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Abstract 

Cysteinyl leukotrienes (cysLTs) are potent inflammatory lipid mediators that play a major role in the 

pathophysiology of inflammatory diseases. They signal primarily through cysteinyl leukotriene receptor-1 

(cysLTR1) and have been reported to drive Th2 immune responses. Initiation and amplification of robust 

Th2 immune responses is crucial for conferring protective immunity to helminth (Schistosoma mansoni and 

Nippostrongylus brasiliensis) infection in mice. The role played by cysLTs in the development of protective 

immune responses to helminth infections is not well documented. Hence in the present study, we 

investigated the role of cysLTs during helminth infection using cysteinyl leukotriene receptor-1 deficient 

(cysLTR1-/-) mice. Under steady state conditions, young naïve cysLTR1-/- mice did not reveal any 

significant alteration of the cellular, tissue and phenotypic profile although we did observe expansion of 

central memory T cells (Tcm) in secondary lymphoid organs in cysLTR1-/- as compared to wildtype mice.  

Primary infection with N. brasiliensis indicated increased worm burden in cysLTR1-/- mice at day 7 post 

infection and a delay in the resolution of infection by day 9 post infection when compared to wild type 

mice. Furthermore, we observed reduced Th2 immune responses as well as impaired contractility of the 

small intestine, which are key features required for protective immunity to N. brasiliensis infection. 

Furthermore, recall of memory responses to N. brasiliensis was abrogated in cysLTR1-/- mice, with higher 

numbers of adult worms recovered at day 5 post re-infection in cysLTR1-/- mice comparison with wild type 

mice. Additionally, cysLTR1-/- mice exhibited impaired production of IL-13 in the lungs and draining 

lymph nodes compared with wildtype mice. Finally, there was reduced recruitment of effector CD4+ T cells 

and central memory CD4+ T cells in the lungs of cysLTR1 deficient mice compared to control mice. Taken 

together, these data demonstrated an essential role played by cysLTR1 in clearance and resolution of N. 

brasiliensis infection. 

CysLTR1-/- mice survived acute S. mansoni infection similarly to wildtype mice. In addition, cysLTR1-/- 

mice displayed reduced granulomatous inflammation and reduced cellular responses in the liver compared 

with wildtype mice. Further analysis revealed reduced gut fibrosis but cytokine production, immune cell 

recruitment in the gut and both type 1 and type 2 antibodies were found to be comparable between wildtype 

and knockout mice, demonstrating that cysLTs signaling through cysLTR1 contribute to granuloma 

formation in the liver. Similar to acute schistosomiasis, cysLTR1-/- mice were not susceptible to chronic 

schistosomiasis and indicated by prolonged host survival. This increased host survival observed in 

cysLTR1-/- mice was associated with reduced granulomatous inflammation, reduced fibrosis and 

hepatocellular damage, impaired production of IL-4 in the liver, and reduced intracellular secretion of IL-

4 by CD4+ T cells and ILC2s in cysLTR1-/- mice compared with wildtype mice. Furthermore, we observed 
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reduced granulomatous inflammation in the lungs of chronically infected cysLTR1-/- mice despite the 

heightened Th2 immune response in the lungs. Collectively, these data revealed that disruption of cysLTR1 

leads to reduced granulomatous inflammation and reduced production of IL-4 in the liver during chronic 

schistosomiasis.  

In conclusion, the current study demonstrated both positive and negative roles for cysLTs signaling through 

cysLTR1 during different helminth infection models. Absence of cysLTR1 during N. brasiliensis leads to 

delayed expulsion of adult worms and impaired recall of memory responses, indicating that cysteinyl 

leukotriene signaling via cysLTR1 is essential for orchestrating host protective responses. On the other 

hand, signaling via cysLTR1 appears to be dispensable for the development of host protective responses 

during acute schistosomiasis in mice. However, mice deficient of cysLTR1 had reduced liver pathology 

during chronic schistosomiasis, suggesting that inhibition of this receptor could be a potential therapy for 

reducing granulomatous liver pathology.  
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Chapter 1: Introduction and literature review 

 

1.1  General background of helminth infections 

Among the most ‘neglected’ of the tropical maladies are a suite of diseases caused by helminth parasites, 

which together infect over 24% of the world’s population (Hotez et al. 2008; WHO 2020). Infections with 

helminth are widely distributed particularly in tropical and subtropical areas, with the highest numbers 

occurring in sub-Saharan Africa, the Americas, China and East Asia (WHO 2020). Remarkably, however, 

no effective vaccines are available to protect humans or animals from these infections (Hotez et al. 2008). 

The lack of progress toward vaccination against helminth infections reflects obstacles such as complexity 

and diversity of the parasites (Hewitson & Maizels 2014). Vaccine development for helminth infections 

have so far unsuccessfully progressed through several scientific generations from live, attenuated 

organisms, biochemical fractions and in the post-genomic era, recombinant proteins.  

Helminth infections cause major agricultural losses as they affect plants and livestock alike (Chattopadhyay 

& Bandyopadhyay 2013; Swai et al. 2013). Clearly, the eradication of helminth infections is a sustainable 

development goal for all communities (WHO 2005). Moreover, the limited pharmacological efficacy of 

available drugs, the emerging drug resistance and constant re-infection from the environment where it is 

currently difficult to interrupt the transmission have altogether ensured the persistence of the helminth 

problem (Geerts & Gryseels 2000; Hotez et al. 2008; McSorley & Maizels 2012; Hewitson & Maizels 

2014). An increasing prevalence of helminth infections could be due to the many ways that the infection 

can take place, including penetration through the skin, by insect bite and most frequently by oral ingestion. 

The high prevalence of infection with helminth reflects on their ability to manipulate the host immune 

system and suppress host responses that could result in their expulsion and resolution (Maizels & McSorley 

2016). Host immunity has evolved mechanisms to limit pathology and to best balance susceptibility, 

resistance and immune pathogenesis (McSorley & Maizels 2012).  

Schistosomes and intestinal nematodes are by far the most clinically and economically relevant groups of 

parasitic helminths mostly because of their distribution. They are mostly distributed in tropical regions, in 

poor communities without potable water and adequate sanitation (de Silva et al. 2003; Hotez et al. 2008). 

It is estimated that schistosomiasis affects almost 240 million people worldwide while intestinal nematodes 

affects approximately 1.5 billion people worldwide (Chitsulo et al. 2000; Gryseels et al. 2000; Colley & 

Secor 2014; Mutapi et al. 2017). Neglected tropical diseases are estimated to cause 26 million disability-

adjusted life year (DALYs) worldwide, with helminth contributing to the highest burden. 
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1.2  Helminth infections  

 

1.2.1  Intestinal nematodes 

Intestinal nematodes infect a wide range of hosts including humans, domestic and wild animals (Bartsch et 

al. 2016; Stepek et al. 2006). Parasitic nematodes of small ruminants and other livestock have a major 

economic impact worldwide (Roeber et al. 2013; Rose et al. 2014). Intestinal nematode infections in 

humans are among the most prevalent worldwide (Table 1). It is estimated that there are 3.5 billion cases 

worldwide, of which 450 million are individuals who are seriously ill as a result, majority of whom are 

children (Stepek et al. 2006). Hookworms such as Ancylostoma duodenale and Necator americanus, or the 

roundworm such as Ascaris lumbricoides, account for approximately 125 000 deaths each year (Stepek et 

al. 2006). The other intestinal nematodes of medical importance include Trichuris trichiura (whipworm), 

Enterobius vermicularis (pinworm) and Strongyloides stercoralis (threadworm). These have also been 

shown to have a significant impact on the health of the infected individuals (Table 1). According to Chan 

(1997), the prevalence of intestinal nematode infections remained unchanged in over 50 years, with 39 

million disability-adjusted life years (DALYs) lost due to these parasites. A majority of intestinal nematode 

infections remain asymptomatic, increasing the chances of transmission and re-infection (Stepek et al. 

2006). Helminth infection may cause morbidity; however, they are not directly fatal. This may be one of 

the reasons why intestinal nematode have been neglected. A relatively new problem of the development of 

resistance to the small number of drugs available to treat these infections is emerging (Geerts & Gryseels 

2001). Therefore, there is a strong need to further understand the impact these pathogens have on the human 

host and to find better strategies to manage the problem. 

The last 50 years have seen an increase in global population concurrently with an increase in helminth 

infections, with over 50% of the world’s population affected. Most people who are affected live in 

developing countries, with those living in rural and urban slums at a higher risk (Conway et al. 1995). This 

is due to poor housing, overcrowded living conditions, lack of adequate sanitation and hygiene and poor 

education and healthcare in these areas, all of which are associated with poverty. In addition, warm and 

humid climate conditions appear to favour the survival of free-living larval stages of intestinal worms 
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(Kappus et al. 1994). Although intestinal nematodes are largely restricted to the tropics and subtropics, 

infections can occur in the northern hemisphere when conditions are favourable (Stepek et al. 2006) 

 

Table 1: The major gastrointestinal nematodes of humans (Adapted from Stepek et al. 2006) 

Species name Common 

name 

Number 

infected 

Distribution Transmission 

Ancylostoma 

duodenale/ & Necator 

americanus 

Hookworm 1.3 

billion 

Worldwide, 

especially tropical 

regions 

Skin contact with 

contaminated soil, oral 

ingestion 

Ascaris lumbricoides Roundworm 1.3 

billion 

Worldwide, 

especially tropical 

regions 

Ingestion of eggs 

Trichuris trichiura Whipworm 1.05 

billion 

Worldwide, 

especially tropical 

regions 

Ingestion of eggs 

Enterobius vermicularis Pinworm 209 

million 

Worldwide Ingestion of eggs; 

occasionally inhaled 

Strongyloides 

stercoralis 

Threadworm 30 

million 

Worldwide, 

especially tropical 

regions 

Skin contact with 

contaminated soil; 

autoinfection 

 

1.2.2  Clinical manifestations 

Most infections with intestinal nematodes are asymptomatic; however, once the infection is established, 

abdominal discomfort and diarrhea are common. Infection with A. lumbricoides is usually asymptomatic, 

but as worm load increases, symptoms including abdominal discomfort, nausea, vomiting, wasting, fever 

and diarrhea may develop, similar symptoms are observed in chronic infection with hookworms (Hotez et 

al. 2004; Abdellatif et al. 2013). High infection may form a bolus which causes intestinal obstruction 

(Abdellatif et al. 2013). Early infections with hookworms (A. duodenale and N. americanus) results in 

itching at the site of invasion, and may include pneumonitis, cough, dyspnoea and sometimes hemoptysis. 

Severely infected children may develop mental, physical and sexual retardation (Hotez et al. 2004). In 

immunocompromised individuals, infections with S. stercoralis may disseminate to other organs, while 

infection with E. vermicularis is common in children and may suffer from insomnia, abdominal pain and 

pallor. Symptoms of T. trichirua infection include tenesmus, rectal prolapse, stunted growth and finger 

clubbing (Cross 1996) 
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1.2.3  Diagnosis 

Microscopic examination of faeces for eggs and larvae is the gold standard for the diagnoses of intestinal 

nematodes, with an exception of pinworms, which are diagnosed by examination of samples taken with 

perianal swabs. Hookworm infections are difficult to differentiate from other parasitic infections. If larvae 

are present in faeces, they may be identified and differentiated from other nematode species. The 

microscopic differentiation between Strongyloidiasis eggs is difficult and time consuming as the eggs are 

similar morphologically (Ralph et al. 2006); therefore, it is difficult to identify various intestinal eggs. 

Therefore, to overcome such limitations, molecular approaches such as the polymerase chain reaction 

(PCR) have been applied to distinguish species with similar morphological characteristics (Yong et al. 

2007). Needham et al. (1996) demonstrated that IgG antibodies specific to intestinal nematode antigens can 

be quantified in saliva, indicating potential for diagnosis of intestinal nematodes through saliva.  

 

1.3  Gastrointestinal tract nematodes: the murine model of Nippostrongylus brasiliensis 

Nippostrongylus brasiliensis (N. brasiliensis) is a gastrointestinal nematode that naturally infects rodents, 

primarily rats (Finkelman et al. 2004). It is a tissue migrating parasitic hookworm that mirrors feature of 

human parasitic hookworm infection, including parasite development and migratory routes to specific 

tissues (Harvie et al. 2013). This parasitic worm has a similar life cycle to that of human hookworms 

Necator americanus and Ancylostoma duodenale which go through five moulting stages to become sexually 

mature. N. brasiliensis is used in the laboratory as a murine model for human hookworm infections for 

immunological experiments (Else & Finkelman 1998). Mice are infected with the third stage larvae that 

migrate from the skin to the lungs before entering the small intestine.  

 

1.3.1  Life cycle of Nippostrongylus brasiliensis 

The life cycle of Nippostrongylus brasiliensis is direct and requires no intermediate host (Figure 1). It has 

four larval stages and an adult stage. The life cycle begins in the host when the infective third stage larvae 

(L3) penetrates the intact skin in a matter of hours. Once inside the host, the worm migrates to the lungs 

through the circulatory system where they become trapped in the capillaries. Larval migration from the 

circulatory to the bronchial system causes direct damage to the lung during the first 2 days of infection. 

Once in the lungs, the parasite moults into the L4 stage, they rupture the capillaries and get released into 

the alveoli where they are coughed up and swallowed. Once in the small intestine, they moult into adult 

worms and begin mating and laying eggs. Adult worms that reside in the intestine cause local tissue damage 

and inflammation before being expelled in a highly Th2-dependent manner (Allen & Sutherland 2014). The 
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eggs are passed off the host through faeces. Under favourable weather conditions, the eggs in the soil release 

motile free-living worms that moult twice (L1 and L2) to develop into the infective L3 stage and the cycle 

starts all over again (Lawrence et al. 1996). 

 

Figure 1: Life cycle of Nippostrongylus brasiliensis in mice. 

The life cycle of N. brasiliensis is direct and requires no intermediate host. There are six stages in the life 

cycle, the egg, the four larval stages (L1-L4) and the adult worm stage. The larval stages L1-L2 are free-

living, while L3 is the infective stage. 

 

1.3.2  Immune response to Nippostrongylus brasiliensis infection. 

Type 2 immune responses are crucial for the protection of the host against nematode infections. N. 

brasiliensis is one of the most potent activators of Th2-like immune responses (Allen & Sutherland 2014). 

An infection with N. brasiliensis induces an IL-4 dependant polyclonal IgE response and an IL-5 dependent 

eosinophilia (Lawrence et al. 1996). The lung is an important site during infection, in which both innate 

and adaptive components of the type 2 immune responses interact with the migrating parasitic larval stages 

(Lawrence et al. 1996). In the intestines, mast cell hyperplasia and goblet cell proliferation are observed 

which are critical factors in the immune-mediated expulsion of gut-dwelling adult worms (Lawrence et al. 
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1996). This expulsion is a self-cure reaction which is accelerated in immune competent animals. Intestinal 

nematodes can persist for long periods of time inside the hosts (Cross 1996). The ability to remain inside 

the host is associated with the ability to trigger and maintain tissue modelling Th2 responses rather 

inflammatory host compromising Th1 responses. Nematode induced Th2 responses comprises of increased 

secretion of molecules such as interleukin (IL)-4, IL-5 and IL-13 as well as recently uncovered tissue-

derived cytokines like IL-25, IL-33 and thymic stromal lymphopoietin (TSLP) - the latter are produced 

early in infection, creating a local microenvironment in which T cells can fully polarize into Th2 cells. 

 

The Th2 cell-dependent anti-inflammatory response is a central component of helminth infections, 

including N. brasiliensis (Kim et al. 2006). Exposure of immune cells to parasitic antigen induces the 

degranulation of IgE sensitized mast cells and the release of mediators such as leukotrienes, which function 

alone or in conjunction with Th2 cytokines to increase the contractility of smooth muscle cells, the 

permeability of epithelial cells and the production of mucus; thereby, contributing to worm expulsion (de 

Oliveira Fraga et al. 2010; DeFranco et al. 2007; Else & Finkelman 1998; Kaplan et al. 1998). The cysteinyl 

leukotrienes are implicated in many functions, including the development and regulation of inflammation 

(Leff et al. 1998), and they appear to contribute to pathophysiological features of Th2 related diseases. 

Cysteinyl leukotrienes have been intensively studied in asthma (Doherty et al. 2013; Moltke et al. 2016; 

Lund et al. 2017; Salimi et al. 2017) and there is currently a drug available Montelukast, a selective 

cysteinyl leukotriene receptor-1 (cysLTR1) antagonist which has been shown to be effective to treat asthma 

through the suppression of Th2 cytokine production and inflammation (Takeda et al. 2010). 

 

 

1.4  Acetylcholine 

Acetylcholine is a major neurotransmitter in the enteric nervous system, regulates smooth muscle 

contraction and many other functions of the autonomic nervous system (Wang et al. 2003). Acetylcholine 

binds and activates nicotinic (nAChR) and muscarinic receptors (mAChR). nAChRs and mAChRs 

recognize the neurotransmitter acetylcholine, translate this recognition into electrical signals that alter cell 

behavior by activating and suppressing an assortment of signaling pathways (Aronstam & Patil 2009). The 

nAChRs function as ACh gate cation channels, whereas the mAChRs are members of the superfamily of 

G-protein coupled receptors (GPCRs) (Wess 1996; Caulfiled & Birdsall 1998). The combination of α and 

β subunits comprising each nicotinic receptor determines receptor function (Aronstam & Patil 2009). Apart 

from their role in smooth muscle contractions, the mAChRs are involved in many other physiological 
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functions including heart rate and force, the release of neurotransmitters which improves learning and 

memory processes (Wang et al. 2003; Tracey 2009; Fuenzalida et al. 2016). There are five subtypes of 

mAChRs based on pharmacological activity, M1R – M5R (Graybiel & Penney 1999). All five subtypes are 

expressed in the brain (Wess, 1996; Caulfield et al., 1998), while M1R – M4R are expressed in various 

tissues. M1R is common in secretory glands (Wess 2007), M2R is found in the cardiac tissue (Hulme et al., 

1990; Dhein et al., 2001), and M3R is found in the smooth muscles (Matsui et al. 2002). M1R, M3R, and 

M5R cause the activation of phospholipase C (Figure 2), generating two secondary messengers that 

eventually lead to an increase in intracellular calcium concentrations, while M2R and M4R inhibit adenylate 

cyclase, thereby decreasing the production of the second messenger cAMP (Figure 2). Although both M3R 

and M2R are expressed on smooth muscles, it is believed that M3R is mainly responsible for normal muscle 

contraction, while M2R may contribute to bladder contraction (Tiwari et al. 2013).  

 

Of interest to us in the present study is M3R, which has been implicated in smooth muscle contractility 

(Matsiu et al., 2002), one of major contributor in egg and worm expulsion during intestinal nematode 

infections (McLean et al. 2016). A previous study revealed that the absence of M3R was associated with 

inhibition of smooth muscle contraction and delayed expulsion of N. brasiliensis infections (McLean et al. 

2016). Our lab has also demonstrated delayed expulsion of N. brasiliensis in mice that were deficient of IL-

4Rα signaling specifically on smooth muscle cells (Horsnell et al. 2007). Associated with this inability to 

resolve infection was reduced Th2 cytokine production, delayed goblet cell hyperplasia and lower 

expression of the M3R in the intestine (Horsnell et al. 2007). Darby et al. (2015) further revealed that mice 

lacking M3R were highly susceptible to both primary and secondary N. brasiliensis infection, with a 4-fold 

higher parasite recovery in the lung by day 2 post infection. In the same study, mice lacking M3R were 

more susceptible to Salmonella typhimurium, which is dependent on a robust Th1 immune response 

(Mittrucker et al. 2000), further indicating that M3R is essential for optimal Th1 and Th2 adaptive 

immunity. 
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Figure 2: Classification of muscarinic acetylcholine receptors (mAChRs) based on differential G-

protein-coupling properties.  

Muscarinic acetylcholine receptors (mAChRs) are members of the superfamily of G protein-coupled 

receptors (GPCRs). M1R, M3R and M5R couple preferentially to Gq/11 and have a stimulatory function. 

They promote the release of the intracellular Ca2+ to diacylglycerol-mediated activation of protein kinase 

C. M2R and M4R couple preferentially to Gi/0 and have an inhibitory function and negatively modulate 

adenylyl cyclase (AC). This process reduces the cytoplasmatic concentration of c-AMP. Adapted from 

Wess et al. (2007). 

 

1.5  Schistosomiasis    

Human schistosomiasis is a tropical parasitic disease that is caused by trematode flukes of the genus 

Schistosoma (Gryseels et al. 2006). Schistosoma sp. parasites were first described in Egypt in 1851 by a 

German physician Theodor Bilharz, later the parasitic disease would be termed bilharzia (Jordan 2000). 

Schistosomiasis is highly debilitating disease that leads to chronic ill-health and is linked to poverty 

(McManus et al. 2018). It is also associated with malnourishment, exercise intolerance, diarrhoea, chronic 

pain, anaemia and urogenital schistosomiasis (Kjetland et al. 2014). The disease is widespread in the tropics 

and subtropics (Gryseels et al. 2006; WHO 2017), where it is estimated that 779 million people are at risk 

of new infections worldwide (Bajiro et al. 2016). Schistosomiasis currently affects over 240 million people 

worldwide (Figure 3) and 90% of these people live in Africa (Mutapi et al. 2017), where the disease leads 

to the loss of 1.53 million DALYs. It is the second most devastating tropical disease after malaria followed 

by other intestinal helminthiasis, and results in morbidity and mortality if left untreated (Mutapi et al. 2017).  
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There are 3 species of Schistosomes that are of medical importance: i) S. mansoni which is found primarily 

across sub-Saharan Africa and some parts of South American countries; ii) S. japonicum which is found in 

China, the Philippines and Sulawesi; and iii) S. haematobium which is found in Africa and parts of the 

Middle East. Other less common human-infecting species are S. mekongi, S. intercalatum, and S. guineensis 

that are more localized geographically. Our study will focus on S. mansoni, which occurs primarily in 

Africa, the Middle East and some American countries including Brazil, Venezuela, Suriname (Colley & 

Secor 2014). In South Africa, it is estimated that more than 4 million people are infected with 

schistosomiasis (Magaisa et al. 2015), with children being mainly at risk of the disease. The endemic 

regions in South Africa are northern regions including Limpopo, Mpumalanga and eastern regions 

including KwaZulu Natal and the Eastern Cape, covering about a quarter of the country (Magaisa et al. 

2015). The endemic species in South Africa is S. haematobium (Mbabazi et al. 2011), which causes 

urogenital schistosomiasis, with symptoms such as haematuria, dyspareunia, post-coital bleeding, 

inflammation of the cervix which may later lead to infertility, cancer, hydronephrosis and results in 

increased susceptibility to HIV infection (Mbabazi et al. 2011).  

 

Figure 3: Prevalence of schistosomiasis. 

Global distribution of schistosomiasis in 2012, stratified according to country-specific prevalence 

estimates. Adapted from Map: Distribution of schistosomiasis, worldwide, 2012, WHO.  
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The transmission of schistosomiasis is primarily determined by environmental factors, especially those 

affecting the vector, the snails (Sturrock 2001; Colley et al. 2014). It is believed that climate change will 

affect aquatic environments resulting in alteration of transmission and distribution of water-borne and 

water-based diseases such as schistosomiasis. There are three distinct phases of clinical disease progression: 

acute infection, established acute infection and late chronic infection. Chronic phase of the disease is due 

to perforation of blood vessels and entrapment of eggs in host tissues (Ross et al. 2002). Adult worms of 

the Schistosoma sp. have been shown to survive as long as 40 years in human hosts (Colley et al. 2014). 

Adult male and female worms live in permanent partnership called copula, where the female produces eggs 

and the male fertilizes the eggs (Colley et al. 2014). The adult females produce hundreds to thousands of 

eggs per day. The eggs are excreted in the urine or faeces and can stay viable for up to 7 days or are retained 

within the host where they induce inflammation (Colley & Secor 2014).  

 

1.5.1  Clinical manifestation  

Symptoms of the disease vary based on the species as well as the location of the parasite in the host. A 

majority of people are asymptomatic when first infected with schistosomiasis. However, following 

infection, an individual may develop rash or itchy skin, commonly referred to as the swimmer’s itch, the 

duration and severity of this depends on the length of schistosomula stay in the dermis (Barsoum et al. 

2013). This is followed by the Katayama fever, which occurs a few weeks to months after the initial 

infection. Within the first month following infection, symptoms including fever, fatigue, myalgia, malaise, 

and non-productive cough may occur (McManus et al. 2018). These mild and transient symptoms can lead 

to misdiagnosis, owing to similarities with many other infectious diseases with acute onset, including 

malaria, salmonellosis and acute hepatitis (Clerinx & van Gompel 2011). Abdominal symptoms may 

develop later caused by the migration of the adult worms (Gryseels et al. 2006). The chronic disease can 

last up to decades if not treated (Colley & Secor 2014). With no effective vaccine available, treatment with 

praziquantel remains the first and only efficient control measure against this disease. Although safe and 

relatively inexpensive, the drug does not prevent re-infection and therefore new infections remain a major 

concern (Wilson et al. 2007). Alarmingly, however, praziquantel treatment uniquely targets adult parasite 

worms leaving the parasite egg-driven pathological inflammation uncontrolled (Colley et al. 2014). As a 

result, praziquantel treatment of schistosomiasis-diseased individuals does not completely halt the 

pathological inflammation elicited by the already trapped parasite eggs and fails to fully control tissue 

destruction during schistosomiasis. Clearly, adjunctive means to control pathological egg-driven tissue 

inflammation during schistosomiasis are needed. 
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1.5.2  Diagnosis 

Diagnosing acute schistosomiasis may require different diagnostic methods than those used to diagnose 

established active or late chronic infections (Clerinx & van Gompel 2011; Weerakoon et al. 2015). People 

living in endemic areas, where re-infections are common, diagnosis is often based on detection of 

schistosome eggs in faeces or urine depending on species (McManus et al. 2018). However, these methods 

are often not sensitive enough to detect acute infections, which have low intensity in travellers or recent 

immigrants from endemic area. Eosinophilia is common in these instances and may be used as a method of 

diagnosis (Checkley et al. 2010). Furthermore, schistosome eggs can be detected in tissue biopsy samples, 

which is sensitive (Kjetland et al. 2014; Fritzsche et al. 2012). The standard for diagnosing an established 

active infection is the detection of eggs in stool (S. mansoni or S. japonicum eggs) or urine (S. haematobium 

eggs) samples using a microscope. The eggs tend to be passed intermittently and in small amounts and may 

not be detected. It may be necessary to perform serological tests (van Lieshout et al. 1995; van Dam et al. 

2013). More sensitive methods have been introduced, including PCR-based detection of parasite DNA in 

stool or urine (Meur et al. 2015; Obeng et al. 2008, He et al. 2018). Ultrasonography is used to visualize 

pathology associated with established and chronic schistosomiasis (Barata et al. 1999). It has been used in 

population-based studies, such as periportal fibrosis and signs of portal hypertension in the intestinal 

schistosomiasis and hydronephrosis in urogenital schistosomiasis. Computed tomography (CT) scan is a 

method of choice to make diagnosis of neuroschistosomiasis (de Miranda Henrique-Souza & Valença 

2011), unfortunately, such diagnostic tools are not readily available in rural health facilities. With the need 

for better management strategies and alternative therapeutic drug to treat schistosomiasis, one should 

understand the life cycle. 

 

1.5.3  Life cycle of schistosomiasis 

Schistosomes have a unique life cycle involving sexual reproduction in mammalian hosts and asexual 

reproduction in the intermediate hosts i.e. snail. The life cycle consists of different stages; eggs, miracidium, 

sporocyst, redia, cercaria and adult worm (Figure 4). The life cycle of S. mansoni in the final host begins 

when the infective cercaria penetrates the mammalian skin and shred their forked tail becoming 

schistosomulae. The schistosomulae migrates to the peripheral vessels, lungs and liver via the veins. The 

schistosomulae molts into adult worms, these worms reside in the mesenteric veins where they will mate 

to produce fertilized eggs. The female worm lays eggs in the small venules of the portal and perivesical 

systems. The eggs produce proteases that induce inflammatory reactions which is required for them to be 

passively moved towards the lumen of the intestine, then these eggs are excreted with faeces. Some eggs 
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are retained in host and become trapped in the liver tissues, causing an immune reaction. Here, they induce 

inflammation, formation of granuloma structures and fibrosis.  

In the external environment, under favourable conditions (temperature and light), the eggs hatch and release 

miracidia which swim and penetrate freshwater snails. In the snail, the miracidia will undergo asexual 

replication through sporocyst stages and will eventually shed tens of thousands of cercariae and these are 

released into the freshwater habitats where they will infect mammalian host. The cercariae have an infective 

period in freshwater of 1 to 3 days. In the snail, the asexual stage of the life cycle requires 4 to 6 weeks 

before the cercariae are shed for mammalian infection (Pearce & MacDonald 2002; Gryseels et al. 2006; 

Barsoum et al. 2013). 

 

 

Figure 4: Life cycle of Schistosoma mansoni in mammalian host. 

The life cycle of S. mansoni has two phases: the sexual reproduction in mammalian hosts and asexual 

reproduction in the snails.  
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1.5.4  Host immune response to schistosomiasis. 

Exposure to schistosome egg antigens activates T cells, leads to production of type 2 cytokines and 

immunoglobin (Ig)E, and recruitment of eosinophils and mast cells (Rogerio & Anibal 2012). T cell-

deficient mice have indicated crucial roles for immune responses to the maturation of worms, as well as the 

formation of granuloma structures (Byram et al. 1977; Davies et al. 2001).The host that is exposed to 

Schistosoma sp. does not only have to deal with a multicellular pathogen but is confronted with several 

different developmental stages of the parasite: cercariae, schistosomula, adult worms and eggs (Figure 5). 

The hosts’ immune response may be divided into three phases according to the predominant immune 

response elicited. A Th1 immune response targeted at the parasite develops during the first 5 weeks after 

infection, and it is characterized by presence of interferon (IFN) gamma and interleukin (IL) 10 secretion. 

Furthermore, there is a measurable level of tumor necrosis factor (TNF) in the plasma and peripheral blood 

mononuclear cell (PBMC) produce large amounts of TNF, IL-1 and IL-6 (Colley & Secor 2014; Ndlovu & 

Brombacher 2014). As the adult worm’s mate and produce eggs, Th1 response decreases while a Th2 

response becomes more dominant. Th2 immune response is associated with a reduced number of 

developing adult worms and is host protective during infection, implying that the initial Th1 response 

favours infection (Pearce & MacDonald 2002). Th2 immune responses also provide sufficient regulation 

tissue can minimize overall pathology in the host. When Th2 responses are depleted, specifically IL-4, 

tissue damage and host mortality occur as a result of pro-inflammatory Th1-type responses (La Flamme et 

al. 2001; Patton et al. 2002). By 10 weeks, Th2 immune response is downregulated due to the emergence 

of IL-10-producing regulatory T cells (T regs) and granulomas that form around newly deposited eggs 

become smaller than they were during the acute stage of the infection (Lundy & Lukacs 2013). 
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Figure 5: The immune response to Schistosoma mansoni infection. 

The host’s immune response may be divided into three phases: the first 3 – 5 weeks are Th1 dominant due 

to the migrating immature parasites; an acute phase  that is characterised by a polarised Th2 immune 

response peaks at 8 weeks post-infection; and the chronic phases occurs from week 10, where the Th2 

response is downregulated by the development of regulatory T cells responses. 

 

Immunological studies of subjects from endemic areas have demonstrated a naturally poorly occurring 

resistance to re-infection to schistosomiasis (Pearce & MacDonald 2002). These data suggest nevertheless 

the participation of immunological mechanisms in human resistance to S. mansoni infection, with mixed 

cellular and humoral responses. Development of acquired immunity leads to blockage of IgE receptors by 

excess anti-schistosome IgG4 and possibly other immunoglobin isotypes in the first years of infection 

(Pearce & MacDonald 2002). The fact that the Th2 response develops with onset of egg production suggests 

that the egg stage is responsible for the Th2 shift, although a Th2-biased response has been reported to 

infective larvae penetrating the host skin and to be induced also in the pre-patent stage (Colley & Secor 

2014). S. mansoni pathology is characterized by hepatic and intestinal granuloma formation and 

development of fibrosis around deposited parasite eggs (Auriault et al. 1996). Although egg-induced 
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granulomas protect the host by shielding tissues against continued secreted toxins from the schistosome 

egg (Davies & McKerrow 2001), these granulomas and the resulting fibrosis become harmful to the host 

when left uncontrolled as they irreversibly impair the function of the affected tissues (Nono et al. 2017). 

 

1.6  Eicosanoids 

Eicosanoids are a class of molecules derived from 20-carbon polyunsaturated fatty acids (PUFAs), mostly 

frequently arachidonic acids, that regulates diverse set of homeostatic and inflammatory processes (Funk 

2001; Bucynski et al. 2009) linked to numerous diseases. PUFAs are composed of a large variety of lipids, 

in varying hydrocarbon length and degree of unsaturation (Funk 2001). Eicosanoids play pivotal roles in a 

broad range of physiological processes, such as inflammation, fever, allergy, hypertension (Fan et al. 2015) 

and pain (Serhan 2014; Wang & Dubois 2010). They are released from host cells (e.g. macrophages, mast 

cells, granulocytes, lymphocytes) during the course of infection and can have damaging effects on host 

tissue; thus, contributing to the pathophysiology of infections (Daugschies & Joachim 2000). Infact, the 

production of eicosanoids is considerably increased during inflammation (Khanapure et al. 2007). These 

molecules act on cells that produce them or nearby cells (Norman & Henry 2015). They are widely 

distributed in the cells and tissues of the body and have wide ranging biological actions (Norman & Henry 

2015). Eicosanoids are involved in modulating the intensity and duration of immune and inflammatory 

responses and they have cell- and stimulus-specific sources and frequently have opposing effects (Calder 

et al. 2013). In many infectious and non-infectious diseases, eicosanoid is involved in host pathology, 

granuloma formation, fever, coagulopathy, secretory diarrhea. Levels of eicosanoids can be measured in 

plasma, and their more chemically stable metabolites can be reliably measured in urine (Morrow & Minton 

1993; Murphey et al. 2004). Parasitic worms contain a variety of polyunsaturated fatty acids in their cellular 

membranes including arachidonic acid. Eicosanoids have been detected in many helminths, including 

human pathogens (Noverr et al. 2003). Eicosanoids and oxylipins are involved in physiological aspects of 

life cycle regulation and sexual maturation (Noverr et al. 2003) 

Eicosanoids synthesis is initiated with the conversion of arachidonic acid (AA) and related PUFAs by 

cyclooxygenase (COX), cytochrome P450 (CYP) and lipoxygenase (LOX) enzymes (Figure 6). Both COX 

and LOX pathways are of particular clinical relevance. The COX pathway is the major target for non-

steroidal anti-inflammatory drugs (NSAIDs), popularly used for treatment of pain, fever and inflammation. 

The COX pathway leads to the formation of thromboxane and prostaglandins (PGs). There are two COX 

isozymes: COX-1 and COX-2, of which COX-2 is primarily expressed at sites of inflammation and 

produces proinflammatory eicosanoids (Khanapure et al. 2007; Dennis 2015). Both COX-1 and COX-2 

catalyze the synthesis of prostaglandin H2 (PGH2) and PGG2 (Hamberg et al. 1974; Nugteren 1973). The 
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major thromboxanes are thromboxane A2 (TXA2) and thromboxane B2 (TXB2). TXA2 is the predominant 

cyclooxygenase product of human platelets, a potent vasoconstrictor and platelet agonist (Patrono & Rocca 

2019). TX-A synthase, an enzyme found in platelets converts the AA derivative prostaglandin H2 to 

thromboxane. High release of thromboxane metabolites has been associated with liver cirrhosis (Davi et al. 

1998). Furthermore, mice lacking TXA2 have prolonged bleeding following injury (Cheng et al. 2002) and 

during viral infection (Aiolfi et al. 2019). Thromboxane A2 has been implicated as an important 

pathogenetic humoral agent in a variety of cardiovascular diseases (Halushka & Halushka 2002). TXA2 is 

a chemically unstable lipid mediator involved in several pathophysiologic processes, including primary 

hemostasis, atherothrombosis, inflammation, and cancer (Patrono & Rocca 2019). 

Prostagladins (PGs) are another subfamily of lipid mediator known to be involved in many infectious and 

non-infectious diseases. They are synthesized and released in response to various stimuli and diseases, 

through a metabolism of arachidonic acid by action of COX (Narumiya 2009). Prostaglandins are made up 

of PGD2, PGE2 and PGF2a that are produced via the initial action of prostaglandin G/H synthase 

(cyclooxygenase) followed by specific prostaglandin synthases (Noverr et al. 2002). Prostaglandins have 

been reported to inhibit Th1 immune responses, chemokine production, phagocytosis and proliferation of 

lymphocytes (Betz & Fox 1991; Matsuoka et al. 2000; Sergeeva et al. 1997; Noverr et al. 2002). Although 

they have been well documented, PGE2 is the most well studied and is produced by many cells including 

fibroblasts, macrophages and various malignant cells (Harris et al. 2002). PGE2 has been found to play a 

role in hepatic fibrogenesis (Harris et al. 2002), have been shown to inhibits the migration, proliferation 

and collagen synthesis by pulmonary fibrolast (White et al. 2005). 

The conversion of AA by cytochrome P450-like enzymes produce epoxyeicosatrienoic acids (EETs) with 

anti-inflammatory activities (Spector et al. 2004). The CYP pathway comprises a large number of enzymes 

that contain a haem iron and they convert AA into epoxyeicosatrienoic acids (EETs) and ω-HETEs2, which 

are thought to be anti-inflammatory, whereas the downstream di-HETEs are thought to be pro-inflammatory 

or inactive (Roman 2002; Buczynski et al. 2009). CYP450 enzymes are essential to produce cholesterol, 

steroids, prostacyclins, and thromboxane A2. These enzymes are primarily expressed in the liver, but also 

occur in the small intestine and other tissues where they inactivate and eliminate toxins and metabolites. 

(Slaughter & Edwards 1995). The expression of CYP450 enzymes is downregulated in liver tissue during 

inflammation and/or infection inducing changes in drug activity and results in toxin release (Morgan 2009).  

The 5-LOX pathway is more operative during inflammation to promote bronchoconstriction and 

recruitment of leukocyte to the sites of tissue damage (Dennis & Norris 2015). This pathway leads to the 

synthesis of 5-HETE, whereas 12- and 15-LOX can form 12- and 15-HETE, while 5-HETE can be 

metabolized to synthesize leukotrienes (Dennis & Norris 2015). Leukotrienes are another subfamily of 
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eicosanoids composed of linear lipids (Peters-Golden 2006), which are secreted by various cells including 

macrophages, neutrophils, eosinophils and mast cells (Lewis and Austen, 1984; Lundeen et al., 2006; 

Samuelsson, 1983) and have been reported to play an essential role on the regulation and control of helminth 

infections (Machado et al. 2005; Rogerio & Anibal 2012; da Silva et al. 2016; McGinty et al. 2020), 

leishmaniasis (Serezani et al. 2006), and fungal infections (Tristao et al. 2013). Leukotrienes are derived 

from AA metabolites via the 5-lipoxygenase pathway (5-LO), the two principal bioactive classes of 

leukotrienes include LTB4 and the cysteinyl-LTs (cysLTs), LTC4, LTD4, and LTE4 (Peters-Golden & Brock 

2003) and have been implicated in many inflammatory and allergic diseases (Rovati & Capra 2007; Hui 

2002; Shaw et al. 2014). They have also been shown to be important for efficient pulmonary antifungal 

host defense because they modulate nitric oxide and cytokine production during infection (Medeiros et al. 

2004). Of interest to us in the present study are cysLTs that signal through cysteinyl leukotriene receptor 1 

(cysLTR1). 

 

1.6.1  Cysteinyl leukotrienes and cysteinyl leukotriene receptor-1 and cysLTR2 

Cysteinyl leukotrienes (CysLTs) are a class of leukotrienes that include LTC4, LTD4 and LTE4, all of which 

contain the amino acid cysteine conjugated to the lipid backbone (Golden & Henderson 2007). They are 

potent lipid mediators synthesized from arachidonic acid in response to different immune and inflammatory 

stimuli. CysLTs play a major role in respiratory diseases such as asthma and allergic rhinitis; however, they 

have also been implicated in other inflammatory conditions such as cancer, cardiovascular, skin, 

gastrointestinal disorders and host immune system defects (Rovati & Capra 2007). CysLTs are produced 

by variety of cells of the innate immune system such as basophils, eosinophils, mast cells and 

monocytes/macrophages following exposure to allergens (Theron et al. 2014). In addition, cysLTs are 

generated during type 1 hypersensitivity reactions as the product of IgE cross-linking (Peters-Golden 2006). 

They are also produced by dendritic cells and macrophages in response to innate signaling pathways 

initiated by peptidoglycan, zymosan, IgG-opsonized microbes and allergens (Golden & Henderson 2007). 

Signaling of cysLTs begins following binding of a ligand to one of the two structurally divergent G protein-

coupled receptors termed cysteinyl leukotriene receptor-1 (cysLTR1) and cysteinyl leukotriene receptor-2 

(cysLTR2) (Kanaoka & Boyce 2004). CysLTR1 is thought to be the main receptor mediating smooth 

muscle contraction and production of proinflammatory cytokines following exposure to antigen (Shaw et 

al. 2014). Although the two receptors induce many of the same immune responses, cysLTR2 requires 10-

folds higher concentration of LTD4, which is the most potent ligand for activation (Kanaoka & Boyce 2010). 
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The cysLTs are generated after AA is released from the outer nuclear membrane by cytosolic phospholipase 

A2 and converted to epoxide leukotriene A4 by 5-lipoxygenase in the presence of 5-lipoxygenase activating 

protein (Figure 6). An integral perinuclear membrane protein, LTC4 synthase, conjugates reduced 

glutathione to LTA4 to form LTC4. After carrier-mediated transport of LTB4 and LTC4 to extracellular 

milieu, LTC4 can be further metabolized to LTD4 through the cleavage of glutamic acid from the glutathione 

moiety and additional glycine cleavage yields LTE4. Alternatively, LTA4 can be converted by LTA4 

hydrolase to a dihydroxy LT, LTB4. (Beller et al. 2004; Rovati & Capra 2007; Savari et al. 2014). 

 

Figure 6: Schematic diagram of the metabolic pathway leading from arachidonic acid (AA) to the 

production of the sulfidopeptide leukotrienes. 

Phosphilipase A2 derived arachidonic acid is converted to LTA4 by the action of 5-LOX and FLAP (this 

step can be blocked by 5-LOX/FLAP inhibitor zileuton). LTA4 is then rapidly converted to LTB4 by LTA4-
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H or to LTC4 by LTC4-S; LTC4 is further converted to LTD4 and LTE4. LTC4, LTD4, and LTE4 can bind to 

cysLTR1. Adapted from Savari et al. 2014. 

 

CysLTR1 (a high affinity receptor for LTD4) is intron-less and found on chromosome X-D in mice. It can 

be blocked by a group of specific antagonists while cysLTR2 is insensitive to cysLTR1 antagonists (Hui & 

Funk 2002). CysLTR1 is thought to be the main receptor mediating smooth muscle contraction and 

inflammatory cell cytokine production in asthma (Shaw et al. 2014). As determined by Northern blot, 

cysLTR1 is highly expressed in spleen and peripheral blood leukocytes and weakly expressed in brain, 

lung, colon, heart, pancreas, prostate, skeletal muscle, kidney, liver, placenta and small intestine, little or 

no expression was detected in ovary, thymus and testis (Zhang et al. 2004).   

 

The second cysLT receptor, cysLTR2, has been shown to be expressed on guinea pig trachea and ileum 

(Evans 2002). CysLTR2 (a high affinity receptor for LTC4) is found on chromosome 14–D1 in mice 

(Kanaoka & Boyce 2004). The rank potency of agonist activation for the CysLTR2 is LTC4 = LTD4 > LTE4 

(Kanaoka & Boyce 2004). There is currently no known selective cysLTR2 receptor antagonist (Evans 

2002). The CysLTR2 is most highly expressed in the heart, adrenal medulla, placenta and peripheral blood 

leukocytes in mice (Evans 2002). Studies conducted using mice either deficient of cysLTR2 or that 

overexpressed cysLTR2 in the lungs showed cysLTR2 does not contribute to inflammation, vascular 

permeability and tissue fibrosis unlike cysLTR1 (Peters-Golden & Henderson 2007). The incompletely 

overlapping distribution on the two classical receptors for cysLTs suggest that they both have 

complementary and distinct functions (Kanaoka & Boyce 2014). 

 

1.6.2  Cysteinyl leukotrienes and leukotrienes in non-communicable diseases 

Apart from their role in asthma and allergic rhinitis, cysLTs have also been implicated in many other 

inflammatory diseases including cardiovascular, cancer, skin diseases and infectious diseases. 

Cardiovascular disease remains the leading cause of death despite major advances in diagnostics and 

treatment (Hansson 2005; Libby et al. 2011; Bäck & Hansson 2015). Leukotrienes have been identified as 

biomarkers of cardiovascular diseases (Bäck et al. 2016, Funk 2005). Local leukotriene production at sites 

of cardiovascular inflammation can lead to high leukotriene concentrations at their sites of action (Bäck et 

al. 2016; Poeckel & Funk 2010). Additionally, leukotrienes have been linked to cardiovascular calcification 

in aortic valve stenosis (Nagy et al. 2001). Furthermore, leukotriene receptor antagonists used in the 
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treatment of asthma have been associated with a decreased risk of stroke and myocardial infarction 

(Ingelsson et al. 2012; Colazzo et al. 2017).  

 

Chronic inflammation mediated by myeloid cells promotes tumor progression, while immune surveillance 

mediated by cytotoxic T lymphocytes suppresses tumor growth (Koebel et al. 2007; Galdiero et al. 2013). 

Leukotrienes have also been implicated in cancer patients (Parichuri et al. 2005). CysLTR1 has been shown 

to be upregulated in colon adenocarcinomas and high expression of cysLTR1 has been associated with poor 

prognosis (Öhd et al. 2003; Magnusson et al. 2010; Venerito et al. 2011). Magnusson et al. (2007) also 

illustrated that malignant intestinal cell lines Caco-2 and SW480 demonstrate higher CysLTR1 but lower 

CysLTR2 expression compared to non-cancerous Int 407 intestinal epithelial cells. In a separate study, it 

was shown that absence of cysLTR1 during colitis-associated colon cancer resulted in significantly reduced 

inflammation and therefore reduced pathology in mice (Osman et al. 2017). 

 

Leukotrienes and prostaglandins have also been suspected to contribute to the pathogenesis of skin diseases 

such as atopic dermatitis (Ikai & Imamura 1993), urticaria (Sabroe & Greaves 1997) and ultraviolet 

dermatitis (Miller et al. 1994). In human skin, leukotrienes can be generated, and exert proinflammatory 

and immunoregulatory actions through effects of blood vessels and inflammatory cells (Ruziscka 1990; 

Ikai 1999). Addressing the role of cysLTR1, Sapuntsova et al. (2002) demonstrated that cysLTR1-/- mice 

were susceptible to skin thickening and collagen deposition in allergic skin inflammation, while cysLTR2-

/- mice were fully resistant. Treatment with LTC4 induces the release of IL-6 from dermal fibroblasts, a 

cytokine responsible for promoting the development of keratinocyte, a key feature of allergic dermatitis 

skin lesions (Werner et al. 2007).  

 

Liver cirrhosis is associated with a high risk of bleeding episodes, which can be life-threatening. Prevention 

and intervention strategies currently in place needs to be expanded. According to Steib et al. (2010), 

treatment with the leukotriene inhibitor Montelukast for 10 days attenuates portal hypertension in rats with 

liver cirrhosis. The authors observed that following liver cirrhosis, there was activation of isolated Kupffer 

cells which produce cysteinyl leukotrienes. In a similar study, op den Winkel et al. (2013) demonstrated 

that treatment with cysteinyl leukotriene inhibitor, MK-866, abrogated liver injury following bile duct 

ligation leading to acute cholestasis in rats, indicating its relevance as a target for attenuating cholestatic 

liver damage. 
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1.6.3  Cysteinyl leukotriene and leukotrienes during helminth and protozoan infections  

During helminth infection, such as a nematode infection, most of the IgE produced binds to mast cells and 

basophils through their high-affinity IgE receptor (Santiago et al. 2015). Exposure of immune cells to 

parasitic antigen, induces the degranulation of IgE sensitized mast cells and the release of leukotrienes 

(Rogerio & Anibal 2012). Leukotrienes function alone or in conjunction with Th2 cytokines to increase the 

contractility of smooth muscle cells, the permeability of epithelial cells and the production of mucus, 

thereby contributing to worm expulsion (de Oliveira Fraga et al. 2010). A study by Moqbel et al. (1987) 

showed that rapid expulsion of Trichenella spiralis from rats was associated with an increase in volume of 

intestinal exudate and the presence of large numbers of tissue mucosal mast cells and eosinophils. In the 

study, they also investigated whether the where different levels of concentrations of leukotrienes in the gut 

perfusates and mucosal homogenates during different time points. LTC4 causes smooth muscle contraction, 

increases vascular permeability and stimulates mucus hypersecretion while LTB4 recruits and activates 

inflammatory cells to favor the expulsion of helminths. Therefore, leukotrienes released by mast cells may 

participate in protective immune responses resulting in expulsion of T. spiralis and possibly other helminths 

(Moqbel et al. 1987). Machado et al. (2005) also demonstrated that leukotrienes play an essential role in 

worm expulsion during Strongyloides venezuelensis. In this study, 5-LO-/- mice showed delayed egg and 

worm expulsion and low mucous production in the intestine and impaired Th2 immune response which is 

important for resolution of helminth infections.  

 

During schistosomiasis, the chronic egg-induced granulomatous response in the liver and intestines may 

eventually cause extensive tissue scarring and development of portal hypertension (Pearce & MacDonald 

2002). It has been reported that, LTB4 enhances the ability of neutrophils and eosinophils to kill the 

schistosomula of S. mansoni in a complement-dependent manner, through enhancement of C3b receptors 

and may be an important amplification mechanism in IgE related immunity to migrating helminthic larvae 

(Rogerio & Anibal 2012). Overall, the function of leukotrienes in schistosomiasis still remains largely 

unknown; however, it is believed that their production might accelerate parasite elimination and/or regulate 

the pathogenesis of schistosomiasis. Hepatic stellate cells were shown to secrete cysLT, which contribute 

largely in the scar formation and liver fibrosis (Paiva et al. 2010; Chang 2006). However, the precise role 

of these mediators has not been fully explored during schistosomiasis. With the ability of the cysLTs to act 

as potential mediators of liver damage, understanding the precise mechanism of CysLTs mediated signaling 

could provide a useful target for controlling inflammation-mediated liver pathology in individuals suffering 

from schistosomiasis. 
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Infection with parasitic nematodes Brugia malayi and Wuchereria bancrofti causes lymphatic filariasis, a 

disease that affects over 120 million people in the world (Bockarie et al. 2009), with over 40 million people 

disfigured and incapacitated by the disease (Chakraborty et al. 2013). Interestingly, treatment with 

cysLTR1 antagonist (zafirlukast) inhibited the third stage larvae from molting to the fourth stage larvae 

without altering their survival or motility (Smith & Rajan 2001). This demonstrated that lipoxygenase 

pathway involved in the generation of cysLTs could be required for molting of these infectious larvae and 

possibly have some role in killing the adult worms (Smith & Rajan 2001). 

 

Writh & Kiersenbaum (1985) investigated the effects of LTC4 on mouse peritoneal macrophages (MPM) 

during Chagas disease. It was observed that LTC4 enhanced macrophage uptake and elimination of 

Trypanasoma cruzi, indicating stimulation of phagocytosis. Moreover, LTC4 increased the rate of 

intracellular parasite killing by mouse peritoneal macrophages. Inflammation is a characteristic feature in 

acute Chagas disease and the production and release of leukotrienes is known to increase during 

inflammatory reactions. In addition, Talvani et al. 2002 showed that during T. cruzi infection, LTB4 is able 

to promote nitric oxide release and the killing of the parasite by host cells. Panis et al. (2011) reported that 

endogenous leukotrienes are essential regulators of nitric oxide activity in the heart and therefore influence 

the cardiac parasite burden without exerting a direct action on IL-6 production in the acute phase of 

infection with T. cruzi.  

 

First description of the role of leukotrienes in protozoan (Leishmania sp.) infection was conducted by 

Reiner & Malemud (1985). The study illustrated that macrophages infected with L. donovani produce 

increased arachidonic acid metabolites with the potential for influencing cellular immune function and the 

inflammatory response to infection. Research in this area has increased over the years. A study by Serezani 

et al. (2006) illustrated the importance of LTB4 in the protective response to L. amazonensis. Another study 

by Morato et al. 2014 showed that LTB4 could be used in therapeutic strategies to control Leishmania 

infection. 

 

Cysteinyl leukotrienes and leukotrienes are associated with the control of both infectious and non-infectious 

diseases through their ability to modulate inflammation processes. Although extensive work has been done 

in many infectious disease models, there is still room to explore further their role during helminth infections 

particularly to S. mansoni and N. brasiliensis, hence the present study.   
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Chapter 2: Statement of the problem 

 

2.1  Justification of study 

Helminth infestations remain a major problem causing morbidity and mortality worldwide (Hotez et al. 

2008). School-aged children including adolescents and pre-school children tend to harbour the greatest 

number of intestinal worms including schistosomes and therefore experience stunted growth and 

diminished physical fitness, as well as impaired memory and cognition that leads to educational deficits 

(Crompton & Nesheim 2002; McSorley & Maizels 2012). An estimated 800 million people worldwide are 

infected with Ascaris sp., 464 million people are infected with Trichuris sp. and 438 million people are 

infected with hookworms (Stepek et al. 2006). Of the 5.2 million disability-adjusted life years caused by 

soil transmitted helminth globally, 62% are attributable to hookworms (Stepek et al. 2006). The highest 

prevalence of helminth infections is in tropical regions where the weather conditions are favourable for 

growth and development of the infective larvae. They are also prevalent in rural communities where 

sanitation is inadequate (McSorley & Maizels 2012). Schistosomes and intestinal nematodes are by far the 

most clinically and economically relevant parasitic helminths (de Silva et al. 2003; Hotez et al. 2008) and 

are estimated to affect almost 240 million people worldwide and approximately 1.5 billion people 

worldwide, respectively (Chitsulo et al. 2000; Gryseels et al. 2000; Colley et al. 2014; Mutapi et al. 2017). 

More than 206 million people required preventive chemotherapy for schistosomiasis in 2016, and 

approximately 200 000 deaths occured due to schistosomiasis complications globally each year (WHO 

2009) 

Remarkably, there are no effective vaccines are available to protect humans from these infections (Hotez 

et al. 2008). A relatively new problem of the development of resistance to the small number of drugs 

available to treat intestinal nematode infections (Geerts & Gryseels 2001) and schistosomes (King et al. 

2000) is emerging. Praziquantel remains the first and only efficient drug used to treat schistosomiasis. 

Alarmingly, however, praziquantel treatment uniquely targets adult parasite worms during schistosomiasis 

leaving the parasite egg-driven pathological inflammation uncontrolled (Colley et al. 2014). As a result, 

praziquantel treatment of schistosomiasis-diseased individuals does not completely halt the pathological 

inflammation elicited by the already trapped parasite eggs and fails to fully control tissue destruction during 

schistosomiasis. Therefore, we need alternative therapeutic drugs that will minimize fibroproliferative 

pathology driven by S. mansoni eggs while maximizing worm clearance of intestinal worms and minimize 

re-infections. Currently, a good candidate is cysteinyl leukotrienes, which induce inflammation, mucus 

secretion and muscle contractions which are good characteristics for expulsion of parasitic worms and eggs. 

CysLTs are important inflammatory mediators that play a major role in the pathophysiology of 



26 
 

inflammatory diseases such as asthma and allergic rhinitis (Hui 2002). They have been implicated in other 

inflammatory conditions such as cancer, cardiovascular, skin, gastrointestinal disorders and host immune 

defects (Rovati & Capra 2007); however not much is known about their role during helminth infections. 

Therefore, this study seeks to provide an insight on the role of cysLTs signalling through cysLTR1 during 

schistosomiasis and N. brasiliensis infections. The finding of the study will facilitate a better understanding 

and management of helminths infections.  

 

2.2 Hypothesis 

CysLTs signalling via cysLTR1 are known to induce inflammation, smooth muscle contractions and 

enhance secretion of mucus in the airway and gut (Shaw et al. 2014), therefore based on these 

characteristics, we hypothesized that cysLTs signalling via cysLTR1 drive fibroproliferative pathology 

during schistosomiasis and promote Th2-mediated hookworm (N. brasiliensis) clearance in mice 

 

2.3 Objectives 

2.3.1 General objective 

The objective of the study was to determine the role of cysteinyl leukotriene receptor-1 during experimental 

schistosomiasis and N. brasiliensis infections in murine models. 

 

2.3.2 Specific objectives 

• To investigate the role of cysLTs signalling through cysLTR1 under steady state conditions in mice. 

• To assess the effects of cysLTR1 deletion on worm clearance and resolution of N. brasiliensis 

infection in mice. 

• To evaluate the role of cysLTR1 in the development of memory immune responses to N. 

brasiliensis secondary infection.  

• To investigate the effects of deletion of cysLTR1 in mice during acute and chronic schistosomiasis.  
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Chapter 3: Materials and Methods 

 

3.1 Ethics statements 

All mouse experiments were performed in accordance with Animal Research Ethics Committee of South 

African National Standard (SANS 10386:2008), as well as the Animal Ethics Committee of the Faculty of 

Health Sciences at the University of Cape Town (Protocol numbers 016/027 and 017/002). Mice were bred 

and housed in specific pathogen-free conditions in individually ventilated cages at the Animal Unit of the 

University of Cape Town. All efforts were made to minimize and reduce suffering of the mice. All 

experimental mice were gender and age matched.  

 

3.2 Generation of cysLTR1-/- mice and genotyping 

The cysLTR1-/- mice were purchased from Harvard University. The mice were generated using homologous 

recombination by deleting a portion of cysLTR1 and replacing it with a neomycin resistance cassette 

(Figure 7). Briefly; a 7kb mouse genomic DNA fragment containing exons II – IV of the cysLTR1 gene 

was subcloned into a pBluescriptII vector. A neomycin gene cassette from pMC1Neo was inserted to 

replace 278 nucleotides of the coding region of the mouse cysLTR1 gene, and the Herpes Simplex virus 

thymidine kinase (TK) gene was inserted at the 5’-end of the gene. The resultant targeting vector was 

linearized and electroporated into C57BL/6 mouse embryonic stem cell line, ES-MK (Maekawa et al. 

2002).  

 

To generate knockout mice on a Balb/c background, the cysLTR1-/- mice were backcrossed up to 10 

generations with Balb/c mice. Genotyping was carried out at UCT using multiplex PCR with the following 

primers: Neo antisense, 5’- ATC TTG TTC AAT GGC CGA TCC CAT -3’, cysLTR1 sense, 5’- AAA 

ACA ATG ACG TGC ACT ATA AAG -3’, cysLTR1 antisense, 5’- AAT CAT GTA TAC TTG GAA GGC 

TGA -3’. Deletion of cysLTR1 gene was confirmed by quantitative PCR using cDNA that was generated 

from genomic DNA.  
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Figure 7: Generation of cysLTR1 deficient mice. 

A genomic organization of the mouse cysLTR1 gene (upper), structure of the targeting vector (middle), and 

organization of the putative recombinant cysLTR1 allele (lower). Adapted from Maekawa et al. (2002). 

 

3.3 Mice and rat infection 

3.3.1 Nippostrongylus brasiliensis 

3.3.1.1 Maintenance of Nippostrongylus brasiliensis lifecycle 

Nippostrongylus brasiliensis stock was maintained by the Cytokines and Diseases Unit (Division of 

Immunology, Department of Pathology) by passage through Wistar rats as previously described (Camberis 

et al. 2003). Every 6 weeks, four naïve male Wistar rats were infected subcutaneously with 5000 L3 N. 

brasiliensis worms suspended in sterile 1× PBS (136.9mM NaCl, 2.68mM KCl, 10.14mM Na2HPO4, 

1.76mM KH2PO4, Merck) using 18G needle (Braun, Melsungen, Germany). Rat faecal pellets were 

collected on day 6, 7 and 8 post infection, incubated in 5µg/ml fungizone at room temperature and plated 

with activated charcoal (Sigma-Aldrich, St. Louis, Missouri) for consistency of the faecal paste and to 

prevent contamination. Faecal paste was placed on sterile Whatman No. 1 filter paper in a petri dish. Larval 

cultures were kept in the dark at 26°C in order to facilitate egg hatching and development of L3 N. 

brasiliensis. After 7 days post larval cultures, the L3 that had migrated to the edge of the Whatman No.1 

filter paper and were harvested for infections. 
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3.3.1.2 Experimental N. brasiliensis infections 

3.3.1.2.1 Primary infection with N. brasiliensis 

N. brasiliensis L3 were washed with 0.9% (m/v) NaCl solution. The worms were counted under a dissecting 

light microscope (SMZ800N Stereo Microscope, Nikon, Minato) to establish a concentration of 2500 

L3/ml. Mice were subcutaneously infected with 500 L3 N. brasiliensis in sterile 1× PBS using 21G needle 

and killed 6- and 7-days post-infection. The following tissues were harvested and analyzed; lung, 

mesenteric lymph node (MLN) and gut. Primary N. brasiliensis infections were repeated three times. 

 

3.3.1.2.2  Secondary infection with N. brasiliensis 

N. brasiliensis L3 were washed with 0.9% (m/v) NaCl solution. The N. brasiliensis L3 were counted under 

a dissecting microscope (Nikon SMZ800N Stereo Microscope, Nikon, Minato) to establish a concentration 

of 2500 L3/ml. Mice were subcutaneously infected with 500 L3 N. brasiliensis in sterile 1× PBS using a 

21G needle. After 7 days of primary infection, mice were treated with 10mg/ml Ivermectin (Virbamec LA, 

South Africa) in drinking water for seven days to clear N. brasiliensis infection and shelved for 21 days 

before they were re-infected with 500 N. brasiliensis L3 and killed 5 days post-secondary infection by 

halothane inhalation and exsanguination. The following were harvested for further analysis: blood, lungs, 

mediastinal lymph nodes (medLN) and gut. Experimental secondary N. brasiliensis infections were 

repeated twice.  

 

3.3.1.3  N. brasiliensis intestinal worm counts 

The small intestines were collected from the infected mice, cut longitudinally to expose the lumen and 

incubated in 0.9% (m/v) NaCl at 37°C for 8 hours to allow the worms to migrate out of the tissue into the 

solution. The solution containing the worms was transferred to a large petri-dish and total adult worms were 

counted under a dissecting microscope (Nikon SMZ800N Stereo Microscope). 

 

3.3.1.4  Preparation of N. brasiliensis antigen 

N. brasiliensis L3 were harvested from Whatman No.1 filter paper into 5µg/ml fungizone (to kill any 

contaminating fungus). The worms were left to stand for 1 hour in a 15ml Falcon tube. Then the liquid was 

aspirated, and the larvae were washed twice in sterile 0.9% (m/v) NaCl. The larvae were then concentrated 

in sterile 1× PBS and homogenized at 3000rpm for 30 seconds. The homogenate was filter sterilized with 
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0.45µM filter and protein concentration was quantified using a Pierce™ BCA protein assay kit (Pierce, 

Chicago, IL). Protein quantification was carried out according to manufacturer’s instructions  

 

3.3.2 Schistosoma mansoni 

3.3.2.1  Maintenance of Schistosoma mansoni life cycle 

 

Every 6 - 8 weeks, four naïve female NMRI mice (NR-21962, Biomedical Research Institute, Rockville, 

MD) were percutaneously infected with 80 live S. mansoni cercariae that were obtained from shedding 

infected Biomphalaria glabrata (B. glabrata) snails. B. glabrata snails were kept in conditioned water 

supplemented with 4.48mM CaCl2.2H2O, 9.97mM MgSO4, 0.23mM K2SO4, 4.99mM NaHCO3, and 0.5ml 

of 0.03% (v/v) FeCl3.6H2O. The infected NMRI mice were monitored once a day and weighed weekly to 

monitor the progression of disease. Infected NMRI mice were killed at 8 weeks post infection and livers 

were harvested. The livers were washed with 0.9% (m/v) NaCl and homogenized to isolate the S. mansoni 

eggs. The homogenised tissue was passed through metal strainers and S. mansoni eggs were collected and 

hatched by exposure to infra-red light for 20 - 35 minutes. Juvenile B. glabrata snails were placed in 

conditioned water and infected with 4 - 8 miracidia at room temperature for 2 hours and subsequently 

transferred to the incubator overnight. The following day, infected nails were transferred to respective 

aerated tanks. The snails were ready for shedding after 5 - 8 weeks post infection. To shed, infected B. 

glabrata snails were kept in the dark for 72 hours, placed in 100ml beaker containing conditioned water 

and exposed to infra-red light for 15 – 20 minutes. Some cercariae were killed and stained by the addition 

of iodine and counted under a dissecting light microscope (SMZ800N Stereo Microscope, Nikon, Minato).  

   

3.3.2.2 Experimental S. mansoni infections 

CysLTR1-/- mice and cysLTR+/+ littermate control mice were shaved and percutaneously infected with 

either 35 (chronic infection), 80 (mortality study) or 100 (acute infection) live S. mansoni cercariae. The 

infected mice were monitored once a day and weighed once a week throughout the course of the experiment. 

All experimental S. mansoni infections were repeated twice. 
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3.3.2.3  Determination of eggs burden in tissues 

Infected tissues (liver, lung and small intestines) were weighed and hydrolyzed in 5% (m/v) KOH (Merck) 

and incubated overnight at 37°C in an incubator. The hydrolyzed tissues were centrifuged at 2000rpm for 

10min and excess supernatant was removed. Eggs in the supernatant were enumerated under an inverted 

light microscope at 10× and/or 40× magnification. Eggs numbers were normalized to tissue weight. 

 

 

3.4 Histology  

3.4.1 Granuloma quantification 

Schistosoma mansoni infected liver, lung and gut tissues were fixed in buffered formalin (4% (v/v) 

formaldehyde in PBS), embedded in wax and then processed. Sections were cut and stained with 

Hematoxylin and Eosin (H&E) to assess tissue pathology and chromotrop analine blue solution (CAB) 

counterstained with Wegert’s hematoxylin for collagen staining. Micrographs of tissue sections were 

captured using the Nikon Eclipse 90i light microscope (Nikon Corporation). Granuloma area was measured 

by computer-assisted morphological analysis using the NIS Elements Imaging software (Nikon 

Corporation). Only granulomas with a visible central egg were analyzed for accuracy. An average of 20 

granulomas per mouse were included in the analysis.  

 

3.4.2 Quantification of mucous producing cells and tuft cells 

Lung and gut tissues were fixed in 4% (v/v) buffered formalin, embedded in wax and then processed. 

Sections were cut and stained with periodic acid-Schiff reagent (PAS) and hematoxylin and eosin (H&E) 

in order to visualize mucus producing goblet cells and assess cell recruitment, respectively furthermore 

they were stained with αDCLK1 to visualize tuft cells. The images were captured using a Nikon Eclipse 

90i light microscope (Nikon Corporation) and images were analyzed using NIS-Elements Imaging software 

(Nikon Corporation) to quantify the number of mucus-producing goblet cells and tuft cells.  

 

3.4.3 Emphysema analysis and quantification 

Lung tissues were fixed and stained with H&E in order to visualize alveolar spaces. Percentage of 

emphysema was defined as the area of ventilated spaces in whole lung sections in relation to the total lung 

tissue area using the area measurement tool by NIS advanced software on a Nikon Eclipse 90i light 

microscope (Nikon Corporation). 
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3.5 Serum analysis 

3.5.1 Blood collection 

Blood was collected by cardiac puncture and transferred to 1ml gel coated serum separator tubes (BD 

Bioscience, San Diego, CA). Serum was separated by spinning the tubes at 8 000×g for 10 minutes at 4°C 

and stored at -80°C for further analysis. 

 

3.5.2 Liver enzymes (AST and ALT) quantification 

To determine the concentration of alanine transaminase (ALT) and aspartate transaminase (AST), serum 

was diluted 1:30 in 0.9% (m/v) NaCl solution. Diluted serum was kept on ice and sent to National Health 

Laboratory Service (NHLS) at Groote Schuur Academic hospital in Cape Town for analysis. Liver enzymes 

were reported as U/L. 

 

3.5.3 Detection of total and antigen specific antibody titres with ELISA 

3.5.3.1 Total IgE 

Antibody titres were measured by sandwich ELISA as described by Mohr et al. 1999. Briefly, the flat-

bottom 96-well plates were coated overnight at 4°C with 50µl of α-IgE antibody. The plates were washed 

and blocked with 200µl of 1× PBS containing 2% (m/v) BSA for 3 hours at 37°C. Appropriately diluted 

standards and serum were added to the designated wells on the plate and incubated overnight at 4°C. 

Detection was done using the rat-α-mouse IgE secondary antibody (Cat no: 1130-04, BD Biosciences) that 

was conjugated to alkaline phosphatase (AP) and incubated for 2 hours at 37°C. The plates were developed 

using 1mg/ml 4-nitrophenyl phosphate disodium salt hexahydrate in 1M alkaline phosphatase buffer. The 

plates were incubated for 10 minutes to allow for the colour to develop and the reaction was stopped using 

1M NaOH. The absorbance was read at a wavelength of 405nm and 490nm using VersaMax microplate 

reader (Molecular Devices, USA). 

 

3.5.3.2 Antigen specific antibody titres 

Antigen specific antibodies in serum were measured by direct ELISA as described previously by Mohr et 

al. 1999. The flat-bottom 96-well plates were coated with 50µl of 20μg/ml Schistosome soluble eggs 

antigen (SEA) or 20μg/ml Nippostrongylus excretory-secretory extract (NES) and incubated at 4°C 

overnight. The next day, the plates were washed and blocked with 200µl of 1× PBS with 2% (m/v) BSA 



33 
 

for 3 hours at 37°C. Appropriately diluted serum samples (1:10, 1:100, 1:1000 and 1:10 000) were added 

to the designated wells on the plates and the plates were incubated overnight at 4°C. Detection of  antigen 

specific antibodies and further analysis was conducted as previously described in section 3.4.3.1.  

 

3.6 ELISA from homogenized tissue 

3.6.1 Preparation of tissue homogenates 

Previously collected and frozen tissues (liver, lung and gut) were thawed on ice. Extraction buffer (0.5ml, 

1× PBS with 1:100 dilution of protease inhibitor and 0.1% (v/v) Tween-80) was added and tissues were 

homogenized using 5mm stainless steel bit for a total of 2 minutes, with a break intervals after each 30 

seconds and 0.5ml extraction buffer was topped up to make total of 1ml. Samples were centrifuged at 

5000rpm for 5 minutes at 4°C. Supernatants were transferred into newly labelled 2ml Eppendorf tubes and 

stored at -80°C until used for cytokine analysis. Protein concentration was quantified using a Pierce™ BCA 

protein assay kit following the manufacturer’s instructions (ThermoFisher Scientific, USA) and cytokine 

values were normalized to the protein content.  

 

3.6.2 Detection of cytokines 

Cytokines in serum, liver, lung and gut homogenates were measured by sandwich ELISA as previously 

described by Mohr et al. (1999). The flat-bottom 96-well plates were coated with primary antibodies (α-

IL-4, α-IL-5, α-IL-10, α-IL-9, α-IL-13, α-IFN-γ, α-TNF, and α-TGF-β) and incubated overnight at 4°C. The 

plates were washed and blocked with blocking buffer (1× PBS with 2% (m/v) BSA) for 3 hours at 37°C. 

Appropriately diluted standards and samples were added to the designated wells on the plate and the plates 

were incubated overnight at 4°C. The plates were washed and specific biotinylated secondary antibodies 

(depending on primary Ab) were added and incubated for 2 hours at 37°C. The plates were developed by 

adding streptavidin conjugated to either AP or horse radish peroxidase (HRP) to the plate and incubated for 

1 hour at 37°C. An appropriate substrate (3,3’5,5’-Tetramethylbenzidine (TMB) for HRP-conjugated 

secondary antibody or 4-nitrophenol for AP-conjugated secondary antibody) was added to the plate and 

incubated at 37°C for 10 minutes. The absorbance was read at 405nm for AP or 450nm for HRP using 

VersaMax microplate reader (Molecular Devices, Germany). 
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3.7 Assessment of collagen content in naïve and infected tissues  

Hydroxyproline (OH) content was quantified using a modified protocol (Bergman et al. 1963). Briefly, 

samples (gut and liver) were weighed and hydrolyzed overnight at 110°C in 6M HCl. The samples were 

diluted with double distilled water (ddH2O) and filtered using Whatmann No.1 filter paper. The samples 

were neutralized with 1% (m/v) phenolphthalein and titrated with 10N NaOH and 3N HCl. An aliquot was 

mixed with isopropanol and Chloramine-T/Citrate buffer solution was added to the samples. Erlich’s 

reagent was added and the absorbance was read using VersaMax microplate reader (Molecular devices, 

USA) at wavelengths 558nm (excitation) and 570nm (emission). Hydroxyproline levels were determined 

using 4-hydroxy-L-proline as a standard and data was expressed as µmoles hydroxyproline per weight of 

tissue that contained 104 eggs in infected samples. 

 

3.8 Molecular biology assays 

3.8.1 RNA extraction 

Ribonucleic acid (RNA) was extracted from previously frozen cells and/or tissues using the RNeasy® Mini 

Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The extracted RNA was 

quantified on the ND1000 NanoDrop spectrophotometer (ThermoFisher Scientific, USA) and stored at  

-20°C until use. 

 

 

3.8.2 Complementary DNA (cDNA) synthesis 

Template RNA and primers mixture were denatured by heating the tube for 10 minutes at 65°C in a thermal 

block cycler with a heated lid to minimize evaporation. The tubes were cooled on ice. First strand synthesis 

cocktail was prepared as described below (Table 2 & 3). 

 

Table 2: Standard reaction composition for a single cDNA synthesis assay. 

Component Volume (µl) Final concentration 

DNA-free total RNA 10 0.5 µg 

Anchored-oligo (dT) 18 Primer 1 2.5 µM 

Random hexamer primer 2 60 µM 

Water, PCR grade  Variable to make total volume = 

13 µl 

Total 13  
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In the tube containing the template-primer mix, 7µl of the first strand synthesis cocktail was added and 

mixed by pipetting. The tubes were centrifuged briefly to collect the sample on the bottom of the tube. The 

tubes were placed in a thermal block cycler with a heated lid and incubated at 25°C for 10 minutes, then at 

50°C for 60 minutes. Reverse transcriptase was inactivated by heating for 5 minutes at 85°C followed by 

stopping reaction by placing the tube on ice for 5 minutes. The reaction was mixed and spun down for 10 

seconds. Two microliters of the synthesized cDNA were added to 18µl of RNAse water to make a 1:10 

dilution, while the remainder of 11µl was stored at -80°C for future use. 

 

Table 3: First strand synthesis cocktail. 

Component Final concentration Volume (µl) 

Transcriptor Reverse 

Transcriptase reaction buffer, 

5× concentration 

1× (8mM MgCl2) 4 

Protector RNase inhibitor, 

40U/µl 

20U 0.5 

Deoxynucleotide mix, 10mM 

each 

1mM 2 

Transcriptor Reverse 

Transcriptase, 20U/µl 

10U 0.5 

Total  7 

 

3.8.3 Quantitative Reverse Transcriptase-Polymerase Chain Reaction (qRT-PCR) 

We quantified the relative expression of cysteinyl leukotriene receptor-1 normalized to hypoxanthine-

guanine phosphoribosyltransferase (HRPT) expressed in naïve and infected tissues using the following set 

of primers: mCysLTR1 Forward – 5’ CAA CGA ACT ATC CAC CTT CAC C ‘3, mCysLTR1 Reverse – 5’ 

AGC CTT CTC CTA AAG TTT CCA C ‘3, HPRT Forward – 5’ GTT GGA TAT GCC CTT GAC ‘3 and 

HPRT reverse – 5’ AGG ACT AGA ACA CCT GCT ‘3.  

   

3.8.4 Genomic DNA extraction 

Previously collected and frozen tissues were thawed on ice. The tissues were lysed using lysis buffer (50mM 

Tris-HCl (pH 8), 100mM EDTA, 100mM NaCl and 1% (w/v) sodium dodecyl sulphate) and incubated 

overnight at 56°C on a rotating stand. Samples were centrifuged at 10 000rpm for 10 minutes and 

supernatants were removed and transferred into newly labelled tubes with isopropanol. The samples were 

mixed gently by inverting the tubes and centrifuged at 10 000rpm for 6 minutes. Supernatants were 

discarded carefully without disturbing the DNA pellet and ice-cold 70% ethanol was added to the DNA 
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pellet and incubated at room temperature for 10 minutes. After incubation, 70% ethanol was removed by 

swirling the tube and gently tapping on clean paper towel to remove excess ethanol and centrifuging at 10 

000rpm for 2 minutes. Excess ethanol was removed by leaving the tubes open for it to evaporate. The DNA 

pellet was resuspended in double distilled water and placed on a heating block for 20 minutes. The extracted 

DNA was quantified on the ND1000 NanoDrop spectrophotometer (ThermoFisher Scientific, USA) and 

stored in a -20°C freezer until use. 

 

3.8.5 Polymerase Chain Reaction for cysLTR1 

Polymerase Chain Reaction (PCR) was performed on DNA extracted from naïve MLN, lung, liver, gut and 

spleen from littermate control and cysLTR1-/- mice using primers mentioned above for detection of 

cysLTR1. The reactions were prepared as shown in Table 4. The PCR amplification was performed under 

the conditions shown in Table 5.  

 

Table 4: Standard reaction composition for a single PCR assay. 

Reagents Volume (in µl) 

ddH20 28.9 

10x buffer 5 

dNTP’s 4 

Forward primer 3 

Reverse primer 3 

MgCl2 3 

Taq polymerase 0.1 

DNA/cDNA 3 

Total 50 
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Table 5: The PCR assays were performed under the following conditions: 

Target gene Primer 

name 

Sequence PCR conditions Number of 

cycles 

Fragment 

size 

Cysteinyl 

leukotriene 

receptor-1 

cysLTR1 - 

Forward 

AAA ACA ATG ACG 

TGC ACT ATA AAG  

94°C – 2 minutes 

94°C – 20 seconds 

58°C – 30 seconds 

72°C – 90 seconds 

72°C – 5 minutes 

4°C - ∞ 

39 144 bp 

cysLTR1 - 

Reverse 

AAT CAT GTA TAC 

TTG GAA GGC TGA 

 

3.8.6 Agarose gel electrophoresis 

PCR products were visualized by agarose gel electrophoresis. Agarose (1.5% (m/v)) was prepared by 

mixing 2.25g of agarose in 150ml of 0.5× Tris-Borate-EDTA (TBE) buffer and heated for 2 – 4 minutes or 

until all the agarose had dissolved. Once cool, 10µl of SYBR Safe DNA Gel stain (ThermoFischer 

Scientific) was added and gel left to set for 15 – 30 minutes. Individual PCR products (8μl) were mixed 

with 2µl loading dye, loaded on the agarose gel, and run at 140V for 40 minutes. Thereafter, the gels were 

visualized and examined using Gel Doc Ez Imager system (Bio-Rad, Hercules, California) to detect 

amplification products. The size (molecular weight) of PCR amplification products was determined by 

comparison to a 100 bp DNA ladder (ThermoFischer Scientific).  

 

3.9 Tissue processing and single cell preparation  

3.9.1 Thymus, mesenteric lymph nodes, hepatic lymph nodes and mediastinal lymph nodes 

Thymus, mesenteric lymph nodes (MLN), hepatic lymph nodes (hLN) and mediastinal lymph nodes 

(medLN) were harvested in sterile conditions and collected in 1ml of sterile IMDM (Iscove’s Modified 

Dulbecco’s Medium) supplemented with 10% inactivated fetal calf serum (iFCS) and 1.0% penicillin-

streptomycin (Gibco). The tissues were mashed through a 70µm strainer, washed with 5ml of IMDM, and 

passed through a 40µm strainer. The samples were centrifuged at 1200rpm for 10 minutes, supernatants 

were discarded, and the pellet of cells was resuspended in 5ml of IMDM. The cells were stained with 2% 

Trypan blue and counted at 1:10 dilution using a Nikon Eclipse E200 light microscope (Nikon Corporation).  
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3.9.2 Spleen  

Spleen tissue was harvested in sterile conditions and place in 1ml of sterile IMDM supplemented with 10% 

inactivated fetal calf serum (iFCS) and 1.0% penicillin-streptomycin (Gibco). This tissue was mashed 

through 100µm cell strainer, washed with 5ml of IMDM and passed through 70µm cell strainer. The 

samples were centrifuged at 1200rpm for 10 minutes and supernatants were discarded. The pellet was 

resuspended in 5ml of red blood cells (RBC) lysis buffer (156mM NH4Cl, 0.127mM EDTA, 11.9mM 

NaHCO3, Merck) and incubated at room temperature for 10 minutes. A total of 5ml IMDM was added to 

neutralize RBC lysis buffer and the cells were centrifuged at 1200rpm for 10 minutes at 4°C, supernatants 

were discarded, and the pellet of cells was resuspended in 5ml IMDM and sieved through 40µm cell 

strainer. The cells were stained with 2% Trypan blue and counted at 1:20 dilution under a light microscope 

(Nikon Eclipse E200). 

 

3.9.3 Lung 

Lung tissues were harvested under sterile conditions, chopped and placed in 5ml of digestion buffer (IMDM 

supplemented with 220U/mg Collagenase I (Sigma-Aldrich, St. Louis, Missouri), 13U/mg DNase I (Sigma-

Aldrich, St. Louis, Missouri), and 10% iFCS and incubated for 30 – 45 minutes at 37°C. Post incubation, 

the tissues were mashed through 100µm strainer, washed with 5ml of IMDM and sieved through 70µm 

strainer. Samples were centrifuged at 1200rpm for 10 minutes at 4°C and supernatants were discarded. The 

pellets were resuspended in 5ml of RBC lysis buffer and incubated at room temperature for 10 minutes. A 

total of 5ml IMDM was added to neutralize the RBC lysis buffer, the cells were centrifuged at 1200rpm for 

10 minutes at 4°C, supernatants were discarded, the pellet of cells was resuspended in 5ml IMDM and 

sieved through 40µm cell strainer. The cells were stained with 2% Trypan blue and counted at 1:10 dilution 

under a light microscope (Nikon Eclipse E200). 

 

3.9.4 Liver and small intestine  

Liver and small intestine tissues were harvested in sterile conditions, chopped into smaller pieces and 

incubated at 37°C on a shaker for 30 minutes in digestion buffer supplemented with 110U/mg Collagenase 

I, 110U/mg Collagenase II with 13U/mg DNase I and 5% iFCS or 220 U/mg Collagenase I, 13U/mg DNase 

I and 5% iFCS respectively. The digested tissues were mashed through 100µm strainer and then passed 

through a 70µm strainer into a 50ml Falcon tube. The samples were centrifuged at 1200rpm for 10 minutes 

and resuspended in 3ml PBS with 3% iFCS. A total of 1.7ml of isotonic Percoll (9 vol Percoll + 1 vol 10× 

PBS) was added to the mixture and mixed thoroughly by inverting. The samples were centrifuged at 500 
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×g, at zero deceleration speed for 10 minutes at 4°C and pellet was resuspended in 5ml of RBC lysis buffer 

and incubated at room temperature for 10 minutes and topped up with 5ml of complete IMDM 

supplemented with 10% iFCS and 1.0% penicillin-streptomycin (Gibco). The samples were neutralized by 

adding 5ml of IMDM to each sample and centrifuged at 1200 rpm for 5 minutes, supernatants were 

discarded, and pellet of cells was resuspended in 1ml of complete IMDM. The cells were stained with 2% 

Trypan blue (Lonza, Walkersville, Maryland) and counted using a Nikon Eclipse E200 light microscope 

(Nikon Corporation). 

 

3.10 Flow cytometry 

3.10.1 Surface staining  

Approximately, 1 × 106 cells per sample were seeded on a 96- well V-bottom plate. Samples were stained 

with 50μl antibody master mix (FACS buffer (1% (m/v) BSA in 1× PBS) containing 2% rat serum, 2% 

anti-FcRγII/III and the required antibodies (Table 5) and incubated for 30 minutes at 4°C. The cells were 

resuspended in FACS buffer and transferred into FACS tubes. Cells were acquired on a BD LSR Fortessa 

machine and data was analyzed using FlowJo (version 10) software (Treestar, USA). 

Mouse antibodies (mAbs) targeting the following surface markers were used: CD44-PE, Siglec-F-PE, 

CD62L-APC, CD11c-APC, F4/80-PE-Cy7, T1/ST2-FITC, CD11b-FITC, CD4-V450, CD3-A700, CD8-

V500, Ly6G-APC-Cy7 and following antibody dilution were used (Table 6). Dead cells were stained with 

7-AAD and excluded from analysis.  

 

Table 6: Preparation of antibody cocktail for surface staining 

 PE APC PE-

Cy7 

PerCP-

Cy5.5 

FITC V450 A700 APC-Cy7 

or APC-

H7 

V500 Texas 

red 

Lymphoid 

Panel 

CD44 

0.2mg/ml 

CD62L 

0.2mg/

ml 

- 7-AAD 

0.4mg/

ml 

T1/ST

2 

0.5mg/

ml 

CD4 

0.5mg/

ml 

CD3 

0.2mg/

ml 

CD19 

0.4mg/ml 

CD8 

0.2mg

/ml 

CD45 

Biotin 

0.1mg/

ml 

Myeloid 

Panel 

Siglec-F 

0.2mg/ml 

CD11c 

0.2mg/

ml 

F4/80 

0.2mg

/ml 

7-AAD 

0.4mg/

ml 

CD11b 

0.2mg/

ml 

- MHC II 

0.2mg/

ml 

Ly6G 

0.1mg/ml 

CD8 

0.2mg

/ml 

CD45 

Biotin 

0.1mg/

ml 
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3.10.2 Intracellular cytokine and transcription factors staining 

For detection of intracellular cytokines and transcription factors, BD Pharmingen™ Transcription Factor 

Buffer set (BD Biosciences, catalogue no. 562574) was used according to manufacturer’s instructions. Cells 

from tissues of interest (lung, liver, gut, hLN, medLN and MLN) were seeded at 1 × 106 cells per well in 

complete IMDM, stimulated with 50ng/ml Phorbol 12-Myristate 13-Acetate (PMA), 250ng/ml ionomycin 

and 200µM monensin, and incubated at 37°C in a CO2 incubator for 6-8 hours. Following incubation, cells 

were stained with surface markers (as previously described) and fixed for 60 minutes at 4°C with 1× 

Perm/Wash buffer, washed and conditioned with BD Pharmingen™ permeabilization buffer and then 

stained with anti-mouse IL-4, IL-5, IL-9, IL-10, IL-13,  IFN-γ, Foxp3, Gata3, RORγT, and T-bet for 60 

minutes. Cells were washed and transferred into FACS tubes. Cells were acquired on a BD LSR Fortessa 

machine and data was analysed using FlowJo (version 10) software (Treestar, Ashland, Oregon, USA). 

 

3.10.3 Cell sorting 

Single cell suspensions were prepared from pooled MLN and spleen tissues. Cells were stained with surface 

markers: Lineage, T1/ST2, and CD45 as described above. Cells were washed and resuspended in 2ml FACS 

buffer for sorting of CD45+Lineage-T1/ST2+ cells using BD FACS Aria™ III cell sorter (BD Biosciences). 

 

3.10.4 Functional assay 

Sorted CD45+ Lineage-T1/ST2+ cells were cultured with 1 × 10-6M leukotriene D4 (LTD4) agonist in a flat-

bottom 96 well plate in duplicates. The cells were harvested after 12 hours and 24 hours of incubation at 

37°C in 5% CO2, centrifuged at 1200 rpm for 10 minutes, supernatants were discarded 

 

3.10.5 In vitro restimulation of cells for cytokine detection 

Single cell suspensions were prepared from mesenteric lymph nodes (MLN), mediastinal lymph nodes 

(medLN) and hepatic lymph nodes (hLN) by passing the tissues through a 70µm strainer. The cells were 

restimulated with either 10µg/ml α-CD3 or 20µg/ml Schistosome eggs antigen (SEA), or 20µg/ml 

Nippostrongylus brasiliensis excretory-secretory products (NES) and incubated at 37°C for 72 hours. Cells 

were centrifuged at 1200rpm for 5 minutes and supernatants were collected and stored at -80°C until 

required for cytokine analysis by ELISA. 
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3.11 Physiological contractions 

Segments of small intestine were cut 10cm from the stomach pylorus or ileum collected 20cm from the 

stomach pylorus were mounted vertically in organ bath chambers (Panlab, Spain) filled with aerated (95:5% 

O2/CO2) Krebs’s solution (118mM NaCl, 4.74mM KCl, 2.54mM CaCl2, 1.20mM KH2PO4, 1.19mM 

MgSO4, 25mM NaHCO3, 11mM glucose) maintained at 37°C. Freshly excised tissues were fixed to a metal 

rod with a piece of thread from one end of the tissue attached to a transducer, and the other end to a metal 

rod at the bottom of a glass chamber. Tissue was subjected to a load of 4.95mN and incubated for 30 

minutes, followed by stimulations with 50mM KCl. Changes in isometric tension of the tissue along the 

longitudinal axis were recorded with a tension-displacement transducer as previously described by Unno et 

al. (2005). Following tension displacement recordings, tissues were allowed to go back to resting and 

washed with fresh Kreb’s solution for 10 minutes before being subjected to varying concentrations of 

acetylcholine (Ach) ranging from -9 to -3 Log [M], with 10 minutes washes with fresh Kreb’s solution 

between each concentration. Changes in isometric tension were recorded following each concentration 

challenge, and tissues were allowed to return to resting tension following each tension displacement 

recording. Data was analyzed using PowerLab software and expressed as force (mN) or as force normalized 

by individual tissue weight (mN/mg). 

 

3.12 Statistical analysis 

Data was analyzed using GraphPad Prism 5 software (http://www.prismsoftware.com). Data was reported 

as means ± S.E.M. Statistical significance was determined using the unpaired one tailed Student’s t-test 

defining differences as significant (p>0.05 ns; *p≤0.05; **p≤0.01; ***p≤0.001).  

 

  

http://www.prismsoftware.com/
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Chapter 4: Results 

 

4.1 Investigating the role of cysLTs signaling through cysLTR1 under steady state. 

4.1.1 Generation of cysLTR1-/- BALB/c mice. 

Cysteinyl leukotriene receptor-1 (CysLTR1-/-) knockout mice were purchased from the Harvard University 

Laboratory. The targeting vector was designed in a way that the neomycin gene insertion interrupts the 

coding region that is common to the long and short isoforms of the mouse cysLTR1 gene (Figure 8A, B). 

At the University of Cape Town, homozygous C57BL/6 cysLTR1-/- mice were intercrossed with Balb/c 

mice to F10 generation, to generate cysLTR1-/- mice on Balb/c background. Homozygous Balb/c cysLTR1-

/- mice developed normally and were fertile.  

 

Figure 8: Generation of cysLTR1 deficient BALB/c mice.  

(A) A genomic organization of the mouse cysLTR1 gene (upper), structure of the targeting vector (middle), 

and organization of the putative recombinant cysLTR1 allele (lower). Exons II-IV are shown as boxes with 
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the coding regions in black. Restriction enzyme sites include BAmHI (B), BgIII (Bg), HindIII (H) and ScaI 

(S). (B) Mouse breeding strategy. CysLTR1 deficient mice were intercrossed for ten generations with 

BALB/c wild type mice. (C) Genotyping of cysLTR1 deficient mice. DNA was extracted from the tail of 

naïve cysLTR1 deficient and littermate control mice and PCR were performed. The cysLTR1+/+ specific 

amplicon is 284bp, cysLTR1-/- is 333bp and the cysLTR1+/- is represented by both bands (284bp and 333bp). 

 

4.1.2 Genotypic characterization of cysLTR1 deletion at naïve state. 

The deletion of cysLTR1 gene was confirmed by conventional polymerase chain reaction (PCR) (Figure 

8C, 9A), expected band size for the disruption of cysLTR1 was 333bp, while in the case of wild type mice 

where there was no disruption cysLTR1 the expected band size was 284bp. Double bands at both 284bp and 

333bp were an indication of a heterozygous mice (Figure 8C). The deletion was further assessed at genomic 

level by performing quantitative real-time PCR (qRT-PCR). Genomic DNA was extracted from spleen, 

mesenteric lymph node, lung, liver and small intestine (gut) of naïve cysLTR1 deficient mice, quantified 

by qRT-PCR and normalized to hypoxanthine-guanine phosphoribosyl transferase (HRPT) that is expressed 

in all cells. As expected, there was a significant reduction in expression of cysLTR1 gene in cysLTR1-/- 

mice compared to their littermate control mice (Figure 9B). Taken together, these data confirmed successful 

deletion of cysLTR1 gene across all tissues in cysLTR1-/- Balb/c mice.  

 

Figure 9: Confirmation of cysLTR1 deletion on selected tissues by quantitative real-time PCR.  

Sex and age matched naïve cysLTR1 deficient and littermate control mice were killed to confirm the 

deletion of cysLTR1 under steady state conditions. (A) Genomic DNA was extracted from mesenteric 

lymph nodes (MLN), spleen, gut, lung and liver tissue, and gene expression was quantified by (B) qPCR 

and normalized to the quantity of hypoxanthine phosphoribosyl transferase (HPRT) which is present in all 
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cells. Data are representative of two independent experiments. n=6 – 8 mice. **p<0.01 and ***p<0.001 by 

unpaired Student’s t-test. 

 

4.1.3 Functional characterization of type 2 innate lymphoid cells in cysLTR1-/- Balb/c mice. 

To further confirm the deletion of cysLTR1, we investigated the functional disruption of cysLTR1 gene. 

Type 2 innate lymphoid cells (ILC2s) were sorted from pooled splenic and mesenteric lymph node cells 

from naïve cysLTR1-/- mice and wild type littermate control mice (Figure 10A). The ILC2s were cultured 

with 1 × 10-6 M leukotriene D4 (LTD4) for 6 hours at 37°C, and secretion of the cytokines IL-4, IL-5 and 

IL-13 into the supernatants was detected by ELISA. We observed a reduction in the expression of IL-5 and 

IL-13 while the secretion of IL-4 was comparable between ILC2’s from knockout and wild type mice 

(Figure 10B). Furthermore, we confirmed the deletion of cysLTR1 by stimulating with PMA/ion and 

observed no differences in secretion of type 2 cytokines from ILC2 (Figure 10C). Therefore, our data 

suggested that the deletion of cysLTR1 in ILC2’s impaired the expression and secretion of IL-5 and IL-13 

but had no effect on the secretion of IL-4. 
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Figure 10: Functional characterization of cysLTR1-/- BALB/c mice. 

Sex and age matched naïve cysLTR1 deficient and littermate control mice were killed to confirm the 

deletion of cysLTR1 under steady state conditions. (A) Representative flow cytometry analysis of the 

Lineage-T1/ST2+ cells pre and post FACS of cells from spleen and MLN of naïve cysLTR1+/+ and cysLTR1-

/- mice. (B) ILC2s were stimulated with LTD4, supernatants were collected, and cytokine secretion was 

detected by ELISA. (C) Cytokine production by pooled mesenteric lymph node and spleen cells 

restimulated with 50 ng/ml PMA, 250 ng/ml ionomycin and 200 µM Monensin in vitro. Data are 

representative of three independent experiments. n=3 – 4 mice. *p<0.05 by unpaired Student’s t-test. 

 

4.1.4 Deletion of cysLTR1 has no major impact on body weight, organs weight and tissue 

cellularity. 

We evaluated the effect cysLTR1 deletion at steady state in naïve mice by assessing body and vital organs 

weights, as well as tissue cellularity. Knockout and wild type mice exhibited similar body weight (Figure 
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11A) and organ weight (Figure 11B). However, we observed that cysLTR1-/- mice had longer gut length 

(stomach to caecum) compared to the wild type mice (Figure 11C). Furthermore, there was no difference 

in cellularity between knockout and wild type mice (Figure 11D). Overall, there were no major gross 

physiological defects observed in cysLTR1-/- mice at steady-state.  

 

Figure 11: Absence of cysLTR1 does not alter body weight, tissue weights and tissue cellularity in 

naïve mice.  

Sex and age matched naïve cysLTR1 deficient and littermate control mice were killed to confirm the 

deletion of cysLTR1 under steady state conditions. (A) Body weight of naïve sex and age matched mice. 

(B) Organ weight of naïve mice. (C) Measurement of intestinal length (from base of stomach to caecum). 

(D) Total cell number of thymus, MLN, spleen, liver, lung and gut of naïve mice. Data are representative 

of two independent experiments. n= 6 – 8 mice. ns>0.05 and *p<0.05 by unpaired Student’s t-test. 

 

4.1.5 Absence of cysLTR1 does not lead to spontaneous inflammatory disorder at naïve 

state. 

Naïve mice were further analyzed for any signs of tissue toxicity by measuring serum levels of alanine 

transaminase (ALT) and aspartate transaminase (AST). The levels of ALT and AST were similar between 

knockout and wild type mice (Figure 12A). We also observed no differences in the quantities of serum 
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cytokine production (IL-4, IL-13, IL-17, TGF-β and IFN-γ) between knockout and wild type mice (Figure 

12B). Finally, we also found no differences in the titres of total IgE between the two mutants (Figure 12C). 

Therefore, these results demonstrated that cysLTR1 deletion does not cause an inflammatory disorder in 

naïve mice. 

 

Figure 12: Deletion of cysLTR1 does not alter liver enzymes, serum cytokines and IgE levels in naïve 

mice.  

Sex and age matched naïve cysLTR1 deficient and littermate control mice were killed; blood was collected, 

and serum was separated. (A) Quantification of serum levels of alanine transaminase (ALT) and aspartate 

transaminase (AST). (B) Determination of serum cytokine production by ELISA. (C) Quantification of 

serum IgE levels by ELISA. Data are representative of two independent experiments. n=8 – 10 mice. 

ns>0.05 by unpaired Student’s t-test. 

 

To understand whether the deletion of cysLTR1 would lead to spontaneous inflammatory response, we 

analyzed inflammatory pathology in the liver, lung and gut, key organs involved in disease pathogenesis. 

Hematoxylin and Eosin (H&E) staining revealed normal cellular organization in the liver of naïve mice 

(Figure 13A). Moreover, CAB staining also revealed no differences in fibrosis in liver between the two 

strains (Figure 13A). Furthermore, naïve cysLTR1-/- mice had a comparable level of type 1 (IFN-γ), type 2 

(IL-4, IL-5, IL-13), regulatory (IL-10) and type 17 (IL-17) cytokine production in the liver (Figure 13B). 

In agreement with CAB staining, hydroxyproline levels were comparable between cysLTR1-/- mice and 

wild type mice (Figure 13C). Taken together, these finding suggested that the disruption of cysLTR1 did 

not cause major tissue pathology at steady state.  

 

The gut is one of the tissues that has been reported to express high levels of cysLTR1 (Ogasawara et al. 

2002). Therefore, we investigated whether the deletion of cysLTR1 would affect the pathology as well as 
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immune responses during steady conditions. Evaluation of the gut structure using H&E and CAB staining 

revealed no differences in cellular organization and collagen accumulation in the gut of cysLTR1-/- and wild 

type control mice (Figure 14A). Within the intestine wall, there are several specialized cells, including the 

smooth muscle cells. We therefore investigated the expression of acetylcholine muscarinic 3 receptor 

(M3R), which plays a role in smooth muscle contractions. Expression of M3R was comparable between 

the cysLTR1-/- mice and wildtype mice (Figure 14B). Furthermore, the tension in response to 50mM KCl 

was similar in both groups (Figure 14C). Lastly, intestinal hypercontractility in response to acetylcholine 

remained similar between cysLTR1-/- and wild type mice (Figure 14C). Naïve cysLTR1-/- mice had 

comparable levels of type 1 (IFN- γ), type 2 (IL-4, IL-5, IL-13), regulatory (IL-10, TGF-β) and type 17 (IL-

17) cytokine production in the gut (Figure 14D). Indirect assessment of tissue collagen content and fibrosis 

through hydroxyproline levels indicated no difference in concentrations of hydroxyproline between 

cysLTR1-/- mice and wild type control mice (Figure 14E). These data indicated that cysLTR1 plays no role 

in tissue pathology, smooth muscle contractions and immune responses in naïve mice.  

 

CysLTs have a central role in lung inflammation induced during allergy (Montuschi 2010). To understand 

whether the removal of cysLTR1 would induce inflammatory disorder in the lung at naïve state, we assessed 

the lung pathology using H&E and CAB staining and noted no difference in cellular organization and 

collagen accumulation in the lungs of cysLTR1-/- and wild type control mice (Figure 15A). Additionally, 

measurement of alveoli (emphysema) disruption in lung (Figure 15B) as well mucous producing cells 

(Figure 15C) indicated no difference between cysLTR1-/- mice and wild type mice. Overall, the removal of 

cysLTR1 does not affect pathology in the lung under steady state conditions.  
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Figure 13: Absence of cysLTR1 does not alter liver tissue architecture and immune response at naïve 

state.  

Sex and age matched naïve cysLTR1 deficient and littermate control mice were killed, and liver pathology 

was analysed. (A) Representative H&E staining of liver sections and representative CAB staining of liver 

sections at naïve state. (B) Liver cytokine production at naïve state. Liver tissue from naïve mice were 

homogenized and the levels of the indicated cytokine were detected by ELISA and normalized to mg of 

liver tissue. (C) Liver hydroxyproline content measure by colorimetry at naïve state. Data are representative 

of two independent experiments. n=8 – 10 mice. ns>0.05 by unpaired Student’s t-test. 
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Figure 14: Absence of cysLTR1 does not alter gut tissue architecture, physiology and immune 

response at naïve state.  

Sex and age matched naïve cysLTR1 deficient and littermate control mice were killed, and gut pathology 

was analysed. (A) Representative H&E staining of gut sections and representative CAB staining of gut 

sections at naïve state. (B) M3R expression normalized to the quantity of HPRT. (C) Contractile responses 

to 50mM KCl and contractile responses to Ach presented by force divided by tissue weight (mN/mg). (D) 

Gut cytokine production in naïve mice. Small intestines from naïve mice were homogenized and the levels 

of the indicated cytokines were detected by ELISA and normalized to mg of small intestine tissue. (E) Gut 

hydroxyproline content measured by colorimetry at naïve state. Data are representative of two independent 

experiments. n=6 – 8 mice. ns>0.05 by unpaired Student’s t-test. 
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Figure 15: Absence of cysLTR1 does not alter lung tissue architecture at naïve state.  

Sex and age matched naïve cysLTR1 deficient and littermate control mice were killed, and lung pathology 

was analysed. (A) Representative H&E and CAB staining of lung sections at naïve state. (B) Quantification 

of alveoli disruption (emphysema). (C) Quantification of mucous producing cells. Data are representative 

of two independent experiments. n=6 – 8 mice. ns>0.05 by unpaired Student’s t-test. 

 

 

4.1.6 Disruption of cysLTR1 does not alter lymphocyte-compartments in primary, secondary 

lymphoid tissue and periphery organs under steady state conditions. 

To investigate the effect of deleting cysLTR1 on T cell compartment and ontogeny in the primary lymphoid 

tissue, we collected thymus from naïve cysLTR1-/- mice and wild type control mice and assessed T cell 

subsets by flow cytometry. CysLTR1-/- mice displayed normal distribution of double negative (DN), double 

positive (DP), single positive 4 (SP4), and SP8 cells in the thymus similar to wild type control mice (Figure 

16A-C). These data suggested that removal of cysLTR1 does not affect T cell ontogeny in the thymus. 
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Figure 16: Absence of cysLTR1 does not alter the development of T cells in the thymus at steady 

state.  

Sex and age matched naïve cysLTR1 deficient and littermate control mice were killed; thymus was 

harvested, and T cell development was analysed. (A) Representative flow cytometry analysis of T cells. 

Gating strategy for identifying DN, DP, SP4 and SP8 populations in the thymus. Representative flow 

cytometry analysis of DN, DP, SP4 and SP8 (B) percentage cell frequencies populations and (C) total cell 

numbers in the thymus of naïve mice. Data are representative of two independent experiments. n= 6 – 8 

mice. ns>0.05 by unpaired Student’s t-test. 

 

To examine the effect of deletion of cysLTR1 on T cell subset in the secondary lymphoid tissue, spleen and 

mesenteric lymph node (MLN) were harvested, single cell suspensions were prepared and the frequency of 

CD19+ B cells, CD4+, CD8+, CD62L+ and CD44+ T cells were determined by flow cytometry (Figure 17A). 
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The frequency of CD19+ B cells, CD4+, CD8+, CD4+CD62L+CD44-, CD8+CD62L+CD44- T cells were 

similar between cysLTR1-/- mice and wild type mice while the frequency of CD4+CD62L+CD44+ and 

CD8+CD62L+CD44+ T cells in the spleen and MLN were increased in cysLTR1-/- mice compared to control 

mice (Figure 17B & C). Similarly, the total number of CD19+ B cells, CD4+, CD8+, CD4+CD62L+CD44-, 

CD8+CD62L+CD44- T cells were similar between cysLTR1-/- mice and wild type mice while the total 

number of CD4+CD62L+CD44+ and CD8+CD62L+CD44+ T cells in the spleen and MLN were increased in 

cysLTR1-/- mice compared to control mice (Figure 17D & E). Therefore, these data demonstrated that the 

deletion of cysLTR1 did not affect the lymphocyte-compartment of CD19+ B cells, CD4+ and CD8+ T cells 

in the spleen and MLN of naïve mice, however absence of cysLTR1 does affect subsets of 

CD4+CD62L+CD44+ and CD8+CD62L+CD44+ T cells at naïve state.   

 

Finally, the study sought to investigate the effect of removal of cysLTR1 on the recruitment of CD19+ B 

cells, CD4+ and CD8+ T cell subsets in the lungs, liver and gut of naïve cysLTR1-/- and wild type mice. The 

tissues were digested, single cell suspensions were prepared, and cells were stained for flow cytometry 

acquisition and analysis (Figure 18A). The data revealed comparable distribution of the frequency of CD19+ 

B cells, CD4+ and CD8+ T cells in the lung between the two groups (Figure 18B). However, we observed a 

significantly increased frequency of CD4+ and CD8+ T cells in the liver of cysLTR1-/- mice compared to 

wild type mice (Figure 18C). We found no differences in the frequency of CD19+ B cells, CD4+ and CD8+ 

T cells in the gut between the two mutants (Figure 18D). In contrast, there was a significant increase of 

total number of CD4+ T cells in the lungs (Figure 18E), while CD19+ B cells and CD8+ T cells remained 

comparable between cysLTR1-/- mice and littermate control mice. Further analyses revealed no difference 

in total number of CD19+ B cells, CD4+ and CD8+ T cells in the liver (Figure 18F) and gut (Figure 18G) of 

cysLTR1-/- mice as compared to littermate control mice. Taken together, these data showed that cysLTR1 

is not essential for recruitment of lymphocytes to the lungs and gut at steady state in naïve mice.  
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Figure 17: Absence of cysLTR1 does not change the frequency of CD19+ B cells, CD4+ and CD8+ T 

cells in the spleen and MLN in naïve state.  

Sex and age matched naïve cysLTR1 deficient and littermate control mice were killed, spleen and MLN 

were harvested, single cell suspension prepared, and cells stained for flow cytometry analysis. (A) Gating 

strategy for identifying CD4+, CD8+, CD44+, CD62L+ and CD19+ cells in secondary lymphoid tissue (MLN 

and spleen) at naïve state. (B-C) Representative flow cytometry analysis of CD4+, CD8+, CD44+, CD62L+ 

and CD19+ population in MLN and spleen at naïve state. (D-E) Total number of lymphocytes in the spleen 

and MLN. Data are representative of two independent experiments. n=6 – 8 mice. ns>0.05 by unpaired 

Student’s t-test. 
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Figure 18: Absence of cysLTR1 does not alter the frequency of lymphocytes in the organs of naïve 

mice.  

Sex and age matched naïve cysLTR1 deficient and littermate control mice were killed, lungs, liver and gut 

were collected, digested and single cells suspension prepared for flow cytometry staining and acquisition. 

(A) Gating strategy for identifying CD4+, CD8+ and CD19+ cells in organs (lung, liver and gut) at naïve 

state. Representative flow cytometry analysis of CD4+, CD8+ and CD19+ frequency cell populations in the 

lungs (B), liver (C)and gut (D) at naïve state. Representative flow cytometry analysis of CD4+, CD8+ and 

CD19+ total number of cells in the lungs (E), liver (F)and gut (G) at naïve state. Data are representative of 

two independent experiments. n=6 – 8 mice. ns>0.05 by unpaired Student’s t-test. 

 

4.1.7 Disruption of cysLTR1 does not alter myeloid cell compartments under steady state 

conditions. 

To investigate the effect of deleting cysLTR1 on the recruitment of myeloid cells, we collected spleen, 

lung, liver and gut from naïve cysLTR1-/- mice and wild type mice and assessed myeloid subsets by flow 
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cytometry (Figure 19A). CysLTR1-/- mice displayed normal distribution of cell frequency and total number 

of neutrophils, eosinophils, macrophages and dendritic cells in the spleen (Figure 19B, F), lungs (Figure 

19C, G), liver (Figure 19D, H) and gut (Figure 19E, I) similar to wild type mice. Taken together, these data 

suggested that the absence of cysLTR1 had no major impact on myeloid cell recruitment in spleen, lung, 

liver, and gut under steady state conditions. 

 

 

Figure 19: Absence of cysLTR1 does not alter myeloid cell recruitment in the spleen, lungs, liver and 

gut of naïve mice.  

Sex and age matched naïve cysLTR1 deficient and littermate control mice were killed, spleen, lungs, liver 

and gut harvested, single cell suspensions were prepared, and cells were stained for flow cytometry 

acquisition. (A) Representative gating strategy for identification of CD11b+, F4/80+, SiglecF+, CD11c+, 

Ly6G+ cells in the lung, liver and gut at naïve state. Representative flow cytometry analysis of frequency 
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of CD11b+, F4/80+, SiglecF+, CD11c+, Ly6G+ cell population in (B) spleen, (C) lung, (D) liver and (E) gut 

at naïve state. Representative flow cytometry analysis of total number of CD11b+, F4/80+, SiglecF+, 

CD11c+, Ly6G+ cell population in (F) spleen, (G) lung, (H) liver and (I) gut at naïve state. Data are 

representative of two independent experiments. n=6 – 8 mice. ns>0.05 by unpaired Student’s t-test.  
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4.2 Assessing the effects of cysLTR1 deletion on N. brasiliensis worm clearance and resolution 

following primary infection. 

 

4.2.1 Expulsion of N. brasiliensis is dependent on cysteinyl leukotrienes (cysLTs) signaling 

through cysLTR1. 

Previous studies by Barner et al., (1998) and Camberis et al. (2003) showed that N. brasiliensis adult worms 

are expelled by day 9 post infection in immuno-competent mice. However, mice lacking 5-lipoxygenase 

(5-LOX-/-), an enzyme required in the metabolism of arachidonic acid to produce leukotrienes, were 

reported to have a delayed N. brasiliensis worm clearance as compared to wild type mice (McGinty et al. 

2020). Hence, we investigated whether the absence of cysLTR1 would affect the resolution of N. 

brasiliensis infection. We infected cysLTR1-/- and wild type mice with 500 N. brasiliensis L3 (Figure 20A) 

and determined worm burdens at day 6, 7 and 9 post infection (Figure 20B). We found similar worm 

burdens between cysLTR1-/- and wild type mice at day 6 post infection; however, cysLTR1-/- mice had 

significantly higher worm burdens at day 7 post infection compared to wild type mice (Figure 20B). 

CysLTR1 deficient mice did not clear infection efficiently showing worm burden by day 9 post infection 

while no worms were detected in wild type mice (Figure 20B). Therefore, these data suggested that cysLTs 

signaling through cysLTR1 are required for optimum expulsion of N. brasiliensis worms. 

 

4.2.3 CysLTR1 deficient mice have impaired Th2 immune response in the MLN and small 

intestine after N. brasiliensis infection.  

Th2 cytokines drive protective mechanisms following N. brasiliensis infection in mice (Kopf et al. 1993; 

Urban et al. 1998; Finkelman et al. 2004; Holland et al. 2005; Liu et al. 2002; Min et al. 2004). Therefore, 

we analyzed cytokine production by total MLN cells stimulated with α-CD3 to determine the concentration 

of cytokines in the supernatants by ELISA. We observed a reduction in the levels of Th2 cytokines such as 

IL-4, IL-5, IL-9 and IL-13 in cysLTR1-/- mice compared to wild type mice (Figure 20F). Similar to the 

MLN immune responses, we found a significant reduction in type 2 cytokines including IL-4, IL-5 and IL-

13 in the gut of cysLTR1-/- mice compared to wild type mice at both day 6 and 7 post infection (Figure 

20G). Also, in the gut, we observed reduction in levels of IL-25 at day 7 in cysLTR1-/- mice as compared 

to wildtype mice (Figure 20G). Overall, these data suggested that cysLTR1 signaling is crucial for the 

production of type 2 cytokines in the gut and α-CD3 stimulated MLN cells in mice infected with N. 

brasiliensis.  
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4.2.2 Reduced tuft cell hyperplasia despite the high expression of overall mucous producing 

cells during N. brasiliensis in the absence of cysLTR1. 

Intestinal mucus production by goblet cells is a striking pathological feature of many parasitic helminth 

infections and is related to intestinal protection and worm expulsion (McKenzie et al. 1998; Marillier et al. 

2008). Induction of goblet cell hyperplasia is associated with Th2 immune responses, which are driven 

primarily by IL-13 (Marillier et al. 2008). Seeing that the Th2 immune responses including IL-13 were 

reduced in the cells from the MLN stimulated with α-CD3 and gut homogenates, we further wanted to 

investigate whether this could be associated with activation of goblet cells in the small intestine. CysLTR1 

deficient mice showed an increase in the number of mucous producing goblet cells at day 6 post infection 

compared to littermate control mice (Figure 20C & D). We observed a further increase in the number of 

mucous producing cells in cysLTR1-/- mice compared to wild type mice at day 7 post infection (Figure 20C 

& D). Early production of IL-25 has been shown to be from tuft cells during N. brasiliensis infection (Gerbe 

et al. 2016). Seeing that there was a reduction of IL-25 in the infected N. brasiliensis cysLTR1-/- mice, we 

were interested to know whether the activation tuft cells were affected. Despite the increased number of 

mucous producing cells, we observed a reduced expression of tuft cells in cysLTR1-/- N. brasiliensis 

infected mice as compared to the littermate control mice (Figure 20C, E).  Taken together, these results 

suggested that overall mucous production was not abrogated, however tuft cells hyperplasia was impaired 

in the absence of cysLTR1 during primary N. brasiliensis infection. 
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Figure 20: Deletion of cysLTR1 leads to delayed worm expulsion and resolution of N. brasiliensis 

infection.  
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CysLTR1 deficient and littermate control mice were infected with 500 L3 stage N. brasiliensis and killed 

on day 6, 7 and 9 post infection. (A) Experimental layout. (B) Worm burden during N. brasiliensis infection. 

(C) Mucous producing goblet cells were visualized (100× magnification) using PAS staining, Tuft cells 

were visualized (100x magnification) using DCLK1 staining. A representative photograph was taken from 

intestinal section of each mouse per group. (D) Quantification of mucous producing goblet cells. (E) 

Quantification of tuft cells. (F) Cytokine production by total mesenteric lymph node cells restimulated with 

20μg/ml α-CD3 was determined by ELISA. (G) Cytokine production measured by ELISA from infected 

gut. Gut from infected mice were homogenized and levels of the indicated cytokines were detected by 

ELISA and normalized to weight of tissue. Data are representative of two independent experiments. n=4 – 

8 mice. *p<0.05, **p<0.01 by unpaired Student’s t-test. 

 

4.2.4 The inability to resolve N. brasiliensis infection in the absence of cysLTR1 is could be 

attributed by CD4+ T cell immune responses.  

To understand the mechanism behind the delayed worm expulsion in cysLTR1-/- mice, we analyzed CD4+ 

T cells subset in MLNs of infected mice by flow cytometry (Figure 21A). We found slight increase but not 

significant differences in the frequency of CD4+ T cells (Figure 21B), while the total CD4+ T cells were 

significantly increased (Figure 21D) between the wild type and knockout mice at day 6 post infection. 

Furthermore, as the infection progressed, cysLTR1-/- mice had a significantly increased frequency of CD4+ 

T cells as well as total number of CD4+ T cells compared to littermate control mice (Figure 21C, E). We 

observed a significant reduction in the frequency and total number of activated CD4+ T cells (CD4+CD44+) 

at both day 6 and 7 post infection in cysLTR1-/- mice compared to wild type mice (Figure 21B-E). Taken 

together, these data suggested that cysLTR1 is not essential for the activation of CD4+ T cells, however, 

may be required for activation of CD4+CD44+ T cell during primary N. brasiliensis infection. 

 

4.2.5 Humoral immune responses are not affected in mice lacking cysLTR1 signaling.  

To determine whether the deletion of cysLTR1 had any effect on the establishment of humoral immunity 

during N. brasiliensis infection, we analyzed the recruitment of B cells into the MLN at both day 6 and day 

7 post infection (Figure 22 A). We observed a significant reduction in the frequency and total number of B 

cells in the MLN of infected cysLTR1-/- mice compared to wild type mice at both timepoints (Figure 22C-

E). We next analyzed serum antibody titers in infected wild type and knockout mice and found no 

differences in the levels of total IgE at day 6 and 7 post infection in both strains (Figure 22G). Furthermore, 

the levels of N. brasiliensis-specific type 1 antibodies (IgG2a and IgG2b) and type 2 antibodies (IgG1) were 

similar between both mutant mice at both day 6 and 7 post infection (Figure F, H-I). Together, these data 

revealed that cysLTR1 is essential for activation of CD19+ B cells, however this does not affect the overall 

humoral immunity, as it is not affected in the absence of cysLTR1 during N. brasiliensis primary infection.  
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Figure 21: Absence of cysLTR1 results in reduced activated CD4+ T cells during N. brasiliensis 

infection.  

CysLTR1 deficient and littermate control mice were infected with 500 L3 stage N. brasiliensis and killed 

on days 6 and 7 post infection. (A) Gating strategy identifying CD4+ and effector CD4+ T cells. (B) 

Frequency of CD4+CD44+ T cells. Data are representative of two independent experiments. Data are 

representative of two independent experiments. n=6 – 8 mice. *p<0.05, **p<0.01 by unpaired Student’s t-

test. 
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Figure 22: Abrogation of cysLTR1 did not impact the development of humoral immune responses in 

mice infected with N. brasiliensis.  

CysLTR1 deficient and littermate control mice were infected with 500 L3 stage N. brasiliensis and killed 

on days 6 and 7 post infection. (A) Gating strategy for identifying CD19+ B cells. (B-E) Frequency and 
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total number of CD19+ B cells. (F) NES-specific IgG1 titres. (G) Total IgE titres in the serum from infected 

mice. (H-I) NES-specific IgG2a, IgG2b titres in the serum from infected mice. Data are representative of 

two independent experiments. n=6 – 8 mice. *p<0.05 and ***p<0.001 by unpaired Student’s t-test. 

 

4.2.6 N. brasiliensis induced gut hypercontractility is impaired in the absence of cysLTR1. 

Intestinal hypercontractility has been implicated in the expulsion of intestinal helminths such as Trichuris 

muris, Heligmosomoides polygyrus, and N. brasiliensis (Shea-Donohue et al. 2012; Allen & Sutherland 

2014). Previous studies demonstrated that cysLTs caused contraction of the esophagus, stomach, ileum and 

colon (Kanaoka and Boyce 2004; Chang et al. 2008; Miyata et al. 1995; Back et al. 1996; Ieiri et al. 2001). 

In vitro studies later indicated that cysLTs caused moderate smooth muscle contraction in the stomach 

(Huang 2011). Therefore, we investigated the effect of deleting cysLTR1 on intestinal smooth muscle cell 

hypercontractility during N. brasiliensis infection. First, we assessed the ability of the tissue to contract 

after stimulation with 50mM KCl to determine tissue viability. Tension remained similar between the two 

strains at both day 6 and 7 post infection (Figure 23A & C). Intestinal hypercontractility was impaired in 

the gut from cysLTR1-/- mice compared to wild type mice after stimulation with acetylcholine (Figure 23B 

& D). These results confirmed a role of cysLTR1 responsiveness for cholinergic-induced contraction and 

suggested that cysLTR1 responsiveness by smooth muscle cells is important to induce contraction.  

Induction of contractility is primarily mediated through an acetylcholine-driven cholinergic response 

mediated by muscarinic receptor 3 (M3R) (Darby et al. 2015, Zhao et al. 2003, Matsui et al. 2002, Stengel 

et al. 2002). Unlike other mAChRs, M3R is the major mAChR expressed on smooth muscle, and drives 

contractile responses in the small intestine (Matsui et al. 2002) which mainly attribute to expulsion of 

parasitic worms and eggs during helminth infections. It was previously described that nematode infection 

induced an IL-4/IL-13-driven intestinal smooth muscle hypercontractility which was absent in global IL-

4Rα-/- mice and reduced in smooth muscle cell-specific IL-4Rα deficient mice (Horsnell et al. 2011, 

Marillier et al. 2008). CysLTs have been shown to play a central role in regulating smooth muscle 

contractions in the lung (Bara et al. 2010, Holgate 2003, Panettieri et al. 1998); however, there is little 

known about this in the intestine during intestinal nematode infections. We determined the expression of 

M3R in the intestines of infected mice at days 6, 7 and 9 post infection using qRT-PCR (Figure 23E). We 

found no differences in the expression of M3R between wild type and cysLTR1-/- mice at day 6 post 

infection (Figure 23E). Interestingly, the expression of M3R was significantly reduced in intestinal tissue 

from cysLTR1 deficient mice at day 7 post infection compared to wild type mice (Figure 23E). However, 

M3R expression was comparable between all mutant mice at day 9 post infection (Figure 23E). These results 

indicated impaired acetylcholine-driven response in N. brasiliensis-infected intestines at day 7 post 

infection.  
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Figure 23: Deletion of cysLTR1 impaired gut contractility in mice that were infected with N. 

brasiliensis. CysLTR1 deficient and littermate control mice were infected with 500 L3 stage N. brasiliensis 

and killed on days 6 and 7 post infection, and gut was harvested and analysed. (A) Contractile responses to 

50mM KCl at day 6. (B) Contractile responses to Ach presented by force divided by tissue weight at day 

6. (C) Contractile responses to 50mM KCl at day 7. (D) Contractile responses to Ach presented by force 

divided by tissue weight at day 7. (E) RNA expression of M3R in small intestine of infected mice quantified 

by qRT-PCR. Data are representative of two independent experiments. n=6 – 8 mice. *p<0.05, **p<0.01 

by unpaired Student’s t-test. 
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4.2.7 CysLTR1-/- mice exhibit a change in phenotypic immune response during primary N. 

brasiliensis infection.  

Interleukin 4 receptor alpha (IL-4Rα) is essential for effective clearance of gastrointestinal nematode 

infections (Horsnell et al. 2007). Murine infection with N. brasiliensis induces a strong T helper 2 immune 

response that is characterized by the production of IL-4 and IL-13 that mediate their effects by signaling 

via IL-4Rα. To investigate whether expression of IL-4Rα was affected during N. brasiliensis in the absence 

cysLTR1, we assessed the expression of IL-4Rα on CD4+ T cells by flow cytometry. We observed a 

significant reduction in the expression of IL-4Rα on CD4+ T cells from cysLTR1-/- mice compared to wild 

type mice at both day 6 and day 7 post infection (Figure 24A & B). The transcription factors STAT-6 and 

Gata-3 are activated by IL-4Rα signaling to stabilize the Th2 program in polarized CD4+ T cells (Urban et 

al. 1998, Marillier et al. 2008). Therefore, we investigated the expression of transcription factors (Gata-3+ 

and Foxp3+) in CD4+ T cells during N. brasiliensis infection (Figure 24C). We observed heightened 

expression of Gata3 at day 6 post infection (Figure 24D, F) in cysLTR1-/- mice compared to wild type mice; 

however, as the disease progressed, there was no difference in the expression of Gata3 between the 

knockout and wild type mice (Figure 24E, G). Interestingly, we observed a significant reduction in the 

frequency and total number of FoxP3+CD4+ T cells (Figure 24D, F) at day 6 post infection and the opposite 

was observed at day 7 post infection where the frequency and total number of FoxP3+CD4+ T cells were 

significantly increased in cysLTR1-/- mice compared to wild type mice (Figure 24E, G). Therefore, these 

data suggested that csyLTR1 may be playing a role in controlling the shift between Th2 and regulatory 

responses in infected mice.  
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Figure 24: CysLTR1 seems to play a role in the transition from Th2 to regulatory responses in N. 

brasiliensis infected mice.  

CysLTR1 deficient and littermate control mice were infected with 500 L3 stage N. brasiliensis and killed 

on days 6 and 7 post infection. (A) Representative histograms of IL4-Rα expression by CD4+ T cells. (B) 

Summarized GMFI values of CD4+ IL-4-Rα day 6 and day 7 post infection. (C) Gating strategy for 

identifying CD4+ Gata3+, CD4+ Foxp3+T cells. (D-E) Frequency of CD4+ Gata3+, CD4+ Foxp3+ at day 6 

and 7 post infection. (F-G) Total number of CD4+ Gata3+, CD4+ Foxp3+ at day 6 and 7 post infection. Data 
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are representative of two independent experiments. n=6 – 8 mice. *p<0.05, **p<0.01 and ***p<0.001 by 

unpaired Student’s t-test. 

 

4.2.8 Deletion of cysLTR1 during primary N. brasiliensis infection leads to reduced innate 

immune cell recruitment. 

Type 2 innate lymphoid cells (ILC2’s) have been shown to be crucial for initiating and sustaining protective 

type 2 immune responses to helminth infections (Neumann et al. 2016, Löser et al. 2019, Bouchery et al. 

2019). We investigated the effect of impairing cysLTR1 signaling on the recruitment of macrophages and 

ILC2’s in the MLN during N. brasiliensis infection (Figure 25A). CysLTs are produced predominantly by 

cells of the innate immune system, especially eosinophils, monocytes/macrophages, dendritic cells, and 

neutrophils (Theron et al. 2014, Thivierge et al. 2015). We found no differences in the frequency and total 

number of macrophages between the two strains at day 6 post infection (Figure 25B, C). However, the 

frequency and total number of macrophages was significantly decreased in cysLTR1-/- mice at day 7 post 

infection compared to wild type mice (Figure 25B, C). There were no differences in the frequency and total 

number of ILC2s in cysLTR1-/- mice at day 6 post infection, but they were significantly increased in 

cysLTR1-/- mice at day 7 post infection compared to wild type mice (Figure 25D, E). These data 

demonstrated that cysLTR1 is essential for expansion of macrophages and not ILC2s during primary N. 

brasiliensis infection. 
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Figure 25: Absence of cysLTR1 leads reduced frequency of macrophages and increased frequency of 

ILC2s in mice infected with N. brasiliensis. 

CysLTR1 deficient and littermate control mice were infected with 500 L3 stage N. brasiliensis larvae and 

killed on days 6 and 7 post infection. (A) Gating strategy for identifying (B) Frequency of (C) Total number 

of inflammatory macrophages as detected by staining with CD11b+ F4/80+. (D) Frequency (E) Total number 

of type 2 innate lymphoid cells as identified by Lin- T1/ST2+. Data are representative of two independent 

experiments. n=6 – 8 mice. *p<0.05, ***p<0.001 by unpaired Student’s t-test. 

 

4.2.9 Removal of cysLTR1 leads to reduced lung pathology in mice infected with N. 

brasiliensis. 

Nippostrongylus brasiliensis larval migration from the circulatory to bronchial system causes direct damage 

to the lungs during the first 48 hours of infection (McNeil et al. 2002). To determine whether the absence 

of cysLTR1 affected lung pathology and function during primary N. brasiliensis infection, we measured 
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the lung weight and emphysema at day 6 and 7 post infection. We observed a significant reduction in lung 

weight at day 7 post infection in cysLTR1-/- mice compared to wild-type mice, while no differences were 

observed between the two mutants at day 6 post infection (Figure 26B). We also analyzed the role played 

by cysLTR1 in the regulation of worm-driven lung emphysema-like pathology and found that the deletion 

of cysLTR1 resulted in increased emphysema-like pathology at day 6 post-infection (Figure 26C), and the 

emphysema-like pathology was resolved by day 7 post-infection in cysLTR1-/- mice and wild type mice 

(Figure 26C). A previous study demonstrated an exaggerated secretion of mucus from goblet cells in the 

guinea pig respiratory epithelium following respiratory leukotriene D4 (LTD4) aerosol challenges (Hoffstein 

et al. 1990). To determine whether the emphysema-like pathology in the lung following N. brasiliensis 

infection led to the induction of goblet hyperplasia in cysLTR1 deficient mice, lung sections were stained 

with periodic Acid-Schiff (PAS) to assess mucous producing cells on day 6 and 7 post infection. We found 

no differences in the number of mucus producing cells in cysLTR1-/- mice compared to wild type mice at 

both day 6 and 7 post-infection (Figure 26A & D). Taken together, the results suggested that cysLTR1 is 

not required for induction of mucous production in the lung following N. brasiliensis infection. 

 

Figure 26: Lung pathology of N. brasiliensis infected cysLTR1 deficient and littermate control mice.  

CysLTR1 deficient and littermate control mice were infected with 500 L3 stage N. brasiliensis and killed 

on days 6 and 7 post infection. (A) Mucus producing goblet cells were visualized (100× magnification) 

using PAS staining. A representative photograph was taken from mice per group. (B) Lung weight of N. 

brasiliensis infected mice. (C) Quantification of emphysema in the lungs of N. brasiliensis infected mice. 

(D) Quantification of mucous producing goblet cells in the lungs. Data are representative of two 

independent experiments. n=6 – 8 mice. *p<0.05 and **p<0.01 by unpaired student’s t-test. 
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4.2.10 Deletion of cysLTR1 leads to production of cytokines in lung during primary N. 

brasiliensis infection 

It is well established that N. brasiliensis infection induces Th2 polarization in the lungs that is characterized 

by increased production of Th2 cytokines such as IL-4, IL-5, IL-13 (Reece et al. 2008). To determine 

whether cytokine production in the lungs was affected in mice deficient of cysLTR1, we measured cytokine 

secretion by sandwich ELISA from lung homogenates. As reported by Reece et al. 2008, we observed 

increased production of IL-4, IL-13, IFN-γ, IL-33 and TNF-α in cysLTR1 deficient mice compared to wild 

type mice at both day 6 and 7 post infection (Figure 20). However, the levels of IL-17 were significantly 

reduced in cysLTR1-/- mice compared to wild type mice at both day 6 and 7 post infection (Figure 27). 

Therefore, these data demonstrated that cysLTR1 signaling is not required for the production of cytokines 

in the lungs during primary N. brasiliensis infection. 

 

 

Figure 27: Absence of cysLTR1 results in heightened cytokine production in the lung during primary 

N. brasiliensis infection.  

CysLTR1 deficient and littermate control mice were infected with 500 L3 stage N. brasiliensis and killed 

on days 6 and 7 post infection. Lung cytokine production at day 6 and day 7 post infection in cysLTR1 

deficient mice and littermate control. Lungs from N. brasiliensis infected mice were homogenized, and the 

levels of the presented cytokines were detected by ELISA and normalized to weight of lung tissue. Data 

are representative of two independent experiments. n=6 – 8 mice. *p<0.05, **p<0.01 and ***p<0.001 by 

unpaired Student’s t-test.  
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4.3 Evaluating the role of cysLTR1 in the development of memory immune response to N. brasiliensis 

secondary infection. 

 

 4.3.1 CysLTR1 is required for development of protective recall responses to re-

infection with N. brasiliensis. 

In order to investigate the role of cysLTR1 in the development of recall responses to N. brasiliensis 

secondary infection, we infected cysLTR1-/- and wild type mice with 500 L3 N. brasiliensis, treated with 

Ivermectin at day 9 and rested for 21 days following treatment. At day 37, both groups were re-infected 

with 500 L3 N. brasiliensis, killed at day 5 post re-infection and worm burdens were quantified (Figure 

28A). We found that cysLTR1-/- mice exhibited high intestinal worm burdens compared to wild type mice 

after re-infection (Figure 28B). Furthermore, the serum levels of total IgE were comparable between 

cysLTR1-/- and wild type mice (Figure 28C). Protective immunity, clearance and resolution of worms is 

associated with strong Th2 responses characterized by the release of the cytokines IL-4, IL-5, IL-9 and IL-

13 and induction of effector mechanisms including eosinophils, basophils, neutrophils and CD4+ T cells 

(Finkelman et al. 2004). To further investigate possible mechanism for impaired expulsion of worms during 

secondary N. brasiliensis infection, we analyzed cytokine immune responses at day 5 post infection. There 

was a significant reduction in the production of IL-13 in lung homogenates (Figure 28D), α-CD3 stimulated 

total mediastinal lymph node cells (medLN) (Figure 28E), frequency and total number of CD4+ T cells  

(Figure 28F, G) of cysLTR1-/- mice compared to wild type mice. There was a reduction of frequency and 

total number of CD4+ T cells IL-5 in the medLN following re-infection with N. brasiliensis. Therefore, 

these data suggested that cysLTR1 is required for the clearance of N. brasiliensis during secondary 

infection.  
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Figure 28: Absence of cysLTR1 results in high parasite burden during secondary N. brasiliensis 

infection. 

CysLTR1 deficient and littermate control mice were infected with 500 L3 stage N. brasiliensis, treated with 

Ivermectin, re-infected with 500 L3 stage N. brasiliensis and killed 5 days post-infection. (A) Experimental 

layout. (B) Intestinal worm burden. (C) Serum antibody titre of total IgE were determined by ELISA. (D) 

Lung cytokine production, lungs from N. brasiliensis infected mice were homogenized and the levels of 

the presented cytokines were detected by ELISA and normalized to mg of lung tissue. (E) Cytokine 

production by total mediastinal lymph node cell re-stimulated with optimal concentration of α-CD3 (20 

μg/ml) was determined by ELISA. (F) Frequency and (G) Total no. of CD4+ T cells producing cytokines 

after restimulation of total medLN cells with 50 ng/ml PMA, 250 ng/ml ionomycin and 200 µM Monensin 

in vitro. Data are representative of two independent experiments. n=6 – 8 mice. *p<0.05 by unpaired 

Student’s t-test. 
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4.3.2 CysLTR1 is necessary for optimal activation of CD4+ T cells during N. brasiliensis 

secondary infection. 

The requirement for T cells in protective immunity to helminths is well documented (Mitchell 1980; 

Voehringer et al. 2004; Seidl et al. 2011; Thawer et al. 2014). To further investigate possible cellular 

mechanism involved in recall of protective responses during N. brasiliensis infection, we analyzed CD4+ T 

cell and CD8+ T cell subsets using flow cytometry. The frequency and total no. of CD4+ T cells was 

significantly reduced in lungs of cysLTR1-/- mice compared to wild type mice (Figure 29A, E). Studies 

have suggested that memory T cells develop directly from effector CD4+ T cells (Hu et al. 2001). Flow 

cytometry analysis of CD4+ memory T cells was conducted to investigate the development of memory 

CD4+ T cells during recall responses to N. brasiliensis infection. The frequency and total no. of naïve CD4+ 

T cells (CD4+CD62L+CD44-) was significantly high in cysLTR1-/- mice compared to wild type mice (Figure 

29B, F). Remarkably however, the frequency and total no. of effector CD4+ T cells (CD4+CD62L-CD44+) 

were significantly reduced in the cysLTR1-/- mice compared to wild type mice (Figure 29D, H). 

Furthermore, central memory CD4+ T cells (CD4+CD62L+CD44+) were significantly reduced in mice 

lacking cysLTR1 as compared to the wild type mice (Figure 29C, G). Taken together, these results 

suggested that cysLTR1 is essential of both effector and central memory CD4+ T cells during re-infection 

with N. brasiliensis.  
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Figure 29: Deletion of cysLTR1 impaired the development of effector and central memory CD4+ T 

cells during re-infection with N. brasiliensis.  

CysLTR1 deficient and littermate control mice were infected with 500 L3 stage N. brasiliensis, treated with 

Ivermectin, re-infected with 500 L3 stage N. brasiliensis larvae and killed 5 days post-re-infection. (A) 

Total CD4+ T cells, (B) CD4+ naïve T cells (CD4+CD62L+CD44-), (C) CD4+ central memory T cells 

(CD4+CD62L+CD44+), (D) CD4+ effector T cell (CD4+CD62L- CD44+). Data are representative of two 

independent experiments. n=6 – 8 mice.  *p<0.05 and **p<0.01 by unpaired Student’s t-test. 

 

4.3.3 CysLTs signaling through cysLTR1 is required for the development of FoxP3+CD4+ 

T cells during N. brasiliensis secondary infection.  

We investigated the expression of transcription factors Gata-3, FoxP3, RORγT and T-bet by CD4+ T cells 

in the mediastinal lymph node after secondary infection with N. brasiliensis of cysLTR1-/- and wild type 

mice. We found no differences in the frequency of CD4+ T cells expressing Gata-3, RORγT and T-bet in 

cysLTR1-/- mice compared to wild type mice (Figure 30A). Interestingly, we found that the frequency of 

CD4+ T cells expressing FoxP3 was significantly reduced in cysLTR1-/- mice compared to wild type mice 

(Figure 30A). Similar to frequency of CD4+ Foxp3 T cells, further analysis revealed a reduction in total 
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number of CD4+ Foxp3, CD4+ RORyt T cells in the infected lungs. Therefore, these data suggested that 

cysLTR1 is required for expression of Foxp3 by CD4+ T cells during secondary infection with N. 

brasiliensis in mice.   

 

 

Figure 30: Removal of cysLTR1 leads to a reduced frequency of CD4+ T cells expressing FoxP3+ in 

the medLN during secondary infection with N. brasiliensis.  

CysLTR1 deficient and littermate control mice were infected with 500 L3 stage N. brasiliensis, treated with 

Ivermectin, re-infected with 500 L3 stage N. brasiliensis and killed 5 days post-infection. Mediastinal 

lymph nodes were harvested. (A) Frequency and (B) total no. of transcription factors expressing CD4+ T 

cells was evaluated. Data are representative of two independent experiments. n=6 – 8 mice. *p<0.05 by 

unpaired student’s t-test. 

 

4.3.4 CysLTR1 influences recruitment of myeloid cells in the draining lymph node during 

secondary infection with N. brasiliensis.  

In order to determine whether the deletion of cysLTR1 is required for the recruitment of innate cells, we 

assessed innate immune cell recruitment by flow cytometry in the medLN and lungs. We observed no 

significant differences in the frequency and total number of eosinophils, ILC2s and dendritic cells recruited 

to the medLN and lungs in cysLTR1-/- mice and wild type mice (Figure 31-D). We did however observe a 

significant reduction in the frequency and total number of inflammatory macrophages (F4/80) in the medLN 

(Figure 31B, D) and neutrophils (Ly6G) in both medLN and lungs (Figure 31A-D) of cysLTR1-/- compared 

to wild type mice. Taken together, these results suggested that cysLTR1 is essential for recruitment of 

neutrophils and macrophages to the medLN and lungs during re-infection with N. brasiliensis. 
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Figure 31: Absence of cysLTR1 leads to reduced neutrophils and macrophage recruitment during 

secondary N. brasiliensis infection.  

cysLTR1 deficient and littermate control mice were infected with 500 L3 stage N. brasiliensis, treated with 

Ivermectin, re-infected with 500 L3 stage N. brasiliensis and killed 5 days post-infection. Infected lung and 

medLN were harvested and analyzed using flow cytometry. Frequency of myeloid cell populations 

including ILC2, neutrophils, macrophages, eosinophils and dendritic cells in the (A) lungs and (B) 

mediastinal lymph nodes. Total no. of myeloid cell populations including ILC2, neutrophils, macrophages, 

eosinophils and dendritic cells in the (C) lungs and (D) mediastinal lymph nodes. Data are representative 

of two independent experiments. n=6 – 8 mice. *p<0.05 by unpaired Student’s t-test. 
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4.4 Investigating the effect of deletion of cysLTR1 during acute schistosomiasis in mice. 

 

4.4.1 CysLTR1 deficient mice infected with S. mansoni showed survival kinetics and weight 

loss similar to littermate control. 

Cysteinyl leukotrienes are important for activation of Th2 immune response during allergic asthma (Kim 

et al. 2006; Parmentier et al. 2012). Th2 immune responses are protective against S. mansoni infection 

(Brunet et al. 1997; Butterworth 1998; Pearce & MacDonald, 2002; Herbert et al. 2004; Fallon et al. 2000). 

In order to determine whether signaling via cysLTR1 is required for host survival during acute 

schistosomiasis, we percutaneously infected cysLTR-/- and wild type mice with 80 live S. mansoni cercariae 

and disease outcome was monitored until the attainment of pre-defined humane endpoint (persistent bloody 

diarrhea, severe lethargy and weight loss of 20% or more). Fifty percent of the littermate control mice 

succumbed to infection by 8 weeks post infection, while cysLTR1 deficient mice started to die from 10 

weeks post-infection (Figure 32A). There was no difference in survival rate between the two mutant mice 

during acute schistosomiasis (Figure 32B). We observed that cysLTR1 deficient mice developed wasting 

disease and lost 9% of body weight by 10 weeks post infection compared to littermate control mice (Figure 

32C). Taken together, these data indicated that cysLTR1 could be essential for host protection and but does 

not play role on survival during acute schistosomiasis in mice.  

Seeing that cysLTR1 does not play a role in host protection, we sought to understand whether gross 

pathology was affected during acute S. mansoni infection. Therefore, once an animal reached pre-defined 

humane endpoint, we euthanized the mice and evaluated body, liver, spleen and lung weight. Overall body 

weight was reduced in cysLTR1-/- mice compared to control mice during acute schistosomiasis (Figure 

32D), as well liver weight (Figure 32E), while there was no difference observed in spleen (Figure 32F) and 

lung (Figure 32G) weights between the two strains of mice. We observed a significant increase in heart 

weight in cysLTR1-/- mice compared to control mice (Figure 32H), while the length of the gut was 

significantly reduced in mice deficient of cysLTR1 during acute S. mansoni infection (Figure 32I). Taken 

together, these results demonstrated that the deletion of cysLTR1 does affect gross liver and heart weight, 

as well as length of gut during acute schistosomiasis. 
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Figure 32: Deletion of cysLTR1 is dispensable for host survival during acute schistosomiasis.  

CysLTR1 deficient mice and wild type mice were infected with 80 live S. mansoni cercariae (A) and host 

survival was recorded. (B) Survival curve of S. mansoni infected mice. (C) Body weight measured weekly 

during the onset of infection. (D) Body weight. (E) Liver weight. (F) Spleen weight. (G) Lung weight. (H) 

Heart weight. (I) Gut length. Data are representative of two independent experiments. n=10 mice. *p<0.05 

by unpaired Student’s t-test. 
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4.4.2 Deletion of cysLTR1 signaling alters pathology in liver during acute schistosomiasis. 

To investigate the contribution of cysLTs signaling through cysLTR1 on granuloma formation and the 

control of liver pathology, we infected mice with 100 S. mansoni cercariae, killed mice at 8 weeks post 

infection and harvested the liver for analysis (Figure 33A). Histological analysis revealed reduced 

granuloma sizes in the liver of cysLTR1 deficient mice compared to littermate control (Figure 33B). 

Interestingly, cysLTR1 deficient mice and cysLTR1 littermate control mice had comparable levels of 

hydroxyproline (Figure 33C) and egg burdens (Figure 33D) in the liver. To further investigate the 

pathology, liver sections were stained with H&E and chromatrope aniline blue (CAB) to assess the degree 

of fibrosis around the eggs lodged in the liver tissue (Figure 33E). In line with the hydroxyproline 

measurement, we observed no difference in collagen content between the mutant strains (Figure 33E). In 

addition, concentration of ALT and AST where comparable between cysLTR1-/- mice and wild type mice 

(Figure 33F). Taken together, the results suggested that cysLTR1 contributes to granuloma formation but 

not fibrosis in the liver during acute schistosomiasis in mice.  
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Figure 33: Absence of cysLTR1 leads to reduced liver granulomatous inflammation during acute 

schistosomiasis. 

cysLTR1 deficient mice and littermate control mice were infected with 100 live S. mansoni cercariae, killed 

at 8 weeks post infection and the liver was harvested. (A) Experimental workplan. (B) Granuloma area was 

measured using computerized morph-metric analysis (NIS Elements, Nikon) by measuring 20-25 

granulomas per mouse. (C) Liver fibrosis determined by assaying hydroxyproline concentration normalized 

to tissue eggs. (D) Egg burden normalized to liver weight. (E) Histological examination of H&E and CAB 

stained liver sections. (F) Hepatocellular damage indicated by serum AST and ALT concentration. Data are 

representative of two independent experiments. n=6 – 7 mice. ***p<0.001 by unpaired Student’s t-test 
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4.4.3 CysLTR1 does not play a role in orchestrating an immune response during acute 

schistosomiasis in mice.  

With the reduced granulomatous inflammation in the liver, we further investigated whether cytokine 

responses were altered in cysLTR1-/- mice after infection with S. mansoni. We analyzed cytokine levels in 

liver homogenates, serum and total number and frequency of cytokines expressed by CD4+ T cells from 

infected cysLTR1 deficient and littermate control mice. We found no major alterations of type 1 (IFN- γ), 

type 2 (IL-5, IL-13), regulatory (IL-10) cytokines levels in liver homogenates, serum and single cell 

suspension of the liver of cysLTR1-/- mice compared to control mice (Figure 34A-D). However, it is worth 

noting that we observed a significant reduction in TNF-α and IL-33 concentrations in liver homogenates 

(Figure 34A), a significant increase in TGF-β levels in the serum (Figure 34B) and reduced IL-4, IL-9 and 

IL17 expressing CD4+ T cells, both by cell frequency and by total number of cells (Figure 34C-D) in 

cysLTR1-/- mice compared to wild type mice. These data suggested that the deletion of cysLTR1 suppresses 

the production of some cytokines in the liver and in circulation during acute schistosomiasis.  
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Figure 34: Absence of cysLTR1 results in reduced cytokine production in the liver during S. mansoni 

infection.  

CysLTR1 deficient mice and littermate control mice were infected with 100 live S. mansoni cercariae. S. 

mansoni-infected liver and blood were collected. The liver was homogenized, and blood was centrifuged 

to isolate the serum. (A) Livers from infected were homogenized and levels of the indicated cytokines were 

detected by ELISA and normalized to mg of liver tissue. (B) Cytokine production in the serum. (C) Cell 

frequency and (D) Total cell no. of IFN-γ, IL-4, IL-9, and IL-17-expressing CD4+ T cells Data are 

representative of two independent experiments. n=6 – 7 mice. *p<0.05 by unpaired Student’s t-test. 

 

 

4.4.4 Deletion of cysLTR1 resulted in reduced recruitment of lymphoid cells to the liver 

during acute schistosomiasis. 

B cell responses are required for granuloma formation during schistosomiasis (Ndlovu et al. 2018, Ji et al. 

2008, Yap et al. 1997). We analyzed the frequency of lymphocytes in the liver of infected mice and 

observed a significant reduction in the frequency and total cell number of CD19+ B cells in cyLTR1-/- mice 

compared to littermate control mice (Figure 35A, C). However, the frequency and total cell number of 
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CD4+ T cells was not altered in knockout mice, while there was a reduction in the frequency and total cell 

number of CD8+ T cells in cysLTR1-/- mice compared to wild type mice (Figure 35A, C). Suggesting that 

cysLTR1 is required for recruitment of CD19+ B cells as well as CD8+ T cells. We also analyzed the 

frequency of innate immune cells in the liver of S. mansoni infected mice and found no difference in the 

frequency of F4/80+ macrophages between the knockout and littermate control mice (Figure 35B), however 

total cell numbers of F4/80+ macrophages were significantly reduced in the absence of cysLTR1 (Figure 

35D). Although, we also found no significant difference in the frequency and total number of eosinophils 

(Figure 35 B, D), we did observe a reduction in frequency and total number of dendritic cells and neutrophils 

in cysLTR1 deficient mice compared to littermate control (Figure 35B, D). These data suggested that 

cysLTR1 is essential for recruitment of neutrophils and dendritic cells to the liver during acute 

schistosomiasis. Type 2 innate lymphoid cells (ILC2) participate in immune responses to helminths and 

mediate airway hyper-responsiveness during asthma (Neumann et al. 2016, Löser et al. 2019, Bouchery et 

al. 2019). To investigate whether ILC2 play a role in liver inflammation during acute schistosomiasis, we 

evaluated the recruitment of ILC2s in the liver as defined by Lin-T1/ST2+ cell population (Figure 35B, D). 

We observed reduced frequency and total number of ILC2s in cysLTR1 deficient mice compared to 

littermate control after S. mansoni infection (Figure 35B, D). Therefore, these data demonstrated that 

deletion of cysLTR1 impaired the recruitment of ILC2s to the liver during acute schistosomiasis. 
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Figure 35: Deletion of cysLTR1 reduced of some immune cells in the liver during acute 

schistosomiasis.  

CysLTR1 deficient mice and littermate control mice were infected with 100 live S. mansoni cercariae and 

killed at week 8 post infection. S. mansoni-infected liver was harvested, and cell recruitment was analyzed 

by flow cytometry. Representative frequency of (A) lymphocytes (B) innate cells recruitment in the liver 

during acute S. mansoni infection. Representative total number of (C) lymphocytes (D) innate cells 

recruitment in the liver during acute S. mansoni infection. Data are representative of two independent 

experiments. n=6 – 7 mice. *p<0.05, **p<0.01 by unpaired Student’s t-test. 

 

4.4.5 Deletion of cysLTR1 leads to reduced gut pathology during acute schistosomiasis. 

Cysteinyl leukotriene receptor-1 has been shown to be associated with colon cancer due to exacerbated 

inflammation in the colon (Osman et al. 2017). Increased expression of cysteinyl leukotriene receptor-1 

and 5-lipoxygense has also been associated with poor prognosis in patients with colorectal adenocarcinomas 

(Savari et al. 2016). To investigate the effects of cysLTs signaling through cysLTR1 in gut responses during 

acute schistosomiasis, we percutaneously infected mice with 100 live S. mansoni cercaria and determined 

the gut length, which is an indicator of alteration of the gut function (Weaver, 1991). We found a significant 

reduction of gut length (Figure 36A) and colon length (Figure 36B) in cysLTR1 deficient mice compared 
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to the littermate control mice after infection with S. mansoni. These data suggested that the absence of 

cysLTR1 influenced gut and colon function during acute schistosomiasis. 

 

4.4.6 Absence of cysLTR1 resulted in impaired gut contractility during acute 

schistosomiasis. 

Cysteinyl leukotrienes induce smooth muscle contractions following allergic stimulus in the airway 

(Salmon et al. 1999); however, there is little known on a role played by cysLTs on smooth muscle 

contractions in the gut during schistosomiasis. Therefore, we investigated whether the deletion of cysLTR1 

would affect the overall function of the tissue including the ability to contract and expel parasitic eggs. We 

assessed the contractility of the infected gut tissues and observed that the tension in response to KCl 

stimulation was comparable between infected cysLTR1 deficient mice and littermate control (Figure 36C). 

However, tension was significantly reduced in gut tissue from cysLTR1 deficient mice compared to the 

littermate control mice after stimulation with acetylcholine (Figure 36D). These results indicated that 

cysLTR1 played a role in driving smooth muscle cells contractions after stimulation with acetylcholine in 

S. mansoni infected mice.  
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Figure 36: Absence of cysLTR1 altered contraction of the small intestine during acute 

schistosomiasis.  

CysLTR1 deficient mice and littermate control mice were infected with 100 live S. mansoni cercariae, killed 

at 8 weeks post infection, and gut was harvested. (A) Gut length. (B) Colon length. (C) Contractile 

responses to 50mM KCl. (D) Contractile responses to Ach presented by force. Data are representative of 

two independent experiments. n=6 – 7 mice. *p<0.05, **p<0.01 by unpaired Student’s t-test. 

 

4.4.7 Absence of cysLTR1 resulted in reduced gut pathology during acute schistosomiasis. 

We assessed the gut architecture by staining the tissues with H&E and found no significant differences in 

gut pathology between infected cysLTR1 deficient mice and the littermate control mice (Figure 37A). 

Furthermore, there was no difference in the levels of fibrosis as indicated by similar intensity in CAB 

staining between cysLTR1 deficient mice and the littermate control (Figure 37A&C). The tissue egg burden 

was not affected in both infected cysLTR1 deficient mice and littermate control mice (Figure 37B). In 

contrast to the CAB staining (Figure 37A) and fibrosis score (Figure 37C), we observed a significant 

reduction in the concentration of collagen as measured as a concentration of hydroxyproline in the gut of 

cysLTR1-/- mice compared to wild type mice (Figure 37D). Taken together, these data demonstrated that 



88 
 

cysLTR1 does play a critical role in the development of gut pathology, particularly in fibrosis content during 

acute schistosomiasis in mice. 

 

 

Figure 37: Absence of cysLTR1 does not alter gut pathology during acute schistosomiasis.  

CysLTR1 deficient mice and littermate control mice were infected with 100 live S. mansoni cercariae, killed 

at 8 weeks post infection, and gut was harvested. (A) H&E staining and CAB staining during acute 

schistosomiasis. (B) Egg burden normalized to gut weight. C) Fibrosis score as assessed by NIS software. 

(D) Gut fibrosis determined by assaying hydroxyproline concentration normalized to tissue eggs. Data are 

representative of two independent experiments. n=6 – 7 mice. *p<0.05 by unpaired Student’s t-test. 

 

4.4.8 CysLTR1 does not alter immune cell recruitment and immune response in the gut 

following acute S. mansoni infection in murine model. 

To determine whether absence of cysLTR1 had any effect on gut-specific immune responses during acute 

schistosomiasis, we assessed recruitment of lymphocytes and myeloid cells in the gut of infected mice. We 

found that there was no difference in the frequency and total number of lymphocytes (Figure 38A, B) and 

myeloid cells (Figure 38C, D) in the gut of cysLTR1-/- compared to wild type mice, with the exception of 
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CD19+ B cells, this subset was reduced both by cell frequency and by total number of cells in the gut tissue. 

Further analysis of intracellular cytokine secretion IFN- γ, IL-4, IL-9 and IL-17 by CD4+ T cells from the 

MLN remained similar between cysLTR1-/- and wild type mice (Figure 38E, F). Furthermore, we observed 

no major alteration of type 1 (IFN-γ), type 2 (IL-4, IL-5, IL-13), regulatory (TGF-β, IL-10) cytokines in 

gut homogenates from cysLTR1-/- mice compared to littermate control mice (Figure 38G). These data 

suggested that the deletion of cysLTR1 has no major impact on immune response and cytokine production, 

with the exception of a reduced CD19+ B cells in the gut of S. mansoni infected mice. 

 

4.4.9 Deletion of cysLTR1 does not alter Schistosoma-specific humoral immune responses 

during S. mansoni infection in mice. 

B cells are required for Th2 cell responses during schistosomiasis (Hernadez & Stadecker 1997; Ndlovu et 

al. 2018; Mwinzi et al. 2009). Seeing that we observed reduced recruitment of CD19+ B cells in the infected 

gut, we wanted to understand whether this would affect the overall humoral immune response. We therefore 

assessed the effect of cysLTR1 on the production of antigen-specific type 1 (IgG2a, IgG2b) and type 2 

(IgE, IgG1) antibodies in the serum from S. mansoni infected mice (Figure 32). CysLTR1 deficient mice 

had similar titers of Schistosoma-specific IgG1, IgG2a and IgG2b as littermate control (Figure 39A-C). 

Moreover, the titers of total IgE remained similar between the cysLTR1 deficient mice and wild type mice 

(Figure 39D). Taken together, these results suggested that cysLTR1 is not required for the development of 

humoral immune responses during acute schistosomiasis in mice.  
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Figure 38: Absence of cysLTR1 does not alter cytokine production in the gut during acute 

schistosomiasis.  

CysLTR1 deficient mice and littermate control mice were infected with 100 live S. mansoni cercariae, killed 

at 8 weeks post infection. Representative frequency of (A, B) lymphocytes (C, D) myeloid cell recruitment 

from the gut during acute S. mansoni infection. (E, F) Frequency of CD4+ T cells producing cytokines after 

restimulation of total gut cells with 50 ng/ml PMA, 250 ng/ml ionomycin and 200 µM Monensin in vitro. 

(G) Gut cytokines from infected homogenized tissue and levels of the indicated cytokines were detected by 

ELISA and normalized to mg of gut tissue. Data are representative of two independent experiments. n=6 – 

7 mice. Data analysis by unpaired Student’s t-test. 
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Figure 39: Deletion of cysLTR1 does not impair humoral immunity during acute schistosomiasis in 

mice.  

CysLTR1 deficient mice and littermate control mice were infected with 100 live S. mansoni cercariae, killed 

at 8 weeks post infection. Blood was collected from infected mice, centrifuged and serum collected. (A) 

Detection of SEA-specific IgG2a by ELISA. (B) Detection of SEA-specific Ig2b by ELISA. (C) Detection 

of SEA-specific IgG titers by ELISA. (D) Detection of total IgE by ELISA. Data are representative of two 

independent experiments. n=6 – 7 mice.  Data analysis by unpaired student’s t-test. 
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4.5 Assessing the effects of cysLTR1 on host survival and immune response during chronic 

schistosomiasis. 

 

4.5.1 Mice deficient of cysLTR1 are more resistant to chronic schistosomiasis.  

In order to understand whether cysLTR1 plays a role in host morbidity and mortality during chronic S. 

mansoni infection, we percutaneously infected mice with 35 live S. mansoni cercariae and disease outcome 

and host survival was monitored (Figure 40A). We observed a 60% mortality in littermate control mice at 

16 weeks post infection, while CysLTR1 deficient mice displayed 30% mortality at 16 weeks post infection 

(Figure 40B). We observed no difference in weight loss between the cysLTR1 deficient mice and wild type 

mice throughout the monitoring period (Figure 40C). Our data indicated that cysLTs signaling through 

cysLTR1 is not required for host survival during experimental chronic schistosomiasis. To further 

understand this phenomena, gross pathology of chronically infected mice was analyzed once an animal had 

reached experimental humane endpoint by evaluating body weight (Figure 40D), liver (Figure 40E) and 

spleen weights (Figure 40F). These data showed the cysLTR1 plays no role in gross pathology during 

chronic schistosomiasis.  
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Figure 40: CysLTR1 is not required for host survival during chronic schistosomiasis in mice.  

CysLTR1 deficient and wild type mice were infected with 35 live S. mansoni cercariae and host survival 

was recorded over a 16 weeks period. (A) Experimental workplan. (B) Survival curve of S. mansoni infected 

mice. (C) Body weight measured weekly during the onset of infection. (D) Body weight was monitored 

weekly for the duration of the chronic experiment. (E) Liver weight was measured once mice reached the 

humane endpoint. (F) Spleen weight was measured once mice reached the humane endpoint. Results are 

representative 2 independent experiments. n=10 mice. *p<0.05, **p<0.01 and ***p<0.001 by unpaired 

Student’s t-test.  
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4.5.2 Absence of cysLTR1 ameliorated granulomatous inflammation in the liver during 

chronic schistosomiasis in mice.  

In order to investigate the effect of cysLTR1 deletion on granulomatous inflammation during chronic 

schistosomiasis, we percutaneously infected mice with 35 live S. mansoni cercariae, killed at 16 weeks post 

infection (Figure 41A) and harvested liver for histological examination. Histological analysis showed 

reduced granuloma sizes in cysLTR1 deficient mice compared to littermate control (Figure 41B & C). We 

further found reduced hydroxyproline concentration in the liver of infected cysLTR1-/- mice compared to 

wild type mice (Figure 41D). The levels of AST were comparable between the two infected mutant strains 

(Figure 41E). Surprisingly however, even with the reduced granulomatous inflammation, there was higher 

parasite egg burden in the liver of cysLTR1 deficient mice compared to the wild type mice (Figure 41F). 

Taken together, these data suggested that cysLTR1 is critical for granuloma inflammation and fibrosis 

during chronic schistosomiasis in mice.  

 

4.5.3 Deletion of cysLTR1 resulted in IL-4 driven immune response during chronic 

schistosomiasis. 

Protection against schistosomiasis is IL-4 dependent leading to activation of Th2 immune response (Brunet 

et al. 1997). In the absence of IL-4, infected mice mount a Th1-like pro-inflammatory response, develop 

severe disease, and succumb to infection (Hoffmann et al. 2000; Patton 2001). We therefore investigated 

the impact of cysLTR1 deletion on the development of type 2 responses during chronic schistosomiasis in 

mice. We found heightened production of type 1 (IFN-γ), type 2 (IL-5) and regulatory cytokines (IL-10, 

TGF-β) in the liver homogenates from infected cysLTR1-/- mice compared to littermate control mice (Figure 

42A). We observed a significant reduction of type 2 (IL-4) and regulatory (TGF-β) cytokines, and an 

increase in IL-10 in serum from infected cysLTR1 deficient mice compared to wild type mice (Figure 42B). 

Furthermore, we found no difference in concentration of IL-13 in both liver homogenates and serum from 

cysLTR1-/- and wild type mice (Figure 42A & B). The frequency and total number of IL-4, IL-9 expressing 

CD4+ T cells and IL-4 expressing ILC2s were significantly reduced in cysLTR1-/- mice compared to wild 

type mice (Figure 42C - F). Taken together, these results demonstrated that the absence of cysLTR1 resulted 

in reduced levels of IL-4 in the serum and the frequency of IL-4 producing CD4+ T cells and ILC2s in the 

liver during chronic schistosomiasis.  
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Figure 41: Absence of cysLTR1 ameliorates liver granulomatous inflammation during chronic 

schistosomiasis.  

CysLTR1 deficient and littermate control mice were infected with 35 live S. mansoni cercariae, killed 16 

weeks post infection. (A) Experimental (B) Representative picture of granuloma H&E staining and CAB 

staining of the liver during chronic schistosomiasis (C) Granuloma area was measured using computerized 

morph-metric analysis using NIS Elements software (Nikon) by measuring 20-25 granulomas per mouse. 

(D) Liver fibrosis determined by assaying hydroxyproline concentration normalized to tissue eggs. (E) 

Hepatocellular damage indicated by serum AST concentration. (F) Egg burden normalized to liver weight. 

Data are representative of two independent experiments. n=7 – 10 mice. *p<0.05 and ***p<0.001 by 

unpaired Student’s t-test. 



96 
 

 

Figure 42: Deletion of cysLTR1 impairs the production of IL-4 during chronic schistosomiasis in 

mice.  

CysLTR1 deficient and littermate control mice were infected with 35 live S. mansoni cercariae, killed 16 

weeks post infection. (A) Liver homogenate cytokine production levels of the indicated cytokines were 

detected by ELISA and normalized to mg of liver tissue. (B) Serum cytokine production detected by ELISA. 

(C, E) Representative flow cytometry analysis of CD4+ T cells producing IFN-γ, IL-4, IL-9, and IL-17 after 

restimulation of total liver cells with 50 ng/ml PMA, 250 ng/ml ionomycin and 200 µM Monensin in vitro. 

(D, F) Representative flow cytometry analysis of ILC2s expressing IL-4 after restimulation of total liver 

cells with 50 ng/ml PMA, 250 ng/ml ionomycin and 200 µM Monensin in vitro. Data are representative of 

two independent experiments. n=7 – 10 mice. *p<0.05, **p<0.01 and ***p<0.001 vs wild type mice using 

unpaired Student’s t-test. 
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4.5.4 Deletion of cysLTR1 resulted in reduced total IgE in mice chronically infected with 

S. mansoni.  

Cysteinyl leukotrienes have been reported to enhance immunoglobin production in CD40-activated human 

B-lymphocytes (Lamoureux et al. 2006). We investigated whether the absence of cysLTR1 during chronic 

schistosomiasis had any effect on the production of antibodies. To address this, blood was collected, serum 

was separated, and humoral immune responses were analyzed by ELISA. SEA-specific IgG2a (Figure 

43A), IgG2b (Figure 43B), and IgG1 (Figure 43C) were comparable between cysLTR1 deficient mice and 

wild type mice, while there was a significant reduction of total IgE (Figure 43D) in cysLTR1-/- mice. These 

data suggested that cysLTs signaling through cysLTR1 did not have much of a role in regulating the 

humoral immune response during chronic S. mansoni infection. 

 

 

Figure 43: Absence of cysLTR1 resulted in the reduction of IgE in serum during chronic 

schistosomiasis in mice.  

CysLTR1 deficient and littermate control mice were infected with 35 live S. mansoni cercariae, killed 16 

weeks post infection. Blood was collected from infected mice, centrifuged and serum collected. (A) 

Detection of SEA-specific IgG2a by ELISA. (A) Detection of SEA-specific IgG2a by ELISA. (B) Detection 

of SEA-specific IgG2b by ELISA. (C) Detection of SEA-specific IgG1 by ELISA. (D) Detection of total 

IgE by ELISA. Data are representative of two independent experiments. n=7 – 10 mice. **p<0.01 by 

unpaired Student’s t-test. 
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4.5.5 Deletion of cysLTR1 has a major impact on gross pathology and physiology of the gut 

during chronic schistosomiasis. 

To investigate whether the absence of cysLTR1 played any role in gut pathology during chronic 

schistosomiasis in mice, we analyzed the intestinal tissue length, which is an indicator of alteration of the 

gut function (Weaver, 1991). We observed a significant increase in gut length (stomach to caecum) in S. 

mansoni-infected cysLTR1 deficient mice compared to the littermate control mice (Figure 44A). 

Macroscopic analysis of the intestine indicated no difference in gut pathology between cysLTR1 deficient 

mice and littermate control. Next, we analyzed smooth muscle contractions of the gut and observed that 

tension in response to KCl stimulation was significantly reduced in cysLTR1 deficient mice compared to 

wild type mice (Figure 44B). However, the response to Ach tension in the smooth muscle of the gut was 

comparable between cysLTR1-/- mice and wild type mice (Figure 44C). These results suggested that 

removal of cysLTR1 does not alter gut contractility during chronic schistosomiasis. Seeing that gross 

pathology and smooth muscle contractility were not affected, we analyzed gut pathology. Histological 

examination of the small intestine stained with H&E did not show any differences in cell recruitment 

between the two mutant mice (Figure 44D). Furthermore, we did not observe any difference in the 

concentration of hydroxyproline and eggs burden in cysLTR1-/- mice compared to wild type mice (Figure 

44E & F). Therefore, these results suggested that cysLTR1 does not alter gut pathology and physiology 

during chronic schistosomiasis in mice.  
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Figure 44: Deletion of cysLTR1 does not alter gut pathology and contraction of the small intestine 

during chronic schistosomiasis.  

CysLTR1 deficient mice and littermate control mice were infected with 35 live S. mansoni cercariae, killed 

at 16 weeks post infection, and gut was harvested. (A) Gut length. (B) Contractile responses to 50mM KCl. 

(C) Contractile responses to Ach presented by force divided by tissue weight. (D) H&E staining of the gut 

during chronic schistosomiasis (E) Gut fibrosis determined by assaying hydroxyproline concentration 

normalized to tissue eggs. (F) Egg burden normalized to liver weight. Data are representative of two 

independent experiments. n=7 – 10 mice. *p<0.05 by unpaired Student’s t-test. 

 

4.5.6 Deletion of cysLTR1 does not have any major effect on cytokine production in the gut 

during chronic schistosomiasis 

We next defined the immune profile that is associated with the deletion of cysLTR1 in the gut of S. mansoni 

infected mice. Analysis on the immune cell recruitment in the gut tissue showed no difference in CD19+ B 

cells, CD4+ and CD8+ T cells (Figure 45A) between cysLTR1-/- compared to wild type mice. Similarly, the 

frequency of innate immune cells including ILC2s, neutrophils, macrophages and dendritic cells (Figure 

45B) were comparable between the two groups, with the exception of eosinophil which were increased 
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(Figure 45B) in cysLTR1-/- compared to wild type mice. Intracellular cytokine detection in CD4+ T cells 

showed no difference in the production of IFN-γ, IL-4, IL-9 and IL-17 by CD4+ T cells in the MLN (Figure 

45C). We also found no differences in the levels of IFN-γ, IL-4, IL-10, IL-9 and IL-5 in the gut homogenates 

from cysLTR1-/- and wild type mice (Figure 45D). However, we observed that the concentration of IL-13 

was significantly reduced in mice deficient of cysLTR1 compared to wild type mice (Figure 45D). Thus, 

the data demonstrated that the lack of cysLTR1 signaling did not alter cytokine production and immune 

cell dynamics in the gut during chronic schistosomiasis. 
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Figure 45: Absence of cysLTR1 does not affect innate immune cell distribution and cytokine 

production in the gut during chronic schistosomiasis.  

cysLTR1 deficient mice and wild type mice were infected with 35 live S. mansoni cercariae, killed at 16 

weeks post infection, and infected gut and MLN were harvested for flow cytometry and ELISA analysis. 

Representative frequency of (A) lymphocytes (B) myeloid cell recruitment from the gut during chronic S. 

mansoni infection. Representative total number of (C) lymphocytes (D) myeloid cell recruitment from the 

gut during chronic S. mansoni infection. (E) Frequency and (F) Total number of CD4+ T cells expressing 

IFN-γ, IL-4, IL-9 and IL-17 after restimulation of total MLN cells with 50 ng/ml PMA, 250 ng/ml 

ionomycin and 200 µM Monensin in vitro. (G) Gut cytokines from infected homogenized tissue and levels 

of the indicated cytokines were detected by ELISA and normalized to weight of gut tissue. Data are 

representative of two independent experiments. n=7 – 10 mice. *p<0.05 by unpaired Student’s t-test. 
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4.5.7 Reduced lung inflammation in the absence of cysLTR1 during chronic 

schistosomiasis 

We investigated whether the absence of cysLTR1 altered lung pathology and immune response in mice that 

were chronically infected with S. mansoni. Histological examination of H&E stained lung sections indicated 

that cysLTR1 deficient mice had smaller granulomas than littermate control mice at 16 weeks post infection 

(Figure 46A & B). Microscopic analysis of CAB indicated reduced fibrosis score in cysLTR1 knockout 

mice compared to wild type mice (Figure 46A). We next assessed immune responses by determining the 

production of cytokine in homogenized infected lung tissue. We observed increased production of IL-4, IL-

5 and IL-13, while there was no difference in the concentration of IFN-γ, IL-9 and IL10 in cysLTR1-/- mice 

compared to wild type mice (Figure 46D). The two groups of mice had comparable egg burden in the lungs 

(Figure 46C), indicating that the fitness of the adult worms to lay eggs was not compromised. Therefore, 

these data suggested that cysLTR1 plays a role in the development of granulomatous pathology in the lungs 

of chronically infected mice. 
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Figure 46: Absence of cysLTR1 leads to reduced inflammation in the lung during chronic 

schistosomiasis in mice.  

CysLTR1 deficient mice and littermate control mice were infected with 35 live S. mansoni cercariae, killed 

at 16 weeks post infection, and lungs were harvested. (A) Representative photograph of H&E and CAB 

stained lung sections.  (B) Quantification of granuloma area using the NIS Elements software (Nikon). (C) 

Egg burden (D) Cytokine production in the lung. Data are representative of two independent experiments. 

n=6 – 7 mice. *p<0.05 and ***p<0.001 by unpaired Student’s t-test. 
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Chapter 5: Discussion and Conclusion 

Discussion 

Helminthic parasites affect over a quarter of the world’s population and cause substantial disease and 

disability (Pullan et al. 2010; WHO 2015). They remain a serious public health problem in developing 

countries where poverty and poor sanitary conditions prevail. Infestation with helminths mirrors inadequate 

environmental sanitary practices, poor socioeconomic status, limited health awareness and education 

(Crompton & Savioli et al. 1993; Schutte 1994). Currently, there is no vaccine available to protect humans 

from infections (Hotez et al. 2008). Therefore, understanding the underlying mechanisms of pathogenesis 

and immune control in murine model of helminth infections will aid in better management strategies, 

development of new therapeutic drugs and development of effective vaccines. The present study provided 

a description of the characterization and functional analysis of a cysteinyl leukotriene receptor-1 deficient 

(cysLTR1-/-) BALB/c mouse. The cysLTR1-/- mouse was used to study two disease models where cysteine 

leukotrienes (cysLTs) are thought to play an important role in the resolution of disease; namely, 

schistosomiasis and hookworm (Nippostrongylus brasiliensis) infection. 

 

5.1  Gross pathology and genotypic effects in the absence of cysLTR1. 

Cysteinyl leukotrienes are potent proinflammatory lipid mediators (Ogasawara et al. 2002) signaling 

primarily through cysLTR1 and to a lesser extent through cysLTR2 (Osman et al. 2017). Cysteinyl 

leukotrienes are widely known for their actions in asthma and allergic rhinitis (Maekawa et al. 2002). 

However, they have also been implicated in other inflammatory conditions including cardiovascular 

diseases (Colazzo et al. 2017), cancer (Burke et al. 2016), atopic dermatitis (Yanase & David-Bajar 2001) 

and urticaria (de Silva et al. 2014). The sequence of mouse CysLTR1 is identical between SV129, C57BL/6, 

and BALB/c mice, while there is a mismatch in mouse CysLTR2 sequences at the 213th amino acid residue 

between SV129 (Val) and C57BL/6 (Ile) (Ogasawara et al. 2002). The mouse CysLTR1 shares over 80% 

homology with human cysLTR1, making it an ideal model for studying the human CysLTR1 signaling 

pathway (Maekawa et al. 2002). In this study, we successfully used homologous recombination technology 

to dissect the role of cysLTR1 at naïve state and during infectious model. The mice lacking cysLTR1 were 

found to reproduce normally and exhibited no physical abnormalities. Genotypic characterization revealed 

the highest levels of mRNA expression of cysLTR1 in the lung, mesenteric lymph nodes and gut, 

respectively and this was in agreement with a study by Ogasawara et al. (2002), where they observed similar 

outcomes using Northern blot analysis. Deletion of cysLTR1 did not cause any changes in the physical 

condition, cellularity, cytokine and antibody production, and tissue pathology in naïve mice. This indicated 
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that the absence of cysLTR1 might be dispensable to maintain a steady state. In the gut however, we 

observed an increased intestinal length in the absence of cysLTR1 at homeostasis. Increased intestinal 

length is an indication of alteration of gut function according to Weaver et al. (1991). And although there 

is suggestion of gut dysfunction at homeostasis, microscopic analysis, cytokine production, hydroxyproline 

levels and contractions of the smooth muscles remained comparable to the wild type mice. 

 

5.2  Type 2 innate lymphoid cells produce Th2 cytokines in absence of cysLTR1 during steady 

state. 

Relevant reports have suggested that cysLTs are responsible for activation and expansion of ILC2s (Barrett 

et al. 2013, Doherty et al. 2013). In the present study, we showed that ILC2s from mice deficient of 

cysLTR1 failed to produce IL-5 and IL-13. This impairment was pronounced in sorted ILC2s from naïve 

pooled MLN and splenic cells from cysLTR1-/- mice as compared to wild type mice. This is in agreement 

with Doherty et al. 2013, who noted that type 2 innate lymphoid cells from Alternaria challenged lung cells 

expressed cysLTR1 which regulated Th2 cytokine production including IL-4, IL-5 and IL-13. It is worth 

noting that we observed similar levels of IL-4 from ILC2s unlike those noted by Doherty et al. 2013, and 

this may be explained by the fact that the analysis was done on different tissues; we analyzed the pooled 

MLN and splenic cells while they analyzed the lung cells. Furthermore, it may also be due to the fact that 

we used cells from naïve mice while Doherty et al. 2013 had challenged mice with fungal pathogen 

Alternaria. Another reason why we are not observing similar results is because previously, ILC2 have been 

shown to produce large amounts of IL-5 and IL-13 but very little IL-4 (Moro et al. 2010, Neil et al. 2010, 

Price et al. 2010).   

 

5.3  Expansion of CD4+CD62L+CD44+ T cells and CD8+CD62L+CD44+ T cells in secondary 

lymphoid tissue (spleen and MLN) under steady state conditions. 

CD4+ and CD8+ T cells are essential for adaptive immune responses (Kawabe et al. 2017). During steady 

state, conventional CD4+ T cells are made up of naïve, pathogen-specific “authentic” memory and recently 

described antigen-independent memory-phenotype (MP) cells which have been described in both CD4+ and 

CD8+ T cells (Sprent & Surh 2011; Kawabe et al. 2017). The present study found increased frequency of 

central memory T cells expressing CD4+CD62L+CD44+ and CD8+CD62L+CD44+ in spleen and MLN in 

young and naïve cysLTR1-/- mice. Although we did not further investigate this population, it has been 

described that subset of MP cells can arise in germ-free and antigen-free mice (Kim et al. 2016; Dobber et 

al. 1992) as well as in specific pathogen-free mice (Kawabe et al. 2017). In another report, Akue et al. 

(2012) revealed upregulation of virtual memory T cells (VM cells) in the spleen and major lymph nodes in 
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young and naïve mice that peaked at 5 weeks. VM cells are not induced by conventional immune responses 

against foreign antigens (Rudd et al. 2011; La Gruta et al. 2010) and have been described to be abundant 

in BALB/c mice but less so in C57BL/6 mice. This can also explain why we saw an expansion of 

CD4+CD62L+CD44+ and CD8+CD62L+CD44+ in BALB/c cysLTR1-/- mice and not in C57/BL/6 cysLTR1-

/- mice (data not shown). Furthermore, CD8+ T virtual memory cells have been reported to provide 

protection against bacterial infections following helminth infection (Lin et al. 2018). Lee et al. 2013 also 

explained that spontaneous VM cells display unique functional traits, allowing them to form a bridge 

between the innate and adaptive phase of a response to pathogens. We can therefore cautiously suggest that 

this subset of central memory cells could either be MP cells or VM cells; however, further investigations 

are needed to fully define this population. 

 

5.4  CysLTs signaling through cysLTR1 is required to control parasite worm burdens and 

resolution of N. brasiliensis infection. 

Clearance of gastrointestinal nematodes from the intestine is considered to rely on a combination of 

physiological mechanism such as increased intestinal contractions and increased mucus production, and 

immunological responses by the host such as elevated levels of Th2-associated antibodies and cytokines 

(Bancroft et al. 1998; Urban et al. 1998; Urban et al. 2000; Urban et al. 1991). In the present study, we 

demonstrated that cysteinyl leukotrienes signaling through cysteinyl leukotriene receptor-1 plays an 

essential role in worm expulsion during N. brasiliensis infections. We observed high worm burden in 

cysLTR1-/- mice at day 6, 7 and 9 post infection compared to wild type mice, suggesting delayed worm 

expulsion. This is in agreement with a study by McGinty et al. (2020) who reported delayed N. brasiliensis 

expulsion at day 7 in mice lacking 5-lipoxygenase, an enzyme required in the metabolism of arachidonic 

acid to produce leukotrienes.  In a similar study, Machado et al. (2005) also observed increased numbers 

of Strongyloides venezuelensis worms and eggs recovered from infected mice treated with MK886, a 

leukotriene synthesis inhibitor, as well as in mice lacking 5-lipoxygenase. Indicating that leukotrienes and 

cysteinyl leukotrienes participate in the expulsion of intestinal helminth infections. 

 

We found reduced Th2 immune response as judged by reduced levels of IL-4, IL-5, IL-9 and IL-13 in 

infected intestine and α-CD3 stimulated total MLN cells in cysLTR1-/- mice compared to wild type mice. 

This is in agreement with a report by Horsnell et al. (2007), where they observed similar cytokine immune 

responses in smooth muscle cell-specific IL-4Rα deficient mice (SMC-specific IL-4Rα-/-) infected with N. 

brasiliensis. It has been previously reported that IL-4Rα-/- mice fail to expel N. brasiliensis; however 

contrary to these reports, Beckmann et al. (1990) failed to mimic the results when they treated mice with 



107 
 

mAb (m1) that blocks IL-4Rα to inhibit N. brasiliensis expulsion, in the same experiment they did however 

manage to block expulsion of Trichuris muris and Heligmosomoides polygyrus worms (Urban et al. 1995, 

Else et al. 1994). We observed reduced IL-4Rα expression by CD4+ T cells which could explain the reduced 

Th2 immune responses and further delayed/ high parasite burden. Further analysis of the infected intestine 

of cysTLR1-/- mice revealed a reduced level of IL-25 production as compared to the wild type mice. IL-25 

has been shown to promote effective protective immunity against gastrointestinal helminths 

(Angkesekwinai et al. 2013). Critical role of IL-25 has also been reported in the late-stage of immune 

response in airway inflammation, in which it plays a central role in stimulating inflammatory myeloid cells 

and promoting airway remodeling (Gregory et al. 2013; Petersen et al. 2012). This also indicates the 

inability for cysLTR1-/- mice to produce sufficient IL-25 could be contributing to the delay in clearance of 

N. brasiliensis infection.  

 

Effective clearance of N. brasiliensis is associated with a CD4+ T cells driven Th2 cytokine responses with 

IL-13 playing primary role in the clearance of the infection (Horsnell et al. 2007; Urban et al. 1998). Goblet 

cell hyperplasia in the intestinal epithelium is a hallmark of intestinal helminth infections and is crucial for 

worm expulsion during infection (Turner et al. 2013). Mucous is believed to play an important role in 

intestinal anti-helminth mechanisms, partly through the generation of the mucous barrier, and through 

secretions of proteins such as antimicrobial peptides Relmβ, which may impair worm movement and 

feeding (Artis et al. 2004, Herbert et al. 2009). In a recent study by McGinty et al. (2020), Alox5-/- and 

cysLTR1-/- mice infected with N. brasiliensis and Heligmosomoides polygyrus exhibited delayed worm 

clearance due to impaired tuft cells and goblet cell hyperplasia. Histological investigation in the present 

study revealed sufficient gut mucous production in infected cysLTR1-/- mice, which had high parasite 

burden. However further analysis did reveal reduced number of tuft cells in cysLTR1-/- mice, despite 

increased overall mucous producing cells in cysLTR1-/- N. brasiliensis infected mice. This is very important 

as this data is in agreement with McGinty et al. (2020) who also noted impaired tuft cells hyperplasia in 

mice lacking lipoxygenase and cysteinyl leukotriene receptor 1 during helminth infections. Tuft cells are 

shown to drastically increase during N. brasiliensis infections (Gerbe et al. 2016). Infact, Gerbe et al. (2016) 

observed  delayed clearance of N. brasiliensis adult worms and  parasitic worms in mice lacking Pou2f3 

(gene responsible for tuft cells) and this also led  to defective mucosal type 2 immune response, which is 

critical for protective immune response during helminth infections. In a separate study, von Moltke et al. 

(2015) noted that following infection with N. brasiliensis, tuft cell-derived IL-25 activated ILC2 to secrete 

IL-13, which is critical in promoting differentiation of tuft cells and goblet cells, critical for clearance of 

helminths.  
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5.5  Activated CD4+ T cells are essential for resolution of N. brasiliensis infection in the absence 

of cysLTR1. 

CD4+ T cells are essential for optimal development of Th2 responses (Kopf et al. 1993; Bancroft et al. 

1998; Urban et al. 1998; Urban et al. 2000; Urban et al. 1991) for worm expulsion during primary N. 

brasiliensis infection and can profoundly influence the coordination of host immune responses (Zaph et al. 

2006). We observed a significantly reduced frequency and total number of activated CD4+ T cells and 

reduced Th2 immune response in cysLTR1-/- mice infected with N. brasiliensis, indicating that activated 

CD4 T+ cells could be contributing to the clearance of N. brasiliensis infection. Darby et al. (2015) reported 

delayed clearance of N. brasiliensis worms and reduced effector memory T cells as defined by the 

expression of CD3+CD4+CD44+CD62L- in M3R-/- mice. Gut-associated lymphoid tissue CD4+ effector T 

cells and central memory T cells drive protective immunity to Trichuris muris infection in mice (van 

Panhuys et al. 2005). Effector CD4+ T cells have been shown to play different roles in protozoan parasite 

than in helminth parasite. For instance, effector CD4+ T cells are not detected once Leishmania major 

parasites have been cleared in the host (Zaph et al. 2004), while they do not decay upon clearance of 

Plasmodium chabaudi infection (Opata et al. 2018). 

 

5.6  Intestinal contractility is essential for clearance of N. brasiliensis infection in the absence of 

cysLTR1. 

Acetylcholine-driven contractions of longitudinal smooth muscle cells in the intestine plays a critical role 

in worm expulsion (Khan & Collins 2006). Muscarinic receptor-3 (M3R) is the principal acetylcholine 

receptor in smooth muscle and drives 75% of the contractile response in the small intestine (Eglen 2001). 

Activation of the M3R is essential for optimal immune responses to N. brasiliensis which triggers Th2 

cytokine production (McLean et al. 2016). We demonstrated a striking reduction in the expression of the 

M3R in cysLTR1-/- mice following infection with N. brasiliensis infection. Similarly, mice lacking 5-

hydroxytryptamine receptor (5-HT2a) displayed reduced M3R expression following N. brasiliensis 

infection (Fiorica-Howells et al. 2002). Moreover, previous studies have shown that deletion of M3R in 

mice resulted in the inability to induce smooth muscle contractions during N. brasiliensis infection (Darby 

et al. 2015; Fiorica-Howells et al. 2002). 

 

Intestinal muscle contractility can be observed at the early stage of infection and last for a long time after 

intestinal inflammation recovered (Urban et al. 1998). Following gastrointestinal infection, activated Th2 

cells stimulate the production of IL-4 and IL-13 which enhances and leads to smooth muscle cell 

hypercontractility (Schmidt et al. 2012). Together with goblet cell hyperplasia and increased mucus 
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production, the intestinal hypercontractility causes a weep and sweep response associated with the 

resolution of intestinal parasite infections (Schmidt et al.  2012). The present study revealed reduced ACh 

tissue responses in cysLTR1-/- mice during N. brasiliensis infection, which coincided with the impaired 

M3R signaling. The reduced expression of M3R together with delayed worm expulsion agrees with 

Horsnell et al. (2011), who reported a similar phenotype in SMC-specific IL-4Rα-/- mice infected with N. 

brasiliensis. Taken together, this could explain the inability of cysLTR1-/- mice to resolve infection even 

long after the wild type mice have cleared the infection.   

 

5.7  The inability to clear N. brasiliensis parasite leads to expansion of CD4+ FoxP3 T cells. 

It has previously been reported that regulatory T cells (Tregs) numbers and their suppressive capacity are 

increased in both helminth infected mice and humans (Finney et al. 2007, Wammes et al. 2012). In fact, 

depletion or inactivation of Tregs results in increased pathology, reduced parasite burdens and abrogated 

suppression of immune responses to unrelated antigens in several murine helminth infection models 

(Blankenhaus et al. 2014). In present study however, we observed a shift in immune response as the N. 

brasiliensis infection progressed, by day 6 post infection, a Th2 dominated immune response is observed 

with reduced Tregs in mesenteric lymph nodes in cysLTR1-/- mice as compared to the wild type mice; 

however by day 7 post infection, there is expansion and activation of Tregs while Th2 immune response 

are similar between cysLTR1-/- mice and wild type mice. There was consistently reduced Th2 cytokine 

production even during the expansion of Tregs, and none of the regulatory cytokines were affected. These 

data are in contrast with a study by Blankenhaus et al. (2014) who illustrated that FoxP3+ regulatory T cells 

delay expulsion of Strongyloides ratti in BALB/c mice. They showed that throughout the course of the 

study, there was an impaired expression of FoxP3+ Tregs in peripheral blood, mesenteric lymph nodes and 

spleen. Abdel Aziz et al. (2018) however observed no differences in N. brasiliensis worm clearance in 

Foxp3creIL-4Rα-/lox mice.  

 

5.8  Accelerated resolution of emphysema-like pathology in the absence of cysLTR1. 

Emphysema is a component of chronic obstructive pulmonary disease that is characterized by dilation of 

airspaces distal to terminal bronchiole due to a destruction and irreversible loss of alveolar septa resulting 

in airflow limitation (Pauwels et al. 2001). Infection with N. brasiliensis has been shown to result in 

development of emphysema-like pathology (McNeil et al. 2002, Marsland et al. 2008). CysLTR1-/- mice 

exhibited a reduced lung tissue pathology including reduced activation of mucous producing cells and 

histological analysis showed significant structural changes to the airways had occurred resembling 
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emphysema-like pathology in earlier time-points of infection. It is worth noting that there was quick 

resolution of the emphysema-like pathology early on during infection. It was previously reported that 

leukotriene B4, and not cysteinyl leukotrienes were involved in progression of emphysema in both humans 

and mice (Shim et al. 2010). Shim et al. (2010) observed intranasal elastase induced accumulation of LTB4 

in lungs of mice and further caused progressively worsening emphysema in control mice as compared to 

mice lacking LTB4. 

 

Infection with N. brasiliensis leads to lung damage due to the migrating L3. Chen et al. (2012) and Marsland 

et al. (2008) observed reduced lung pathology during N. brasiliensis infection due to IL-17 and neutrophils. 

We detected high levels of IFN- γ, IL-4, IL-13, IL-33, TNF-α, and reduced IL-17 in lung homogenates from 

cysLTR1-/- mice compared to wild type mice. IL-17 plays a central role in pulmonary host defense by 

orchestrating the accumulation and associated activity of neutrophils in bronchoalveolar space (Brodlie et 

al. 2011). Chen et al. 2012 reported that IL-17 contributed to inflammation and lung damage following 

injury by migratory L3 N. brasiliensis. Furthermore, Bayes et al. reported that IL-17 is required for control 

of chronic lung inflammation during Pseudomonas aeruginosa infection. The reduction in production of 

IL-17 could explain the reduced lung pathology in mice lacking cysLTR1 following N. brasiliensis 

infection.  

 

5.9  CysLTR1 is essential for development of protective recall responses to re-infection with N. 

brasiliensis.  

Immunity to N. brasiliensis re-infection requires pulmonary CD4+ T cell response (Harvie et al. 2013) 

which in turn results in rapid resolution of re-infection (Harvie et al. 2010). Studies have shown how cysLTs 

and leukotrienes are essential for the host defense to a variety of pathogens (Peters-Golden et al. 2005). 

The role of cysLTR1 during recall of memory response to helminth infections has been understudied. In 

the present study, we demonstrated that cysLTR1 plays a significant role in worm expulsion during re-

infection with N. brasiliensis. Immunity to secondary N. brasiliensis infection was strikingly abrogated in 

cysLTR1-/- mice, with higher numbers of adult worms recovered at day 5 post re-infection in comparison 

to wild type mice, strongly suggesting that cysLTs signaling through cysLTR1 are needed for efficient 

recall of protective immunity to N. brasiliensis. This is in agreement with Medeiros et al. (2008), who 

observed impaired protective memory response which lead to host susceptibility to re-infection with 

Histoplasma capsulatum. Although antibody responses remained similar between the two groups, there was 

reduced production of IL-13 in lung homogenates, total medLN stimulated with α-CD3 and frequency of 

CD4+ T cells expressing IL-13. A study by Bancroft et al. (1998) showed that IL-13 plays a critical role in 
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resistance to Trichuris muris. In the absence of IL-13, T. muris proceeds to chronic stage of the infection, 

and mice are unable to expel the worms in the presence of Th2 immune response. IL-13 has protective 

effects in mice infected with N. brasiliensis and induces the expulsion of parasitic worms (de Vries & 

Carballido 2003) through activation of goblet cells (Marillier et al. 2008; Henriksson et al. 2015), therefore 

the reduced production of IL-13 may have resulted in inability for cysLTR1-/- mice to successfully expel 

worms. 

 

5.10  CysLTR1 is required for optimal activation of CD4+ T cells during secondary N. brasiliensis 

infection. 

Harvie et al. (2010) showed that priming of CD4+ T cells in the lung tissue was sufficient to confer 

protection against re-infection with N. brasiliensis at both the lung and gut sites. These investigations 

definitively demonstrated that CD4-dependent responses in the lung site are required for immunity to N. 

brasiliensis infection. This is because a significant increase in numbers of migrating larvae are recovered 

from lung tissue upon re-infection with N. brasiliensis. In the present study, we observed reduced 

recruitment of CD4+ T cells in the lungs of cysLTR1-/- mice re-infected with N. brasiliensis as compared to 

the wild type mice. Furthermore, although we observed significantly increased naïve CD4+ T cells, it was 

well noted that there was a reduction in effector CD4+ T cells and central memory CD4+ T cells in the 

absence of cysLTR1 during re-infection. This suggested that cysLTR1-/- mice are unable to efficiently 

differentiate sufficient naïve CD4+ T cells into effector CD4+ T cells and central memory CD4+ T cells. 

This is in agreement with Medeiros et al. (2008) who showed that re-infection with fungal infection H. 

capsulatum impaired generation and activation of memory T cells. Memory T cells confer protection in 

peripheral tissues during a secondary immune response to pathogens. Previously, it has been described how 

the central memory CD4+ T cells develop directly from effector CD4+ T cells (Hu et al. 2001). Sallusto et 

al. (1999) illustrated how CCR7+ and CCR7− T cells, which were renamed central memory (TCM) and 

effector memory (TEM), differentiate in a stepwise fashion from naive T cells, persist for years after 

immunization. This could also explain why we observed reduced effector CD4+ T cells in turn central 

memory T cells, because one develops directly from the other. Overall, these results suggested that products 

of the cysLTs pathway could be important mediators involved in the generation of memory cells, and 

consequently to the development of a protective immune response to N. brasiliensis. 

 

5.11  Recruitment of neutrophils is impaired during re-infection with N. brasiliensis. 

Although most of the focus in neutrophils includes microbial infections in the context of type 1 immune 

responses (Mantovani et al. 2011), it has been shown that neutrophils are also recruited to sites of helminth 
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infection (Chen et al. 2012) and in vitro studies demonstrated that a combination of neutrophils and 

macrophages can impair and kill helminths (Bonne-Annee et al. 2013; Galioto et al. 2006). Our present 

study illustrated reduced recruitment of neutrophils in the lungs and medLN, and reduced recruitment of 

macrophages in the medLN in cysLTR1-/- mice as compared to wild type mice. The high worm burden 

could be explained by the reduced combination of neutrophils and macrophages in medLN, which have 

been shown to damage helminth and in turn results in high worm clearance. In contrast to the present study, 

Secatto et al. 2012 demonstrated increased recruitment of neutrophils as well as increased fungal burden in 

the lungs during H. capsulatum infection. Furthermore, Chen et al. (2014) also demonstrated that 

neutrophil-mediated macrophage differentiation was dependent on IL-13 production by alternatively 

activated M2 macrophage. Although we did not observe a direct link between neutrophils, macrophages 

and IL-13 production in the present study, we did observe cross border reduction in all of them, indicating 

their role in absence of cysLTR1 during secondary infection with N. brasiliensis.  

 

5.12  CysLTR1 is not required for host survival during acute schistosomiasis. 

We showed that the cysLTR1 does not play a role in host protection and survival during acute 

schistosomiasis in mice. Although we found that cysLTR1 is dispensable for host survival during 

schistosomiasis, other studies have reported that other leukotrienes are crucial for disease control. For 

instance, a study by Tristão et al. (2013) reported that mice deficient of 5-lipoxygenase failed to control 

Paracoccidiodes brasiliensis, a fungal infection (Tristão et al. 2013). In contrast, a study by Hohmann et 

al. (2013) reported that mice lacking 5-LO had reduced lethality rates compared to littermate control 

following acetaminophen-induced liver injury. The higher lethality in littermate control mice lined up well 

with the higher degree of liver damage in these mice, as assessed by liver histopathology analysis. In the 

present study, we observed reduced body weight throughout the progression of the disease, indicating that 

cysLTR1 is required for maintenance of body weight during acute schistosomiasis. In contrast, there was 

increased bodyweight in mice lacking cysLTR1 during colitis-associated colon cancer (Osman et al. 2017). 

The contradiction could be because of the differences in length of the diseases, in our experimental model 

the disease sets in 57 days post infection, while the colitis model is much shorter.  

 

5.13  Reduced hepatic granulomatous inflammation during acute schistosomiasis. 

Schistosomiasis is characterized by the formation of inflammatory granulomas around lodged eggs in the 

tissues, which induce the activation of Th2 immune responses. The current study demonstrated a reduced 

granulomatous inflammation in the liver in mice lacking cysLTR1 during S. mansoni infection. This was 
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in agreement with da Silva et al. 2016, who observed control of granulomatous inflammation in the lungs 

of S. mansoni infected mice lacking 5-LOX. In addition, another study showed that 5-LOX-/- mice exhibited 

reduced granuloma sizes in the lung during P. brasiliensis infection at different time points (Tristão et al. 

2013). Although we observed reduced inflammation, this did not have any effect on the hydroxyproline 

content and liver enzymes as the results remained comparable, markers used for confirmation of liver 

fibrosis accumulation and liver tissue damage, respectively.  

 

Previous studies have implicated IL-33 in the pathogenesis of liver disease such as chronic viral infection 

(Wang et al. 2012), primary biliary cirrhosis (Sun et al. 2014) and liver fibrosis (McHedlidze et al. 2013; 

Marvie et al. 2010). IL-33 is expressed by hepatocytes during immune-mediated liver diseases, but whether 

IL-33-elicited ILC2s contribute to disease pathogenesis remains unknown. In addition to reduced 

granuloma inflammation, we demonstrated reduced ILC2s and alarmin, IL-33. Similar data was noted by 

Neumann et al. (2016), who reported that IL-33-activated ILC2s exacerbated liver inflammation and tissue 

damage during hepatitis. Our finding suggested that ILC2s participate in immune-mediated responses to 

schistosomiasis and contribute to disease pathogenesis by a fast response to the local alarmin IL-33. 

Furthermore, McHedlidze et al. 2013 noted that the absence of IL-33 lead to significant reduction of fibrosis 

in liver following repeated CCL4 administration and schistosomiasis, indicating that IL-33 contributes to 

hepatic fibrosis. These data are in agreement with the present study, where we observed reduced IL-33 in 

the liver homogenates as well as reduced liver inflammation during acute schistosomiasis. Suggesting that 

absence of cysLTR1 drives IL-33 production and liver fibrosis during acute schistosomiasis.  

 

In the present study, we also observed a reduced frequency of neutrophils in the liver during acute 

schistosomiasis. This is disagreeing with what is known in the literature that the deletion of neutrophils 

impairs the resolution of liver inflammation (Calvente et al. 2019). Neutrophils have recently emerged as 

important contributors to the resolution of the inflammatory response in various tissues including heart, 

skin and joints (Horckmans et al. 2017; Nishio et al. 2008; Cumpelik et al. 2016). Neutrophil infiltration 

in the liver has been recognized as a prognosis key factor in patients with alcoholic liver disease (Jaeschke 

&Hasegawa 2006; Altamirano et al. 2014). The difference could be explained by the difference in disease 

and the development of the diseases. In fact, Calvente et al. (2019) reported recruitment of neutrophils in 

the liver contributed to spontaneous resolution of inflammation and fibrosis.  
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5.14  CysLTR1 signaling is not essential for gut pathology and immune response during acute 

schistosomiasis. 

CysLTs have also emerged as an important regulator of intestinal homeostasis, with endogenous cysLT 

production mediating the survival and proliferation of intestinal epithelial cells (Paruchuri et al. 2006). 

CysLTs signaling through cysLTR1 has been shown to be upregulated in the patients with colorectal cancer 

and this is associated with a poor prognosis (Osman et al. 2017). In the present study, we observed no 

alteration of the gut pathology during acute schistosomiasis. Schistosoma mansoni infection has been 

associated with the increased intestinal hypercontractility accompanied by increased proliferation of 

smooth muscle cells during the acute phase of infection (Moreels et al. 2004). Mechanical movement of 

the gut by hypercontractility has been suggested to aid in the expulsion of worms (Akiho et al. 2002). 

Previous studies have shown that IL-4Rα-mediated pathway is necessary for hypercontractility of smooth 

muscle cells (Akiho et al. 2002; Akiho et al. 2005; Marillier et al. 2010). Although we observed an 

impairment of smooth muscle hypercontractility after S. mansoni infection, this did not have an influence 

of the egg retention, as we observed no difference in the number of S. mansoni eggs trapped in the tissues 

such as the liver and intestine. We observed reduced fibrosis in the gut during acute schistosomiasis as 

indicated by reduced hydroxyproline concentration and CAB staining. We did not observe any difference 

in cytokine production, unlike in a report by Swefy & Hassanen (2008), who reported reduced fibrosis 

together with TGF-β in the induced liver injury by bile duct ligation during treatment with montelukast. 

Loss of function of cysLTR1 during colitis-associated colon cancer was also associated with reduced IL-

1β, TNF-α and CXCL1 in colon as well as serum (Osman et al. 2017). 

 

5.15  Cysteinyl leukotrienes are not critical for mouse survival during chronic schistosomiasis 

Following low dose infection with S. mansoni, mice lacking cysLTR1 exhibited similar gross pathology as 

compared to wild type mice; however, we did observe increased host survival rate in cysLTR1-/- mice as 

compared littermate control mice. This better host survival and protection in cysLTR1-/- mice was 

associated with reduced granulomatous inflammation and IL-4 production. In a similar study, mice lacking 

5-LO displayed reduced liver pathology that was indicated by significantly reduced granuloma size and 

numbers during Brucella abortus infection in mice (Fahel et al. 2015). Furthermore, 5-LO deficient mice 

displayed increased production of proinflammatory cytokines following B. abortus infection (Fahel et al. 

2015). Thus, our results demonstrated that cysLTs signaling through cysLTR1 contributes to the 

exacerbation of experimental chronic S. mansoni infection.  
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In similar studies to ours, mice lacking 5-LO exhibited reduced inflammation, which resulted in protection 

to P. brasiliensis (Tristao et al. 2013), Trypanosoma cruzi (Pavanelli et al. 2010), Mycobacterium 

tuberculosis (Bafica et al. 2005) and Schistosoma mansoni (da Silva et al. 2016). In contrast, mice lacking 

5-LO displayed increased susceptibility to Toxoplasma gondii infection (Aliberti et al. 2002). The 

granulomatous lesions form around lodged S. mansoni eggs, encapsulating the eggs and preventing antigens 

from leaking into the circulatory system (Hams et al. 2013). Formation of compact granulomas is critical 

for minimizing disease pathology and neutralizing the schistosome eggs antigens (Yepes et al. 2015). 

Furthermore, protection against schistosomiasis is IL-4 dependent (Pearce et al. 1996; Brunet et al. 1997; 

Brunet et al. 1999; Patton et al 2001; Marillier et al. 2010; Schwartz et al. 2014; Mbanefo et al. 2019), 

leading to the activation of Th2 immune response. Hoffman et al. 2000 demonstrated that in the absence of 

IL-4, S. mansoni-infected mice developed a Th1-like proinflammatory response that leads into severe form 

of disease and mice quickly succumb to the disease. Although there was impaired production of IL-4 in the 

absence of cysLTR1, this did not render mice susceptible to chronic schistosomiasis. As this was the chronic 

phase of the infection, and it is well known that by week 10 post infection, Th2 immune response subside 

due to the emergence of IL-10 producing regulatory T cells (Wynn et al. 1998; Hoffmann et al. 2000; 

Lundy & Lukacs 2013). IL-10 is a potent regulatory cytokine in many infections and inflammatory diseases 

(Reed et al. 1994; Li et al. 1999; Omer et al. 2003; Roque et al. 2007; Ouyang et al. 2011), capable of 

downregulating inflammation and is upregulated during severe liver damage as protective mechanism 

against exacerbated tissue injury (Ju et al. 2002). In the present study, we observed increased production of 

IL-10 both in liver and serum during chronic schistosomiasis. This is of major importance as studies of 

human schistosomiasis indicated the importance of IL-10 in regulating morbidity (Montenegro et al. 1999; 

King et al. 2001; Pearce & McDonald 2002).  

Another cytokine of interest to us was IL-9 which has been implicated in many diseases especially helminth 

infections. In patients with lymphatic filariasis, antigen specific Th9 cells were associated with clinical 

pathology of the disease (Anuradha et al. 2014). During N. brasiliensis infection, Licona-Limon et al (2013) 

demonstrated the critical role of Th9 cells and IL-9 in host protective type 2 immunity against infection. 

Using IL-9-/- mice and IL-9 fluorescent reporter mice, the study illustrated that IL-9 promotes IL-5 and IL-

13 expression and increased basophilia, eosinophilia and mast cells in parasite targeted tissue which leads 

to efficient worm expulsion. The present study showed that IL-9 production by CD4+ T cells was reduced 

in the liver during chronic S. mansoni infection. Our findings agree with a previous study which reported 

that IL-9 induced protection of mice from S. japonicum infection by preventing inflammation-mediated 

liver damage (Li et al. 2017). In another study by Fallon et al. (2000), transgenic mice constitutively 

expressing IL-9 succumbed to chronic S. mansoni prematurely as compared to wild type mice, it worth 
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noting that there was no liver damage during schistosomiasis and in fact high mortality was associated with 

enteropathy. 

 

5.16  Mice lacking cysLTR1 revealed unaltered gut pathology during chronic schistosomiasis 

CysLTR1 has been implicated in chronic inflammatory diseases that affect the intestines including colon 

cancer (Öhd et al. 2003; Savari et al. 2016; Osman et al. 2017; Bellamkonda et al. 2018) and intestinal 

ischemia-reperfusion injury (Wu et al. 2015). However, we found that intestinal pathology and immune 

responses were not altered in mice deficient of cysteinyl leukotriene receptor-1 during chronic 

schistosomiasis. Microscopic analysis did not reveal any difference in cell recruitment around trapped S. 

mansoni eggs, nor did this impact the parasite egg burden and tissue damage as measured by ALT. We did 

however observe increased collagen content in the gut. There was reduction of IL-13 production in the gut 

of infected cysLTR1-/- mice compared to wild type mice. IL-13 plays an important protective role during 

the early stages of immune responses to S. mansoni infection (Schwartz et al. 2014). In the chronic stage 

of the infection, it has been shown to promote fibrosis and fatal pathology (Fallon et al. 2000). The lack of 

pathology in the gut could be explained by the reduced IL-13 production. In addition, we also observed a 

reduction in CD4+ T cells expressing IL-4+ and IL-9+ in draining lymph nodes.  

 

5.17  Reduced lung inflammation despite heightened Th2 immune response during chronic 

schistosomiasis. 

Lung inflammation due to chronic schistosomiasis is common in people living in endemic areas (Butrous 

2019). In the lungs,  

Trapped eggs can produce a granulomatous reaction leading to pulmonary fibrosis and obliterative 

arteriolitis, causing pulmonary hypertension, which may result in, dilation of pulmonary arteries and 

enlargement of the right side of the heart leading to pulmonary heart disease (Niemann et al. 2010). In the 

present study, we found reduced pulmonary inflammation during chronic schistosomiasis in the absence of 

cysLTR1, indicating that cysLTs signaling via the cysLTR1 are essential in driving pulmonary 

inflammation. We showed that the absence of cysLTR1 leads to increased Th2 cytokine (IL-4, IL-5, IL-13) 

response in the lungs, despite the reduced inflammation. It is worth noting that similar levels of IFN-γ, IL-

10 and IL-9 were observed in the lungs. The reduced in inflammation in the present study  agrees with the 

work of da Silva et al. (2016) who noted reduced granuloma size, however unlike da Silva (2016) observed 

reduced Th2 cytokine responses in the lungs of mice lacking 5-LO following infection and challenge with 

high dose of S. mansoni eggs, while the present study noted heighted Th2 immune response. Furthermore, 
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contrary to da Silva et al. (2016), we did not observe any difference in IFN-γ and TGF-β levels. The 

difference in cytokine production could be due to mode and dose of infection, in the present study mice 

were percutaneously infected with 35 live S. mansoni cercariae and the infection progressed for 16 weeks 

while da Silva et al. (2016) injected mice with 3000 S. mansoni eggs by intraperitoneally and 14 days later 

challenged again with same dose and killed mice after 16 days. Beller et al. (2004) reported a controlled 

chronic pulmonary inflammation and fibrosis following bleomycin-induced lung injury in mice lacking 

cysLTR1, similar results observed in the present study.  

 

Concluding remarks 

The aim of the present was to understand the role of cysLTR1 during experimental helminth infections in 

a murine model. Helminths remain a major problem worldwide, in fact according to recent studies, it is 

estimated that about 1.45 billion people are infected with intestinal helminths, and the number of people 

who are cured of these diseases is relatively low, resulting in a large percentage of chronically infected 

individuals. Despite the global commitment to control and eliminate helminths, there are hurdles towards 

achieving these goals solely through current mass drug administration approaches. In the present study, we 

addressed the role of cysLTR1 during primary and secondary infection with N. brasiliensis. We reported 

delayed clearance of the parasite from the intestine of cysLTR1 deficient mice, indicating the vital role of 

cysLTR1 in hookworm expulsion. These finding have clinical importance because in areas where 

hookworm are endemic, patients may present emphysema-like pathology as shown in the present study and 

prolonged intestinal worm infections due to administration of cysLTR1 inhibitors. Such patients presenting 

with emphysema-like symptoms and high hookworm burden need to be well monitored as treatment of 

airway bronchoconstriction using cysLTR1 inhibitors may worsen the infection and lead to chronic 

infections. Contrarily, absence of cysLTR1 during S. mansoni infection resulted in reduced liver pathology, 

indicating that cysLTR1 could be a therapeutic option for liver pathology during schistosomiasis. Clinical 

implication related to this chapter may suggest that in countries where gastrointestinal are prevalent, it is 

important to evaluate the species such as Schistosoma so it can be assessed whether they are eligible to be 

treated with leukotrienes inhibitors, as these could have beneficial value to control granuloma exacerbation 

and also improve the overall health status of the patient.  
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Appendix 

List of antibodies used for analysis of lymphocyte and myeloid cell populations by flow cytometry in 

the present study. 

Antibody Conjugate Company Lot. number 

CD3 A700 BD Biosciences 557984 

CD4 PerCP-Cy5.5 BD Biosciences 550954 

CD8 V500 BD Biosciences 560776 

CD62L V450 BD Biosciences 560507 

CD44 FITC BD Biosciences 553133 

Foxp3 APC BD Biosciences 560401 

Gata3 PE-Cy7 BD Biosciences 560405 

T-bet PE eBioscience E01824-1634 

RoRyt PerCP-Cy5.5 BD Biosciences 562683 

CD19 APC-Cy7 BD Biosciences 557655 

CD124 PE BD Pharmigen 552509 

SiglecF APC BD Biosciences 562680 

F4/80 PE-Cy7 Affymetrix eBioscience 25-4801-82 

Lineage PerCP-Cy5.5 BD Pharmigen 561317 

T1/ST2 FITC MD Biosciences 101001B 

CD11b V450 BD Biosciences 560455 

CD11c A700 BD Biosciences 560583 
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Ly6G APC-Cy7 BD Biosciences 557661 

IFN A700 BD Biosciences 557998 

IL-4 FITC BD Biosciences 557728 

IL-5 APC BD Pharmigen 554396 

IL-9 PE-Texas Red BD Pharmigen 554473 

IL-10 PE eBioscience 4332505 

IL13 PE-Cy7 eBioscience 2011693 

IL-17 APC-Cy7 BD Pharmigen 560821 
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