92 

EF-hand domain-containing protein  A0A183GRV0 5.91 

EF-hand domain-containing protein  A0A183G580 2.3 

EF-hand_10 domain-containing protein  A0A3P7YAZ9 9.3 

EGF-like domain-containing protein (Fragment)  A0A3P7ZG08 2 

EGF-like domain-containing protein A0A183FRA7 3.51 

EGF-like domain-containing protein  A0A3P7ZH87 47.6 

EGF-like domain-containing protein  A0A183FUV5 32.75 

EGF-like domain-containing protein A0A3P8A187 7.79 

EGF-like domain-containing protein  A0A183G9C4 3.22 

EGF-like domain-containing protein  A0A3P8FLF9 3.29 

ELFV_dehydrog_N domain-containing protein  A0A183FP10 18 

Elongation factor 1-alpha  A0A183GHW9 30.11 

Elongation factor 1-alpha  A0A183GKS9 33.15 

Elongation factor 1-gamma  A0A183GLK4 17.64 

Endonuclease/exonuclease/phosphatase domain-containing protein  A0A183GTV6 2.04 

Endonuclease/exonuclease/phosphatase domain-containing protein  A0A3P7YFD8 3.16 

Endoplasmic reticulum oxidoreductin-1  A0A3P8DKB0 2.58 

Endoribonuclease  A0A183FVF8 28.4 

Endoribonuclease  A0A183GBC6 144.21 

Endoribonuclease  A0A3P8BNI7 36.85 

Endoribonuclease  A0A183GE42 37.1 

Endoribonuclease  A0A183FKR9 12.12 

Enolase  A0A183GB30 246.61 

Ephrin RBD domain-containing protein  A0A183G4G1 6.77 

ERAP1_C domain-containing protein  A0A183G4Z1 8.21 

ERAP1_C domain-containing protein  A0A183GNG0 3.02 

ERAP1_C domain-containing protein  A0A183F9M3 4.7 

Eukaryotic translation initiation factor 2A  A0A183F7F4 2.22 
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Eukaryotic translation initiation factor 5A  A0A183FUA7 6.15 

FABP domain-containing protein  A0A183G7I2 95.46 

FABP domain-containing protein  A0A183GBA0 84.64 

FABP domain-containing protein  A0A3P8BXV7 14.45 

FABP domain-containing protein  A0A183FKC6 28.05 

Fatty-acid and retinol-binding protein 1 A0A3P8D9C1 49.48 

Fatty-acid and retinol-binding protein 1  A0A183GLK6 98.28 

Fatty-acid and retinol-binding protein 1 Q962H2 42.33 

F-box domain-containing protein  A0A3P8B5E6 3.06 

Ferritin  A0A183FLG6 60.33 

FG-GAP repeat protein A0A183F281 3.85 

Fibrinogen C-terminal domain-containing protein  A0A183F5Y8 14.44 

Fibronectin type III domain protein  A0A183GRF5 1.75 

Fibronectin type-III domain-containing protein  A0A183GKI6 23.09 

Fibronectin type-III domain-containing protein  A0A183FLC4 2.36 

Follistatin-like domain-containing protein  A0A183FYL2 10.95 

Follistatin-like domain-containing protein  A0A3P8AG68 7.43 

Follistatin-like domain-containing protein  A0A3P8BLC5 5.31 

fructose-bisphosphatase  A0A3P8BJH0 11.81 

fructose-bisphosphatase  A0A183F3S6 3.4 

Fructose-bisphosphate aldolase  A0A3P7Z267 55.77 

Fructose-bisphosphate aldolase  A0A3P8AR25 38.44 

Fructose-bisphosphate aldolase  A0A3P8F538 159.44 

Fucosyltransferase  A0A183FY04 8.41 

Fucosyltransferase  A0A183GW99 2.18 

fumarate hydratase  A0A183F3M4 46.93 

Fumarylacetoacetase  A0A3P8DN73 5.35 

G_PROTEIN_RECEP_F1_2 domain-containing protein  A0A3P8C1H0 2.05 

Galectin  A0A3P7ZLW5 147.67 

Galectin  A0A183FUQ2 18.82 
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Galectin  A0A3P8DGW1 24.4 

Galectin  A0A3P8BJI0 77.62 

Galectin  A0A183GQ70 22.53 

Galectin  A0A183GSH1 9.52 

Galectin  A0A3P7XMX7 21.25 

Galectin A0A183FBB3 39.36 

Galectin  A0A183FUQ3 5.47 

Gamma-amino-N-butyrate transaminase  A0A183GHJ2 2.96 

Gamma-glutamyltranspeptidase  A0A3P8BLR6 12.9 

GATA-type domain-containing protein A0A3P7TFL5 1.93 

GH18 domain-containing protein  A0A183GR89 5.54 

GIY-YIG domain-containing protein  A0A183GHQ0 13.45 

GLOBIN domain-containing protein  A0A183G0G6 266.76 

GLOBIN domain-containing protein  A0A183G1J6 359.14 

GLOBIN domain-containing protein  A0A183F277 102.75 

GLOBIN domain-containing protein  A0A183GH14 352.44 

GLOBIN domain-containing protein  A0A183GHQ5 20.67 

GLOBIN domain-containing protein  A0A183GHQ6 21.89 

GLOBIN domain-containing protein  A0A183GM67 39.39 

GLOBIN domain-containing protein  A0A183GM68 19.02 

GLOBIN domain-containing protein A0A183GV03 636.13 

GLOBIN domain-containing protein  A0A183FC19 649.52 

GLOBIN domain-containing protein  A0A183FL83 288.46 

GLOBIN domain-containing protein  A0A183FNA1 722.09 

GLOBIN domain-containing protein  A0A183FNA3 744.69 

Globin family profile domain-containing protein  A0A183G022 26.06 

Glucosamine 6-phosphate N-acetyltransferase  A0A183FKK1 4.81 

Glucose-6-phosphate isomerase  A0A3P8AVX7 96.56 

glutamate dehydrogenase [NAD(P)(+)]  A0A3P8AZN8 29.15 

Glutamate dehydrogenase  A0A183FP08 105.99 
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glutaminyl-peptide cyclotransferase  A0A3P7XAZ5 37.96 

Glutaredoxin domain-containing protein  A0A3P8AFI1 7.02 

Glutathione peroxidase  A0A183FZL9 2.57 

Glutathione peroxidase  A0A183G5K9 0 

Glutathione S-transferase 2 (Fragment)  Q9NJQ6 141.65 

Glutathione transferase  A0A183FRS0 124.84 

Glutathione transferase  A0A183FRS1 60.84 

glutathione transferase  A0A183FXU2 15.96 

glutathione transferase  A0A183FXU3 132.84 

Glutathione transferase  A0A183G3W8 0 

Glutathione transferase  A0A3P7WLV8 24.35 

Glyceraldehyde-3-phosphate dehydrogenase ] A0A3P7XJP6 27.07 

glycerol kinase A0A3P7ZWX6 17.85 

Glyco_18 domain-containing protein  A0A183GQY9 2.04 

Glyco_hydro_19_cat domain-containing protein  A0A183FRG5 112.73 

Glyco_hydro_38C domain-containing protein  A0A3P8BQG6 13.25 

Glyco_trans_2-like domain-containing protein  A0A183FRP6 2.84 

Glyco_transf_20 domain-containing protein  A0A3P8EQX9 0 

Glycoside hydrolase family 31 TIM barrel domain-containing protein  A0A183F6E2 28.46 

Glycosyltransferase family 92 protein  A0A183FVI6 2.47 

Golgi apparatus protein 1  A0A3P8CU50 42.61 

G-protein alpha subunit  A0A3P8A765 4.38 

GPS domain-containing protein  A0A183FVC3 2.26 

GRAM domain-containing protein  A0A183G8C4 6.12 

Ground-like domain-containing protein  A0A3P8CQW0 1.81 

Group XV phospholipase A2  A0A3P7XPT5 17.09 

GST N-terminal domain-containing protein  A0A183GCB3 72.05 

GST N-terminal domain-containing protein  A0A183GPP6 42.18 

GST N-terminal domain-containing protein  A0A3P7YKT9 4.33 

Guanine nucleotide-binding protein alpha-12 subunit  A0A183F4L7 3.31 
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Guanine nucleotide-binding protein G(O) subunit alpha  A0A3P7Y0V2 3.49 

Guanine nucleotide-binding protein G(Q) subunit alpha  A0A183G4U3 29.09 

Guanine nucleotide-binding protein subunit gamma  A0A183GQM3 6.48 

H(+)-transporting two-sector ATPase OS=Heligmosomoides polygyrus OX=6339 
GN=HPBE_LOCUS13670 PE=3 SV=1 

A0A3P8AYE2 27.78 

HATPase_c domain-containing protein  A0A183FL08 24.03 

HATPase_c domain-containing protein  A0A183GNL5 51.34 

Heat shock protein 60  A0A183FJW2 148.72 

Heat shock protein 70  A0A183FPM9 75.6 

Helicase ATP-binding domain-containing protein  A0A183GP46 0 

Helicase C-terminal domain-containing protein  A0A183F4Y2 9.16 

Histidine acid phosphatase  A0A183GJN3 1.68 

Histidine acid phosphatase  A0A183FNB4 5.41 

Histone H2A  A0A183GKE2 9.13 

Histone H4  A0A183GKE3 24.2 

HIT domain-containing protein  A0A183GJ95 5.05 

Homogentisate 1,2-dioxygenase  A0A183FMZ2 2.77 

HTH_48 domain-containing protein (Fragment)  A0A3P8DMU9 2.6 

HTH_48 domain-containing protein  A0A183G2M0 2.4 

HTH_48 domain-containing protein  A0A3P8F4J5 135.41 

HTH_48 domain-containing protein  A0A183GN43 3.2 

Hyaluronidase A0A3P8AQV6 55.16 

Hydrolase, TatD family  A0A183FGB3 5.05 

hydroxyacylglutathione hydrolase  A0A183FLK6 27.65 

Ig_mannosidase domain-containing protein  A0A183FYI6 5.87 

Ig-like domain-containing protein  A0A183G385 2.81 

Ig-like domain-containing protein  A0A3P8AV95 5.09 

inorganic diphosphatase  A0A183FPE2 38.56 

Inositol-polyphosphate 5-phosphatase  A0A183FQ25 2.64 

Insulin-degrading enzyme  A0A3P7Z4W9 5.53 
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Integrase_H2C2 domain-containing protein  A0A183FSS1 9.83 

Isochorismatase domain-containing protein 1  A0A183FDZ3 14.5 

Isochorismatase domain-containing protein 2  A0A183GQJ2 5.52 

IU_nuc_hydro domain-containing protein  A0A183FP67 14.14 

KASH domain-containing protein  A0A3P8AH06 7.74 

Kynureninase A0A3P8B8I3 17.1 

kynurenine--oxoglutarate transaminase A0A183FSP5 10.09 

Lactate/malate dehydrogenase C-terminal domain-containing protein  A0A183FXA7 48.49 

Laminin EGF-like domain-containing protein  A0A3P8ALL3 8.27 

Laminin IV type A domain-containing protein  A0A3P7YZD1 12.12 

Large ribosomal subunit protein uL10  A0A183F257 62.22 

Ldh_1_C domain-containing protein  A0A183G8Q9 7.15 

L-dopachrome isomerase  A0A183GT37 33.12 

Legumain prodomain domain-containing protein  A0A183FHI5 43.12 

Legumain prodomain domain-containing protein  A0A8L8JU57 246.17 

Leucine Rich Repeat family protein  A0A183FIA5 2.64 

Lipase  A0A183GH76 52.88 

Lipase_3 domain-containing protein  A0A183FQY5 28.73 

Lipase_3 domain-containing protein  A0A183FNC2 16.95 

Lipase_GDSL domain-containing protein  A0A183GDT7 1.99 

L-lactate dehydrogenase  A0A183FXA4 16.94 

Long-chain-fatty-acid--CoA ligase  A0A183FRY3 2.16 

LRRNT domain-containing protein  A0A3P8DDF6 2.48 

LRRNT domain-containing protein  A0A183G5T5 2.99 

LTD domain-containing protein  A0A183F2R8 5.77 

LTD domain-containing protein  A0A183FE98 3.63 

L-type lectin-like domain-containing protein  A0A3P8CW80 3.38 

L-type lectin-like domain-containing protein  A0A183FFR8 2.4 

Lysozyme  A0A3P8CJH8 23.15 

Lysozyme A0A183GIP3 126.06 



244 
 

Lysozyme  A0A3P8DRS4 673.03 

lysozyme  A0A183GR22 41.35 

Lysozyme-1  G3C8W1 973.87 

Lysozyme-3  G3C8W3 51.23 

M20_dimer domain-containing protein  A0A183FRN9 9.52 

M20_dimer domain-containing protein  A0A183FV65 26.69 

Mago nashi protein  A0A3P8DGM9 5.29 

Major facilitator superfamily (MFS) profile domain-containing protein  A0A183FVM4 4.91 

Major sperm protein  A0A183F4S0 337.4 

Major sperm protein  A0A183FMF6 6.89 

Malate dehydrogenase  A0A3P8B629 59.78 

Malate dehydrogenase  A0A183F9A6 16.41 

Malectin domain-containing protein  A0A183FLU4 1.97 

Malic enzyme  A0A3P8G4E9 1.86 

Malic enzyme  A0A183FD03 4.33 

Malic enzyme  A0A3P8AHZ5 5.85 

mannose-6-phosphate isomerase  A0A183GSX7 2.82 

MARVEL domain-containing protein  A0A183GHC2 5.37 

MD-2-related lipid-recognition domain-containing protein  A0A183GWE4 16.38 

Melibiase_C domain-containing protein  A0A183G0Z2 4.81 

Mesencephalic astrocyte-derived neurotrophic factor homolog  A0A183FNV3 4.35 

Metalloendopeptidase  A0A183FS83 79.47 

Metalloendopeptidase  A0A183FUM2 8.88 

Metalloendopeptidase  A0A183FXF0 119.27 

Metalloendopeptidase  A0A183G107 4.83 

Metalloendopeptidase  A0A183G1C7 5.76 

Metalloendopeptidase  A0A3P8AZS9 166.88 

Metalloendopeptidase  A0A183G4Z8 220.24 

Metalloendopeptidase  A0A183GBM9 137.12 

Metalloendopeptidase  A0A183GJB1 160.57 
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Metalloendopeptidase  A0A183GKG5 24.8 

Metalloendopeptidase  A0A183GL74 142.02 

Metalloendopeptidase  A0A183GV64 116.08 

Metalloendopeptidase  A0A183F959 75.85 

Metalloendopeptidase  A0A183FGE7 80.63 

Metalloendopeptidase  A0A183FP76 5.75 

Metalloendopeptidase  A0A183FQE3 24.31 

Metalloendopeptidase A0A183G8U6 31.13 

Metallophos domain-containing protein A0A183F6K3 5.77 

Metallophos domain-containing protein  A0A183G8E0 18.2 

Metallophos domain-containing protein  A0A183F8I5 5.72 

Methyltranfer_dom domain-containing protein  A0A183GGG1 2.38 

Methyltransf_11 domain-containing protein  A0A3P7ZE54 2.43 

Methyltransf_21 domain-containing protein  A0A183G725 1.83 

Methyltransf_21 domain-containing protein  A0A183G896 31.56 

MFS domain-containing protein  A0A3P7UDH2 2.69 

MFS domain-containing protein  A0A3P7WFX3 2.48 

MIF domain-containing protein  A0A183FYG9 44.48 

MIR domain-containing protein  A0A183GS42 2.99 

Mitochondrial fission 1 protein  A0A183FKK2 2.97 

ML domain-containing protein  A0A183GB67 30.76 

ML domain-containing protein  A0A183FK87 2.22 

Mo25-like protein  A0A183FUU5 9.19 

Moesin/ezrin/radixin homolog 1  A0A3P7YWN7 85.07 

MSP domain-containing protein  A0A183FXY2 25.15 

MSP domain-containing protein  A0A183G134 20.04 

MSP domain-containing protein  A0A183G8J1 31.82 

MSP domain-containing protein  A0A183GD01 6.86 

MSP domain-containing protein  A0A183GK57 20.8 

MSP domain-containing protein  A0A183GWN9 2.54 
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MSP domain-containing protein  A0A183FBX1 11.37 

MSP domain-containing protein  A0A3P7WIX3 11.89 

MSP domain-containing protein  A0A183FET4 9.14 

MSP domain-containing protein  A0A183FMF5 14.61 

MSP domain-containing protein  A0A183FQ54 3.23 

MSP domain-containing protein A0A183F6T7 4.85 

Mss4-like protein  A0A183GX04 7.76 

Myosin motor domain-containing protein A0A183G9Z8 3.51 

Myosin motor domain-containing protein  A0A183GT80 5.41 

Myosin motor domain-containing protein  A0A183FJV6 9.62 

Myosin tail domain-containing protein  A0A3P7YXR1 2 

Myosin_tail_1 domain-containing protein  A0A183GJ55 5.65 

N(4)-(Beta-N-acetylglucosaminyl)-L-asparaginase  A0A3P7XJG3 10.7 

Na_H_Exchanger domain-containing protein A0A183G162 1.69 

N-acetyl-D-glucosamine kinase  A0A183F4H7 0 

N-acetylglucosamine-6-phosphate deacetylase  A0A183FHE7 3.63 

NAD(P)H oxidase (H2O2-forming)  A0A3P8DDR0 8.93 

NAD(P)H-hydrate epimerase  A0A183FEC8 17.89 

non-specific serine/threonine protein kinase  A0A183FVK9 9.06 

non-specific serine/threonine protein kinase  A0A183GMU9 2.83 

Novel secreted protein 16  G3C8V7 171.79 

Novel secreted protein 4  G3C8V6 142.65 

Nuclear migration protein nudC  A0A183GA25 9.22 

Nucleoside diphosphate kinase  A0A183FHH5 80.25 

Nucleosome assembly protein  A0A183FIH4 27.61 

Nudix hydrolase domain-containing protein  A0A3P8A7I5 6.29 

Obg-like ATPase 1  A0A3P7YNY5 3.79 

Oxidoreductase, short chain dehydrogenase/reductase family protein  A0A183GWK6 3.13 

Palmitoyl-protein thioesterase 1  A0A183G937 9.47 

PALP domain-containing protein (Fragment)  A0A3P8AQB9 5.72 
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PAN domain protein  A0A183GCJ4 8.02 

Paramyosin  A0A183FMY6 10.05 

PDZ domain-containing protein  A0A183FT59 1.79 

PDZ domain-containing protein  A0A183GFG9 15.12 

PDZ domain-containing protein  A0A183FKB0 11.68 

Pepsin inhibitor-3-like repeated domain-containing protein  A0A183FL91 82.67 

Pept_C1 domain-containing protein  A0A183FV18 43.1 

Pept_C1 domain-containing protein  A0A183GN22 16.44 

Peptidase A1 domain-containing protein (Fragment) A0A3P7WU33 11.81 

Peptidase A1 domain-containing protein  A0A3P8DWX8 3.58 

Peptidase A1 domain-containing protein  A0A183G8F2 84.38 

Peptidase A1 domain-containing protein  A0A183G8H7 27.53 

Peptidase A1 domain-containing protein  A0A183GGQ1 2.14 

Peptidase A1 domain-containing protein  A0A183GUB0 23.91 

Peptidase A1 domain-containing protein  A0A3P8AWB4 91.63 

Peptidase A1 domain-containing protein  A0A183FFX8 78.01 

Peptidase A1 domain-containing protein  A0A183FQC1 2.37 

Peptidase C1A papain C-terminal domain-containing protein  A0A3P8B8X5 1.99 

Peptidase C1A papain C-terminal domain-containing protein  A0A3P8AKK5 40.44 

Peptidase family M13  A0A3P7WLY7 153.38 

Peptidase M1 membrane alanine aminopeptidase domain-containing protein  A0A183GG91 21.72 

Peptidase S1 domain-containing protein  A0A183FW10 3.84 

Peptidase S1 domain-containing protein  A0A3P7ZHP8 18.04 

Peptidase S1 domain-containing protein  A0A183G2Z8 3.56 

Peptidase S1 domain-containing protein  A0A183GAF9 2.5 

Peptidase S1 domain-containing protein  A0A183FMW5 13.09 

Peptidase S1 domain-containing protein  A0A183FQB4 37.86 

Peptidase S1 domain-containing protein  A0A183FTK9 12.41 

Peptidase S9 prolyl oligopeptidase catalytic domain-containing protein (Fragment)  A0A3P8AH42 44.57 

Peptidase S9 prolyl oligopeptidase catalytic domain-containing protein  A0A3P7Y5X7 55.85 
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Peptidase_M1 domain-containing protein  A0A3P7Z8T6 50.94 

Peptidase_M1 domain-containing protein  A0A183F3W7 6.33 

Peptidase_M1 domain-containing protein  A0A183GDG0 19.49 

Peptidase_M13 domain-containing protein  A0A183FV57 45.79 

Peptidase_M13 domain-containing protein  A0A183F5I5 35.05 

Peptidase_M13 domain-containing protein  A0A3P8B1C5 15.31 

Peptidase_M13 domain-containing protein  A0A183G4V6 29.21 

Peptidase_M13 domain-containing protein  A0A3P8C7K1 124.33 

Peptidase_M13 domain-containing protein  A0A183GBX0 35.51 

Peptidase_M13_N domain-containing protein  A0A183GFK3 45.84 

Peptidase_M13_N domain-containing protein  A0A3P7XJ53 118.39 

Peptidase_M23 domain-containing protein A0A3P7YAD8 6.63 

Peptidase_M24 domain-containing protein  A0A183F7B6 3.47 

Peptidase_M24 domain-containing protein A0A183GSE1 4.24 

Peptidase_S28 domain-containing protein  A0A183FHI3 10.71 

Peptidase_S9_N domain-containing protein  A0A183FZ31 2.28 

Peptidylglycine monooxygenase (Fragment)  A0A3P7YI24 93.28 

Peptidyl-prolyl cis-trans isomerase  A0A183G9Q2 65.95 

Peptidyl-prolyl cis-trans isomerase  A0A183F9U3 58.12 

Peptidyl-prolyl cis-trans isomerase  A0A183FEH2 57.24 

Peptidyl-prolyl cis-trans isomerase  A0A183FEJ2 67.95 

peptidylprolyl isomerase  A0A3P8FXN5 21.69 

peptidylprolyl isomerase  A0A183F8D9 11.45 

PGM_PMM_I domain-containing protein  A0A183FA08 2.97 

PGM_PMM_IV domain-containing protein  A0A183FU52 15.19 

PH domain-containing protein (Fragment)  A0A3P8AJC6 2.47 

PHA domain  G3C8V5 154.82 

Phosphatidylethanolamine-binding protein  A0A183F4J6 48.94 

Phosphatidylethanolamine-binding protein  A0A183F387 79 

Phosphatidylethanolamine-binding protein  A0A183FR13 42.2 
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phosphoacetylglucosamine mutase  A0A3P8BFC7 2.66 

phosphoenolpyruvate carboxykinase (GTP)  A0A183FUW9 11.94 

Phosphoglycerate kinase  A0A183GDT5 59.02 

phosphoglycerate mutase (2,3-diphosphoglycerate-independent)  A0A183G4A8 49.11 

phosphoglycerate mutase (2,3-diphosphoglycerate-independent)  A0A183G4B0 137.97 

Phospholipase A2 domain-containing protein  A0A183G694 69.91 

Phospholipase A-2-activating protein  A0A3P8ASS9 2.6 

Phospholipase B-like  A0A183F5P3 1.76 

Phospholipase B-like  A0A3P8EH69 9.62 

Phospholipase B-like  A0A183GJJ1 6.01 

Phospholipase B-like  A0A183FP37 4 

Phosphotransferase  A0A3P8EKM8 21.75 

Phosphotransferase  A0A183FEZ9 75.74 

Phosphotransferase  A0A183GKY8 7.07 

Phosphotransferase  A0A183FFA2 2 

PID domain-containing protein  A0A183F2Z3 22.58 

PITH domain-containing protein  A0A183FFV2 6.12 

Piwi domain-containing protein  A0A183G0Y0 114.18 

PKS_ER domain-containing protein  A0A183FJY9 8.99 

PLD phosphodiesterase domain-containing protein  A0A183GPL5 64.75 

PLD phosphodiesterase domain-containing protein  A0A183GWA6 33.79 

PNP_UDP_1 domain-containing protein  A0A183GWD9 37.29 

Polyprotein allergen nematode domain-containing protein A0A3P7ZEG5 383.22 

PRELI/MSF1 domain-containing protein  A0A183GA36 11.77 

Pribosyltran domain-containing protein  A0A183FGV2 3 

Pribosyltran domain-containing protein  A0A183FZ74 3.47 

PRKCSH_1 domain-containing protein  A0A183F8L5 2.34 

Profilin  A0A183FG55 63.06 

proline--tRNA ligase  A0A3P7XHK6 2.24 

Propep_M14 domain-containing protein  A0A3P7ZUD8 2.47 



250 
 

Proteasome endopeptidase complex  A0A183G0D5 5.59 

Proteasome endopeptidase complex  A0A183FG57 11.48 

proteasome endopeptidase complex  A0A3P8AQ73 2.62 

proteasome endopeptidase complex  A0A183FPX3 14.78 

Proteasome subunit alpha type  A0A183FS25 8.44 

Proteasome subunit alpha type  A0A3P8AIM0 6.71 

Proteasome subunit alpha type  A0A183GNP5 25.99 

Proteasome subunit alpha type-1  A0A3P7Y128 18.36 

Protein amnionless  A0A3P8A4X3 20.17 

Protein disulfide-isomerase A0A183FHB8 38.89 

Protein kinase domain-containing protein A0A3P8BFH8 10.35 

Protein kinase domain-containing protein  A0A183GU45 2.08 

Protein kinase domain-containing protein  A0A183G4K6 5.09 

Protein quiver  A0A183G8H3 12.77 

protein-disulfide reductase  A0A183G9Q9 19.7 

protein-disulfide reductase  A0A183FIX2 8.81 

protein-disulfide reductase  A0A183G1H2 2.47 

protein-L-isoaspartate(D-aspartate) O-methyltransferase  A0A3P7ZFG4 37.62 

P-type domain-containing protein  A0A3P8DUU4 35.2 

PurA ssDNA and RNA-binding protein  A0A183FM88 5.72 

purine-nucleoside phosphorylase  A0A183GKM8 21.2 

Purple acid phosphatase  A0A3P8ESA0 10.74 

Purple acid phosphatase  A0A183F3S8 17.36 

Putative hydroxypyruvate isomerase  A0A3P7WH29 10.18 

Pyr_redox_2 domain-containing protein  A0A183GM42 16.5 

Pyr_redox_dim domain-containing protein  A0A183GCC4 5.01 

pyridoxal 5'-phosphate synthase  A0A183G4B1 2.39 

Pyridoxal kinase  A0A3P8CE29 3.4 

Pyruvate kinase A0A3P8ATJ4 72.64 

pyruvate kinase  A0A3P7XQW6 4.97 
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Rab GDP dissociation inhibitor  A0A183FNT2 54.82 

Rab proteins geranylgeranyltransferase component A  A0A3P7XTD1 27.04 

Ras-like GTP-binding protein Rho1  A0A183GG80 29.49 

Ras-like protein 3  A0A183FDS0 7.91 

Ras-like protein  A0A183FJ25 10.27 

Ras-related protein Rab-11A  A0A183G948 7.05 

Ras-related protein Rab-11A  A0A3P7Z5S4 15.3 

Ras-related protein Rab-1A  A0A3P8CAG5 10.16 

Ras-related protein Rab-2  A0A183G049 3.77 

Ras-related protein Rab-5C  A0A3P8B7P0 4.89 

Ras-related protein Rab-7a  A0A183GTC8 2.13 

Ras-related protein Ral-a  A0A183GTJ4 2.72 

Recep_L_domain domain-containing protein  A0A183FDJ9 2.09 

Receptor expression-enhancing protein  A0A183GGH7 3.84 

Receptor expression-enhancing protein  A0A183F947 10.25 

Receptor expression-enhancing protein  A0A183F2D6 1.85 

Receptor L-domain domain-containing protein  A0A3P8BIN7 5.02 

Regulator of chromosome condensation  A0A3P8C3Q1 9.18 

Renin receptor  A0A3P7Z6C4 16.86 

Replication factor A protein 2  A0A183GF26 7.16 

Reverse transcriptase domain-containing protein  A0A183FWV3 3.74 

Reverse transcriptase domain-containing protein A0A183G4U2 0 

Reverse transcriptase domain-containing protein  A0A183G7F1 2.19 

Reverse transcriptase domain-containing protein  A0A183G8F9 6.16 

Reverse transcriptase domain-containing protein  A0A3P8AUD9 2.36 

Reverse transcriptase domain-containing protein  A0A183GJN1 5.67 

Reverse transcriptase domain-containing protein  A0A3P8BF86 21.21 

Reverse transcriptase domain-containing protein  A0A183F1Y0 2.4 

Rho GDP-dissociation inhibitor  A0A183FHG2 14.92 

Ribonucleoside-diphosphate reductase small chain A0A183GBN3 33.09 



252 
 

ribose-5-phosphate isomerase  A0A183GP05 9.17 

Ribosome receptor lysine/proline rich domain-containing protein  A0A3P8AII7 2.34 

RNA-binding protein 8A  A0A183FLW8 2.24 

RRM domain-containing protein  A0A3P7YPE4 2.04 

RRM domain-containing protein  A0A183GE35 0 

RRM domain-containing protein  A0A3P7YNB5 9.45 

S-(hydroxymethyl)glutathione dehydrogenase  A0A183G1X3 6.77 

SAM domain-containing protein  A0A183GQK8 7.98 

SAM_3 domain-containing protein  A0A183GE73 3.79 

Saposin B-type domain-containing protein A0A183G4H0 0 

Saposin B-type domain-containing protein  A0A183F700 5.62 

Saposin B-type domain-containing protein  A0A183F780 14.66 

Saposin B-type domain-containing protein  A0A183GNG6 106.41 

Saposin B-type domain-containing protein  A0A183GWL0 8.21 

Saposin B-type domain-containing protein  A0A183FC23 7.62 

Saposin B-type domain-containing protein  A0A183FKM2 6.33 

Saposin B-type domain-containing protein A0A183FM83 2.49 

Saposin B-type domain-containing protein  A0A3P7XSC4 2.63 

Saposin B-type domain-containing protein  A0A183FNA4 17.14 

SCD domain-containing protein  A0A3P8EYX1 14.83 

SCP domain-containing protein  A0A183FQV4 46.86 

SCP domain-containing protein  A0A183FQW0 152.07 

SCP domain-containing protein  A0A183FQW2 162.05 

SCP domain-containing protein  A0A183FQW3 95.28 

SCP domain-containing protein  A0A3P7Z2D6 153.73 

SCP domain-containing protein  A0A183FUB7 27.5 

SCP domain-containing protein  A0A183FUZ3 21.88 

SCP domain-containing protein  A0A183FVD8 2.41 

SCP domain-containing protein  A0A183FWD7 1.81 

SCP domain-containing protein  A0A183FXF9 2.31 
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SCP domain-containing protein  A0A183G0M8 3.51 

SCP domain-containing protein  A0A3P7T9T9 42.99 

SCP domain-containing protein A0A183G5V7 2.65 

SCP domain-containing protein  A0A3P8C0T7 239.18 

SCP domain-containing protein  A0A183GB18 57.45 

SCP domain-containing protein  A0A3P8C833 7.39 

SCP domain-containing protein  A0A3P7U7W5 38.05 

SCP domain-containing protein  A0A183GC36 410.06 

SCP domain-containing protein  A0A183GC37 469.85 

SCP domain-containing protein  A0A183F790 47.51 

SCP domain-containing protein  A0A183GL21 280.51 

SCP domain-containing protein  A0A183F9U8 322.45 

SCP domain-containing protein  A0A183FDN8 12.35 

SCP domain-containing protein  A0A3P7WKN8 19.43 

SCP domain-containing protein  A0A3P8APZ8 721.46 

SCP domain-containing protein  A0A3P7XU79 279.32 

SCP domain-containing protein  A0A183FE39 493.04 

SCP domain-containing protein  A0A3P8AQ08 380.89 

SCP domain-containing protein  A0A183FI95 8.78 

SCP domain-containing protein  A0A3P7XCT8 47.45 

SCP domain-containing protein  A0A3P7XQN6 44 

SCP domain-containing protein  A0A3P8C155 308.37 

SCP domain-containing protein  A0A183FQ65 61.4 

SCP domain-containing protein A0A183GMB4 180.3 

SCP domain-containing protein  A0A183F334 44.84 

SCP domain-containing protein  A0A183FQ66 19.15 

SCP domain-containing protein  A0A183GVK9 2.66 

SCP domain-containing protein  A0A183FDN9 2.21 

SCP domain-containing protein  A0A183F348 1.9 

Secreted protein  A0A183FTH2 4.17 
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Secreted protein  A0A183G531 1.75 

Selenide, water dikinase  A0A3P8DVV3 60.33 

SER_THR_PHOSPHATASE domain-containing protein  A0A183G5H5 7.99 

SER_THR_PHOSPHATASE domain-containing protein  A0A183GSX4 3.61 

Serine protease K12H4.7  A0A3P8CTT8 64.8 

Serine/threonine-protein phosphatase  A0A183FBJ7 12.67 

Serine/threonine-protein phosphatase  A0A183FLR9 5.66 

Serine/threonine-protein phosphatase A0A183FPN5 8.99 

Serine/threonine-protein phosphatase  A0A183G537 4.81 

serine--tRNA ligase  A0A183G1D6 1.9 

SERPIN domain-containing protein  A0A183G340 126.3 

SERPIN domain-containing protein  A0A183G711 26.02 

SERPIN domain-containing protein  A0A183FBA8 60.41 

SERPIN domain-containing protein  A0A183FH93 72.72 

SGNH domain-containing protein  A0A3P8B808 16.68 

SH3 domain-containing protein  A0A183FRS8 9.07 

SH3 domain-containing protein  A0A183FIV8 10.65 

ShKT domain-containing protein  A0A3P8DFF3 5.18 

ShKT domain-containing protein  A0A183G4E7 2.56 

ShKT domain-containing protein  A0A183G6L3 7.95 

ShKT domain-containing protein  A0A3P8E8G5 3.47 

ShKT domain-containing protein  A0A183G6T0 5.31 

ShKT domain-containing protein  A0A183GCF5 2.7 

ShKT domain-containing protein  A0A183F7G9 12.86 

ShKT domain-containing protein  A0A3P8D883 10.73 

ShKT domain-containing protein  A0A183GJB8 9.57 

ShKT domain-containing protein  A0A183GSK1 88.71 

ShKT domain-containing protein  A0A183FC18 39.45 

ShKT domain-containing protein  A0A183FL78 8.26 

SHSP domain-containing protein  A0A183FFA5 2.58 



255 
 

Sm domain-containing protein  A0A183FU27 1.89 

Small nuclear ribonucleoprotein E  A0A183FYC3 2.18 

Small nuclear ribonucleoprotein Sm D1  A0A3P7Y9V3 4.98 

Small nuclear ribonucleoprotein Sm D2  A0A183FYH0 6.42 

SMP-LTD domain-containing protein  A0A183GDD2 8.77 

SnoaL-like domain-containing protein  A0A183F2I9 137.34 

Sorbitol dehydrogenase  A0A183GP48 8.2 

Sphingomyelin phosphodiesterase C-terminal domain-containing protein  A0A183GQZ8 21.65 

Splicing factor 3A subunit 1  A0A183FWX5 2.16 

START domain-containing protein  A0A183FS05 0 

SUI1 domain-containing protein  A0A183F423 2.78 

Sulfhydryl oxidase A0A183G339 53.19 

Superoxide dismutase [Cu-Zn]  A0A183GDQ7 49.86 

Superoxide dismutase [Cu-Zn]  A0A183F2J9 53.65 

Superoxide dismutase  A0A183FRG8 43.04 

Sushi domain-containing protein  A0A183F4D2 5.46 

Sushi domain-containing protein  A0A183FTC0 45.27 

Sushi domain-containing protein  A0A3P8AAL7 20.17 

Sushi domain-containing protein  A0A183FY74 9.22 

Sushi domain-containing protein  A0A183FZB9 79.22 

Sushi domain-containing protein  A0A183G0Y8 3.87 

Sushi domain-containing protein  A0A3P8E851 38.92 

Sushi domain-containing protein  A0A183G5Z5 41.37 

Sushi domain-containing protein  A0A183G6J9 6.8 

Sushi domain-containing protein  A0A3P8EAW3 11.6 

Sushi domain-containing protein  A0A183F730 43.43 

Sushi domain-containing protein  A0A3P8FZW2 36.26 

Sushi domain-containing protein  A0A183GNC9 4.37 

Sushi domain-containing protein  A0A183GRJ4 45.65 

Sushi domain-containing protein  A0A183F8Q1 2.11 
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Sushi domain-containing protein  A0A183GV89 31.08 

Sushi domain-containing protein  A0A183FDI6 33.68 

Sushi domain-containing protein  A0A183FDQ8 121.25 

Sushi domain-containing protein  A0A183FDQ9 16.38 

Sushi domain-containing protein  A0A183FDR1 32.24 

Sushi domain-containing protein  A0A183F2Y8 21 

Sushi domain-containing protein  A0A183F3L4 25.25 

Sushi domain-containing protein A0A183GVF6 47.53 

Tetraspanin  A0A183GC41 16.96 

Tetraspanin A0A183GLS2 9.47 

Tetraspanin  A0A183GWB6 2.3 

Thioredoxin domain-containing protein  A0A183G8Y5 112.9 

Thioredoxin domain-containing protein  A0A3P8ER50 5.49 

Thioredoxin domain-containing protein  A0A183GE00 24.56 

Thioredoxin domain-containing protein  A0A183GGR8 2.06 

Thioredoxin domain-containing protein  A0A183GIN8 4.35 

Thioredoxin domain-containing protein  A0A183GM32 7.72 

Thioredoxin domain-containing protein  A0A183FHF8 131.36 

thioredoxin-dependent peroxiredoxin  A0A183GP77 62.68 

thioredoxin-dependent peroxiredoxin  A0A183FLW9 9.64 

Thioredoxin-like_fold domain-containing protein A0A183GCL8 7.38 

Thioredoxin-like_fold domain-containing protein  A0A183G8J2 7.78 

Thymidylate synthase  A0A183GFG5 12.77 

Thyroglobulin type-1 domain-containing protein  A0A3P7ZBR9 6.41 

TIL domain-containing protein  A0A183FF46 13.13 

TIL domain-containing protein  A0A183FI10 3.5 

TIL domain-containing protein  A0A183GJK1 4.88 

TPM domain-containing protein  A0A183GFA6 5.91 

TPR_REGION domain-containing protein  A0A183FEC1 2.89 

TPT domain-containing protein  A0A183FKL6 6.43 
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Transaldolase  A0A183FQ32 45.23 

Transforming growth factor beta mimic 2  A0A2P1IQ76 16.96 

Transforming growth factor beta mimic 3  A0A2P1IQ78 34.59 

Transforming growth factor beta mimic 4  A0A2P1IQ81 32.37 

Transforming growth factor beta mimic 5 A0A2P1IQ79 36.05 

Transforming growth factor beta mimic 6  A0A2P1IQ80 67.7 

Transforming growth factor beta mimic 7  A0A2P1IQ85 37.52 

Transforming growth factor beta mimic 8  A0A2P1IQ89 18.73 

Transforming growth factor beta mimic 9  A0A2P1IQ82 12.03 

Transforming growth factor mimic  A0A2D1LW19 34.18 

transketolase  A0A183GND1 50.38 

Transmembrane protein 144  A0A3P8BYC3 7.43 

Transthyretin-like family protein  A0A183FRA1 86.31 

Transthyretin-like family protein  A0A183FSN3 45.95 

Transthyretin-like family protein  A0A183FU24 11.4 

Transthyretin-like family protein  A0A183FUI7 4.93 

Transthyretin-like family protein  A0A183FUQ6 11.08 

Transthyretin-like family protein  A0A183FWM6 6.97 

Transthyretin-like family protein  A0A183FZ27 22.42 

Transthyretin-like family protein  A0A3P8DR89 14.93 

Transthyretin-like family protein  A0A183FZH2 15.76 

Transthyretin-like family protein  A0A183G464 5.94 

Transthyretin-like family protein  A0A183G4U9 42.44 

Transthyretin-like family protein  A0A183G854 8.05 

Transthyretin-like family protein  A0A183G8M0 13.95 

Transthyretin-like family protein  A0A183GAT9 9.21 

Transthyretin-like family protein  A0A183GBK8 21.1 

Transthyretin-like family protein  A0A183GUL4 200.16 

Transthyretin-like family protein  A0A183FDH4 19.97 

Transthyretin-like family protein  A0A183FDM9 7.8 
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Transthyretin-like family protein  A0A183FDZ7 10.11 

Transthyretin-like family protein  A0A183FJF0 16.78 

Transthyretin-like family protein  A0A183FP04 85.89 

Transthyretin-like family protein  A0A183FP05 52.84 

Transthyretin-like family protein  A0A183GCM3 3.35 

Transthyretin-like protein 46 A0A183F7L7 6.02 

Transthyretin-related-1 G3C8V9 810.37 

Trehalase A0A3P7XS77 41.14 

Triokinase/FMN cyclase  A0A3P8AVD4 2.8 

Tropomyosin  A0A3P8AUN4 6.18 

Tropomyosin  A8D2L1 4.58 

TROVE domain-containing protein  A0A3P8B1H4 46.53 

Tr-type G domain-containing protein  A0A183FR02 56.1 

Tryptophan synthase beta chain-like PALP domain-containing protein A0A3P7ZV58 3.15 

t-SNARE coiled-coil homology domain-containing protein  A0A183G9G9 1.73 

t-SNARE coiled-coil homology domain-containing protein  A0A3P7ZLE6 3.57 

t-SNARE coiled-coil homology domain-containing protein  A0A183F2P3 24.63 

Tubulin alpha chain  A0A183GTY4 14.64 

Tubulin beta chain  A0A183FGY7 4.1 

Tyrosinase_Cu-bd domain-containing protein  A0A183GMM4 12.84 

Tyrosine-protein kinase  A0A3P7YV65 3.83 

Tyrosine-protein kinase  A0A183FWL9 15.76 

Tyrosine-protein kinase  A0A3P8C9Y4 0 

Ubiquitin-like domain-containing protein  A0A183FLX5 7.34 

Ubiquitin-ribosomal protein eL40 fusion protein  A0A3P8GUK7 30.95 

UBX domain-containing protein  A0A3P7XH21 3.51 

UCR_hinge domain-containing protein  A0A183G774 72.35 

UDP-glucose:glycoprotein glucosyltransferase  A0A3P7YNE8 4.97 

UEV domain-containing protein  A0A3P8BPS9 5.4 

Uncharacterized protein (Fragment)  A0A3P8AH85 23.43 
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Uncharacterized protein (Fragment)  A0A3P8BAZ4 27.26 

Uncharacterized protein  A0A183FQV5 38 

Uncharacterized protein  A0A183FR70 366.99 

Uncharacterized protein A0A183FRE4 49.83 

Uncharacterized protein  A0A183FRF5 9.05 

Uncharacterized protein  A0A183FRK2 21.54 

Uncharacterized protein  A0A183FRQ0 0 

Uncharacterized protein  A0A183FRT4 14.06 

Uncharacterized protein  A0A183FRV3 13.38 

Uncharacterized protein  A0A183FS78 3.69 

Uncharacterized protein  A0A3P8CPY2 10.07 

Uncharacterized protein  A0A183FSI3 5.65 

Uncharacterized protein  A0A3P8A955 0 

Uncharacterized protein  A0A3P7YJ00 18.04 

Uncharacterized protein  A0A3P7ZTI4 5.75 

Uncharacterized protein  A0A3P8CL22 4.11 

Uncharacterized protein  A0A3P7ZGP0 2.92 

Uncharacterized protein  A0A3P7ZIN0 2.12 

Uncharacterized protein  A0A183FUK7 1.61 

Uncharacterized protein  A0A3P8A394 8.63 

Uncharacterized protein  A0A183F4X0 5.25 

Uncharacterized protein  A0A183FVV0 28.43 

Uncharacterized protein  A0A183FWG4 0 

Uncharacterized protein  A0A183FWM7 8.44 

Uncharacterized protein  A0A183FWN1 76.95 

Uncharacterized protein  A0A183FWN8 31.08 

Uncharacterized protein  A0A3P7Z231 8.8 

Uncharacterized protein  A0A183FWU8 5.91 

Uncharacterized protein  A0A183FX54 6.57 

Uncharacterized protein  A0A3P7ZWW5 11.07 
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Uncharacterized protein  A0A183FXA8 6.49 

Uncharacterized protein  A0A183FXB4 9.21 

Uncharacterized protein A0A183FY25 53.05 

Uncharacterized protein  A0A183FY92 10.6 

Uncharacterized protein  A0A183FYB2 2.24 

Uncharacterized protein  A0A3P8D902 6.92 

Uncharacterized protein  A0A183FZ32 4.63 

Uncharacterized protein  A0A3P8B1B9 7.76 

Uncharacterized protein  A0A183FZN5 2.51 

Uncharacterized protein  A0A183FZQ5 46.4 

Uncharacterized protein  A0A3P8E311 13 

Uncharacterized protein  A0A3P8BDV2 2.67 

Uncharacterized protein  A0A183G2N6 20.16 

Uncharacterized protein  A0A183G347 5.53 

Uncharacterized protein A0A183G3G3 3.01 

Uncharacterized protein  A0A183G3L0 2.5 

Uncharacterized protein  A0A3P8DX86 13.28 

Uncharacterized protein  A0A183F610 37.61 

Uncharacterized protein  A0A183G499 13.12 

Uncharacterized protein  A0A183G4D2 2.56 

Uncharacterized protein  A0A3P8B8H7 2.48 

Uncharacterized protein  A0A183G4V8 4.64 

Uncharacterized protein  A0A183G4W1 2.37 

Uncharacterized protein  A0A3P8E2I6 0 

Uncharacterized protein  A0A3P8A2H4 27.22 

Uncharacterized protein  A0A183F6A6 1.69 

Uncharacterized protein  A0A183G5X3 1.99 

Uncharacterized protein  A0A183G676 2.95 

Uncharacterized protein  A0A3P8AV66 33.54 

Uncharacterized protein  A0A183G6B0 4.06 
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Uncharacterized protein  A0A183F6D9 2.89 

Uncharacterized protein  A0A183G7K1 4.03 

Uncharacterized protein  A0A183G7Q5 17.77 

Uncharacterized protein  A0A3P8BL27 7.09 

Uncharacterized protein  A0A3P8A9V8 6.83 

Uncharacterized protein  A0A183G951 2.65 

Uncharacterized protein  A0A183G954 14.27 

Uncharacterized protein  A0A183G9I0 41.91 

Uncharacterized protein  A0A183G9M5 28.69 

Uncharacterized protein  A0A183G9Q1 66.43 

Uncharacterized protein  A0A183GAH0 65.67 

Uncharacterized protein  A0A183F6Y0 6.18 

Uncharacterized protein  A0A183GB45 11.84 

Uncharacterized protein  A0A183F706 21.12 

Uncharacterized protein  A0A183F711 10.88 

Uncharacterized protein  A0A183GC10 4.59 

Uncharacterized protein  A0A3P8BFB4 20.25 

Uncharacterized protein  A0A183GC38 19.45 

Uncharacterized protein  A0A183GCM2 7.44 

Uncharacterized protein  A0A183GCY7 11.24 

Uncharacterized protein  A0A183GDK5 2.38 

Uncharacterized protein A0A183GE62 28.21 

Uncharacterized protein  A0A183GEN8 126.53 

Uncharacterized protein  A0A183F7E1 7.98 

Uncharacterized protein  A0A183GEV3 2.02 

Uncharacterized protein  A0A183GFN7 2.74 

Uncharacterized protein  A0A183GFS9 2.13 

Uncharacterized protein  A0A183GGP9 111.56 

Uncharacterized protein  A0A183GH04 6.49 

Uncharacterized protein  A0A183GHF4 2.01 
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Uncharacterized protein  A0A183GHI1 13.02 

Uncharacterized protein  A0A3P8BSN1 2.73 

Uncharacterized protein  A0A183GHX2 7.53 

Uncharacterized protein  A0A183GI15 26.94 

Uncharacterized protein A0A183F801 21.72 

Uncharacterized protein  A0A183GK06 6.68 

Uncharacterized protein  A0A183GKG0 3.42 

Uncharacterized protein A0A183GKY9 16.82 

Uncharacterized protein A0A183F298 3.17 

Uncharacterized protein  A0A183GLD3 7.99 

Uncharacterized protein  A0A183GM13 16.02 

Uncharacterized protein  A0A183F8C8 8.43 

Uncharacterized protein  A0A183GPP8 4.22 

Uncharacterized protein  A0A183GPU3 22.2 

Uncharacterized protein  A0A183GPU5 14.65 

Uncharacterized protein A0A183GQ78 8.98 

Uncharacterized protein  A0A183GRD7 8.91 

Uncharacterized protein  A0A183GRS4 0 

Uncharacterized protein  A0A183GSH0 75.05 

Uncharacterized protein A0A183GSM6 1.91 

Uncharacterized protein  A0A183GSM9 24.02 

Uncharacterized protein  A0A183GTW0 8.44 

Uncharacterized protein  A0A183GU98 1.74 

Uncharacterized protein  A0A183GUH8 7.18 

Uncharacterized protein  A0A183GUM5 48.22 

Uncharacterized protein  A0A183GV24 24.65 

Uncharacterized protein  A0A183GWI6 41.81 

Uncharacterized protein  A0A183GWR3 27.84 

Uncharacterized protein  A0A183GWU3 3.47 

Uncharacterized protein  A0A183GWW1 2.6 
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Uncharacterized protein  A0A183GX80 8.64 

Uncharacterized protein  A0A183GXK1 12.97 

Uncharacterized protein  A0A183GXN7 9.44 

Uncharacterized protein  A0A183F2E3 17.34 

Uncharacterized protein  A0A183FAA5 30.92 

Uncharacterized protein  A0A183F1T9 8.52 

Uncharacterized protein  A0A183F2G7 7.29 

Uncharacterized protein  A0A3P7U868 51.27 

Uncharacterized protein  A0A183F2I4 3.95 

Uncharacterized protein  A0A183FBH8 7.19 

Uncharacterized protein  A0A3P7TFL0 15.45 

Uncharacterized protein  A0A183FD26 24.4 

Uncharacterized protein  A0A183FD27 76.4 

Uncharacterized protein  A0A3P7X1Z1 8.17 

Uncharacterized protein  A0A183F2P1 12.45 

Uncharacterized protein  A0A183FD81 3.15 

Uncharacterized protein A0A183FD85 25.22 

Uncharacterized protein  A0A183FDD1 1.75 

Uncharacterized protein  A0A183FDQ7 2.51 

Uncharacterized protein  A0A3P7WN17 74.19 

Uncharacterized protein  A0A183FED7 19.98 

Uncharacterized protein  A0A3P7X8L3 3.11 

Uncharacterized protein  A0A3P7XSS6 2.59 

Uncharacterized protein A0A3P7Y146 2.43 

Uncharacterized protein  A0A183FFP9 100.97 

Uncharacterized protein  A0A183F317 71.46 

Uncharacterized protein  A0A3P7WVN2 8.68 

Uncharacterized protein  A0A3P7Y5C6 3.54 

Uncharacterized protein  A0A3P7XSN6 17.34 

Uncharacterized protein  A0A183F3B2 18.22 
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Uncharacterized protein  A0A183F3B3 11.67 

Uncharacterized protein  A0A183FIE2 2.98 

Uncharacterized protein  A0A3P7YDW4 1.89 

Uncharacterized protein  A0A3P7X844 7.26 

Uncharacterized protein  A0A183F3E1 71.22 

Uncharacterized protein  A0A183FIT3 55.12 

Uncharacterized protein  A0A3P7X8M9 21.72 

Uncharacterized protein  A0A183FJ92 5.83 

Uncharacterized protein  A0A183FJC2 2.99 

Uncharacterized protein  A0A183FJF4 20.74 

Uncharacterized protein  A0A183FJM9 69.08 

Uncharacterized protein  A0A3P8BHQ9 2.68 

Uncharacterized protein  A0A183FK39 37.06 

Uncharacterized protein  A0A183FK40 17.45 

Uncharacterized protein  A0A3P8BN52 23.65 

Uncharacterized protein  A0A3P7XHP2 29.02 

Uncharacterized protein  A0A183F3N9 2.87 

Uncharacterized protein  A0A183FLM6 17.4 

Uncharacterized protein  A0A183FLQ7 2.06 

Uncharacterized protein  A0A183FMA1 3.31 

Uncharacterized protein  A0A183FMP4 15.74 

Uncharacterized protein  A0A3P7Z2T5 4.54 

Uncharacterized protein  A0A183FN63 20.26 

Uncharacterized protein  A0A183FPM5 9.32 

Uncharacterized protein  A0A183F469 153.49 

Uncharacterized protein  A0A183FKY2 88.4 

Uncharacterized protein  A0A183FWJ0 35.91 

Uncharacterized protein  A0A183GDY2 2.4 

Uncharacterized protein  A0A183GIE9 1.72 

Uncharacterized protein  A0A183F2W9 249.23 
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Uncharacterized protein  A0A183F9T5 77 

Uncharacterized protein A0A183FA35 76.75 

Uncharacterized protein  A0A183GC15 60.17 

Uncharacterized protein  A0A183FKA6 27.91 

Uncharacterized protein  A0A183FRI5 15.53 

Uncharacterized protein  A0A183GV56 11.39 

Uncharacterized protein  A0A183FH84 11.34 

Uncharacterized protein A0A183GSD8 10.88 

Uncharacterized protein  A0A183G4X1 9.53 

Uncharacterized protein  A0A183GRI9 5.57 

Uncharacterized protein  A0A183GWX0 5.47 

Uncharacterized protein  A0A183GUP1 2.84 

Uncharacterized protein  A0A183G394 2.63 

Uncharacterized protein  A0A183GN85 2.56 

Uncharacterized protein  A0A183GTT8 2.31 

Uncharacterized protein  A0A183GER9 2.27 

Uncharacterized protein  A0A183GG82 2.16 

Uncharacterized protein A0A183F6X7 1.9 

Uncharacterized protein A0A183F6W4 0 

Uridine 5'-monophosphate synthase  A0A3P7ZXZ0 11.41 

urocanate hydratase  A0A183FNT5 1.93 

UTP--glucose-1-phosphate uridylyltransferase  A0A183F899 8.73 

Vacuolar protein sorting-associated protein 13 VPS13 adaptor binding domain-containing 
protein  

A0A3P8FM74 2.17 

V-ATPase proteolipid subunit C-like domain-containing protein  A0A183GI85 4.34 

Venom allergen/ancylostoma secreted protein-like 1 isoform 1  G4XWW3 1282.26 

Venom allergen/ancylostoma secreted protein-like 1 isoform 2  G4XWW4 1702.62 

Venom allergen/ancylostoma secreted protein-like 1 isoform 3  G4XWW5 321.29 

Venom allergen/ancylostoma secreted protein-like 1 isoform 4  G4XWW6 336.72 

Venom allergen/ancylostoma secreted protein-like 10  G4XWX9 134.68 
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Venom allergen/ancylostoma secreted protein-like 12  G4XWY0 257.26 

Venom allergen/ancylostoma secreted protein-like 13  G4XWY1 16.32 

Venom allergen/ancylostoma secreted protein-like 14  G4XWY2 267.88 

Venom allergen/ancylostoma secreted protein-like 15  G4XWY3 93.27 

Venom allergen/ancylostoma secreted protein-like 16  G4XWY4 61.12 

Venom allergen/ancylostoma secreted protein-like 17  G4XWY5 42.79 

Venom allergen/ancylostoma secreted protein-like 18  G4XWY6 37.24 

Venom allergen/ancylostoma secreted protein-like 19 isoform 1  G4XWY7 37.64 

Venom allergen/ancylostoma secreted protein-like 2 isoform 2  G4XWW8 815.07 

Venom allergen/ancylostoma secreted protein-like 2 isoform 3  G4XWW9 942.18 

Venom allergen/ancylostoma secreted protein-like 20  G4XWY8 37.4 

Venom allergen/ancylostoma secreted protein-like 3 isoform 1  G4XWX0 1288.05 

Venom allergen/ancylostoma secreted protein-like 5  G4XWX2 245.17 

Venom allergen/ancylostoma secreted protein-like 6  G4XWX3 194.17 

Venom allergen/ancylostoma secreted protein-like 7 isoform 1  G4XWX4 389.42 

Venom allergen/ancylostoma secreted protein-like 7 isoform 2  G4XWX5 459.15 

Venom allergen/ancylostoma secreted protein-like 7 isoform 3  G4XWX6 412.19 

Venom allergen/ancylostoma secreted protein-like 8 isoform 1  G4XWX7 195.23 

Venom allergen/ancylostoma secreted protein-like 9  G4XWX8 607.89 

vesicle-fusing ATPase  A0A3P7Z3S7 8.2 

Vitellogenin domain-containing protein  A0A183G4X9 678.18 

VOC domain-containing protein  A0A183F608 21.4 

VOC domain-containing protein  A0A183GCT5 17.69 

Voltage-dependent anion-selective channel protein 3  A0A183F2W4 5.63 

V-SNARE coiled-coil homology domain-containing protein A0A183FZN3 2.7 

V-SNARE coiled-coil homology domain-containing protein  A0A183GDP4 3.19 

V-type proton ATPase proteolipid subunit  A0A183GFH4 13.79 

V-type proton ATPase subunit a A0A8L8KU62 8.49 

V-type proton ATPase subunit C  A0A183G630 6.39 

V-type proton ATPase subunit E  A0A183FQ34 10.13 
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V-type proton ATPase subunit G  A0A183FFJ0 7.98 

V-type proton ATPase subunit H  A0A183G261 2.77 

V-type proton ATPase subunit  A0A3P8F307 14.5 

VWFA domain-containing protein  A0A183FW85 33.61 

VWFA domain-containing protein  A0A3P8A5I9 17.61 

VWFA domain-containing protein  A0A183FH91 1.89 

VWFA domain-containing protein  A0A3P8B7Q7 11.36 

VWFA domain-containing protein  A0A183FHR8 2.65 

VWFD domain-containing protein  A0A3P7ZT66 584.16 

WAP domain-containing protein  A0A183FSY0 17.84 

WAP domain-containing protein  A0A183G3S6 2.85 

WD_REPEATS_REGION domain-containing protein  A0A183GC65 15.31 

WD_REPEATS_REGION domain-containing protein  A0A183GL35 9.02 

WD_REPEATS_REGION domain-containing protein  A0A183GT30 8.44 

WD_REPEATS_REGION domain-containing protein  A0A183FXD5 9.63 

Zinc metalloproteinase  A0A183FRX3 7.52 

Zinc metalloproteinase  A0A183G144 26.97 

Zinc metalloproteinase  A0A183G6D0 32.17 

Zinc metalloproteinase  A0A183GCF3 361.68 

Zinc metalloproteinase A0A183GCF4 362.23 

Zinc metalloproteinase  A0A183GE59 335.89 

Zinc metalloproteinase  A0A183GKC3 462.99 

Zinc metalloproteinase  A0A183GL53 4.09 

Zinc metalloproteinase  A0A183GP65 29.9 

Zinc metalloproteinase  A0A183GS00 38.8 

Zinc metalloproteinase  A0A183GVJ2 76.42 

Zinc metalloproteinase  A0A183FJU9 212.99 

Zinc metalloproteinase  A0A183GGW2 117.2 

Zinc metalloproteinase  A0A8L8KA65 24.63 

ZnMc domain-containing protein  A0A183GBA5 66.47 
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ZnMc domain-containing protein  A0A183GVJ6 31.4 

ZP domain-containing protein  A0A183FZ10 12.4 

ZP domain-containing protein  A0A183GH33 2.77 

ZP domain-containing protein  A0A3P7Y3L6 10.56 
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Appendix table 3. GO terms of proteins identified in 10,000 – 50,000 molecular weight HES fraction 
HES cellular compartment summary Count % total 
None detected 419 57.95 
Extracellular 91 12.59 
Cytoplasm 69 9.54 
Cell surface 28 3.87 
Plasma membrane 24 3.32 
Mitochondrion  16 2.21 
Endoplasmic reticulum  13 1.80 
Nucleus  12 1.66 
Lysosome  11 1.52 
Golgi apparatus 10 1.38 
Cytoskeleton  7 0.84 
Endosome  6 0.72 
G-protein complex 4 0.48 
Myosin filament 3 0.36 
Spliceosome  3 0.36 
Vacuole  2 0.24 
Phosphopyruvate hydratase complex 1 0.12 
Cell cortex 1 0.12 
Peroxisome  1 0.12 
Proton-transporting two-sector ATPase 
complex 

1 0.12 

NELF complex 1 0.12 
HES biological process summary Count % total 
None detected 476 57.42 
Proteolysis  50 6.03 
Carbohydrate metabolic process 15 1.81 
Molting cycle  14 1.69 
Protein folding  13 1.57 
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Glutathione metabolic process 10 1.21 
Glucose metabolic process 8 0.97 
Protein processing 8 0.97 
Peptide catabolic process 7 0.84 
Proteoglycan biosynthetic process 7 0.84 
Actin cytoskeleton organisation 6 0.72 
Cell redox homeostasis 6 0.72 
Lipid metabolic process 6 0.72 
Proteasomal protein catabolic process 6 0.72 
Cell wall macromolecule catabolic process 4 0.48 
Cysteine biosynthetic process 4 0.48 
Fructose 1,6-bisphosphate metabolic 
process 

4 0.48 

Intracellular protein transport 4 0.48 
Small molecule metabolic process 4 0.48 
Acetylcholine catabolic process 3 0.36 
Dephosphorylation  3 0.36 
Glutamate catabolic process 3 0.36 
Malate metabolic process 3 0.36 
Mannose metabolic process 3 0.36 
Phospholipid metabolic process 3 0.36 
Adenylate cyclase-modulating GPCR 
signalling pathway 

2 0.24 

AMP biosynthetic process 2 0.24 
Animal organ morphogenesis  2 0.24 
Arachidonic acid secretion 2 0.24 
Cellular response to insulin 2 0.24 
Chaperone-mediated protein folding 2 0.24 
Cytoplasmic microtubule organisation  2 0.24 
Defense response to gram-positive 
bacterium  

2 0.24 

Endocytosis  2 0.24 
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Endoplasmic reticulum response 2 0.24 
Exocytosis  2 0.24 
Fatty acid transport 2 0.24 
Fucosylation  2 0.24 
GPCR signalling pathway 2 0.24 
Glycogen metabolic process 2 0.24 
Innate immune response 2 0.24 
Lactate metabolic process 2 0.24 
L-phenylalanine catabolic process 2 0.24 
Microtubule cytoskeleton organisation  2 0.24 
Mitochondrial electron transport 2 0.24 
Mitotic cytokinesis  2 0.24 
Negative regulation of MAPK 2 0.24 
Nucleoside metabolic process 2 0.24 
Phosphorylation  2 0.24 
Photoreceptor cell maintenance  2 0.24 
Purine ribonucleotide catabolic process 2 0.24 
Response to oxidative stress 2 0.24 
Response to stress 2 0.24 
Signal transduction  2 0.24 
Spliceosomal snRNP assembly  2 0.24 
Sulfur compound metabolic process 2 0.24 
Vacuolar acidification  2 0.24 
10-formyltetrahydrofolate catabolic process 1 0.12 
Acetate metabolic process 1 0.12 
Acetyl-CoA biosynthesis from pyruvate 1 0.12 
Action potential 1 0.12 
Adenosine catabolic process 1 0.12 
Amino acid biosynthetic process 1 0.12 
Amyloid-beta metabolic process 1 0.12 
Androgen metabolic process 1 0.12 
Angiogenesis in wound healing 1 0.12 
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Apoptotic DNA fragmentation  1 0.12 
Apoptotic mitochondrial changes 1 0.12 
Aspartate biosynthesis  1 0.12 
Aspartate catabolism 1 0.12 
Autophagosome maturation 1 0.12 
Axogenesis 1 0.12 
Beta-alanine biosynthetic process 1 0.12 
Biosynthetic process 1 0.12 
Calcineurin-mediated signalling 1 0.12 
Cell adhesion 1 0.12 
Cell cycle 1 0.12 
Cell development 1 0.12 
Cellular response to cAMP 1 0.12 
Cellular response to dexamethasone 1 0.12 
Cellular response to oestrogen  1 0.12 
Cellular response to heat 1 0.12 
Cortical cytoskeleton organisation  1 0.12 
Cytoskeleton organisation  1 0.12 
Cytosolic ribosome assembly  1 0.12 
NAD synthesis from tryptophan  1 0.12 
Pyrimidine nucleobase biosynthetic process 1 0.12 
Deoxyribonucleotide biosynthetic process 1 0.12 
Detoxification of nitrogen compound 1 0.12 
DNA damage response 1 0.12 
Chromatin assembly 1 0.12 
Dopaminergic neuron differentiation  1 0.12 
D-ribose metabolic process 1 0.12 
dTMP biosynthetic process 1 0.12 
dUMP biosynthetic process 1 0.12 
EGFR signalling 1 0.12 
Establishment of protein localisation to 
extracellular region 

1 0.12 
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Ethanol oxidation  1 0.12 
ECM organisation 1 0.12 
Fatty acid oxidation  1 0.12 
Fumarate metabolic process 1 0.12 
Glycerol catabolic process 1 0.12 
Glycine biosynthesis 1 0.12 
Glycolate biosynthesis  1 0.12 
Glycolytic process 1 0.12 
Glycoprotein catabolic process 1 0.12 
Glycoside catabolic process 1 0.12 
Glycoxylate catabolic process 1 0.12 
Heterochromatin formation  1 0.12 
Homogentisate formation 1 0.12 
Hydrogen peroxide catabolic process 1 0.12 
Intracellular sequestering of iron 1 0.12 
Intracellular signal transduction 1 0.12 
L-methionine salvage from 
methylthioadenosine  

1 0.12 

L-methylmalonyl-CoA metabolic process 1 0.12 
Lysosome organisation  1 0.12 
Metabolite repair 1 0.12 
Methylglyoxal catabolic process 1 0.12 
Muscle contraction 1 0.12 
N-acetylglucosamine catabolic process 1 0.12 
Negative regulation of protein ubiquitination  1 0.12 
Negative regulation of transcription 1 0.12 
Nervous system development 1 0.12 
Nucleosome assembly 1 0.12 
Nucleotide excision repair  1 0.12 
One-carbon metabolic process 1 0.12 
Organelle organisation  1 0.12 
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Organonitrogen compound catabolic 
process  

1 0.12 

Phosphatidylinositol-mediated signalling 1 0.12 
Phosphocreatine biosynthetic process 1 0.12 
Polyphosphate catabolic process 1 0.12 
Positive regulation of early endosome to late 
endosome transport 

1 0.12 

Positive regulation of ruffle assembly 1 0.12 
Positive regulation of translation  1 0.12 
Positive regulation of Wnt signalling 1 0.12 
Post-golgi mediated transport 1 0.12 
Protein localisation to plasma membrane 1 0.12 
Protein modification process 1 0.12 
Protein polyubiquitination  1 0.12 
Protein transport 1 0.12 
Regulation of cytokine activity 1 0.12 
Response to ER stress 1 0.12 
Response to metal iron 1 0.12 
Rho protein signal transduction  1 0.12 
RNA splicing 1 0.12 
Small GTP-ase mediated signal transduction  1 0.12 
Sorbitol catabolic process 1 0.12 
Translation  1 0.12 
Trehalose catabolic process 1 0.12 
tRNA processing 1 0.12 
Ubiquitin-dependent protein catabolic 
process 

1 0.12 

Vesicle mediated transport 1 0.12 
HES molecular function summary Count % total 
None found 353 42.48 
Metalloendopeptidase activity  45 5.42 
ATP binding  23 2.77 
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Serine-type endopeptidase inhibitor activity 18 2.17 
Calcium ion binding 17 2.05 
Haem binidng 17 2.05 
Metal ion binding  17 2.05 
GTP binding  13 1.56 
Actin filament binding  12 1.44 
Carbohydrate binding  10 1.38 
Glutathione transferase activity  8 0.97 
Oxidoreductase activity  8 0.97 
Cysteine-type endopeptidase activity 7 0.84 
Aspartic-type endopeptidase activity 6 0.72 
Dipeptidyl-peptidase activity 6 0.72 
Lipid binding 6 0.72 
Peptidyl-prolyl cis-trans isomerase activity 6 0.72 
Serine-type endopeptidase activity 6 0.72 
Chitin binding  5 0.6 
Copper ion binding 5 0.6 
Hydrolase activity 5 0.6 
Protein disulfide isomerase activity 5 0.6 
DNA binding  4 0.48 
Lysozyme binding  4 0.48 
Manganese ion binding 4 0.48 
Proton-transporting ATPase activity  4 0.48 
Scavenger receptor activity 4 0.48 
1-phosphatidylinositol binding  3 0.36 
Acetylcholinesterase activity 3 0.36 
Alpha-mannosidase activity 3 0.36 
Flavin adenine dinucleotide binding  3 0.36 
Fructose-bisphosphate aldolase activity 3 0.36 
Glutamate dehydrogenase (NAD+) activity 3 0.36 
Guanyl-nucleotide exchange factor activity 3 0.36 
Magnesium ion binding 3 0.36 
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mRNA binding 3 0.36 
Myosin phosphatase activity 3 0.36 
Phosphatase activity 3 0.36 
Phospholipase activity 3 0.36 
RNA binding 3 0.36 
Serine-type carboxypeptidase activity 3 0.36 
Signalling receptor activity  3 0.36 
2,3-bisphosphoglycerate-independent 
phosphoglycerate mutase activity 

2 0.24 

Acid phosphatase activity  2 0.24 
Alanine-glyoxylate transaminase activity  2 0.24 
Alditol NADP+ 1-oxidoreductase activity 2 0.24 
Alpha,-1,4-glucosidase activity 2 0.24 
Amino acid transmembrane transporter 
activity 

2 0.24 

Arginine kinase activity 2 0.24 
ATPase binding 2 0.24 
Beta-mannosidase activity 2 0.24 
Beta-N-acetylglucosaminidase activity 2 0.24 
Carbonate dehydratase activity 2 0.24 
Catalytic activity 2 0.24 
Chromatin binding 2 0.24 
Cystathionine gamma-lyase activity  2 0.24 
Cytokine activity 2 0.24 
Electron transfer activity  2 0.24 
Fatty acid binding 2 0.24 
Flavin-dependent sulfhydryl oxidase activity 2 0.24 
GDP binding 2 0.24 
GDP-dissociation inhibitor activity 2 0.24 
Glutathione hydrolase activity 2 0.24 
Lipid transporter activity 2 0.24 
L-lactate dehydrogenase activity  2 0.24 
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L-malate dehydrogenase activity 2 0.24 
Phosphatidylinositol phospholipase C activity 2 0.24 
Phospholipase A2 activity 2 0.24 
Phosphopentomutase activity  2 0.24 
Protein kinase activity 2 0.24 
Structural molecule activity 2 0.24 
Thioredoxin peroxidase activity  2 0.24 
4-hydroxyphenylpyruvate dioxygenase 
activity 

1 0.12 

5’-nucleotidase activity 1 0.12 
6,7-dihydropteridine reductase activity 1 0.12 
ABC-type transporter activity 1 0.12 
Acetate CoA-transferase activity 1 0.12 
Adenosine deaminase activity 1 0.12 
Adenylosuccinate synthase activity 1 0.12 
Adenylylsulfatase activity 1 0.12 
ADP binding 1 0.12 
ADP-dependent NAD(P)H-hydrate 
dehydratase activity 

1 0.12 

ADP-ribose diphosphatase activity 1 0.12 
Alcohol dehydrogenase activity 1 0.12 
Aldehyde dehydrogenase activity 1 0.12 
Alpha, alpha-trihalase activity 1 0.12 
Alpha-amylase activity 1 0.12 
Alpha-galactosidase activity 1 0.12 
Alpha-L-fucosidase activity 1 0.12 
Aminoacylase activity 1 0.12 
Asparaginase activity 1 0.12 
Beta-galactosiase activity 1 0.12 
Beta-N-acetylhexosaminidase activity 1 0.12 
Bis(5'-nucleosyl)-tetraphosphatase activity 1 0.12 
bis(5'-adenosyl)-triphosphatase activity 1 0.12 
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Calmodulin binding 1 0.12 
Carbohydrate transmembrane transporter 
activity 

1 0.12 

Carboxypeptidase activity  1 0.12 
Chloride channel activity  1 0.12 
Citrate (Si)-synthase activity 1 0.12 
Complement component C1q complex 
binding 

1 0.12 

Corticotropin-releasing hormone receptor 1 
binding 

1 0.12 

D5 dopamine receptor binding 1 0.12 
Damaged DNA binding 1 0.12 
Deaminase activity 1 0.12 
Deoxyribonuclease II activity 1 0.12 
Deoxyribose-phosphate aldolase activity 1 0.12 
Dihydrofolate reductase activity 1 0.12 
Dihydrolipoyl dehydrogenase activity 1 0.12 
Dihydrolipoyllysine-residue acetyltransferase 
activity 

1 0.12 

dUTP diphosphatase activity 1 0.12 
Dynein intermediate chain binding 1 0.12 
Endopeptidase inhibitor activity 1 0.12 
Endopolyphosphatase activity 1 0.12 
Estradiol 17-beta-dehydrogenase 1 0.12 
Ferric iron binding 1 0.12 
Fibroblast growth factor binding 1 0.12 
Fructose 1,6-bisphosphate 1-phosphatase 
activity 

1 0.12 

Fucosyltransferase activity 1 0.12 
Fumarate hydratase activity 1 0.12 
Fumarylacetoacetase activity 1 0.12 
GPCR binding 1 0.12 
Glutaminyl-peptide cyclotransferase activity 1 0.12 
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GAPDH activity 1 0.12 
Glycerol-3-phosphatase 1 0.12 
Glycogen phosphorylase activity 1 0.12 
Glycosyltransferase activity 1 0.12 
G protein beta-subunit binding  1 0.12 
GTPase activator activity 1 0.12 
Heparin binding 1 0.12 
Histone binding 1 0.12 
Hsp90 protein binding 1 0.12 
Hyalurononglucosaminidase activity 1 0.12 
Hydroxyacylglutathione hydrolase activity 1 0.12 
Hydroxypyruvate isomerase activity 1 0.12 
Inorganic diphosphate phosphatase activity 1 0.12 
Kinase binding 1 0.12 
Kynureninase activity 1 0.12 
Kynurenine-oxoglutarate transaminase activity 1 0.12 
Lactoylglutathione lyase activity 1 0.12 
L-amino acid transmembrane transporter 
activity 

1 0.12 

Large ribosomal subunit rRNA binding 1 0.12 
L-aspartate:2-oxoglutarate 
aminotransferase activity 

1 0.12 

L-iditol 2-dehydrogenase activity 1 0.12 
Ligand-gated sodium channel activity 1 0.12 
L-isoleucine transaminase activity 1 0.12 
Malate dehydrogenase activity 1 0.12 
Mannose binding 1 0.12 
miRNA binding 1 0.12 
N-acetylglucosamine-6-phosphate deacetylase 
activity 

1 0.12 

Nitrilase activity 1 0.12 
O-acyltransferase activity 1 0.12 
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Oligosaccharide binding 1 0.12 
Orotate phosphoribosyltransferase activity 1 0.12 
Palmitoyl hydrolase activity 1 0.12 
Peroxidase activity 1 0.12 
Porin activity 1 0.12 
Protein tag activity 1 0.12 
Protein L-isoaspartate 1 0.12 
Protein-membrane adaptor activity 1 0.12 
Purine-nucleoside phosphorylase activity 1 0.12 
Rho GDP-dissociation inhibitor activity 1 0.12 
Ribonucleoside-diphosphate reductase 
activity 

1 0.12 

Ribose-5-phosphate isomerase activity 1 0.12 
Ribosome binding 1 0.12 
Signalling receptor complex adaptor activity 1 0.12 
S-methyl-5-thioadenosine phosphorylase 
activity 

1 0.12 

SNAP receptor activity 1 0.12 
Structural constituent of cytoskeleton  1 0.12 
Structural constituent of ribosome 1 0.12 
Syntaxin-1 binding  1 0.12 
Thiamine pyrophosphate binding 1 0.12 
Thioredoxin-disulfide reductase activity 1 0.12 
Threonine-type endopeptidase activity 1 0.12 
Transaldolase activity 1 0.12 
Translation elongation factor activity 1 0.12 
Transmembrane transporter activity 1 0.12 
Unfolded protein binding 1 0.12 
UTP:glucose-1-phosphate 
uridylyltransferase activity 

1 0.12 
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Appendix table 4. Table listing all significantly differentially expressed genes in the 
colon of H. polygyrus infected mice vs naïve  
Gene name Log2 Fold Change P-adjusted value 
Clec10a 1.81 0.004804 
Kcnn3 1.87 1.52E-05 
Cpa3 7.25 2.01E-13 
Angptl4 4.46 1.20E-06 
Lipe 1.56 0.013167 
Hlf 1.99 0.000398 
Adgre1 1.86 0.00231 
Ccl24 3.32 0.001266 
Prg4 7.83 1.06E-05 
Cd163 2.71 1.09E-05 
Ccl8 2.83 0.000131 
Retn 2.54 0.004274 
Pcolce2 2.41 8.12E-08 
Hsd11b1 1.57 0.003005 
Alox15 5.21 3.51E-14 
Arg1 13.49 3.47E-11 
Slc36a2 2.06 0.005317 
Gfpt2 2.3 6.42E-12 
Ltc4s 1.63 0.007184 
Ccl11 1.9 0.000193 
Per1 1.63 0.000487 
Tshr 2.79 0.001766 
Pygl 2.71 2.87E-06 
Serpina3n 1.8 0.001053 
Sfrp4 3.11 1.18E-09 
Nr1d2 1.52 3.98E-05 
Gdf10 2.2 1.23E-07 
Scara5 1.89 1.88E-06 
Dab2 1.63 0.00056 
Slc7a8 1.6 1.72E-05 
Mcpt2 6.79 1.06E-14 
Mcpt1 5.48 1.06E-14 
Col14a1 1.74 5.07E-05 
Tef 1.57 0.00231 
Apod 2.16 0.000109 
Retnlb 6.67 0.00017 
Ccdc80 1.64 0.000174 
Pi16 2.4 1.44E-07 
Emilin2 2.13 3.99E-06 
C3 2.87 1.10E-05 
Tpsab1 11.9 6.80E-06 
Ms4a4c -1.58 0.015463 
Alas2 3.76 9.57E-06 
Adhfe1 1.66 0.006165 
Cfh 2.09 5.13E-07 
Mptx1 5.93 9.00E-05 
Ifi202b 1.62 0.005703 
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F5 3.83 3.99E-06 
Prrx1 3.13 0.000504 
Mtarc1 6.1 0.000399 
Fcgr2b 1.53 0.00055 
Mrc1 1.86 0.000327 
Plxdc2 1.69 0.001223 
Fcna 3.19 9.89E-11 
Fbn1 1.77 1.98E-08 
Ccn5 2.38 0.006659 
Slc6a17 1.53 0.002707 
Enpep 2.04 0.000164 
Clca1 2.07 1.28E-11 
Bnc2 1.96 0.002186 
Per3 1.85 9.67E-05 
Nsg1 1.53 0.000195 
Slc34a2 -2.35 0.002951 
Gm20605 -1.54 0.000257 
Mfap5 1.85 0.000324 
Emp1 1.76 8.45E-06 
Itgam 2.27 2.56E-07 
Adgrg2 2.65 0.000131 
Car5b 3.07 6.54E-05 
Cd209d 1.82 0.013256 
Dusp4 1.66 0.005632 
Slc7a2 4.19 3.76E-05 
Lctl 1.64 0.020838 
Me1 4.87 0.000408 
Folr2 2.57 1.01E-05 
Troap -1.72 0.000615 
Tpsb2 10.71 2.16E-10 
B3galt2 2.3 0.0005 
Ankmy1 -1.74 0.013066 
Scn7a 1.54 0.00319 
Ints6 -1.71 0.000204 
Thrsp 1.74 0.01526 
Acss3 2.92 0.002033 
Myrf 2.8 0.00028 
Colec12 1.57 1.77E-05 
Glb1l2 1.52 0.01723 
Lum 1.6 2.08E-05 
Apln 2.32 0.001515 
Scd1 2.16 0.00945 
Itln1 4.98 5.70E-06 
Pkhd1l1 2.8 1.40E-05 
Irs2 2.37 4.47E-07 
F13a1 3.15 1.43E-07 
Orm1 2.24 0.004856 
Dse 1.56 0.004047 
Mrap 3.12 0.001503 
Saa3 18.91 8.91E-37 
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Usp45 1.55 0.000145 
Ildr2 2.1 1.06E-05 
Chil3 4375.16 1.37E-17 
Atp1a3 2.82 5.70E-06 
Abca9 1.51 0.01066 
Cmklr1 1.8 0.000101 
A530016L24Rik 6.37 0.00045 
Col6a6 7.03 1.13E-07 
Adgrd1 2.05 5.05E-09 
Vsig4 12.42 0.000193 
Irs3 1.85 0.006361 
Rnase2a 28.22 2.97E-09 
BC049715 -1.77 0.001225 
Nat8l 2.03 0.008507 
Clec4a1 1.9 0.003823 
Ccr2 1.64 0.002431 
Mrgprg 81.48 5.68E-08 
Cd209f 1.82 0.0118 
Hbb-bs 2.77 0.000112 
Mogat2 1.66 0.019883 
H1f3 2.19 0.002695 
Creb5 1.67 0.000367 
Arntl -1.54 0.003244 
Timd4 3.18 0.00028 
Slit3 1.63 0.000552 
Cd248 1.64 0.000316 
Rps18-ps3 1.82 0.004781 
Mcpt4 7.8 2.16E-10 
Retnla 9.65 6.40E-13 
Serpinb2 10.6 9.79E-05 
Paqr9 4.05 0.0019 
Cd209b 7.56 2.62E-07 
Cma2 17.09 5.77E-06 
Col28a1 1.87 9.67E-05 
H2bc24 1.73 0.000218 
Cd300ld3 1.84 0.004036 
Hba-a2 2.75 8.56E-05 
Hba-a1 3.19 7.74E-10 
Lrrn4cl 1.73 0.000267 
C4b 1.68 0.000542 
Cdkn2b -1.85 4.76E-12 
Hbb-bt 1.81 0.01059 
Amy1 2.33 0.002425 
Ankef1 3.17 0.003823 
Arrdc3 1.79 5.47E-11 
Igkv1-88 2.42 0.008749 
Igkv12-46 3.6 0.00388 
Igkv8-27 3.23 0.001953 
Igkv3-10 7.5 8.98E-06 
Ighg1 8.9 1.01E-05 
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Cd209g 1.77 0.009573 
Mptx2 4.94 0.000114 
Gm11830 1.63 0.008749 
Gm15693 1.87 0.004784 
Ighe 4.06 0.00354 
Cyp2d10 -1.65 3.64E-05 
Ighv2-9-1 2.36 0.008414 
Ighv2-2 1.55 0.024132 
Igkv3-4 5.16 1.73E-05 
5730419F03Rik 1.56 0.015287 
Exosc6 -3.01 2.91E-23 
Btbd8 1.62 5.16E-05 
Gm7049 6.84 0.000594 
Gm36161 2.2 0.004189 
Gm50388 -2.95 0.00028 
Serpina3h 1.63 0.002178 
Clec10a 1.81 0.004804 
Kcnn3 1.87 1.52E-05 
Cpa3 7.25 2.01E-13 
Angptl4 4.46 1.20E-06 
Lipe 1.56 0.013167 
Hlf 1.99 0.000398 
Adgre1 1.86 0.00231 
Ccl24 3.32 0.001266 
Prg4 7.83 1.06E-05 
Cd163 2.71 1.09E-05 
Ccl8 2.83 0.000131 
Retn 2.54 0.004274 
Pcolce2 2.41 8.12E-08 
Hsd11b1 1.57 0.003005 
Alox15 5.21 3.51E-14 
Arg1 13.49 3.47E-11 
Slc36a2 2.06 0.005317 
Gfpt2 2.3 6.42E-12 
Ltc4s 1.63 0.007184 
Ccl11 1.9 0.000193 
Per1 1.63 0.000487 
Tshr 2.79 0.001766 
Pygl 2.71 2.87E-06 
Serpina3n 1.8 0.001053 
Sfrp4 3.11 1.18E-09 
Nr1d2 1.52 3.98E-05 
Gdf10 2.2 1.23E-07 
Scara5 1.89 1.88E-06 
Dab2 1.63 0.00056 
Slc7a8 1.6 1.72E-05 
Mcpt2 6.79 1.06E-14 
Mcpt1 5.48 1.06E-14 
Col14a1 1.74 5.07E-05 
Tef 1.57 0.00231 
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Apod 2.16 0.000109 
Retnlb 6.67 0.00017 
Ccdc80 1.64 0.000174 
Pi16 2.4 1.44E-07 
Emilin2 2.13 3.99E-06 
C3 2.87 1.10E-05 
Tpsab1 11.9 6.80E-06 
Ms4a4c -1.58 0.015463 
Alas2 3.76 9.57E-06 
Adhfe1 1.66 0.006165 
Cfh 2.09 5.13E-07 
Mptx1 5.93 9.00E-05 
Ifi202b 1.62 0.005703 
F5 3.83 3.99E-06 
Prrx1 3.13 0.000504 
Mtarc1 6.1 0.000399 
Fcgr2b 1.53 0.00055 
Mrc1 1.86 0.000327 
Plxdc2 1.69 0.001223 
Fcna 3.19 9.89E-11 
Fbn1 1.77 1.98E-08 
Ccn5 2.38 0.006659 
Slc6a17 1.53 0.002707 
Enpep 2.04 0.000164 
Clca1 2.07 1.28E-11 
Bnc2 1.96 0.002186 
Per3 1.85 9.67E-05 
Nsg1 1.53 0.000195 
Slc34a2 -2.35 0.002951 
Gm20605 -1.54 0.000257 
Mfap5 1.85 0.000324 
Emp1 1.76 8.45E-06 
Itgam 2.27 2.56E-07 
Adgrg2 2.65 0.000131 
Car5b 3.07 6.54E-05 
Cd209d 1.82 0.013256 
Dusp4 1.66 0.005632 
Slc7a2 4.19 3.76E-05 
Lctl 1.64 0.020838 
Me1 4.87 0.000408 
Folr2 2.57 1.01E-05 
Troap -1.72 0.000615 
Tpsb2 10.71 2.16E-10 
B3galt2 2.3 0.0005 
Ankmy1 -1.74 0.013066 
Scn7a 1.54 0.00319 
Ints6 -1.71 0.000204 
Thrsp 1.74 0.01526 
Acss3 2.92 0.002033 
Myrf 2.8 0.00028 
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Colec12 1.57 1.77E-05 
Glb1l2 1.52 0.01723 
Lum 1.6 2.08E-05 
Apln 2.32 0.001515 
Scd1 2.16 0.00945 
Itln1 4.98 5.70E-06 
Pkhd1l1 2.8 1.40E-05 
Irs2 2.37 4.47E-07 
F13a1 3.15 1.43E-07 
Orm1 2.24 0.004856 
Dse 1.56 0.004047 
Mrap 3.12 0.001503 
Saa3 18.91 8.91E-37 
Usp45 1.55 0.000145 
Ildr2 2.1 1.06E-05 
Chil3 4375.16 1.37E-17 
Atp1a3 2.82 5.70E-06 
Abca9 1.51 0.01066 
Cmklr1 1.8 0.000101 
A530016L24Rik 6.37 0.00045 
Col6a6 7.03 1.13E-07 
Adgrd1 2.05 5.05E-09 
Vsig4 12.42 0.000193 
Irs3 1.85 0.006361 
Rnase2a 28.22 2.97E-09 
BC049715 -1.77 0.001225 
Nat8l 2.03 0.008507 
Clec4a1 1.9 0.003823 
Ccr2 1.64 0.002431 
Mrgprg 81.48 5.68E-08 
Cd209f 1.82 0.0118 
Hbb-bs 2.77 0.000112 
Mogat2 1.66 0.019883 
H1f3 2.19 0.002695 
Creb5 1.67 0.000367 
Arntl -1.54 0.003244 
Timd4 3.18 0.00028 
Slit3 1.63 0.000552 
Cd248 1.64 0.000316 
Rps18-ps3 1.82 0.004781 
Mcpt4 7.8 2.16E-10 
Retnla 9.65 6.40E-13 
Serpinb2 10.6 9.79E-05 
Paqr9 4.05 0.0019 
Cd209b 7.56 2.62E-07 
Cma2 17.09 5.77E-06 
Col28a1 1.87 9.67E-05 
H2bc24 1.73 0.000218 
Cd300ld3 1.84 0.004036 
Hba-a2 2.75 8.56E-05 
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Hba-a1 3.19 7.74E-10 
Lrrn4cl 1.73 0.000267 

 
 


