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Abstract 

The purpose of this study was to evaluate the role of two major allergic 

pathways — IgE and non-IgE antibody mediated food allergy reaction (FAR) and 

lung inflammation disease using crustacean extracts. Although IgE antibody 

mediated food allergy reaction (IFAR) are defined as major mechanism in the 

past several decades, proteases from different sources acting similar to 

allergens as well as the long-term inflammatory stimulus through activation of 

protease activation receptors (PARs) are important. This opens new insight into 

non-IgE antibody mediated food allergy (NFAR) due to its dual effects. Therefore, 

it is necessary to investigate the interactions of these two pathways for a better 

understanding of the currently poor correlation between clinical symptoms and 

IgE specific diagnostics.  

 

The current studies employed a humanized rat basophilic leukemia (RBL) 

cell line as well as a human lung epithelial cell line (A549) due to the presence of 

IgE receptors and PARs. Flow cytometric (FACS) and real time PCR (qPCR) 

were applied to analyze two types of receptors expression. Up-regulation of 

different cytokines was quantified by ELISA and qPCR. Allergens identification 

and signalling proteins detection were performed by western blotting. Protease 

identification was determined by zymography and mass spectrometry (MS) 

analysis. The purification of the identified trypsin, was performed by HPLC (C18 

column). The trypsin DNA sequence was established by designed primers 

based on multiple alignments of published crustacean trypsin, obtained from 

GeneBank by homology search. The computer generated structure model of 

Black tiger prawn (Penaeus monodon) trypsin (PT) was calculated with the 

program Swiss-Model. 

 

This novel PT was characterised as a highly autoproteolytic resistant 

enzyme. The RBL cell line was established as a functional model to examine IgE 

responses to crustacean allergens, however high human IgG antibody titers and 

intrinsic enzyme activity from sample extracts, limited the application of this 

system. Nevertheless, the presence of PARs was for the first time described, 

and in addition the enhanced PAR2 expression by IgE/anti-IgE. Furthermore, 
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IL4/IL13 mRNA levels were dramatically upregulated through the IgE/anti-IgE 

complex or PT. Furthermore, PT stimulation of A549 cells, co-cultured with 

IL4/IL13, boosted surprisingly PAR2 and PAR4 expressions in addition to nine 

different cytokines. MAPK phosphorylation was detected in both stimulated cell 

lines. 

 

This is the first study to demonstrate that IgE mediated activation can 

improve PARs expression. Furthermore, different cytokines upregulated through 

PARs activation (non-IgE mediated) may also regulate IgE production in 

sensitised allergic subjects. Therefore, PARs seems to be a crucial link in IgE 

mediated and non-IgE mediated food allergic reactions.      
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1. Background overview  

1.1 Food allergy 

The term food allergy is used to describe an adverse reaction to foods, 

which is responsible for hundreds of fatalities annually worldwide. Modern 

human life style results in their diet being broad and of higher quality than 20 

years ago. Foods with high protein, low fat and low carbohydrate have become 

more popular and considered a healthier choice by the general population. 

However, some people are affected by their genetic factors and environmental 

factors to develop food allergy disease [1]. Consequently, a few groups of food 

account for majority food-induced allergic reactions, including milk, egg, peanut, 

tree nut, wheat, soy, fish, and shellfish.  

  

Table 1. 1 Prevalence of food allergies in the United States      

 All 

Allergens 
Milk Egg Peanut 

Tree 

nuts 
Wheat Soy Fish Shellfish 

Children 6.0 2.5 1.3 0.8 0.2 UNK 0.2 0.1 0.0 

Adults 3.7 0.3 0.2 0.6 0.5 UNK UNK 0.4 2.0 

Note: Table is modified from  [2] ;  shellfish includes both crustaceans and mollusks. UNK = 
unknown.  
 

The prevalence of food allergy is significant in children and young teenagers. 

This is now recognized as an increasing problem in westernized countries, 

affecting about 6% of infants less than 3 years of age [3]. The data from Table 

1.1 indicate that milk and egg cause the most severe food allergy amongst 

children, but it can be outgrown after the first decade. In contrast, food allergy in 

adults are frequently caused by nuts (peanut and tree nuts), fish and shellfish 

instead of milk and egg, which are never outgrown [4, 5]. Therefore, increasing 

in prevalence of seafood-induced allergic reactions not only attracts attention 

from the common population but also from the scientific community.  More 

details regarding prevalence of seafood will be introduced in the following 

section. 
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Many consumers consider a wide variety of adverse reactions associated 

with the ingestion of foods to be ―food allergies‖.  Adverse reactions can be 

categorized into the following two groups: 

 

 

 

Figure 1. 1 Adverse reactions to foods. 

non-immunologic and immunologic reactions.(Figure 1.1). Although the sign and 

symptoms associated with these reactions can range from oral irritation and 

swelling to cardiovascular collapse [6], immunological reactions only affect a 

small group of sensitive individuals. Generally, reactions not involving immune 

responses are termed food intolerances [7], which also are grouped into either 

toxic or nontoxic reactions. These reactions are caused by microbial and 

toxicological agents and can affect any individual.  Examples of toxic reactions 

include nausea from bacterial food poisoning, heavy metal poisoning, and 

histamine in seafood (scromboid fish poisoning). Enzyme deficiencies are typical 

metabolic disorders, such as lactase deficiency and galactosemia which are 

examples of nontoxic reactions caused by some unique physiologic 

characteristic of the host [8]. 
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The major immunological responses to foods, termed food 

hypersensitivities/allergies, can be mediated by two major mechanisms: 

immunoglobulin E (IgE) antibody mediated allergies and non-IgE mediated 

allergies. In addition, these two different mechanisms correspond to two groups 

of immunological reactions and the third group is mixed disorders by IgE 

mediated pathway and non-IgE mediated pathway. Classically, IgE mediated 

immune responses resulting from the ingestion of specific foods are termed 

―food allergy‖ [6, 7]. In short, food induced-specific IgE antibodies binding on the 

surface of mast cells wait for the second exposure of same food allergens. Once 

IgE antibodies capture specific food allergens, the cells are activated releasing 

cytokines, and other potent mediators, such as histamine [9, 10]. Therefore, the 

onset of IgE mediated food allergy is usually within minutes to 2 hours of food 

ingestion. Urticaria, angioedema, wheezing, cough, nausea, vomiting and so on 

are common symptoms that occur immediately [11]. 

 

The non-IgE mediated food allergies are normally termed cell mediated 

allergies. As T cell activation causes Th2 cytokines (IL4, IL5 and IL13) release 

and then favour the allergic response in addition to eosinophilic inflammation 

can also result from a cascade of immune responses. Generally these reactions 

occur slower than IgE mediated allergies (greater than 4 hours after ingestion) 

and primarily are gastrointestinal (GI) in nature. Celiac disease is typical 

example of non-IgE mediated GI allergy, is a chronic inflammatory disorder (also 

known as celiac sprue and gluten sensitive enteropathy).  This disease is 

caused by an aberrant (T lymphocyte) immune response to dietary glutens 

which are found in wheat, barley, and rye [12], leading to production of IgG and 

IgA antibodies directed to wheat gluten peptides and to tissue transglutaminase 

(tTG) [13]. Dewar et al [14] found the grain with rich proline- and glutamine- 

fractions can react with the mucosal of small intestine amongst those sensitive 

individuals.  Celiac disease has no cure and is a lifelong condition. The only 

way to prevent a wide range of clinical manifestations is strict avoidance of 

glutens ingestion in daily diet [15].   
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In the mixed disorders, the IgE and non-IgE mechanisms can work together 

to exacerbate disease like allergic eosinophilic esophagitis (AEE) and allergic 

eosinophilic gastroenteritis (AEG), atopic dermatitis, or asthma. AEE typically 

presents with symptoms of gastroesophageal reflux (e.g., nausea, dysphagia, 

vomiting, and epigastric pain) [16-18]. This disease occurs frequently during 

infancy through adolescence, but also can be diagnosed in adults. It appears to 

be increasing over the past several years, this may result from the early use of 

antacids and prokinetic agents in young infants with symptoms of reflux. Some 

reports have demonstrated that antacids are highly associated with murine 

models of anaphylaxis [19, 20]. AEG is normally seen at any age. Weight loss 

and failure to thrive are typical signs of this disorder. Increased numbers of Th2 

cells commonly were found in the peripheral blood and infiltrating the intestinal 

mucosa [21, 22]. In addition, atopic dermatitis is also known as atopic eczema 

dermatitis syndrome. It involves non-traditional receptors on Langerhan‘s cells 

which can bind allergen specific IgE antibody [23].  Food allergy and pollen 

allergy have been shown to worsen eczema markedly [24, 25]. Besides 

gastrointestinal and cutaneous disorder, asthma as major respiratory disorder 

was affected significantly by food allergy, may cause life-threatening asthma. 

Vapours or steam containing proteins emitted from cooking can induce 

asthmatic reactions and even anaphylaxis [26, 27]. 

 

In Figure 1.1, inflammatory reaction occurs via non-IgE mediated 

mechanisms and is a new finding that can improve development of food allergy. 

Many scientists have done numerous studies to investigate this unclear 

mechanism of food allergy. Therefore, protease activation receptors (PARs) 

have been found to be highly associated with inflammatory disease [28, 29]. It is 

as a non-allergic inflammatory reaction acting besides/in concert with the allergic 

reaction, not involving the immune system or IgE antibody, but seem to enhance 

the IgE response in effected tissues, such as the gastrointestinal or lung area. 

More detail instructions regarding IgE and non-IgE (PARs) mediated mechanism 

will be demonstrated in sections 1.4.1 and 1.4.2, respectively. 
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The clinical manifestations of food allergy range from mild irritation to severe, 

life-threatening respiratory distress and shock. Food-related anaphylaxis 

represents 13%-51% of all emergency department food allergic events in North 

America, Europe, Asia, and Australia [30-33].  Multiple organ systems are 

affected in different degree. The clinical features can include cutaneous 

manifestations (eg. skin flushing, urticaria, angioedema, pruritus, edema and 

periorbital edema), which are common symptoms and occur in 80% of cases 

[34]. Respiratory symptoms involve nose, larynx, throat and lungs, such as 

sneezing, stridor, hoarseness, cough, wheezing, congestion or rhinorrhea, 

dyspnea, chest tightness, and cyanosis. Gastrointestinal symptoms may include 

vomiting, diarrhea, and abdominal pain. Cardiovascular symptoms include 

syncope, hypotension, shock and dysrhythmia. Neurological symptoms may 

also happen, like anxiety, headache, seizure, syncope and loss of 

consciousness [8, 9, 35].  For example, the distributions of seafood allergy 

symptoms during an individual‘s worst reactions are shown in Figure 1.1.1. 

Furthermore, the severity of an allergic reaction is affected by several factors 

that include genetic predisposition, age, type of food allergen, nature of any food 

processing, environment, and physiological conditions [1, 36-39].  

 

 

 

Figure 1.1. 1 Distribution of symptoms reported as occurring during the most severe 

reactions (study number: fish allergy n=58; shellfish allergy n=232) [40]. 
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1.2 Prevalence of seafood allergy 

Seafood has become a very popular choice all over the world due its high 

nutrient content. However, high nutrient substance may be categorised as 

allergens which trigger adverse reactions in sensitive individuals leading to 

serious illness, even death. Worldwide there are many studies on the prevalence 

of seafood allergy worldwide. Usually, the prevalence of seafood allergy is 

higher in communities where fish or shellfish constitute a large proportion of the 

diet, such as China, Japan, and USA, which are the three largest global 

consumers of fish [41]. The Emergency Departments in the United States 2008 

reports, specify that shellfish was the top problematic food group to induce food 

allergy in their community, in subjects over 6 years of age [33]. Similar incidence 

from Asian countries, like the Hong Kong Emergency Department [32] described 

seafood was responsible for 71% of all food-related reactions in 2005. In the 

same year, Singapore Clinical Immunology/Allergy Centre [42] states that 

seafood (crustaceans and mollusks) comprised 66.7% of food-induced 

anaphylaxis. Furthermore, in European countries, a multi-centre study was 

conducted among Italian adults in 2009 [43], the majority of anaphylactic 

episodes occurred in patients sensitized to shrimp. An occupational survey from 

north Norway [44] reflects that the allergic symptoms were significantly higher 

among seafood processing workers, as compared to administrative workers in 

the same industries. In addition, some studies between South Africa [45] and 

Australia [46] have demonstrated that workers involved in bony fish processing 

or seafood industry have reported health problems (78-81%) followed by 

increasing risk of work-related asthma symptoms. As a result of the above 

statistical data, the improvement of diagnostic approaches and finding enhanced 

treatment for seafood allergy are challenges to be resolved by doctors and 

scientists. However, it is based on several crucial aspects that firstly need to be 

solved and to examine the unknown, unnoticed or inadequately explained 

factors from the previous studies undertaken.  

 

Allergy to fish and crustacean have been studied in USA and over 5000 

households generated the survey which and shows a prevalence of 2.3% for any 

seafood allergy, 2% for shellfish, 0.4% for fish, and 0.2% for both types [40]. Fish 
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was mostly implicated in causing food allergy. Many fish species, including red 

salmon, silver salmon, yellow fin tuna, big eyed tuna, Atlantic tuna, saurel, 

skipper, yellowtail, Japanese sardine, bonita and mackerel have high 

IgE-binding activity [47]. In addition to fish species, both crustaceans and 

mollusks are another two popular seafood groups causing allergic reaction. A 

survey conducted in the United States in 2004 found that seafood allergy is more 

common in adults compared with children (2.8% vs 0.6%; P < 0.001) and in 

women compared with men (3.6% vs 2%; P < 0.001). The rate of reactions to 

multiple fish species among those with any fish allergy is 67%; for Crustacean 

the rate is 38%, and for mollusks the rate is 49%; only 14% with crustacean 

allergy reports a mollusk allergy [40, 48]. There is significant cross-reactivity 

among different species of fish, including freshwater and saltwater fish, as well 

as among crustaceans. However, there is no cross-reactivity between 

crustaceans and fish [49]. The most common types of seafood to which allergy 

were reported are shown in Figure 1.2. Also indicated in Figure 1.2 are the 

numbers of people who reported an allergy to a type of seafood but could at 

least sometimes eat the food at the time of the survey. 

 

 

 

Figure 1. 2 Rate of reported reactions according to type of fish (A) and crustacean (B) [40]. 
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1.3 Allergenic protein 

In recent years, our knowledge about the structure of some of the important 

allergens has increased greatly as a result of the application of sophisticated 

molecular biological techniques and the production of recombinant allergens. 

Since the cloning of the first allergenic protein (from codfish) in the late 1980s, 

hundreds of allergens have been identified, their sequences determined, and 

over 40 three-dimensional structures are available [50, 51]. The generation of 

large volumes of information led to the development of a number of databases, 

which provide molecular, biochemical and clinical data: e.g. the International 

Union of Immunological Societies Allergen Nomenclature Sub-committee 

(http://www.allergen.org), the Allergome (http://www.allergome.org) and the 

InFormAll database (http://foodallergens.ifr.ac.uk/). The growing number of 

available allergen sequences together with advanced bioinformatics haave 

enabled scientists to see the evolutionary and structural relationships between 

all these allergens in a different light. A novel classification system of allergens 

was subsequently developed and revealed that most allergens can be found in a 

limited number of protein families (http://www.meduniwien.ac.at/allergens/allfam) 

[52, 53]. Seven hundred and seven allergens were classified by amino-acid 

sequence using 3012 structural classifications of protein families. What is very 

different to previous studies is that all 707 allergen sequences can be classified 

into 134 families, which represent only 5% of the potentially allergenic 3012 

protein families. 

 

The major allergen responsible for ingestion-related allergic reaction is the 

muscle protein, tropomyosin (Figure 1.3.1), which is present in crustaceans, 

mollusks, the fish parasite Anisakis simplex [54, 55] and as inhalative allergens 

in arthropods, like mites and cockroaches. Due to their repetitive coiled-coil 

structures, tropomyosins retain their IgE binding ability even after prolonged 

heating or partial digestion. Sequences of allergens from the tropomyosin family 

are well conserved, even beyond phylum boundaries, with at least 50% 

homology [56], which probably explains the frequent cross-sensitization among 

tropomyosin-containing allergen sources. A well-known case is the fish parasite 

Anisakis, which can cause severe allergic reaction. Tropomyosin is one of the 

http://www.meduniwien.ac.at/allergens/allfam
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eight characterized allergens from the fish parasite Anisakis spp which highly 

cross-reacts with other allergens present in shellfish. In addition to tropomyosin, 

arginine kinase [57], myosin light chain [58] and a sarcoplasmatic 

calcium-binding protein [59] are other minor allergens present in invertebrate as 

indicated by recent research findings. 

 

The major allergen in most fish species are parvalbumins [60, 61], which are 

calcium-binding proteins and have two EF-hand domains (Figure1.3.1), which 

range from 10-13KDa [52]. The other calcium-binding proteins within the 

EF-hand family are polcalcins (ubiquitous pollen allergens), troponin C 

(cockroaches) and sarcoplasmatic calcium-binding protein (crustaceans). 

However, parvalbumins from fish are well conserved, with at least 53% 

sequence identity between homologues from unrelated fish species. Therefore, 

these major allergens within the EF-hand family need to be investigated for their 

IgE cross-reactivity. Furthermore, collagen, gelatin and p41 are demonstrated as 

major allergens in some fish [11, 62, 63], but there are still some allergens that 

are yet to be characterized.  
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Figure 1.3. 1 The rank of ingestion and inhalation-related allergens from animal source. 

(Figure was generated based on statistic data from Allfam-A Database of Allergen Families 

http://www.meduniwien.ac.at/allergens/allfam/ ) 

 

Inhalation-related allergens 

 Ingestion-related allergens 

 Inhalation-related allergens 
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Cross-reactivity, a key concept in the study of food allergy, complicates the 

investigation of allergens. It is not only present among members of the 

crustacean family, but also in between non-crustacean sources, such as house 

dust mites (HDM) and cockroaches. These mites and insects allergens have 

high amino acid homology with invertebrate tropomyosins. Therefore, these 

common allergens that are continuously present in the environment are 

particularly accountable for those patients who are not atopic but may 

experience an allergic reaction at any stage. However, clinical cross-reactivity is 

still not clear due to poor correlation of clinical symptoms with IgE response, 

particularly between tropomyosin from arthropod like HDM and crustacean [55]. 

Correct diagnosis, effective management and reliable guidance need to be 

based on more significant clinical implications.  The extent of IgE 

cross-reactivity is rested with the sequence conservation of homologous 

allergens. Sequences of allergens from the tropomyosin family (Figure 1.3.2 A) 

are well conserved, even beyond phylum boundaries, with the amino acid 

identities of at least 50%. The EF-hand superfamily contained two important 

families of allergens, parvalbumins (major fish allergens) and polcalcins 

(ubiquitous pollen allergens, Figure 1.3.2 B) parvalbumins from fish that are well 

conserved, with at least 53% sequence identity between homologues from 

unrelated fish species. Therefore, these two major allergens need to be 

investigated for their IgE cross-reactivity.  
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Figure 1.3. 2 A and B Sequence conservation among homologous allergens. Amino acid sequences of allergens from the tropomyosin family (A), and the 

EF-Hand superfamily (B) were aligned, and neighbor-joining phylogenetic trees were generated. Percentage sequence identities to reference allergens (bold) 

are encoded by gray shades [52].          

A B 
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Characteristics of different seafood allergens need to be studied 

comprehensively. Their sequential epitopes or conformational epitopes becomes an 

important factor to be taken into consideration of inducing immune response, because 

the native structure of allergens may be modified when it is affected by various factors 

like pH, voltage, heat processing or enzyme digestion in the stomach [64]. As shown 

in Figure 1.3.3, allergen specific IgE antibodies to sequential epitopes react to the 

food in any form, whereas those with IgE antibodies primarily to conformational 

epitopes appear to tolerate small amounts of the food after extensive heating or partial 

hydrolysis because the tertiary structure of the protein is altered and the 

conformational epitopes are destroyed [65, 66]. Thus, identification of specific 

diagnostic allergens or specific epitopes (sequences) located on allergens will 

significantly promote clinical diagnosis and management.                          

 

Figure 1.3. 3 Conformational epitopes are destroyed when the native shape of a protein is 

altered [2]
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1.4 Pathogenesis 

Adverse reactions to seafood can be generated via immunological (IgE 

antibody) and non-immunological reactions. These reactions can result from 

exposure to the seafood itself or to various non-seafood substances present in 

the product, via ingestion, inhalation or skin contact. Non-immunological 

reactions among consumers of seafood as well as workers handling seafood 

can be triggered by a range of substances contained in seafood which include 

contaminants, parasites (e.g. Anisakis) [55, 67, 68], protochordates (Hoya), 

bacteria (e.g. Vibrio, Klebsiella, Pseudomonas), viruses (e.g. hepatitis A), marine 

toxins (e.g. saxitoxins, ciguatera) and biogenic amines (e.g. histamine) [69]. 

Ingredients such as preservatives, flavours and colourings added during 

processing can also cause adverse reactions, e.g. chemical additives (sodium 

benzoate), spices (e.g. mustard, paprika, flour additives, garlic) [70] and hidden 

ingredients (e.g. casein in canned tuna) [71]. In addition, the potential of 

proteases as allergens or inflammation-causing components have only recently 

been addressed by a study on salmon viscera, containing large amounts of 

proteolytic enzymes [72]. 

 

1.4.1 IgE-mediated food allergy 

Food allergy belongs to type 1 hypersensitivity reaction which is mediated 

by IgE [73, 74]. The mechanism is shown in Figure 1.4.1 [10, 75, 76], 

sensitization occurs when the antigen makes contact with some parts of the 

body. The antigen is taken up, processed by antigen-presenting cells and 

present on a Class II MHC to T-helper cells. Tissues under the mucous 

membranes are rich in B cells involved in IgE production and IgE producing cells 

are more abundant in individuals susceptible to allergens. The T-helper cells 

produce cytokines which stimulate B cells to proliferate and differentiate into 

IgE-plasma cells. As IgE is produced in specific areas of the body, the IgE 

molecules attach via their constant regions to the receptors on nearby mast cells. 

Mast cells contain granules packed with chemicals that induce a hypersensitivity 

response. Once attached, the IgE molecules can survive for many weeks. The 

individual is now sensitized to the antigen. When exposed to the antigen for a 
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second time, the antigen binds to the IgE antibodies on the mast cells. To trigger 

a response, two-cell-bound IgE molecules must react with a specific antigen. 

Within seconds of the reaction, the mast cell releases histamine and other 

mediators of the inflammatory response from the granules, triggering a variety of 

symptoms [77]. Mild allergic reactions can include: rash, itchiness, watery eyes, 

congestion, but do not spread to other parts of the body. However, moderate 

reactions that can spread to other parts of the body, include uticaria and difficulty 

breathing. Anaphylaxis is a rare, life-threatening emergency in which the body's 

response to the allergen is sudden and affects the whole body. It may begin with 

sudden itching of the eyes or face and within minutes progress to more serious 

symptoms, including varying degrees of swellings that can make breathing and 

swallowing difficult, abdominal pain, cramps, vomiting, diarrhea, mental 

confusion or dizziness [74, 78-80]. 

 

Figure 1.4. 1 General mechanism underlying an immediate type I hypersensitivity reaction 

[10]. 
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1.4.1.1 Rat basophilic leukemia cells assay and basophil activation test 

Since the extent of IgE cross-reactivity depends on the sequence 

conservation of homologous allergens, the clinical importance of cross-reactivity 

between different related and unrelated seafood allergens needs to be further 

investigated [55]. However, the data obtained from clinical diagnosis and that 

obtained from molecular techniques is poorly correlated [81]. Thus, in order to 

set up functional research tools, Rat Basophilic Leukemia (RBL) cells assay and 

human Basophil Activation Test (BAT) are recently commonly used. By 

comparing the of results obtained from these two different functional assays, a 

comprehensive understanding about the allergenicity and cross-reactivity of 

different seafood allergens will be determined and used for clinical guidance. 

The working principle of both cell models resembles type 1 hypersensitivity 

reaction, in the way IgE responds to allergen exposure (refer to Figure 1.4.1.1). 

In the RBL cell line, human receptor (FcεRI) for IgE antibody was transfected 

into basophilic cells from rat, in order to analyse human IgE binding activity. The 

potency of allergen is represented by the released biomarker 

(β-hexosaminidase). The more mediators are measured the stronger the 

allergenicity present in allergens.   

     

Both assays possess various advantages in diagnostic applications. For 

example, several benefits [82] could be concluded from other allergens using 

BAT. It is real time measurement which tests the freshly collected patient sera. 

Precise instrumentation (flow cytometry) enables the detection of different signal 

markers (eg. CD203c and CD63) by specific antibody recognition (anti-CD203c; 

antiCD63). It has been a clinical diagnostic tool for a while and possesses highly 

relative reliability. The in vitro-activated basophils closely resemble the in vivo 

pathway leading to symptoms [83]. However, the RBL assay is much easier to 

handle compared to the BAT. The transfected rat cell is kept in tissue culture, 

which is economic and convenient for conducting a quick detection of wide 

range of allergens at different concentrations. In addition, it does not involve 

patient attendance during test and hence greatly reducing the diagnostic risk of 

patients. Therefore, to determine which cell model is more accurate, easily 

reproducible for analysing the potency of different allergens will be a new 

exploration for diagnosis.   
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A.

 

B. 

                                                                                                                                                                    

Figure 1.4.1. 1 A. Principle of RBL cells degranulation assay. (Picture is modified base on 

[84] ); B. Principle of the basophil activation test by flow cytometry [85]. 
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1.4.2 Non-IgE mediated food allergy  

Proteases are an integral part of our innate and adaptive immunity and are 

produced by many cell types. There are a number of ways that proteases can 

trigger cell signaling, but a recently described family of protease-activated 

receptors (PARs) accounts for a large proportion of signaling generated by these 

proteolytic proteins. While endogenously generated proteases are essential for 

our complex physiological system, exogenous proteases can cause 

IgE-mediated sensitization on exposure as well as activation of these PARs 

(non-IgE mediated). These activated receptors can cause significant 

inflammation in various target organs and enhance atopic sensitization by 

increased production of IgE antibodies. The IgE and non-IgE mediated reactions 

towards protease exposure are detailed below. 

 

In addition to proteases generated by our own cells such as mast-cell 

tryptase, some extracellular proteases from various plants, animal and microbial 

sources can activate the same PARs. In particular serine and cysteine proteases 

from moulds, cockroaches and dust mites have recently been studied in detail. 

The activation of key cells in allergic reactions, such as mast cells, causes 

degranulation which in turn releases a plethora of mediators, acting on other cell 

types. Figure 1.4.2 summarises the different activation pathways on mast cells, 

including allergenic protease recognition by IgE antibodies and PAR2 activation. 

In addition, another unknown pathway can lead to mast-cell activation by 

proteases. From the current literature available on the role of proteases in 

inflammatory reactions, it is clear that these proteins, commonly found in inhaled 

allergen sources, are of significant importance. However, while the presence of 

protease is known in many food allergen sources, such as shellfish, we know 

very little about the possible role of proteases in activating PAR on various cell 

types and enhancing the allergic and inflammatory response. 
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Figure 1.4. 2 Activation of mast cells by proteases via three different pathways: specific IgE antibodies and their receptors (FcεRI , PAR2 receptor 

activation and another as yet unknown pathway). Mast-cell degranulation triggers a cascade of other cellular activations, but cells can also be directly activated 

by PAR2 [86].
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1.4.2.1 Occupational allergy and asthma 

The newest evidence based on evaluation of the literature, including a total 

of 865 relevant publications, which covered 372 different causes of allergic 

work-related asthma. After grading all studied paper, α-amylase from Aspergillus 

oryzae, various enzymes from Bacillus subtilis, papain, bakery (flour, amylase, 

storage mites), western red cedar, latex, psyllium, farming (animals, cereal, hay, 

straw and storage mite), storage mite, rat, carmine, egg proteins, atlantic salmon, 

fishmeal, Norway lobster, prawn, snow crab, seafood, trout and turbot, reactive 

dyes, toluene diisocyanates and platinum salts were categorized as providing 

moderate evidence to cause occupational asthma (OA) [87].The great majority 

of occupational asthma cases are based on an IgE mediated pathway, but it 

seems like different  molecular weight of causative agent affect the 

pathomechanism. Figure 1.4.2.1 shows two subtypes of work related asthma, 

new onset asthma and worsening or pre-existing non-occupational asthma in the 

workplace. Besides, IgE mediated OA, the other pathomechanism is still 

unknown. Therefore, whether non-IgE mediated pathway is involved in OA 

needs to be further proved. From the above study, seafood agents [88] as 

majority of causative agents should be taken more seriously. Identification and 

characterization of potential problematic substance in seafood will benefit the 

diagnosis of OA in the future.        

                          

  The fishing and fish-processing industry has experienced tremendous 

growth in recent years. The Food and Agriculture Organisation estimated that 

the number of people engaged in fishing, aquaculture, and related activities 

worldwide increased from about 13 million in 1977 to over 52 million in 2008. 

Coinciding with the significant growth in the seafood industry, seafood allergy 

symptoms ranging from rhinitis, conjunctivitis, asthma, urticaria, protein contact 

dermatitis and occasional systemic anaphylactic reactions have been reported in 

seafood-processing workers. The prevalence of occupational asthma in 

seafood-processing workers is estimated to be between 2% and 36% and 

occupational protein contact dermatitis about 3-11% [89-92]. Furthermore, 

sensitisation to the fish parasite Anisakis is high (8%), with Anisakis-specific IgE 

reactivity being strongly associated with protein contact dermatitis and bronchial 

hyperactivity. 
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Figure 1.4.2. 1 Subtypes of work-related asthma. [87] 

 

A detailed analysis of the underlying immunological mechanisms of inhalant 

and skin exposure has recently been published [93, 94]. Allergic reactions can 

occur to seafood proteins or associated biological and chemical agents. The 

composition of aerosols generated by snow crab and king crab processing have 

been found to contain not only allergenic muscle proteins, but also crab 

exoskeleton (chitin), gills, kanimiso (internal organs) and inorganic particles 

(silicon, aluminium, iron) [95]. In addition proteases are present in various 

tissues of seafood and in turn exposure to these seafood-derived proteins could 

play a significant role in inflammatory reactions and allergic sensitisation. During 

commercial processing, particularly of finfish and crustacean large amounts of 

offal wastes are accumulated. These fish viscera are a rich source of digestive 

enzymes, which are extracted on a large scale for commercial use. Some 

examples of these enzymes and species used are pepsin (e.g. salmon, sardine), 

trypsin (e.g. salmon, sardine, crayfish), chymotrypsin (e.g. herring, abalone, 

white shrimp), collagenase (e.g. king crab, crayfish, cod) and elastase (e.g. carp, 

catfish). Most of the airborne particles are irregular and at least 30% are within 

the respirable range (<5 μm), which can reach the deeper areas of the lung. 
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Protein exposure characterisation studies in environmental samples 

demonstrated levels of up to 6.4 mg protein per cubic meter of air in crab, rock 

lobster and fish processing plants [45, 96, 97]. Some of these proteins seem to 

be parvalbumin from fish [98] and tropomyosin from crab [99]. However, 

additional IgE-binding proteins are identified in air samples, the nature of which 

still have to be determined [100].  In the case of exposure to liquid derived 

during storage and processing of fish, which is often associated with skin 

symptoms, traces of histamine are often detected as well as digestive enzymes 

like pepsin and trypsin. Storage conditions can influence the allergenic nature of 

seafood. From the limited scientific data available for all seafood groups, it 

seems that shellfish produce a particularly strong allergic response in the 

workplace with sensitization rates of up to 26% (skin-prick testing) for king and 

snow crab. Recent studies [45] from fish and rock lobster processing plants in 

South Africa determined work-related ocular-nasal symptoms (26%) were more 

common than asthma symptoms (16%). The severity of respiratory symptoms 

and asthma seem to depend both on the concentration of the allergen in the air 

and the duration of exposure. 

 

In addition airborne proteins are also allergens which had surprisingly 

limited biochemical functions [39]. Besides major allergens, many of the minor 

allergens from plants, bacteria, fungi and house-dust mites are proteases such 

as serine proteases (often occupational allergens such as trypsin, chymotrypsin 

and subtilisins), cysteine proteases (papain), aspartate proteases 

(pepsin,rennin), metalloproteinases and collagenases (see Table 1.4.2.1 for 

currently known allergenic proteases and Figure 1.3.1). These proteases play 

dual roles to induce IgE mediated and non-IgE mediated allergic reaction 

resulting from FcεRI receptor and PARs receptor can be activated 

simultaneously. This is one of the most important reasons why this PhD thesis 

will investigate seafood derived proteases. 
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Table 1.4.2. 1 List of currently known IgE binding allergenic proteases [86]. 

Source Allergen Biochemical nature Mw (KDa) 

Aspergillus fumigatus Asp f 10 Eukaryotic aspartyl protease 41.6 

 Asp f 13 Subtilisin-like serine protease 42 

 Asp f 18 Subtilisin-like serine protease 52.6 

Penicillium citrinum Pen c 1 Subtilisin-like serine protease 40.3 

 Pen c 2 Subtilisin-like serine protease 48 

 Pen c 18 Subtilisin-like serine protease 37.3 

Honeybee Api m 7  Trypsin-like serine protease 45.5 

American bumblebee Bom p 4 Trypsin-like serine protease 27 

European paper wasp Pol d 4 Trypsin-like serine protease 30.8 

German cockroach Bla g Trypsin Trypsin-like serine protease 26.3 

 Bla g 2 Eukaryotic aspartyl protease 38.5 

Mite Blo t 1 Papain-like cysteine protease 38 

 Blo t 3 Trypsin-like serine protease 27.5 

 Blo t 6 Trypsin-like serine protease 30 

American house dust mite Der f 1 Papain-like cysteine protease 23/29.7/36 

 Der f 3 Trypsin-like serine protease 27.7 

 Der f 6 Trypsin-like serine protease 30.5 

European house dust mite Der p 1  Papain-like cysteine protease 25/36 

 Der p 3 Trypsin-like serine protease 28 

 Der p 9 Trypsin-like serine protease 26-29 

Mayne's house dust mite Eur m 1 Papain-like cysteine protease 36 

Storage mite Tyr p 3 Trypsin-like serine protease 20/30 

Domestic cattle Bos d Thrombin Trypsin-like serine protease 70 

 Bos d Chymosin Eukaryotic aspartyl protease 42.2 

Domestic dog Can f 5 Trypsin-like serine protease 28.7 

Domestic pig Sus s Pepsin Eukaryotic aspartyl protease 41.2 

Human Hom s PSA Trypsin-like serine protease 28.7 

 Note: The data in this table are derived from an allergen database (AllFam;    

 http://www.meduniwien.ac.at/allergens/allfam/). 

  

http://www.meduniwien.ac.at/allergens/allfam/
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1.4.2.2 Protease activated receptors 

In addition to binding to IgE antibodies, protease can activate a particular 

type of receptor, the PAR (protease activated receptor). PARs are 

7-transmembrane G-protein-coupled receptors that are particularly stimulated by 

serine proteases. Four different types of PARs are identified and they are widely 

expressed on cells in blood vessels, connective tissue, leucocytes, epithelium, 

and many airway cells. Thrombin activates PAR1, PAR3 and PAR4; trypsin 

activates PAR2 and PAR4; and are of particular interest because of its role in 

allergic diseases, mast-cell tryptase can also activate PAR2 (Table 1.4.2.2.1). In 

Figure 1.4.2.2, the general features of protease–mediated activation and 

disarming of PARs are shown. Proteases such as thrombin and trypsin, cleave 

the amino acids  at a specific site of the extracellular protein (termed tethered 

ligand), which then in turn binds to another site on the same molecule, thereby 

activating the receptor and eliciting signal transduction from coupled 

hererotrimeric G-protein. The PARs are known to couple with several Gα 

subunits including Gαi, Gα12/13 and Gαq to activate downstream signaling 

messengers to induce a myriad of cellular and physiological effects. PAR2 is 

also able to signal through the scaffolding protein β-arrestin which also functions 

to desensitize PAR2 by uncoupling the receptor from G-proteins. Although 

β-arrestin does not contribute to PAR1 signaling it does participate in 

desensitization of this receptor [29]. As a matter of fact, several studies [101] 

have shown that PARs can be disarmed (Figure 1.4.2.2 right panel). Proteases 

can cleave upstream from the activation site thereby removing the activation site 

from the receptor. After such proteolysis of the extracellular N-terminal domain, 

the receptor is considered to be silent and cannot be activated anymore by 

binding of its own tethered ligand. However, signal still can be conducted via 

intermolecular activation by those disarmed receptors. Importantly, disarmed 

PARs are not commonly generated in all cell types, but neutrophil elastase or 

cathepsin G has been shown the capacity of disarming PAR2 in lung epithelial 

cells [101].  In addition, the glycosylation state [102] of the receptor will be 

important for the accessibility between different receptors and the overall effect 

of those proteases towards activation of disarming.   
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The amino acid sequence of each cleavage site is specific for the particular 

PAR. Pharmacological studies have now defined peptides based on those 

sequences, but in some cases, slightly modified, and that are able to cleave 

selectively each PAR, with exception of PAR3. Since the sequence of PARs are 

highly conserved through all different cell types, these synthesized peptides 

constitute valuable tools to investigate specific receptor functions separately and 

can be widely used in cellular or in vivo model. Selective PAR agonists and 

antagonist are summarized in Table 1.4.2.2.2. The proteolytic activation is 

irreversible, and once cleaved, the receptors are degraded in lysosomes. The 

details of intracellular signal transduction cascades due to PAR activation are 

complex but involve increased intracellular calcium levels, degranulation of 

vesicles (e.g. mast cells), smooth-muscle contraction and increased production 

of various proteins (e.g. cytokines). 

 

Figure 1.4.2. 2 Aspects of PAR-mediated signal transduction [29]. 
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Table 1.4.2.2. 1   The four PAR receptors and their different activation [86].  

 PAR-1 PAR-2 PAR-3 PAR-4 

Classical 
activating 
protease of 
mouse and 
human PARs 

Thrombin Trypsin; mast cell 
tryptase 

Thrombin Thrombin, Trypsin 

Protease that 
could activate 
or inactivate 
PARs 

Leukocyte 
elastase 

Cathepsin G; 
Leukocyte elastase; 
Proteinase 3 

None known None known 

Pathogen-derived 
activating 
proteases 

Gingipains Der p 1, Der p 3, Der p 9; 
Gingipain-R;Thermolysin; 
Serralysin; Salmon 
trypsin 

None known Gingipains 

 

 

 

 

 

Table 1.4.2.2. 2   Summary of PAR synthetic agonists and antagonists [103]. 

 
PAR-1     PAR-2 PAR-3 PAR-4 

Agonists -SFLLR-NH2 
-TFLLR-NH 

-SLIGRL-NH 
-SLIGKV-NH2 
-2-furoyl-LIGRLO-NH2 
-SFLLR-NH2 

 -GYPGQV-NH2 
-GYPGKV-NH2 
-AYPGKF-NH 

Antagonists -RWJ-56110 
-RWJ-58259 
-SCH79797 
-BMS-200261 
-Mercaptopropionyl- 
Phe-Cha-Arg-Lys- 
Pro-Lys-Asn-Asp-Lys-NH2 

-ENMD-1068  -P4pal-il(pepducin) 
-Trans-cinnamoyl- 
YPGKF-NH2 

The most selective and potent agonists are highlighted in red and bold. 
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1.4.2.3 The role of PARs in allergic disease  

Figure 1.4.2.3. 1 Scheme of the activation of PAR2 and PAR2-induced effects in human 

immune cells [104].  
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Among the different receptors, PAR2 is frequently highlighted as central in 

allergic responses as demonstrated by increased levels of PAR2 on respiratory 

epithelial cells in asthmatic patients. While airway epithelium expresses PAR1, 

PAR2, and PAR4, only PAR2 is greatly activated. Epithelial cells are themselves 

an important source of trypsin, which is an activator for PAR2. PAR stimulation 

of epithelial cells opens tight junctions and produces various mediators. 

Proteases also contract bronchial smooth muscle and cause proliferation, as 

well as promoting maturation and proliferation of collagen. As shown in Figure 

1.4.2.3.1, PARs express in variety of immune cells. They cause direct 

degranulation of eosinophils and mast cells which in turn stimulate the allergic 

sensitization via enhanced Th2 response. The stimulation of PAR on immune 

cells produces in particular the cytokines IL6, IL8, GMCSF, eotaxin and 

prostaglandin E2 (PGE2) and so on. For example, PAR1 and PAR2 have been 

addressed recently to associate with lung/gastrointestinal fibroblasts and cancer 

in the intestine due to PGE2 release [105, 106]. The increase of 

cyclooxygenases-1 (COX-1) or cyclooxygenases-2 (COX-2) expression by 

activator of PAR1 or PAR2 highly regulated PGE synthesis [107, 108]. In 

addition metalloproteinase 9 is generated, an enzyme that disrupts the junctions 

between cells and thereby enhances the passage of other proteins into the lung 

epithelium. These direct and indirect effects of proteases on cellular and 

inflammatory responses probably explain the observation that an experimental 

allergic response to over 10 different house-dust mite allergens can only be 

achieved in the presence of the major allergen Der p 1, which is a cysteine 

protease. In addition the house-dust mite allergens Der p 3 and Der p 9, as well 

as cockroach allergens, are enzymatically active and activate PAR2 in lung 

epithelial cells [109] and epidermal keratinocyte [110]. The dual effects of 

aeroallergens such as house-dust mite and cockroach, in allergenicity and 

proteolytic activity, clearly bring together defects in the epidermal barriers with 

stimulation of the immune system. While this seems to be of particular 

importance in atopic dermatitis, the same dual effects can be expected with most 

other cellular structures [111]. Furthermore, PAR1 and PAR2 are distributed 

throughout the gastrointestinal (GI) tract, modulating various GI functions [112]. 

These receptors regulate the exocrine secretion in the salivary glands, pancreas 

and mucosal epithelium but also motility of smooth muscles. Both receptors 



38 

 

appear to have a dual role in mucosal inflammation in the GI tract. While most of 

the published studies are on inhaled protease activity, a recent investigation 

[113] demonstrated that purified trypsin from salmon can activate PAR2 receptor 

on human airway epithelial cells [72, 113]. The activation of PAR2 is coupled to 

the induction of NF-κB, resulting in the secretion of IL8. The results presented 

suggest that salmon trypsin, via activation of PAR2, might influence 

inflammation processes in the airways if inhaled in sufficient amounts. 

   

The role of PARs, particular PAR2 cannot be concluded simply as 

anti-inflammatory or pro-inflammatory target. The causative source and 

inflammatory organ are major factors to define the role of PAR2.  For example, 

PAR agonists may protect from pollen induced lung allergy, even anti-bacterial 

and anti-viral infection (brain ischemia; HIV-induced brain inflammation), but it 

also may cause other type of lung inflammation, arthritis, colitis and kidney 

inflammation [103].  In some cases, PAR2 interacting with alternative receptors 

display different effects as well. For instance, concurrent activation of PAR2 and 

Toll-like receptor 4 (TLR4) by PAR2 agonist and lipopolysaccharide (LPS), 

respectively, amplifies NF-κB activation and IL6 production in endothelial cells 

[114]. In contrast, the inflammatory response induced by Aspergillus infection 

involves TLR4 mediated suppression of PAR2 signaling [115].  More and more 

studies demonstrate PARs not only regulate inflammation alone, but can also 

synergize with other key receptors. Rallabhandi et al [116] implied the role of 

PARs as an additional level of the innate immune defense, apart from classical 

pattern-recognition receptors. The date from their study support a model of 

heterophilic receptor interaction between TLR4 and PAR2 that centers on 

shared utilization of TLR adapter proteins, leading to enhanced NF-κB activation 

upon PAR2 engagement. Figure 1.4.2.3.2 displays that a putative TIR-like 

(TIR:Toll/interleukin-1 receptor resistance) interacting domain has been 

identified in PAR2 C terminus [117]. This is one of the most important TLR 

adapter proteins which can induce IFN-β (TRIF: TIR-domain-containing 

adapter-inducing IFN- β) and TRIF-related adapter molecule (TRAM) through 

TIR-TIR interactions. Thereby, two major signaling pathways, including 

―MyD88-dependent‖ (early NF-κB response) and ―MyD88-independent‖ (delayed 

NF-κB response) may be activated by TLR4 agonist, LPS. No matter if TLR4 is 
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present or not, NF-κB activity can be measured due to PAR2 activation by its 

agonist, even enhanced NF-κB signaling and diminished IRF3-dependent 

receptor activity when TLR is present. These may result from recruitment of 

TRIF/TRAM to PAR2 C terminus and the displacement of TRIF/TRAM by MyD88, 

respectively. 

 

In addition, PAR2 activation is also involved in neurogenic inflammation and 

pain via coupling with transient receptor potential (TRP) channels, including TRP 

vanilloids 1 and 4 (TRPV1 and TRPV4) and TRP ankyrin 1 (TRPA1) [118, 119]. 

Two major mechanisms are responsible for the influx of extracellular Ca2+ ions 

and the release of neuropeptides in peripheral tissues and the spinal cord. The 

indirect mechanism is a well-recognized regulation, pre-treatment with a PARs 

agonist to sensitize PARs receptors that can amplify responses to a TRP 

channel agonist [120-122]. On the other hand, emerging evidence shows that 

PARs signaling can directly activate TRP channels including TRPV1 [123, 124] 

and TRPV4 [125]. Figure 1.4.2.3.3 fully explains the mechanism, after protease 

activate PAR2, the intracellular Ca2+ level is increased via the phospholipase C 

(PLC), phosphatidylinositol 4,5-bisphosphate (PIP2) and inositol 

1,4,5-trisphosphate (IP3) pathways. Simultaneously endogenous TRPV4 

agonists-EETs is generated with hydrolysis of membrane phospholipids by PLA2 

to form arachidonic acid (AA), and cytochrome P450 epoxygenase. Then, 

TRPV4 channel opening and influx of extracellular Ca2+ are promoted by EETs 

and required tyrosine kinases (tyrosine 110). Therefore, calcitonin gene-related 

peptide (CGRP) and substance P (SP) as calcium-dependent mediator are 

released by PAR2 activation to cause neurogenic inflammation. In this case, the 

activation of TRPV4 provide to prolong PAR2 signaling and to amplify its 

proinflammatory and pronociceptive actions. 
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Figure 1.4.2.3. 2  Hypothetical model of PAR2 signaling and interaction with TLR4 [116]. 

 

 

Figure 1.4.2.3. 3  Hypothesized mechanism of PAR2 and TRPV4-dependent neurogenic 

inflammation [125]. 
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1.5 Diagnosis of food allergy 

The current diagnosis of food allergy is divided into two aspects-in vivo and 

in vitro (Figure 1.5). Skin prick test (SPT), atopy patch test (APT) and food 

challenges are typical methods applied in vivo, which can indicate biological 

function of tested allergens. Although DBPCFC (double-blinded 

placebo-controlled food challenge) is considered the gold standard for the 

diagnosis of food allergy, so far, standardization of many aspects of DBPCFC is 

still lacking, the test is time consuming and increasingly risky during the 

challenges [126]. The reason SPT is used widely in evaluation of food allergy is 

that a strong correlation between the wheal size and likelihood of a clinical 

reaction and positive tests are considered those with a mean wheal diameter of 

greater than 3mm above the saline control prick test [127]. The limitation of SPT 

may contribute to the following factors, like allergen source [128] (raw or cooked; 

commercial extracts or fresh extracts), age of sensitive individual, prick device, 

pressure [129], and location of the test placement [130] : as the back is 

approximately 20% more reactive than the arm. 

 

On the other hand, assessment of allergen specific IgE in vitro is a 

frequently used and an important element in the clinical investigation. These 

tests are highly sensitive (>90%) but only modestly specific (50%). Scientists 

commit themselves to improve the predictive value of in vitro test by proceeding 

from diagnosis based on allergen extracts to purified allergen molecules, taking 

into account the affinity of the IgE-allergen interaction, and evaluating the 

potential of biological in vitro tests such as histamine release or basophile 

activation tests (BAT) including assays performed with permanently growing cell 

lines [131]. Several test systems have been developed: 1) allergen-induced 

histamine release, 2) sulfidoleukotriene release from the patient own basophiles, 

3) determination of in vitro activated patient basophils by FACS 

analysis(Fluorescence-Activated Cell Sorting) of surface markers such as CD63 

and / or CD203c, and 4) allergen-induced release of histamine or 

sulfidoleukotriene from donor basophils passively sensitized with serum from 

allergic patient.  Alternative approaches are also used widely in the diagnosis of 

food allergy. Although they are posted on websites advertising their 
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effectiveness and their usefulness in measuring food-specific IgG or IgG4 

antibodies, cytotoxic food tests, kinesiology, provocation testing using sublingual 

or intradermal provocation tests or electrodermal testing has not been proven by 

properly performed studies [132]. Therefore, these approaches cannot be 

recommended as meaningful diagnostic tools for food allergy [133]. 

      

 

FiFigure 1. 3 Figure 1. 4  

Figure 1. 5  Current diagnostic tools of food allergy. 

 

With the development of more accurate experimental, biochemical and 

immunochemical method are gradually replaced by a biological assay. The 

conventional methods may modify the surface structure of allergen, such as 

enzyme allergo sorbent test (EAST) and ImmunoCAP or western blotting. 

Furthermore, sometimes it is minute quantities of allergen that might not be 

detected. The main reason for developing a standard method in vitro assay is to 

evaluate the biological activity of allergens is due to the diverse results between 

different analysis methods, which usually do not correlate with the result of skin 

testing [134]. Therefore, a functional test system needs to be developed as a 

tool for the standardization of allergen extracts. The most important aspect of 

this approach is that the biological activity of allergen extracts could be 

determined, whereas other methods could not. RBL cell line is the main cell line 
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used to investigate the ability of antigen to bind human IgE or murine IgE and the 

degree of released mediators after cross-linking with receptor-bound IgE 

molecules resulting from the transfected gene of the human or murine high 

affinity IgE receptor [135] (basic mechanism has been introduced in chapter 

1.4.1.1). In recent year, RBL cell model system has already been applied 

successfully to evaluate many allergens with mouse IgE and human sera, such 

as timothy grass pollen [136], birch, house dust mite, cat dander, and peanut 

[134, 137, 138]. However, only one study reported that this model system is well 

used to evaluate shrimp allergen Pen a 1(tropomyosin) with mouse IgE and 

allergic sera [139].Therefore, more research is needed to support and improve 

this functional assay for future therapeutic use. One of the most important aims 

in this study is also to validate and utilize this cell assay for evaluation of 

crustacean allergens. 

 

 

 

 

 
  



44 

 

1.6  Treatment of food allergy 

Current therapeutic options for food allergy include allergen-specific 

approaches and non-allergen-specific approach. Traditional injection 

immunotherapy (rush immunotherapy), oral immunotherapy (OIT), sublingual 

immunotherapy (SLIT), peptide immunotherapy, administration of gene 

engineered allergen are all belong to allergen-specific approaches. As a high 

incidence of serious adverse effects in response to rush immunotherapy, it has 

been avoided for allergy treatment. In contrast OIT and SLIT have recently 

received the most attention, because they appear to be safer. Many studies 

have shown OIT effectively desensitises most egg, milk, and peanut allergy 

patients [140-142]. Blumchen et al [143] implied that patients were able to 

tolerate an amount of peanut from 0.19 g to 1 g after immunotherapy. However, 

the risk is still present during the desensitisation and many unclear questions like 

permanent tolerance or only desensitisation during dosing are still remaining.  

Furthermore, peptide immunotherapy is being used in peanut allergy that has 

shown to prevent anaphylactic reactions, lower plasma histamine level and 

increase interferon-gamma production [144]. To modify food allergen one can 

use physical method and genetic method (Figure 1.6).  Altering the molecular 

structure of food allergens to decrease their allergenicity, while maintaining their 

immunotherapeutic effect, is an attractive approach for improving the safety of 

immunotherapy. For example, heating and baking are major methods to destroy 

the conformational epitopes recognized by IgE, but some recent studies 

reported food after heating or baking may accelerate allergy symptoms, like milk 

[145], egg [146], prawn [147]. Therefore, genetically altering the 

immunodominant B cell epitopes have attracted more attention. The very first 

concept was conducted in vivo studies using a mutant hypoallergenic vaccine in 

mice with heat-killed Escherichia coli or Listeria moncytogenes producing 

mutated Ara h1, 2 and 3 [148, 149]. Protective effect from anaphylaxis has been 

demonstrated, but other concerns such as the risk of reactivation of vectors 

(Listeria spp), inconvenience administered routine (rectal) still need to be further 

investigated.  Other potential treatments include plasmid DNA-based 

immunotherapy and ISS-oligodeoxynucleotide-based immunotherapy, which all 

provide some protection from allergy. 
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In Figure 1.6, to alter allergen delivery strategies also has a profound effect 

in the future treatment. The use of nanoparticles [150] for allergen delivery in 

OIT and SLIT is a new area. The nanoparticle containing peanut proteins were 

firstly used in mice which induced a greater Th1 response than protein alone. In 

contrast with application of nanoparticles, epicutaneous immunotherapy (EPIT) 

involves the application of an allergen-loaded patch on intact skin. Milk allergy 

symptoms were modestly decreased in a small randomized controlled trial [151].  

 

Figure 1. 6  Strategies for improving food immunotherapy [152].  
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To block allergic responses, immunomodulatory agents aim to reduce 

adverse events. Non –allergen-specific therapeutic approaches include anti-IgE 

therapy, Chinese herbs (FAHF-2), use of probiotic bacteria, Th1 adjuvants, 

helminth therapy, and monoclonal antibodies directed against cytokines 

associated with Th2 mediated inflammation. Although anti-IgE improves 

symptoms of asthma and allergic rhinitis and up to 75% of treated patient were 

protected from anaphylaxis, there is no research study that shows any 

consequences after long-term administration [153]. An herbal formulation 

(FAHF-2) containing nine herbs used in traditional Chinese medicine produce a 

downregulation of Th2 cytokines and allergen-specific IgE levels and T cell 

proliferation to peanuts. Whether FAHF-2 would have synergistic effects when 

combined with OIT or SLIT is currently unknown [154].  Another interesting 

approach is to use probiotic bacteria. Clinical trials of probiotics have focused on 

the prevention and treatment of atopic dermatitis. They have great effect on 

antigen-presenting cells, regulatory T cells, effector B and T cells and promote 

T-helper type 1 differentiation. Eliciting IgA antibody and stimulating mucosal 

immune responses are also major functions. Lactic acid bacteria have been 

tested in murine models, allergen-specific IgE and histamine release are 

significantly reduced  in the stool after a shrimp tropomyosin oral challenge 

[155].  
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1.7 Research objectives and outline 

 

Research Objectives 

 

1) To establish an in vitro cell-based assay to evaluate IgE mediated 

reaction towards prawn allergens  

 

2) To identify and characterise potential allergens or inflammatory 

substances in prawn extracts 

 

3) To elucidate the role of allergens or inflammatory substances in 

allergic diseases and lung inflammatory diseases  
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Outline of this Thesis 

In Chapter 2 the establishment of an in vitro cell based assay is described to 

evaluate IgE mediated reactions towards allergens derived from tiger 

prawns. I utilised the RBL cell system, which has previously been developed 

to demonstrate the interaction of allergenic protein with the IgE antibody 

bound on specific receptors. Figure 1.7.1 demonstrates the experimental 

layout of this chapter and seven key questions addressed: 

 

Question1:  Are the transfected FcεRIα receptors functional? 

 

Question 2:  Can anti-IgE trigger degranulation via cross-linking 

recombinant human IgE antibody (NP-IgE)? 

 

Question 3:  Can human patient serum be used for IgE mediated 

degranulation? 

 

Question 4:  Can the analysed prawn allergen extracts used for this cell 

assay?  

 

Question 5:  Can prawn allergen extracts trigger degranulation via 

cross-linking human patient serum IgE antibody? 

 

Question 6:  Besides degranulation, can anti-IgE mediated activation 

induce IL4/IL13 gene expression? 

 

Question 7:  Can human IgG antibody have any effect on the RBL cell 

degranulation assay? 
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Figure 1.7. 1 Scheme of studied targets for RBL cell model in Chapter 2. 
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In Chapter 3 several allergenic and pro-inflammatory substances are 

characterised in the analysed tiger prawns. Besides the major crustacean 

allergen tropomyosin, a novel protease was identified and characterised on 

molecular and functional level. Several key questions are addressed in this 

chapter and form the basis of the subsequent chapters. 

 

Question1:  Are there any proteases present in prawn extracts? 

 

Question 2:  What types of proteases are present in prawn extracts and is 

there one of major importance? 

 

Question 3:  What are the characteristics of this protease and can the 

major protease be purified? 

 

Question 4:  Are there any special characteristics obtained from the 

sequence of this protease? 

 

Question 5:  What is the structure of this protease and are there any 

special features observed from the structure model? 
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In Chapter 4 the role of this protease in inflammatory and allergic reactions 

is elucidated using the rat basophil cell line (RBL). Figure 1.7.2 details the 

experimental setup and the five key questions addressed in this chapter: 

 

Question1:  Can the activation of IgE-receptor induce other cytokines gene 

expression, besides IL4/ IL13? 

 

Question 2:  Are protease activation receptors (PAR‘s) exporessed on RBL 

cells and if yes, can prawn derived trypsin activate these PAR receptors? 

 

Question 3:  Can raw or heated prawn extracts activate RBL cells and 

which gene important for the allergic reactions can be induced to 

expression? 

   

Question 4:  Will the interaction happen between IgE receptor and PARs? 

    

Question 5:  What cell signalling pathways are involved in IgE and non-IgE 

mediated RBL activation? 
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Figure 1.7. 2 Scheme of studied targets for RBL cell in Chapter 4. 
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In Chapter 5 the role of this protease in inflammatory and allergic reactions 

is elucidated using human lung epithelial cells (A549). Figure 1.7.3 details 

the experimental setup and the five key questions addressed in this chapter: 

 

Question1:  Are PARs expressed on A549 cells? 

   

Question 2:  Does prawn derived trypsin has effect on the expression of 

PARs receptors on A549 cells? 

   

Question 3:  Do Th2 cytokines such as IL4 and IL13 have effect on PAR 

receptors expression? 

 

Question 4:  Which gene expression will be induced after A549 cell 

activation by PAR-2 agonist or prawn trypsin? 

 

Question 5:  What cell signalling pathways are involved in A549 cell 

activation by prawn trypsin? 
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Figure 1.7. 3 Scheme of studied targets for A549 cell in Chapter 5. 

 

  

G 

proteins

G 

proteins

N

N

C

C

Trypsin

Non 

activated 

PAR2

activated 

PAR2

A549 cell

N

C

Gene Induction

Nucleus

N

C

mRNA  cytokines

Disarmed 

PAR2

Q5Q2

Secreted cytokines

IL-4,IL-13

Q3

Q4Q1



55 

 

1.8 References 

1. Moneret-Vautrin D. A., [Genesis of food allergy in infancy]. Bull Acad Natl Med, 2012. 196(6): 

p. 1131-40. 

2. Sampson H. A., Update on food allergy. Journal of Allergy and Clinical Immunology, 2004. 

113(5): p. 805-819. 

3. Bock S. A., Prospective appraisal of complaints of adverse reactions to foods in children during 

the first 3 years of life. Pediatrics, 1987. 79(5): p. 683-8. 

4. Neuman-Sunshine D. L., et al., The natural history of persistent peanut allergy. Ann Allergy 

Asthma Immunol, 2012. 108(5): p. 326-331 e3. 

5. Ramesh S., Food allergy overview in children. Clin Rev Allergy Immunol, 2008. 34(2): p. 

217-30. 

6. Jackson W.F., Food allergy.ILSI Europe concise monograph series. International life sciences 

institute, 2003. 1-46. 

7. Sampson H.A., Update on food allergy. Journal of Allergy and Clinical Immunology, 2004. 

113(5): p. 805-819. 

8. Davis C. M., Food Allergies: Clinical Manifestations, Diagnosis, and Management. Current 

Problems in Pediatric and Adolescent Health Care, 2009. 39(10): p. 236-254. 

9. Wang J. and Sampson H. A., Food allergy. J Clin Invest, 2011. 121(3): p. 827-35. 

10. Kindt J.T, Goldsby  A.R., and Osborne A.B., Immunology. Immune effector mechanisms. Vol. 

Part III. 2007, New York: W.H.Freeman and Company. 302-371. 

11. Sampson H. A., Food allergy--accurately identifying clinical reactivity. Allergy, 2005. 60 Suppl 

79: p. 19-24. 

12. Milisavljevic N., et al., Dilated cardiomyopathy associated with celiac disease: case report and 

literature review. Srp Arh Celok Lek, 2012. 140(9-10): p. 641-3. 

13. Schuppan D. and Hahn E. G., Biomedicine. Gluten and the gut-lessons for immune regulation. 

Science, 2002. 297(5590): p. 2218-20. 

14. Dewar D., Pereira S.P., and Ciclitira P.J., The pathogenesis of coeliac disease. Int J Biochem 

Cell Biol, 2004. 36: p. 17-24. 

15. Fasano A. and Catassi C., Current approaches to diagnosis and treatment of celiac disease: an 

evolving spectrum. Gastroenterology, 2001. 120(3): p. 636-51. 

16. Sampson H. A., Sicherer S. H., and Birnbaum A. H., AGA technical review on the evaluation of 

food allergy in gastrointestinal disorders. American Gastroenterological Association. 

Gastroenterology, 2001. 120(4): p. 1026-40. 

17. Kelly K. J., et al., Eosinophilic esophagitis attributed to gastroesophageal reflux: improvement 

with an amino acid-based formula. Gastroenterology, 1995. 109(5): p. 1503-12. 

18. Orenstein S. R., et al., The spectrum of pediatric eosinophilic esophagitis beyond infancy: a 

clinical series of 30 children. Am J Gastroenterol, 2000. 95(6): p. 1422-30. 

19. Li X. M., et al., A murine model of IgE-mediated cow's milk hypersensitivity. J Allergy Clin 

Immunol, 1999. 103(2 Pt 1): p. 206-14. 

20. Li X. M., et al., A murine model of peanut anaphylaxis: T- and B-cell responses to a major 

peanut allergen mimic human responses. J Allergy Clin Immunol, 2000. 106(1 Pt 1): p. 150-8. 

21. Jaffe J. S., et al., Evidence for an abnormal profile of interleukin-4 (IL-4), IL-5, and 

gamma-interferon (gamma-IFN) in peripheral blood T cells from patients with allergic 

eosinophilic gastroenteritis. J Clin Immunol, 1994. 14(5): p. 299-309. 

22. Beyer K., et al., Human milk-specific mucosal lymphocytes of the gastrointestinal tract display a 

TH2 cytokine profile. J Allergy Clin Immunol, 2002. 109(4): p. 707-13. 

23. Bieber T., et al., New insights in the structure and biology of the high affinity receptor for IgE 

(Fc epsilon RI) on human epidermal Langerhans cells. J Dermatol Sci, 1996. 13(1): p. 71-5. 

24. Li X. M., et al., Murine model of atopic dermatitis associated with food hypersensitivity. J 

Allergy Clin Immunol, 2001. 107(4): p. 693-702. 

25. Reekers R., et al., The role of circulating food antigen-specific lymphocytes in food allergic 

children with atopic dermatitis. Br J Dermatol, 1996. 135(6): p. 935-41. 

26. Crespo J. F., et al., Allergic reactions associated with airborne fish particles in IgE-mediated 

fish hypersensitive patients. Allergy, 1995. 50(3): p. 257-61. 

27. Roberts G., Golder N., and Lack G., Bronchial challenges with aerosolized food in asthmatic, 

food-allergic children. Allergy, 2002. 57(8): p. 713-7. 

28. Cocks T. M. and Moffatt J. D., Protease-activated Receptor-2 (PAR2) in the Airways. 

Pulmonary Pharmacology & Therapeutics, 2001. 14(3): p. 183-191. 



56 

 

29. Adams M. N., et al., Structure, function and pathophysiology of protease activated receptors. 

Pharmacol Ther, 2011. 130(3): p. 248-82. 

30. Brown A. F., McKinnon D., and Chu K., Emergency department anaphylaxis: A review of 142 

patients in a single year. J Allergy Clin Immunol, 2001. 108(5): p. 861-6. 

31. Clark S., et al., Multicenter study of emergency department visits for food allergies. J Allergy 

Clin Immunol, 2004. 113(2): p. 347-52. 

32. Smit D. V., Cameron P. A., and Rainer T. H., Anaphylaxis presentations to an emergency 

department in Hong Kong: incidence and predictors of biphasic reactions. J Emerg Med, 2005. 

28(4): p. 381-8. 

33. Ross M. P., et al., Analysis of food-allergic and anaphylactic events in the National Electronic 

Injury Surveillance System. Journal of Allergy and Clinical Immunology, 2008. 121(1): p. 

166-171. 

34. Tole J. W. and Lieberman P., Biphasic anaphylaxis: review of incidence, clinical predictors, and 

observation recommendations. Immunol Allergy Clin North Am, 2007. 27(2): p. 309-26, viii. 

35. Wang J. and Sampson H. A., Food anaphylaxis. Clin Exp Allergy, 2007. 37(5): p. 651-60. 

36. Taylor S. L. and Hefle S. L., Ingredient and labeling issues associated with allergenic foods. 

Allergy, 2001. 56 Suppl 67: p. 64-9. 

37. Sampson H. A., 9. Food allergy. J Allergy Clin Immunol, 2003. 111(2 Suppl): p. S540-7. 

38. Maleki S. J., Food processing: effects on allergenicity. Curr Opin Allergy Clin Immunol, 2004. 

4(3): p. 241-5. 

39. Sicherer S.H. and Sampson H. A., Food allergy. Journal of Allergy and Clinical Immunology, 

2010. 125(2, Supplement 2): p. S116-S125. 

40. Sicherer S.H., Munoz-Furlong A., and Sampson H. A., Prevalence of seafood allergy in the 

United States determined by a random telephone survey. Journal of Allergy and Clinical 

Immunology, 2004. 114(1): p. 159-165. 

41. Tsabouri S., et al., Fish and shellfish allergy in children: review of a persistent food allergy. 

Pediatr Allergy Immunol, 2012. 23(7): p. 608-15. 

42. Thong B Y., et al., Anaphylaxis in adults referred to a clinical immunology/allergy centre in 

Singapore. Singapore Med J, Oct 2005. 46(10): p. 529-34. 

43. Asero R., et al., Causes of food-induced anaphylaxis in Italian adults: a multi-centre study. 

International Archives of Allergy and Immunology, 2009. 150(3): p. 271-277. 

44. Aasmoe L., et al., Skin symptoms in the seafood-processing industry in north Norway. Contact 

Dermatitis, 2005. 52(2): p. 102-107. 

45. Jeebhay M. F., et al., Occupational allergy and asthma among salt water fish processing 

workers. Am J Ind Med, 2008. 51(12): p. 899-910. 

46. Lopata A.L., et al., Occupational allergies in the seafood industry-a comparative study of 

Australian and South African workplaces. Int Marit Health, 2004. 55(1-4): p. 61-73. 

47. Koyama H., et al., Grades of 43 fish species in Japan based on IgE-binding activity. Allergol Int, 

2006. 55(3): p. 311-6. 

48. Munoz-Furlong A., Sampson H. A., and Sicherer S. H., Prevalence of self-reported seafood 

allergy in the US. Journal of Allergy and Clinical Immunology, 2004. 113(2, Supplement 1): p. 

S100-S100. 

49. Husain Z. and Schwartz R. A., Food allergy update: more than a peanut of a problem. Int J 

Dermatol, 2013. 52(3): p. 286-94. 

50. Ivanciuc O., C.H. Schein, and W. Braun, Data mining of sequences and 3D structures of 

allergenic proteins. Bioinformatics, 2002. 18(10): p. 1358-64. 

51. Breiteneder H. and Mills C., Structural bioinformatic approaches to understand cross-reactivity. 

Mol Nutr Food Res, 2006. 50(7): p. 628-32. 

52. Radauer C., et al., Allergens are distributed into few protein families and possess a restricted 

number of biochemical functions. J Allergy Clin Immunol, 2008. 121(4): p. 847-52 e7. 

53. Breiteneder H. and Mills E. N., Molecular properties of food allergens. J Allergy Clin Immunol, 

2005. 115(1): p. 14-23; quiz 24. 

54. Jeong K.Y., Hong C.S., and Yong T.S., Allergenic tropomyosins and their cross-reactivities. 

Protein Pept Lett, 2006. 13: p. 835-845. 

55. Lopata A. L. and Lehrer S. B., New insights into seafood allergy. Curr Opin Allergy Clin 

Immunol, 2009. 9(3): p. 270-7. 

56. Radauer C., et al., Allergens are distributed into few protein families and possess a restricted 

number of biochemical functions. Journal of Allergy and Clinical Immunology, 2008. 121(4): p. 

847-852.e7. 



57 

 

57. Garcia-Orozco K.D., et al., Molecular characterization of arginine kinase , an allergen from the 

shrimp Litopenaeus vannamei. International Archives of Allergy and Immunology, 2007. 

144(23-28). 

58. Ayuso R., et al., Myosin light chain is a novel shrimp allergen, Lit v 3. Journal of Allergy and 

Clinical Immunology, 2008. 122(4): p. 795-802. 

59. Shiomi K., et al., Sarcoplasmic calcium-binding protein:identification as a new allergen of the 

black tiger shrimp Penaeus monodon. International Archives of Allergy and Immunology, 2008. 

146: p. 91-98. 

60. Bernhisel-Broadbent J., Scanlon S. M., and Sampson H. A., Fish hypersensitivity , : I. In vitro 

and oral challenge results in fish-allergic patients. Journal of Allergy and Clinical Immunology, 

1992. 89(3): p. 730-737. 

61. Van Do T., et al., Allergy to fish parvalbumins: Studies on the cross-reactivity of allergens from 

9 commonly consumed fish. Journal of Allergy and Clinical Immunology, 2005. 116(6): p. 

1314-1320. 

62. Hamada Y., et al., Purification, reactivity with IgE and cDNA cloning of parvalbumin as the 

major allergen of mackerels. Food and Chemical Toxicology, 2003. 41(8): p. 1149-1156. 

63. Sakaguchi M., et al., IgE antibody to fish gelatin (type I collagen) in patients with fish allergy. 

Journal of Allergy and Clinical Immunology, 2000. 106(3): p. 579-584. 

64. Albrecht M., et al., Relevance of IgE binding to short peptides for the allergenic activity of food 

allergens. Journal of Allergy and Clinical Immunology, 2009. 124(2): p. 328-336.e6. 

65. Urisu A., et al., Allergenic activity of heated and ovomucoid-depleted egg white. J Allergy Clin 

Immunol, 1997. 100(2): p. 171-6. 

66. Yamada K., et al., IgE-binding activity to enzyme-digested ovomucoid distinguishes between 

patients with contact urticaria to egg with and without overt symptoms on ingestion. Allergy, 

2000. 55(6): p. 565-9. 

67. Audicana M. T. and Kennedy M. W., Anisakis simplex: from obscure infectious worm to inducer 

of immune hypersensitivity. Clin Microbiol Rev, 2008. 21(2): p. 360-79, table of contents. 

68. Nieuwenhuizen N, et al., Exposure to the fish parasite Anisakis causes allergic airway 

hyperreactivity and dermatitis. Journal of Allergy and Clinical Immunology, 2006. 117(5): p. 

1098-1105. 

69. Auerswald L., Morren C., and Lopata A. L., Histamine levels in seventeen species of fresh and 

processed South African seafood. Food Chemistry, 2006. 98(2): p. 231-239. 

70. Scholl I. and Jensen-Jarolim E., Allergenic potency of spices: hot, medium hot, or very hot. Int 

Arch Allergy Immunol, 2004. 135(3): p. 247-61. 

71. Lopata A. L. and P.C. Potter, Allergy and other adverse reactions to seafood. Allergy & Clinical 

Immunology International 2000. 12: p. 271-281. 

72. Bang B., et al., Proteases from salmon stimulate IL-8 in airway epithelial cells. J Toxicol 

Environ Health A, 2009. 72(9): p. 571-3. 

73. Cruse J.M., et al., Type I, II, III, and IV Hypersensitivity, in Immunology Guidebook (First 

Edition). 2004, Academic Press: San Diego. p. 405-412. 

74. Berin M. C., et al., Food Allergy: Immunophysiology, in Mucosal Immunology (Third Edition). 

2005, Academic Press: Burlington. p. 1335-1349. 

75. Untersmayr E. and Jensen-Jarolim E., Mechanisms of type I food allergy. Pharmacology & 

Therapeutics, 2006. 112(3): p. 787-798. 

76. Helm R. M. and Burks A. W., Mechanisms of food allergy. Current Opinion in Immunology, 

2000. 12(6): p. 647-653. 

77. Desphande S.S., Handbook of Food Toxicology. 2002, The united states of America: CRC press. 

78. Elliott L., et al., Progression of self-reported symptoms in laboratory animal allergy. Journal of 

Allergy and Clinical Immunology, 2005. 116(1): p. 127-132. 

79. Ferguson A., Symptoms and manifestations of food allergy, with particular relevance to the gut. 

Environmental Toxicology and Pharmacology, 1997. 4(1-2): p. 33-38. 

80. Halken S., Clinical symptoms of food allergy/intolerance in children. Environmental Toxicology 

and Pharmacology, 1997. 4(1-2): p. 175-178. 

81. Marchand F., et al., Human serum IgE-mediated mast cell degranulation shows poor correlation 

to allergen-specific IgE content. Allergy, 2003. 58(10): p. 1037-1043. 

82. Ebo D. G., et al., Flow-assisted allergy diagnosis: current applications and future perspectives. 

Allergy, 2006. 61(9): p. 1028-1039. 

83. Valdimarsson V. T., et al., Basophil Activation Test for Diagnosis of Food Allergy. Journal of 

Allergy and Clinical Immunology, 2008. 121(2, Supplement 1): p. S250-S250. 



58 

 

84. National Food Institute and Technical University of Denmark. Food allery information.  [cited 

2013 September]; Available from: http://www.foodallergens.info/Facts/Reactions/Allergic.html. 

85. Boumiza R., Debard A. L., and Monneret G., The basophil activation test by flow cytometry: 

recent developments in clinical studies, standardization and emerging perspectives. Clin Mol 

Allergy, 2005. 3: p. 9. 

86. Sun S.S. and Lopata A. L., The role of shellfish proteases in allergic diseases and inflamation. 

Current Allergy and Clinical Immunology, 2010. 23(4): p. 174-179. 

87. Baur X. and Bakehe P., Allergens causing occupational asthma: an evidence-based evaluation 

of the literature. Int Arch Occup Environ Health, 2013. 

88. Lopata A. L. and Jeebhay M. F., Airborne seafood allergens as a cause of occupational allergy 

and asthma. Curr Allergy Asthma Rep, 2013. 13(3): p. 288-97. 

89. Jeebhay M., et al., Occupational seafood allergy:a review. Occupational and environmental 

medicine 2001. 58(9): p. 553-562. 

90. Howse D., et al., Gender and snow crab occupational asthma in Newfoundland and Labrador, 

Canada. Environ Res, 2006. 101(2): p. 163-74. 

91. Lehrer S. B., Ayuso R., and Reese G., Seafood allergy and allergens: a review. Mar Biotechnol 

(NY), 2003. 5(4): p. 339-48. 

92. Jeebhay M. F. and Cartier A., Seafood workers and respirarory disease: an update. Current 

Opinion in Allergy and Clinical Immunology, 2010 10(2): p. 104-113. 

93. Nieuwenhuizen N., et al., Differential requirements for interleukin (IL)-4 and IL-13 in protein 

contact dermatitis induced by Anisakis. Allergy, 2009. 64(9): p. 1309-18. 

94. Kirstein F., et al., Anisakis pegreffii-induced airway hyperresponsiveness is mediated by gamma 

interferon in the absence of interleukin-4 receptor alpha responsiveness. Infect Immun, 2010. 

78(9): p. 4077-86. 

95. Desjardins A., et al., Occupational IgE-mediated sensitization and asthma caused by clam and 

shrimp. J Allergy Clin Immunol, 1995. 96(5 Pt 1): p. 608-17. 

96. Gautrin D., et al., Occupational asthma and allergy in snow crab processing in Newfoundland 

and Labrador. Occup Environ Med, 2010. 67(1): p. 17-23. 

97. Lopata A. L., et al., Detection of fish antigens aerosolized during fish processing using newly 

developed immunoassays. Int Arch Allergy Immunol, 2005. 138(1): p. 21-8. 

98. Beale J.E., Jeebhay M. F., and Lopata A. L., Characterisation of purified parvalbumin from five 

fish species and nucleotide sequencing of this major allergen from Pacific pilchard, Sardinops 

sagax. Molecular Immunology, 2009. 46(15): p. 2985-2993. 

99. Abdel Rahman A. M., et al., Characterization and de novo sequencing of snow crab 

tropomyosin enzymatic peptides by both electrospray ionization and matrix-assisted laser 

desorption ionization QqToF tandem mass spectrometry. J Mass Spectrom, 2010. 45(4): p. 

372-81. 

100. Gill B. V., et al., Identification of crab proteins that elicit IgE reactivity in snow crab-processing 

workers. J Allergy Clin Immunol, 2009. 124(5): p. 1055-61. 

101. Chignard M. and Pidard D., Neutrophil and pathogen proteinases versus proteinase-activated 

receptor-2 lung epithelial cells: more terminators than activators. Am J Respir Cell Mol Biol, 

2006. 34(4): p. 394-8. 

102. Compton S. J., et al., Glycosylation of human proteinase-activated receptor-2 (hPAR2): role in 

cell surface expression and signalling. Biochem J, 2002. 368(Pt 2): p. 495-505. 

103. Vergnolle N., Protease-activated receptors as drug targets in inflammation and pain. Pharmacol 

Ther, 2009. 123(3): p. 292-309. 

104. Shpacovitch V., et al., Role of protease-activated receptors in inflammatory responses, innate 

and adaptive immunity. J Leukoc Biol, 2008. 83(6): p. 1309-22. 

105. Hirota L.C. , et al., Epidermal growth factor receptor transactivation is required for 

proteinase-activated receptor-2-induced COX-2 expression in intestinal epithelial cells. 

American Journal of Physiology - Gastrointestinal and Liver Physiology, 2012. 303(1): p. 

G111-G119. 

106. Sokolova, E., et al., Protease-activated receptor-1 in human lung fibroblasts mediates a negative 

feedback downregulation via prostaglandin E2. Am J Physiol Lung Cell Mol Physiol, 2005. 

288(5): p. L793-802. 

107. Lo H.M, et al., Thrombin induces cyclooxygenase-2 expression and prostaglandin E2 release via 

PAR1 activation and ERK1/2- and p38 MAPK-dependent pathway in murine macrophages. 

Journal of Cellular Biochemistry, 2009. 108(5): p. 1143-1152. 

http://www.foodallergens.info/Facts/Reactions/Allergic.html


59 

 

108. van der Merwe, J.Q., et al., Prostaglandin E2 derived from cyclooxygenases 1 and 2 mediates 

intestinal epithelial ion transport stimulated by the activation of protease-activated receptor 2. J 

Pharmacol Exp Ther, 2009. 329(2): p. 747-52. 

109. Hong J.H., et al., German cockroach extract activates protease-activated receptor 2 in human 

airway epithelial cells. Journal of Allergy and Clinical Immunology, 2004. 113(2): p. 315-319. 

110. Jeong S. K., et al., Mite and Cockroach Allergens Activate Protease-Activated Receptor 2 and 

Delay Epidermal Permeability Barrier Recovery. J Invest Dermatol, 2008. 128(8): p. 1930-1939. 

111. Kauffman H. F., et al., House dust mite major allergens Der p 1 and Der p 5 activate human 

airway-derived epithelial cells by protease-dependent and protease-independent mechanisms. 

Clin Mol Allergy, 2006. 4: p. 5. 

112. Kawabata A., Matsunami M., and Sekiguchi F., Gastrointestinal roles for proteinase-activated 

receptors in health and disease. Br J Pharmacol, 2008. 153 Suppl 1: p. S230-40. 

113. Larsen A.K., et al., Salmon trypsin stimulates the expression of interleukin-8 via 

protease-activated receptor-2. Toxicology and Applied Pharmacology, 2008. 230(3): p. 

276-282. 

114. Chi L., et al., Interleukin-6 production by endothelial cells via stimulation of protease-activated 

receptors is amplified by endotoxin and tumor necrosis factor-alpha. J Interferon Cytokine Res, 

2001. 21(4): p. 231-40. 

115. Moretti S., et al., The contribution of PARs to inflammation and immunity to fungi. Mucosal 

Immunol, 2008. 1(2): p. 156-68. 

116. Rallabhandi P., et al., Analysis of proteinase-activated receptor 2 and TLR4 signal transduction: 

a novel paradigm for receptor cooperativity. J Biol Chem, 2008. 283(36): p. 24314-25. 

117. Ramachandran R. and Hollenberg M. D., Proteinases and signalling: pathophysiological and 

therapeutic implications via PARs and more. Br J Pharmacol, 2008. 153 Suppl 1: p. S263-82. 

118. Basbaum A. I., et al., Cellular and molecular mechanisms of pain. Cell, 2009. 139(2): p. 267-84. 

119. Nilius B., TRP channels in disease. Biochim Biophys Acta, 2007. 1772(8): p. 805-12. 

120. Cattaruzza F., et al., Transient receptor potential ankyrin-1 has a major role in mediating 

visceral pain in mice. Am J Physiol Gastrointest Liver Physiol, 2010. 298(1): p. G81-91. 

121. Dai Y., et al., Sensitization of TRPA1 by PAR2 contributes to the sensation of inflammatory pain. 

J Clin Invest, 2007. 117(7): p. 1979-87. 

122. Sipe W. E., et al., Transient receptor potential vanilloid 4 mediates protease activated receptor 

2-induced sensitization of colonic afferent nerves and visceral hyperalgesia. Am J Physiol 

Gastrointest Liver Physiol, 2008. 294(5): p. G1288-98. 

123. Shin J., et al., Bradykinin-12-lipoxygenase-VR1 signaling pathway for inflammatory 

hyperalgesia. Proc Natl Acad Sci U S A, 2002. 99(15): p. 10150-5. 

124. Kim B. M., et al., Histamine-induced Ca(2+) influx via the PLA(2)/lipoxygenase/TRPV1 

pathway in rat sensory neurons. Neurosci Lett, 2004. 361(1-3): p. 159-62. 

125. Poole D. P., et al., Protease-activated receptor 2 (PAR2) protein and transient receptor potential 

vanilloid 4 (TRPV4) protein coupling is required for sustained inflammatory signaling. J Biol 

Chem, 2013. 288(8): p. 5790-802. 

126. Allan Bock S., et al., Double-blind, placebo-controlled food challenge (DBPCFC) as an office 

procedure: A manual. Journal of Allergy and Clinical Immunology, 1988. 82(6): p. 986-997. 

127. Eigenmann P. A. and Sampson H. A., Interpreting skin prick tests in the evaluation of food 

allergy in children. Pediatr Allergy Immunol, 1998. 9(4): p. 186-91. 

128. Hefle S. L., et al., Comparison of commercial peanut skin test extracts. J Allergy Clin Immunol, 

1995. 95(4): p. 837-42. 

129. Bernstein I. L., et al., Allergy diagnostic testing: an updated practice parameter. Ann Allergy 

Asthma Immunol, 2008. 100(3 Suppl 3): p. S1-148. 

130. Nelson H. S., Knoetzer J., and Bucher B., Effect of distance between sites and region of the body 

on results of skin prick tests. J Allergy Clin Immunol, 1996. 97(2): p. 596-601. 

131. Riccardo A, et al., IgE-Mediated food allergy diagnosis: Current status and new perspectives. 

Molecular Nutrition & Food Research, 2007. 51(1): p. 135-147. 

132. Niggemann  B. and Gruber  C., Unproven diagnostic procedures in IgE-mediated allergic 

dieases. Allergy, 2004. 59: p. 806-808. 

133. Teuber S. S. and Porch-Curren C., Unproved diagnostic and therapeutic approaches to food 

allergy and intolerance. Curr Opin Allergy Clin Immunol, 2003. 3(3): p. 217-21. 

134. Kaul S., et al., Mediator release assays based on human or murine IgE in allergen 

standardization. Journal of Allergy and Clinical Immunology, 2003. 111(1, Supplement 2): p. 

S243-S243. 



60 

 

135. Vogel L., et al., Development of a functional in vitro assay as a novel tool for the 

standardization of allergen extracts in the human system. Allergy, 2005. 60: p. 1021-8. 

136. Vogel L., et al., Development of a functional in vitro assay as a novel tool for the 

standardization of allergen extracts in the human system. Allergy, 2005. 60: p. 1021-8. 

137. Ladics G. S., et al., Assessment of three human FcεRI-transfected RBL cell-lines for identifying 

IgE induced degranulation utilizing peanut-allergic patient sera and peanut protein extract. 

Regulatory Toxicology and Pharmacology, 2008. 51(3): p. 288-294. 

138. Dibbern D.A., et al., RBL cells expressing human FcεRI are a sensitive tool for exploring 

functional IgE-allergen interactions: studies with sera from peanut-sensitive patients. Journal of 

Immunological Methods, 2003. 274(1-2): p. 37-45. 

139. Reese G., et al., Reduced Allergenic Potency of VR9-1, a Mutant of the Major Shrimp Allergen 

Pen a 1 (Tropomyosin). J Immunol, 2005. 175(12): p. 8354-8364. 

140. Jones S. M., et al., Clinical efficacy and immune regulation with peanut oral immunotherapy. J 

Allergy Clin Immunol, 2009. 124(2): p. 292-300, 300 e1-97. 

141. Skripak J. M., et al., A randomized, double-blind, placebo-controlled study of milk oral 

immunotherapy for cow's milk allergy. J Allergy Clin Immunol, 2008. 122(6): p. 1154-60. 

142. Enrique E., et al., Sublingual immunotherapy for hazelnut food allergy: a randomized, 

double-blind, placebo-controlled study with a standardized hazelnut extract. J Allergy Clin 

Immunol, 2005. 116(5): p. 1073-9. 

143. Blumchen K., et al., Oral peanut immunotherapy in children with peanut anaphylaxis. J Allergy 

Clin Immunol, 2010. 126(1): p. 83-91 e1. 

144. Nowak-Wegrzyn A., Immunotherapy for food allergy. Inflamm Allergy Drug Targets, 2006. 

5(1): p. 23-34. 

145. Kim J. S., et al., Dietary baked milk accelerates the resolution of cow's milk allergy in children. 

J Allergy Clin Immunol, 2011. 128(1): p. 125-131 e2. 

146. Leonard S. A., et al., Dietary baked egg accelerates resolution of egg allergy in children. J 

Allergy Clin Immunol, 2012. 130(2): p. 473-80 e1. 

147. Abdel Rahman, A.M., et al., Comprehensive proteomics approach in characterizing and 

quantifying allergenic proteins from northern shrimp: toward better occupational asthma 

prevention. J Proteome Res, 2013. 12(2): p. 647-56. 

148. Li X. M., et al., Persistent protective effect of heat-killed Escherichia coli producing 

"engineered," recombinant peanut proteins in a murine model of peanut allergy. J Allergy Clin 

Immunol, 2003. 112(1): p. 159-67. 

149. Li X. M., et al., Engineered recombinant peanut protein and heat-killed Listeria monocytogenes 

coadministration protects against peanut-induced anaphylaxis in a murine model. J Immunol, 

2003. 170(6): p. 3289-95. 

150. Reboucas Jde S., et al., Development of poly(anhydride) nanoparticles loaded with peanut 

proteins: the influence of preparation method on the immunogenic properties. Eur J Pharm 

Biopharm, 2012. 82(2): p. 241-9. 

151. Dupont C., et al., Cow's milk epicutaneous immunotherapy in children: a pilot trial of safety, 

acceptability, and impact on allergic reactivity. J Allergy Clin Immunol, 2010. 125(5): p. 

1165-7. 

152. Moran T. P., B.P. Vickery, and A.W. Burks, Oral and sublingual immunotherapy for food 

allergy: current progress and future directions. Curr Opin Immunol, 2013. 

153. Leung D. Y., et al., Effect of anti-IgE therapy in patients with peanut allergy. N Engl J Med, 

2003. 348(11): p. 986-93. 

154. Wang J., et al., Safety, tolerability, and immunologic effects of a food allergy herbal formula in 

food allergic individuals: a randomized, double-blinded, placebo-controlled, dose escalation, 

phase 1 study. Ann Allergy Asthma Immunol, 2010. 105(1): p. 75-84. 

155. Schiavi E., et al., Oral therapeutic administration of a probiotic mixture suppresses established 

Th2 responses and systemic anaphylaxis in a murine model of food allergy. Allergy, 2011. 66(4): 

p. 499-508. 

  



61 

 

 

 

Chapter 2 

Evaluation of shellfish-allergic patient serum using an 

engineered basophilic cell line 

 

 

 

  



62 

 

Summary 

Background: The activity of crustacean allergens has not been assessed using 

RBL cell based systems. The rat basophilic leukemia cells (RBL-2H3) 

transfected with the human high-affinity IgE receptor (FcεRI) IgE-binding 

α-subunit are used in this study to investigate the biological activity of crustacean 

allergens. This chapter investigates serum samples from patients with clinically 

characterised crustacean allergy. The functional interactions of IgE antibodies 

with allergens on immune cells and the identification of immunological 

cross-reactivity between different homologous allergens using cell-based assays 

are central for the development of improved clinical diagnosis. 

 

Methods: RBL-2H3 cells were transfected with human FcεRIα and stably 

expressing cells isolated by multiple rounds of flow cytometric sorting. A 

recombinant human IgE (NP-IgE) was used to optimize cell degranulation 

experiments, which was assessed through quantification of -hexosaminidase 

release. Serum from four crustacean allergic patients were analyzed and 

screened for allergen-reactivity using the validated RBL cell model and through 

immunoblotting. The presence of IgG receptors on RBL cell surface and the titer 

of IgG in patient sera were analyzed by FACS and ELISA respectively. Cytokine 

expression levels were measured by real time PCR. 

 

Results: The RBL cell assay was standardized using NP-IgE/anti-IgE activation, 

which produced a robust degranulation of up to 85% of total cellular 

-hexosaminidase. However, cell sensitisation with patient sera did not produce 

such pronounced degranulation, which likely related to the lower total IgE levels 

in the serum. In addition the inherent cytotoxicity of patient sera had to be 

reduced through dilution, which also affected the total IgE levels and reduced the 

sensitivity of this assay. Unlike most plant allergens, significant intrinsic 

-hexosaminidase activity was present in crustacean and house dust-mite (HDM) 

samples which interfered with the assay. In addition, abundant amount of patient 

IgG and IgG receptors capable of binding human IgG were quantified on the 

surface of RBL cells respectively. The crustacean allergen extracts were not 



63 

 

capable of inducing significant degranulation. However purified HDM samples 

caused degranulation of up to 35% of total -hexosaminidase most likley relating 

to the much higher levels of HDM-specific IgE, compared to crustacean, in the 

serum samples. Stimulated RBL cells with NP-IgE/anti-IgE demonstrated very 

strong up-regulation of IL4 and IL13 mRNA levels. 

 

Conclusion: Human FcεRIα transfected RBL cells can serve as a functional 

model to examine human IgE responses to crustacean allergens, however 

limited to serum with high total IgE concentrations. In addition it was for the first 

time demonstrated that the intrinsic -hexosaminidase activity of the seafood 

extract impacted negative on the sensitivity of this assay. The intrinsic 

-hexosaminidase activity of crustacean allergen extracts and high levels of 

allergen specific IgG were major limitations in evaluating crustacean allergens. 
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2.1 Introduction 

The diversity of the current human diet is much broader than 20 years ago. 

Despite this a few groups of food account for majority of food-induced allergic 

reactions, including milk, egg, peanut, tree nut, fish and shellfish [1]. It has been 

reported that 10-30% of the world‘s population suffers allergic manifestations, 

with high incidence especially in children. Whilst peanut, milk and egg allergy 

raises the most concern in young paediatric populations, shellfish has been 

shown to be the most problematic food group to induce food allergy in subjects 

over 6 years of age [2]. The major species, crustacean and molluscs cause 

around 70% of food-induced anaphylaxis in Asia and the pacific region [3-5]. 

Therefore, the increasing prevalence of seafood-induced allergic reactions not 

only attracts serious attention from the common population but also from the 

scientific community.  

 

       Food allergy is largely considered to be a Type 1 hypersensitivity 

reaction mediated by IgE antibody. The symptoms are caused by the release of 

numerous mediators which are secreted by mast cells and basophils [6, 7] . 

These cell types not only play a key role in allergic diseases such as food allergy 

and asthma but also are involved in other processes such as tissue remodelling, 

wound healing, fibrosis and angiogenesis [8, 9].  

 

Allergen stimulation induces the aggregation of IgE bound to its high-affinity 

receptor on mast cells and basophils, which initiates a downstream signalling 

cascade leading to mediator release that initiate allergic responses (Fig. 1.4.1). 

Thus, in assessing the allergenicity of foodstuffs it is important to measure their 

ability not only to induce IgE but to actually initiate allergic symptoms.   

 

However, to date, there is no single biological indicator or animal model that 

can be used to assess allergenic potential [10]. Specific IgE screening is a 

common marker for most clinicians to diagnose an allergic patient. However, 

many scientists have reported that although there may be a positive result in an 

IgE sera screening, the amount of allergen-specific IgE measured demonstrates 
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little correlation to the expression of clinical symptoms [11]. Thus, it is important 

to also investigate the capacity of allergens to actually trigger cellular responses.  

 

       The current diagnosis of food allergy is divided into two aspects-in vivo 

and in vitro testing. Skin prick tests (SPT), atopy patch tests (APT) and food 

challenges are typical methods applied in vivo. Although DBPCFC 

(double-blinded placebo-controlled food challenge) is considered the gold 

standard for the diagnosis of food allergy, so far, standardization of many 

aspects of DBPCFC is still lacking and the test is time consuming. On the other 

hand, assessment of specific IgE in vitro is a frequently used and important 

element in the clinical investigation. The conventional methods are mostly based 

on biochemical and immunochemical methods, however may modify the surface 

structure of allergen and therefore could affect the IgE-allergen interaction. Even 

sometimes highly biologically active allergens might not be detected due to low 

concentrations in the tests. 

 

Therefore, scientists are determined to improve the predictive value of in 

vitro tests by proceeding from diagnosis based on allergen extracts to purified 

allergen molecules, taking into account the affinity of the IgE-allergen interaction. 

The potential of biological activity in vitro tests is evaluated using basophil 

activation tests [12, 13] or degranulation of rat basophilic leukemia (RBL) cell 

line which is an assay performed with permanently growing cell line to evaluate 

the degranulation capacity via measurement of β-hexosaminidase release. 

Compared to human basophils, this cell assay is easier to apply in the laboratory 

setting and more flexible and economic and independent from the availability of 

patient basophils [8]. The objective of this chapter was to evaluate the 

allergenicity of shellfish allergens and its cross-reactivity with house dust mite 

(HDM) allergens using the RBL degranulation assay.  



66 

 

2.2 Materials and Methods 

2.2.1 Rat Basophilic Leukemia (RBL) cell culture and transfection 

RBL cells were generated at The Dept. of Pharmacology, The University of 

Melbourne. To generate this cell line, parental RBL-2H3 cells were grown in 

minimum essential medium (MEM, Hyclone), supplemented with 5% v/v FBS, 

4.0 mM glutamine, 500 U/ml penicillin, 500 μg/ml streptomycin (all from Life 

Technologies) at 37˚C in an incubator with 5% CO2. Cells (around 70% 

confluence)  were then transfected with the full length cDNA of the IgE binding 

α chain of the human FcεRI (FcεRIα) cloned into pcDNA3 according to the 

manufacturer‘s instructions (Trans Fectin lipid reagent (BioRad)). After 24h, cells 

were selected in the culture media above supplemented with G418 (1 mg/ml; 

Life Technologies). Stably transfected RBLα cells were enriched by multiple 

rounds of flow sorting (Facscalibur, BD Biosciences) using human IgE-FITC 

binding to select for human FcεRIα positive cells. The cells were then routinely 

as above but in the presence of 125 μg/ml G418 (125 μg/ml). Cells were 

harvested at least 2 days before planned experiments, the medium was 

aspirated and the cells were washed once with PBS, then 5 ml of trypsin 

(composition; Life technologies) was added to dissociated cells for 2-3 minutes. 

Culture medium (10 ml) was then added to neutralize trypsin activity and cells 

were pelleted by centrifugation (conditions). The numbers and viability of RBL 

cells was determined using Trypan Blue solution (Sigma). Thereafter, the cells 

were resuspended with fresh culture medium and used for degranulation and 

cytokine assays and FACS analysis. A portion of resuspended cells (1:4-1:8) 

were transferred to a new 75 cm2 flask for subculturing. The culture was 

routinely split twice a week. 

 

For long term storage, the detached RBL cells were washed twice with PBS. 

Cell (10 x 107) were then resuspended in 10 ml of freezing mix containing 90% 

fetal bovine serum (FBS) and 10% DMSO and aliquoted 1 ml each in cryotubes. 

The tubes were immediately transferred to a freezing container which contained 

100% isopropyl alcohol (room temperature) and placed at -80˚C overnight. The 

following day, cryovials were placed in liquid N2. For recovery of cells, cryovials 

were thawed rapidly by gently shaking in a 37˚C water bath as soon as they 
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were removed from liquid N2. Once thawed, cells were transferred to a tube 

containing warm PBS (10 ml), washed by centrifugation and transferred to 

culture medium to initiate a new culture. 

 

2.2.2  Flow cytometric (FACS) analysis  

RBLα cells were cultured with or without human 4-hydroxy-3-nitrophenyl 

acetyl (NP)-conjugated IgE (clone JW8; 600 ng/ml, 100 ng/ml, 10 ng/ml; ECACC) 

or different dilutions of patient sera overnight. Cells (1× 106) were then washed 

twice in FACS buffer (PBS containing 0.2% BSA) and labelled with either mAb 

3B4 (anti- FcεRIα; a gift from Prof. Mark Hogarth, Burnet Institute, Melbourne) or 

isotype control antibody MOPC21 (IgG1; Sigma) all at 10 μg/ml for 1 h. Cells 

were then incubated with biotinylated-anti-mouse-IgG (5 μg/ml; Vector 

Laboratories) for 1 h and stained with streptavidin-phycoerythrin (1:1000, BD 

Bioscience) for a further hour. Staining was carried out in ice with two washes in 

ice-cold FACS buffer between each step, before analysis of 10,000 events by 

flow cytometry (FACScalibur, BD Bioscience) with analysis using FlowJo 

software (Version 7.2.4, Treestar Inc.). 

 

    To assess serum levels of IgE and and IgG simultaneously, four individual 

patient sera were pooled together and diluted 1:10, 1:80 or 1:320. The serum 

was added to RBL cells and incubated overnight. After washing with FACs buffer, 

cells (1× 106) were labelled with either goat anti-human IgG-PE (4 μg/ml; 

SantaCruz, sc-3736) or goat anti-human IgE-FITC (10 μg/ml; 

USBiological,11900-19C)  for 1 h and samples analysed using a CyAn™ ADP 

analyser (Beckman coulter). 

 

2.2.3 Quantification of total IgE, antigen-specific IgE and IgG 

Serum samples (refer to Table 2.1) from three subjects (B; C; D) with a 

history of allergy to seafood and who have quantified anti-prawn IgE by 

ImmunoCAP in vitro testing were kindly provided by  Prof. Robyn O‘Hehir 

(Department of Allergy, Immunology and Respiratory Medicine, Monash 

University and Alfred Hospital). All patients gave informed consent before 

enrolment in the study. In addition, these three subjects had specific IgE to 
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house dust mite. Patient A was a non-allergic subject whose serum was used as 

a negative control. 

 

All studied sera have been tested by ImmunoCAP using the UniCAP® 

system, and in addition all sera were re-analysed for IgE concentrations by 

sandwich ELISA. Goat anti-human IgE (1 mg/ml; Vector Laboratories) made up 

in coating buffer (0.2 M Na2CO3, 0.2 M NaHCO3, pH 9.6) was plated into a 

96-well plate (2 μg/ml; 100 μl/well) overnight at 4ºC. After 1 hour blocking with 2% 

BSA, NP-IgE (1 ng/ml to 1000ng/ml) as standards and serial diluted sera were 

added to wells and incubated for 3 hours at RT. Following extensive washing 

(PBS/ 0.05% Tween20), 100 μl of biotinylated anti-human-IgE and 

streptavidin-HRP  (1:250; Vector Laboratories) were added to wells for a further 

1 h. The plate was again washed extensively and the HRP substrate TMB 

(3,3‘,5,5‘-Tetramethylbenzidine; 100 μl/well; BD, Bioscience) was added until 

colour developed appropriately (15-30 minutes). The enzyme reaction stopped 

by addition of 1 M H2SO4 (100 μl/well). The absorbance was read using Thermo 

Scientifics‘ Multiskan Ascent Microplate reader at 450 nm. The concentration of 

total IgE level in each patient serum was determined by interpolation from the 

standard curve using Ascent software. Total IgE concentration was expressed 

as ng/ml. 

 

ELISA method was employed to quantify prawn allergen specific IgE and 

IgG in patient sera.  Three individual patient sera (1:1:1，v/v/v) were combined 

as sera pool for further dilution. ELISA plates were coated with 100 μl/well, 2 

μg/ml heated black tiger prawn extracts or 2 μg/ml house dust mite extract 

(kindly provided by Prof. Robyn O‘Hehir Monash University and Alfred Hospital) 

overnight at 4°C. Plates were blocked and then incubated with serial dilutions of 

pooled serum (100 μl/well). After 2 hours, plates were washed and 100 μl/well 

anti-human IgE-HRP (1:30 000; GeneTex) or anti-human IgG-HRP (1:50 000; 

GeneTex) were added for 1 h. Plates were washed and the substrate TMB (100 

μl/well; BD, Bioscience) added for 15-30 minutes and the reaction terminated by 

addition of 1 M H2SO4.  Absorbence values were read at 450 nm using a 

VERSA maxmicroplate reader (Bio-strategy).  
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2.2.4  Tiger prawn protein extract 

Fresh black tiger prawns were purchased from a market (Preston market, 

Melbourne). Approximately 20 g of muscle was added to 200ml 1× PBS buffer 

(pH7.2) and then homogenized for 5 minutes on the ice. This was repeated for 

an additional 5-10 times until most muscle tissue disintegrated into small pieces. 

Heat-treated samples were boiled (100ºC) in 1× PBS for 20 minutes before 

homogenization as above. The prawn mixture was then stirred overnight at 4ºC 

before centrifugation at (5000 rpm, 30min, 2-3 times; 4ºC) produced a clear 

supernatant. Subsequently, the supernatant was firstly passed through a glass 

fibre pre-filter and then finally through a 0.45μm cellulose acetate filter 

membrane (Sartorius). Sample aliquots were stored at -80 ºC. Protein 

concentration was determined with a Bradford protein assay kit (BioRad). 

Recombinant tropomyosin [14] and purified tropomyosin was produced in our 

laboratory as described previously. Both raw (crude) and purified (high purity) 

house dust mite extract were kindly provided by Robyn O‘Hehir (Monash 

University). Heat treated HDM samples were diluted to x concentration in PBS 

and boiled for 20 minutes, followed by centrifugation and filtration as above.  

 

2.2.5 Analysis of major prawn allergens by SDS-PAGE and  
immunoblotting 

Raw and heat treated prawn samples were separated by SDS-PAGE (12% 

total acrylamide (T) gel, reducing conditions) using the Laemmli buffer system 

[15] and stained with coomassie blue ( 0.1% R250  in 50% methanol and 10% 

acetic acid) or transferred onto PVDF (Polyvinylidene Fluoride) membranes 

(Merck) by semi-dry transfer cell (Biorad). After blocking of free binding space on 

the membrane (PBS buffer containing 0.05% Tween20, 5% skim milk), the 

membranes were incubated with sera from patients with seafood allergy (1:20 or 

1:10,000 v/v in PBS buffer containing 0.05% Tween20, 1% skim milk, for 

subsequent anti-IgE or anti-IgG challenge respectively) overnight at 4ºC. The 

membranes were probed with anti-human IgE- HRP () (1:10,000 v/v; GeneTex: 

GTX77496) or anti-human IgG-HRP (1:30,000 v/v; GeneTex: GTX26759) for 1 

hour. IgE and IgG binding was visualized using enhanced chemiluminescence 

(ECL). The immunoblot membrane was incubated with 2-3 ml ECL substrate 

(Sigma) in the dark for 5 mins, and then exposed to X-ray film (GE healthcare) 
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for different time points until appropriate bands appeared and the film developed 

using fixer and developer buffers (Kodak, Sigma ). 

 

2.2.6  RBL cell degranulation assay 

RBLα cells (105 cells/well in a 96 well-plate) were incubated with NP-IgE 

(3-300 ng/ml) or different dilutions of patient sera overnight at 37°C in a CO2 

incubator. After washing with release buffer (1×Hank‘s salts, 50% D2O, HEPES 

(10 mM), NaHCO3 (16.7 mM), glucose (5.5 mM),CaCl2 (1.8 mM) and MgSO4 

(0.75 mM; pH7.4),  cells were stimulated with anti-human IgE (Vector 

Laboratories) or allergen extracts in a dilution series for 45 mins in release buffer. 

Subsequently, cell supernatant (50 μl) was mixed with 

p-nitrophenyl-N-acetyl-β-D-glucosaminide (PNAG) substrate (50 μl of 2 mM 

made up in 80 mM citric acid/40 mM Na2HPO4 buffer, pH 4.5) and incubated at 

37 ºC, 90mins. The enzyme reaction was terminated by adding glycine solution 

(100 μl; 0.4 M, pH 10.7) and absorbance measured at 405nm using a VERSA 

max / microplate reader (Bio-strategy). Experiments were conducted in duplicate 

and released β-hexosaminidase expressed as a precent of the total 

β-hexosaminidase content, obtained by lysing cells in some wells with 0.1% 

Triton X-100 ( (Sigma) in release buffer. 

 

Intrinsic β-hexosaminidase activity in the prawn samples was measured 

similarly, to that described above. Prawns and HDM samples were diluted in 

release buffer and incubated in an empty (no cells) 96 well plate at 37 ºC for 45 

minutes and then mixed with substrate PNAG for 90 minutes. After stopping the 

reaction, the plate was read at 405 nm as above.  

 

In reverse degranulation assays, anti-IgE or different allergen extracts (both 

2 μg/ml) were coated on 96-well plates overnight. Subsequently, serum (from 

patients C and D) were loaded into wells and incubated for 1 h followed by an 

extensive washing step.  RBL cells (105/well) were the gently added. Thereafter, 

measurement of β-hexosaminidase activity was followed as described above. 
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2.2.7  RBL cell stimulation-changes in cytokine gene expression 

RBL cells (1.5 × 106) well were cultured in a 6 well plate and after 24 hours 

media removed and replaced with serum-free medium (as above but without 

FBS) containing 300 ng/ml NP-IgE for a further 24 hours. After supernatant were 

removed, cells were stimulated with varying concentrations of anti-IgE for 4, 12 

or 24 hours. 

 

2.2.8  RNA isolation and cDNA synthesis 

    Total RNA from RBL (cells 1.5 × 106) cells was isolated using an RNA mini 

kit (Bioline) as per the manufacturer‘s protocol. RNA concentration was 

determined and purity assessed using a Nanodrop ND-1000 spectrophotometer 

(Biolab) and samples were stored at -80 ºC until use. First strand cDNA 

synthesis was conducted using a cDNA synthesis kit (Tetro; Bioline) according 

to the manufacturer‘s instructions. Briefly, RNA (1μg) was diluted in RNase-free 

water (6 μl) followed by the addition of dNTP (1 μl; 10 mM), oligo (dT)18 (1 μl). 

This mixture was pre-incubated for 5 minutes at 70ºC, and then RT buffer (5X; 4 

μl), RNase inhibitor (1μl), reverse transcriptase (1μl) and DEPC-treated water 

(4μl) were added into the mixture and incubated for 30 minutes at 45ºC. The 

reverse transcriptase enzyme was then heat inactivated by incubation for 5 

minutes at 85ºC and samples stored at -20ºC until further use. 

 

2.2.9  Quantitative PCR (qPCR) detection of cytokines 

Real time PCR was performed using a PikoReal 96 system (Thermo 

Scientific). Briefly, cDNA (1μl) and forward/reverse primers (1 μ of eachl; final 

concentration 200nM) were diluted in RNase-free water (7 μl). This mixture 

combined with 10 μl of SensiMix SYBR green mastermix (Bioline). Primer 

sequences used were rat IL4 forward: 5′-TGATGGGTCTCAGCCCCCA 

CCTTGC-3′; reverse: 5′-CTTTCAGTGTTGTGAGCGTGGACTC-3′; rat IL13 

forward: 5'-GCCCTCAGGGAGCTTATC-3'; reverse: 5'-TGGTATCTGGGGGG 

CTGG-3'. Reactions were compared to levels of the 18s rRNA housekeeping 

gene amplified using the following primers: rat 18s rRNA forward: 5′-TCAAGAAC 

GAAAGTCGGAGG-3′; reverse: 5′-GGACATCTAAGG GCATCACA-3′. Real time 

PCR reactions were carried out in duplicate using the following cycle conditions: 

95 ºC for 7 minutes, followed by 40 cycles of 95 ºC for 15 s, 58 ºC for 15 s and 72 

ºC for 30 s. Gene expression was then normalized to the levels of 18s rRNA. 
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2.3 Results    

2.3.1 Identification of human IgE and IgG reactivity towards prawn 
allergens     

Table 2.1 lists the clinical history of the 4 investigated subjects including the 

total IgE levels, anti-prawn IgE levels and anti-HDM IgE levels. They were 

carefully selected due to their different clinical symptoms and various IgE levels. 

The sera are listed in ascending order of their total IgE amount. Patient pool 

contained equal amounts of patient serum A to D and used for the following 

immunoblotting. 

 

Table 2. 1 Clinical and serological data of the seafood allergic patients studied. 

 

Note:  ‗-‗ indicates  ‗not found‘ 

 

Tropomyosin is the major allergen in crustacean, presented in raw and heat 

treated prawn extracts. The molecular weight of this allergen is 36-38KDa (Fig 

2.1A, red box). Heat treatment was not efficient enough to denature or destroy 

this heat stable protein. Immunobloting showed IgE binding of heated sample 

was stronger than raw sample. In addition, a higher molecular weight protein at 

75KDa has IgE binding reactivity in raw sample (Fig 2.1B). Importantly, IgG 

binding pattern was similar with IgE binding except no band detected in raw 

samples, the major band was around 37KDa but also including other fine bands 

below (Fig 2.1C). As a result of higher dilution of human IgG (1:10,000) was 

Study 
Number 

of 
patients 

Total IgE 

Specific 
IgE  

(kU/L) 
to 

seafood 
allergen 

Specific 
IgE  

(kU/L) 
to house 

dust 
mite 

allergen 
Atopic Asthma Rhinitis 

Symptoms 
experienced 
by patients 

By         
ELISA 
(ng/ml) 

By 
ImmunoCAP 

(kU/L) 
Prawn HDM 

A 297 37 - - - - - N/A 

B 2616 372 1.82 3.9 Yes No No oral allergy symptoms 

C 6694 822 5.37 51.3 Yes No No 
hives and full 
anapyhaxis 

ED/adrenalin 

D 29000 3401 6.65 >100 Yes Yes Yes urticaria, angioedema 
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used compared to human IgE (1:20), the titre of human IgG in patient sera was 

significant higher than human IgE. 

 

 
 

Figure 2. 1 Comparison of IgE binding allergens and IgG binding allergens. (A) SDS 

gel-electrophoresis of different Black tiger prawn extracts (RP, Raw black tiger prawn extracts; 

HP, Heat treated black tiger prawn extracts), and subsequent Immunoblotting (B, C) of patient 

sera pool (refer to Table 1). B was using 1:20 dilution of patient sera and followed by 1:10,000 

dilution of anti-human IgE-HRP antibody. C was using 1:10,000 dilution of patient sera and 

followed by 1:30,000 dilution of anti-human IgG-HRP antibody. Results for all data shown are 

representative of experiments conducted on 3 separate occasions. 

 

2.3.2 Stabilization of human FcRI  on the cell surface of RBL cells by 
human IgE 

Using flow cytometry, RBLα cells without and with NP-IgE led to surface 

stabilization of FcεRIα receptor (Fig. 2A and B) as measured by the binding of 

mAb3B4 which is non-competitive with NP-IgE for binding to FcεRIα. The level of 

receptor expression was a concentration dependent result. When cells had slight 

surface expression, NP-IgE was 10ng/ml at least. All studied patient sera were 

able to sensitize cells (Fig. 2C-F), the higher the concentration of human IgE 

(hIgE) used, the more expression of surface receptor. 600 ng/ml hIgE from 

patient D demonstrated as strong expression as NP-IgE sensitized at 600 ng/ml. 
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Figure 2. 2  Surface expression of FcεRIα in RBLα cells. By flow cytometry FcεRI 

expression was observed in RBLα cells as measured by the non-competitive anti-FcεRIα mAb 

3B4. Expression of FcεRIα was increased by sensitization without IgE (A);  with NP-IgE (B); 

Patient A serum (C); Patient B serum (D); Patient C serum (E); Patient D serum (F). Results for 

all data shown are representative of experiments conducted on 3 separate occasions. 
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2.3.3 Validation of RBL cells standard assay 

By using NP-IgE, we demonstrated robust RBLα cells degranulation to 

anti-IgE (Figure 2.3). Degranulation of approximately 50% of total cellular 

-hexosaminidase was achieved with maximum NP-IgE concentration (300 

ng/ml). It was also a concentration dependent assay, the higher NP-IgE used, 

the more degranulation occurred, which matched with Figure 2.2 results. In 

addition, the highest peak point of release was not the highest concentration of 

anti-IgE used. This is due to a saturation of cross-linking of antigens on IgE 

antibody. If two adjacent IgE antibodies cannot be cross-linked by one antigen 

instead of each IgE antibody capture individual antigen, the signal of 

degranulation will not be conducted. Therefore, it was not hard to observe that 

0.3 μg/ml anti-IgE was the optimal concentration required to trigger maximum 

β-hexosaminidase release. 

 

Figure 2. 3 RBLα cells degranulate upon NP-IgE/anti-IgE activation. RBLα cells were 

sensitized with different concentration of NP-IgE overnight and washed prior to activation with 

various concentrations of anti-IgE for 45 mins. Released β-hexosaminidase was used as a 

measure of degranulation. Results shown are means±SEM of experiments conducted 3 

separate occasions. One-way repeated measures ANOVA followed by the Bonferroni‘s post-hoc 

test were applied for multiple comparisons.*P <0.05; **P <0.01; ***P <0.001; ****P <0.0001 

compared with the lowest treatment (0.01 μg/ml Anti-IgE) alone.  
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2.3.4 Evaluation of the capability of IgE antibody from patient sera 

All studied patients were screened for their capacity of inducing 

degranulation with the optimal anti-IgE concentration (0.3 μg/ml). The neat 

serum concentration cannot be applied due to cytotoxicity effect of patient sera 

on RBLα cells. Therefore, several dilutions of each serum were made and tested 

on cells. The optimal concentration of patient serum was as indicated by the 

pointed arrow on Figure 2.4. Patient D was the highest response at 600 ng/ml 

compared to other patients.  This result coordinated with Figure 2.2 as well. 

 

 

 
Figure 2. 4 RBLα cells degranulate upon human patient sera/anti-IgE activation.  IgE 

amount of Patient A, B, C, D refer to Table 1. Due to cytotoxicity effect, RBLα can be sensitized 

overnight with patient sera from the highest concentration to low concentration. 0.3 μg/ml 

anti-IgE was used for all different IgE sensitizations. Negative control: 10ng/ml Patient A/anti-IgE; 

Positive control: 300ng/ml NP-IgE/anti-IgE. Results shown are means±SEM of experiments 

conducted 3 separate occasions. One-way repeated measures ANOVA followed by the 

Bonferroni‘s post-hoc test were applied for multiple comparisons. *P <0.05; **P <0.01; ***P 

<0.001; ****P <0.0001 compared with negative control alone (medium). 
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2.3.5 Evaluation of the quality of tiger prawn allergen samples  

As animal source allergens, prawn extracts are more complex than plant 

source allergens. In addition, degranulation assay is based on enzyme activity 

test. Therefore, it is necessary to ensure that there is no similar enzyme activity 

interfering with this assay. Unfortunately, intrinsic β-hexosaminidase activity was 

found in raw prawn and crude HDM samples. This interference brought difficulty 

whilst the allergenicity of crude samples was evaluated using RBLα 

degranulation assay. For that reason, there was a separate control plate run 

parallel with the test plate to minimize background reading. According to Figure 

2.5, the control plate need to be performed when raw black tiger prawn sample 

was greater than 100 μg/ml and crude HDM was greater than 0.5 μg/ml. On the 

other hand, it was observed that heat treatment can eliminate this intrinsic 

enzyme activity. Recombinant and purified tropomyosin (rTM and pTM), purified 

HDM can be considered as better quality allergen samples applied on in this in 

vitro test. 

 

     

0

1

2

3

4

5

6

0
. 1 1 10 10

0
10

00

10
00

0

***

***

***

***
***

A

C o n t r o l

R a w  B  t i g e r

H e a t  t r e a t e d   B  t i g e r

r T M

pTM

g / m l

A
b

s

0 . 0

0 . 4

0 . 8

1 . 2

1 . 6

0
. 0

0
0
5

0
. 0

0
5

0
. 0

5
0
. 5 5 50

***

***

B

C o n t r o l

H e a t  t r e a t e d  H D M

P u r i f i e d  H D M

C r u d e  H D M

g / m l

A
b

s

 
 

Figure 2. 5 Detection of intrinsic β-hexosaminidase activity in different black tiger prawn 

samples and different House Dust Mite (HDM) samples. (A) including raw and heat treated 

black tiger prawn samples, recombinant (rTM) and purified (pTM) tropomyosin (from black tiger); 

(B)including crude HDM; Heat treated HDM; Purified HDM.  The intrinsic β-hexosaminidase 

activity was measured as same as the method of RBLα cells degranulation. Control was normal 

PBS buffer; the dilution started from the highest concentration of each sample. Results shown 

are means±SEM of experiments conducted 3 separate occasions. One-way repeated measures 

ANOVA followed by the Bonferroni‘s post-hoc test were applied for multiple comparisons. *P 

<0.05; **P <0.01; ***P <0.001; ****P <0.0001 compared with control alone (PBS). 
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2.3.6 Degranulation of RBL cells upon stimulation with patient sera / tiger 
prawn allergens   

The RBLα cells, when sensitized with optimal concentration of different sera 

(data of patient B, C were not shown), only patient D (600ng/ml) responded to 

purified HDM (500 ng/ml), with up to 30% release (Figure 2.6). Unexpectedly, 

raw and heated black tiger extracts and, even recombinant and purified 

tropomyosin cannot stimulate cells to degranulate. Cross-reactivity between 

prawn and HDM from patient D was shown in Table 2.1. Specific anti-HDM IgE 

in patient D was noticeably greater than other patients. However, specific 

anti-prawn IgE was far less than anti-HDM IgE in patient D. It is probably the 

reason why there was no significant degranulation occurring due to the low 

concentration of specific anti-prawn IgE.  

Figure 2. 6 Degranulation of RBLα cells upon patient IgE/prawn allergens and HDM. Raw 

and heat treated black tiger prawn samples, recombinant tropomyosin (rTM) and purified 

tropomyosin (pTM) from black tiger were not  capable of producing degranulation in RBLα cells, 

but Anti-IgE and purified HDM allergen. Results shown are means±SEM of experiments 

conducted on 3 separate occasions. One-way repeated measures ANOVA followed by the 

Bonferroni‘s post-hoc test were applied for multiple comparisons. *P <0.05; **P <0.01; ***P 

<0.001; ****P <0.0001 compared with the lowest treatment (0.005ng/ml). 
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2.3.7 Improvements to the RBL cell degranulation assay 

A                                     B                                                                       

 

 

                

 

 C                                      D                                                                      

 
Figure 2. 7 Improvement of RBLα cells degranulation by ELISA. In order to avoiding 

cytotoxic effect of patient serum, a reversed degranulation method (A-B) was applied on ELISA 

plate. However, degranulation of different black tiger samples still cannot be measured at high 

concentration of allergic patient IgE (C;D) in comparison with the positive control (0.3 μg/ml 

Anti-IgE). Results shown are means ± SEM of experiments conducted 3 separate occasions. 
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In order to increasing the sensitivity of RBLα cells degranulation assay, 

more patient IgE was loaded onto cells resulting in enriching specific anti-prawn 

IgE occupied on IgE receptors. A reversed degranulation-ELISA bioassay was 

modified based on conventional RBLα cells degranulation. Instead of culturing 

cells on the bottom of ELISA plate, different prawn samples were coated first on 

the bottom, and then higher dilution of patient sera was incubated with allergens 

(patient C was up to 700 ng/ml; patient D was up to 1200 ng/ml). Cells were 

gently added onto the plate after several washes with the purpose of eliminating 

cytotoxity of patient sera. In spite of this modification avoiding cytotoxic effect, 

there was still no improvement on degranulation upon patient sera/prawn 

allergens.  
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2.3.8 Comparison of patient IgE and IgG towards specific prawn allergens  

Besides cytotoxic effect of patient sera, specific anti-prawn IgG also 

interfere with RBLα cells. Huge amounts of specific IgG were detected by 

indirect ELISA method compared with specific IgE in Figure 2.8. To compare 

same absorbent value 0.1, 0.05 for HDM and heated prawn respectively (blue 

line pointed), patient sera pool contained approximately 5000 times more 

anti-HDM IgG than anti-HDM IgE (anti-HDM IgE dilution:1:10; IgG 

dilution:1:50,000); 2000 times more anti-prawn IgG than anti-prawn 

IgE(anti-prawn IgE dilution:1:10; IgG dilution:1:20,000). This abundant specific 

IgG has great potential to capture prawn allergens whilst reducing specific IgE to 

cross-link allergens due to lack of free allergens. 

 

A                                           B                                                                                      

Figure 2. 8 Measurement of prawn allergen specific IgE and IgG in patient sera. By Indirect 

ELISA heated black tiger prawn (HP) and house dust mite (HDM) were coated at 2 μg/well, 

followed by a series of doubling dilutions of patient sera pool added to A (dilution started from 

1:10 to1:640) and B (dilution from 1:5000 to 320000), followed by anti-human IgE-HRP(1:30000) 

and anti-human IgG-HRP(1:50000), respectively. Results shown are means ± SEM of 

experiments conducted in duplicate on 3 separate occasions. 
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2.3.9 Analysis of patient IgE and IgG antibody binding to RBL cells 

This measured abundant specific IgG was not generated a problem for 

competing with specific IgE to these allergens, but also interfered with specific 

IgE occupied on two adjacent FcεRIα. Consequently, even though there should 

be enough allergens present in the test, cross-linking was still not able to be 

conducted due to no nearby specific IgE attached on cell surface. It was 

demonstrated in Figure 2.9 that patient sera was diluted to same dilution (1:10; 

1:80), IgG binding on cell surface was much more than IgE binding because of 

strong signal detected by FACs analysis. The highest dilution of detectable IgG 

binding was up to 1:320. 

 

 
Figure 2. 9 Measurement of patient IgE and IgG binding on RBLα cell surface. By flow 

cytometry human IgE and IgG binding were observed in RBL cells as measured by anti-human 

IgE and anti-human IgG. Expression of both receptors were increased by sensitization without 

patient sera (-ve; red line); and increasing dilutions of patient sera pool (1:10, orange line; 1:80, 

green line; 1:320, blue line). Results for all data shown are representative of experiments 

conducted on 3 separate occasions. 
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2.3.10 IL4/IL13 mRNA level increase via IgE mediated pathway in RBL cells 

Besides the measurement of RBLα cell degranulation, cytokine production 

upon IgE/allergen is also important for evaluating the functional reactivity of 

allergens. IL4 and IL13 are major Th2 cytokines and measured upon 

NP-IgE/anti-IgE activation in Figure 2.10. The pattern of IL4 and IL13 mRNA 

expression level were the same after 12 hours incubation with 0.03 μg/ml 

anti-IgE, and increased 7.8 and 7.6-fold, respectively. However, the expression 

time period of IL4 was much stronger than IL13 because the highest expression 

of IL4 was shown with an 8.5-fold increase after 4 hours incubation.  
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Figure 2. 10 RBLα cells express IL4 and ILI13 upon NP-IgE/anti-IgE activation. RBLα cells 

were sensitized with 300ng/ml NP-IgE overnight and washed prior to activation with various 

concentrations of anti-IgE for 4h, 12h and 24h. The IL4 and IL13 transcription were normalized to 

the 18s rRNA transcription in each sample and expressed as a ratio to the RBL cells cultured in 

the absence of anti-IgE. Results shown are means±SEM of experiments conducted in duplicate 

on 3 separate occasions. Two-way repeated measures ANOVA followed by the Bonferroni‘s 

post-hoc test were applied for multiple comparisons.  The significance was analysed that 

compared between 4 hours and 24 hours, 12 hours and 24 hours, respectively with the 

corresponding exposed anti-IgE levels. *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001. 
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2.4 Discussion 

To investigate IgE mediated and non-IgE mediated activation of RBL cells 

was a very necessary step to fully understand the cellular mechanisms of 

shellfish allergy. Transfected RBL cells (see Figure 2.11) are used as a 

convenient tool to analyse the potency of different allergen extracts for more 

than 10 years [16, 17]. However, it is still controversial that it is an efficient 

bioassay to supply complementary diagnostic evidence for helping patient 

management and guidance. Thus, in addition to focusing on discussion of the 

current difficulties to apply the RBL degranulation assay to prawn allergens, the 

potential effects of non-IgE mediated activation of cells, due to other activator 

such as proteases via PAR2 receptor will be addressed. This is the first study of 

functional PAR1-4 receptors on RBL cells.  

 

The RBL cell line is referred by many publications as a mast cell line, 

despite the fact that it is derived from basophils. There are some typical 

characteristics of both mast cells and basophils presenting in RBL cell line. This 

cell line is commonly used in studies on binding of IgE to FcεRI receptors, which 

consists of one α-, one β-, and two γ- subunits in humans and rodents [18]. 

Current research in food allergy uses several different RBL cell lines including 

RBL-2H3 and RBL-30/25 (only α- subunit), RBL-SX-38 (α-, β-, and γ- subunits). 

The α-subunit plays a central role of binding IgE as result of function primarily in 

signal transduction [19], thereby the current study prefers to use the RBL-2H3 

cell line as a potential model for mast cells. Although two groups, Ladies et al 

and Chen et al [20, 21] reported that RBL-SX-38 was the optimal cell line to 

analyse peanut allergens, RBL-2H3 was firstly applied for the initial 

degranulation assay mediated by human serum IgE in addition to the most 

common environmental allergens, such as house dust mite, cockroach, and 

even air pollutants (smoke, car emissions) [22]. Therefore, we followed the same 

strategy as previous research described to validate degranulation of RBL-2H3 

cell line which was used in our study.  Firstly, human FcεRIα has been 

expressed clearly and abundantly on cell surface through either NP-IgE or 

patient IgE sensitization, which demonstrated that this cell line had successfully 

transfected human IgE receptor gene. Secondly, a robust degranulation 
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occurred with up to 80% by anti-IgE stimulation, which also established the 

validation of this cell model. Compared to the same cell line used in Ladies study 

[21], our RBL2H3 cell line released β-hexosaminidase about 30% higher, and 

the cell response was as sensitive as the RBL-SX-38 (94%) or the RBL-30/25 

(84%). These results demonstrate the choice of cell line was appropriate to 

investigate IgE-prawn allergen interaction. 

 

However, several problems were established, including the intrinsic 

β-hexosaminidase activity during the investigation. The different allergen 

extracts were evaluated, using β-hexosaminidase as substrate (performed on an 

empty plate without cultured RBL cells). This is the first study to demonstrate the 

interference of RBL cells assay derived from high concentration of raw shellfish 

extract. Most of the current studies ignored this control experiment when they 

evaluated allergen extracts via RBL cells (including peanuts, cat dander, pollen 

and dust mite), particularly from animal source. Nowak-Wegrzyn and her 

colleagues [23] initially reported a consistent non-IgE mediated release on 

stimulation of non-sensitised RBL cells (without added human serum), 

particularly when they challenged with at high concentrations of cockroach 

extract. The problem here was that there was no clear evidence to demonstrate 

the consistent β-hexosaminidase release derived from allergen extracts or 

degranulated via RBL cells.  The current study supports the previous findings 

by Nowak-Wegrzyn [23] of unexpected intrinsic β-hexosaminidase activity, and 

identifies protease as possible interfering component. Although none of the 

known shellfish allergens have proteolytically activity, different protease activity 

have been observed in the raw extracts, especially serine proteases [24]. 

Nowak-Wegrzyn‘s study demonstrated the β-hexosaminidase release was 

dramatically reduced when incubating cockroach extract with protease inhibitors 

before exposing to RBL cells. The current study could confirm this by 

demonstrating that purified prawn trypsin was able to utilize β-hexosaminidase 

substrate (data not shown). As a result of the above finding, β-hexosaminidase 

was identified as the suitable biomarker for IgE-mediated degranulation, 

especially after analysed allergen extracts have been depleted for their original 

enzyme activity. However, non-IgE mediated allergic reaction could be induced 

by those proteases present in shellfish raw extract. Therefore, to understand 
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which non-IgE mediated pathways are involved in allergic reaction not only can 

help the selection of biomarkers but also depict the interplay of IgE and non-IgE 

mediated allergic reaction, and will be investigated in the following chapters. 

 

Secondly, it was demonstrated that at low concentrations of specific IgE, it 

is difficult to induce RBL cells degranulation. Dibbern et al stipulated that the 

most effective sera contained at least 50kU/l of total IgE and at least 15 kU/l of 

allergen specific IgE [25, 26]. According to their suggestion, it is not difficult to 

explain the reason why in our study only HDM can trigger degranulation with 

patient D sensitized RBL cells. The total IgE of analyzed patient sera were all 

above 50 kU/l, however only two of the analyzed subjects had higher than 15 

kU/l specific IgE levels, and this was patient C and D (51.3 kU/l and >100kU/l), 

against to HDM. Although patient C compared to patient B has three times more 

allergen specific IgE, it was still not able to induce degranulation. Therefore, as 

Dibbern discussed in their study [26], the ratio of specific IgE and total IgE is 

another predictor of the ability of a given serum to adequately sensitize the cells. 

Dibbern identified that normally if a serum contained >10% allergen specific IgE, 

it usually gave excellent allergen-specific degranulation. Even if patient C has a 

high concentration of specific HDM IgE, the no-degranulation was probably 

attributed to the low percentage of specific IgE (6%) compared to the total IgE 

level. In addition, Marchand [11] demonstrated similarly poor degranulation with 

low specific IgE levels as Dibbern, and in addition demonstrated that at least 10% 

of receptor occupancy with allergen-specific IgE were required to produce a 

degranulation response. This confirms that the higher percentage of specific IgE 

in patient serum, the more receptors are occupied by specific IgE, and thereafter 

the cells are more sensitive for degranulation. 

 

Thirdly, a significant finding in the current study is the evidence that also IgG 

antibody can interfere with RBL2H3 cell based assay. Our experiment 

demonstrate for the first time that human IgG antibody can bind on the RBL cell 

surface, but the reason for that is still unclear. Many studies mentioned to 

deplete IgG antibody prior to apply patient sera onto RBL cells in order to 

enlarge the percentage of occupancy of IgE receptor by specific IgE. After 

Shashidharamurthy‘s analysis [27], it is possible that cross-species of FcγR (IgG 
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receptor) bind to different IgG antibodies (human, mouse).  In the same year, 

Andersen et al [28] concluded that such distinct cross-species IgG receptor 

binding differences must be taken into consideration for IgG based therapeutics 

and diagnostics. In addition IgG seems to occupy most cell surface space, 

leading to a lower amount of specific IgE antibodies being able to load onto the 

cell surface. Besides experimental interference with IgE antibody induced 

RBL2H3 cell degranulation, the other most important reason is that food-specific 

IgG antibodies might protect against or suppress food-induced reactions [29]. A 

large number of studies have same opinions on the role of IgG antibodies 

protection against food induced reactions. Very similar mechanism have been 

identified for the allergen–specific IgG4 antibodies, which have been postulated 

by several groups to function by blocking the allergen interaction with 

FcRI-bound IgE [30,31,32,33]. Daeron et al was the first group to report that 

inhibition of IgE signalling by IgG in RBL2H3 cells. Subsequently bone marrow 

mast cells (BMMCs) were identified to be inhibited by the same allergen specific 

IgG antibodies during IgE mediated activation of these cells [34, 35]. 

Furthermore, Tam et al introduce a new concept regarding ―bispecific antibody‖ 

which demonstrated that cross-linking of FcRI and FcRIIb on human basophils 

by this antibody against human IgE and FcRII (CD32) inhibits basophils 

histamine release [36]. Recent study has evaluated the suppressive functions of 

IgG antibodies induced during food allergen desensitization using both 

experimental mouse models of food-induced anaphylaxis and analysis of sera 

from patients successfully completing peanut oral immunotherapy. It was the 

first time to prove that IgG antibodies act through FcRIIb to suppress 

IgE-mediated hypersensitivity [29]. Therefore, besides selecting a high 

percentage of specific IgE in patient serum and the use of non-enzymatic 

allergen extracts, depleting IgG antibody from patient sera seems to be 

necessary for increasing the sensitivity of the RBL cells degranulation assay. 
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Figure 2. 11 Diagram of IgE mediated degranulation and cytokines expression in RBL 

cells 
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2.5 Conclusions 

In conclusion, this study has utilised the validated RBL assay to examine 

shellfish allergens. However, three major difficulties were met during this 

evaluation process; (i) intrinsic enzyme activity in prawn whole allergen extracts, 

(ii) lack of allergen specific IgE antibody and (iii) IgG antibody interference with 

cell receptor binding and allergens, are key factors to limit this cell based 

degranulation assay to be performed efficiently. Furthermore, the experiments 

demonstrated that Th2 cytokines, such as IL4 and IL13, could be used as 

biomarker to indicate IgE mediated activation. This RBL degranulation and 

cytokine study may thus provide additional knowledge for the evaluation of 

patient IgE antibody and biological potency of allergens. The following chapter 

will investigate the presence of other non-IgE interacting components in prawn 

extracts, which might sustain the well established allergenic response of this 

important food allergen. 
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Chapter 3 

Comparative characterization of collagenolytic protease 

from king prawn (Melicertus latisulcatus ) and black 

tiger prawn (Penaeus monodon) 

   



94 

 

Summary 

Background: Serine proteases from invertebrates play a key role in human 

health and their biochemical properties are important for food protein digestion in 

invertebrates as well as in vertebrates. IgE mediated pathways are considered 

as the major route for food inflammatory reaction (FIR). However, there is 

growing evidence of non-IgE mediated FIR triggered by active serine proteases 

in consumers exposed to seafood as well as workers in the seafood industry, 

probably through the protease activation pathway of cells. Therefore, to 

investigate these biochemical and immunological important mechanisms we 

identified and characterized the major proteases in two important shellfish 

species. 

 

Methods: Extracts of raw and heat-treated muscle and hepatopancreas were 

prepared from fresh king prawns and black tiger prawns. To identify the 

molecular weight of the different proteases, zymography was applied using 

casein and fish collagen as substrate. Different protease inhibitors were utilized 

in this study to identify the type of protease. Fluorescence specific substrate 

identified trypsin and trypsin-like enzymes. In addition, the optimal pH and 

temperature were determined using the BAEE standard method and 

subsequently enzymes purified by HPLC (C18 column). The amino acid 

sequence of Trypsin was determined by cDNA sequencing, using specific 

designed primers based on multiple alignments of published crustacean trypsins, 

obtained from GeneBank by homology search. The computer generated 

three-dimensional structure of black tiger prawn (Penaeus monodon) trypsin (PT) 

was subsequently modelled using the Swiss-Model. 

 

Results: Several different proteases were identified in both crustacean samples, 

including matrix metalloprotease and cysteine protease. The major proteases in 

all samples seem to be serine proteases of low molecular weight. Proteolytic 

activity was much higher in raw samples compared to heat-treated samples; 

however, its activity was stable in all heat-treated samples. Furthermore, serine 

protease inhibitors demonstrated the greatest inhibitory effects compared with 

others. The optimal temperature and pH for serine protease activity was at about 
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40°C and pH 8.0 respectively. Novel trypsin was subsequently purified from 

black tiger prawn pancreas extracts, which showed high resistance to 

autoproteolytic activity. The three-dimensional structure model of prawn trypsin 

showed considerable more proteolytic sites (Arg/Lys) compared to bovine 

trypsin. The two novel cDNA sequences cloned possessed all characters of 

mature trypsin. Surprisingly the distance between insect trypsin and crustacean 

trypsin was far greater than crustacean trypsin compared to vertebrate trypsin. 

 

Conclusion: It is evident from this study that the serine proteases from the two 

different prawn species are highly active in muscle and hepatopancreatic tissue. 

This is the first study to characterise and sequence trypsin from black tiger 

prawns and demonstrate multiple proteolytic sites through detailed 

structure-function analysis. These highly autoproteolytic resistant proteases are 

not only responsible for decreasing seafood quality during longer storage, but 

are a potential health risk by causing proteases mediated allergic reactions. 

Furthermore, inflammatory reactions trough activation of protease-activation 

receptors (PAR) in various cell types are possible through these novel 

crustacean proteases and are further investigated in Chapter 4 and 5.  
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3.1 Introduction 

Lung inflammatory diseases are the most frequent work-related respiratory 

disease reported in the seafood industry. This is attributed to workers being 

exposed to high concentrations of aerosols arising from seafood (crab, prawn, 

molluscs and fish). The most common disease is occupational asthma with a 

high prevalence of up to 36% [1, 2]. The aerosols from shellfish cause 4-36% 

occupational asthma as compared to bony fish (2-8%) [3]. Seafood product can 

be easily aerosolized during work processes in the seafood industry, including 

butchering, degilling, cleaning, blowing, degutting, cooking and mincing. 

Especially, dry aerosol particulates can be generated using compressed air and 

fishmeal loading/bagging while prawn blowing operations are carried out in wet 

processes [4]. Similarly, Jeebhay and Cartier [1] reported the broad range of 

total inhalable airborne particulate  of between 0.001-11.293 mg/m3, the protein 

exposure about 0.001-6.4 mg/m3 and allergen concentration of about 0.00 to 

75.748 mg/m3 in the processing operations aboard fishing vessels. Exposure to 

elevated levels of airborne allergens is the key factor associated with allergic 

sensitisation and airway hyperresponsiveness at the workplace [1, 2] . However, 

often the exact constituent of airborne proteins is not defined on molecular level, 

which may contain potential pro-inflammatory molecules eliciting non-allergic 

mechanism leading to airway hyperresponsiveness in non-atopic individuals. A 

similar hypothesis was attained by Bang et al [5] as they found reoccurring 

airway symptoms in salmon processing workers that cannot be elucidated by 

asthma or allergy as no salmon specific IgE were detected. Therefore, these 

finding draw attention to these unknown biological active proteins found in the 

work environment, which could utilize a non-allergic mechanism to generate 

inflammatory responses and cause respiratory diseases. 

 

Current study reported that the aerosols contain not only allergenic muscle 

proteins, but in addition crab exoskeleton (chitin), gills, kanimiso (internal organs) 

and inorganic particles (silicon, aluminium, iron) [6]. During commercial 

processing, particularly of finfish and crustacean, large amounts of offal wastes 

are accumulated. These fish viscera are a rich source of digestive enzymes, 

which are often extracted on a large scale for commercial use [7]. In turn 
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exposure to these seafood-derived enzymes could play a significant role in 

inflammatory reactions and allergic sensitisation. Interestingly, proteases known 

to generate allergic sensitisation are mainly derived from bacteria, fungus, plants, 

mammal (dog, pig), insect (bee, cockroach) and mite (house dust mite) include 

trypsin-like serine protease, papain-like cysteine protease and eukaryotic 

aspartic protease [8-14] (Allergen database: 

http://www.meduniwien.ac.at/allergens/ allfam/; http://www.allergome.org/). 

However, it is still unclear if proteases derived from crustacean are also 

allergenic. In addition to binding to IgE antibodies and activating mast cells and 

basophils (see Chapter 1), these proteases can also activate a set of four 

distinct receptors (protease-activated receptors (PARs)), which are found on 

virtually all cell types (mast cells, epithelium, eosinophils, neutrophils, 

monocytes-macrophages, lymphocytes, smooth muscle, endothelium, 

fibroblasts and neurons) involved in allergic reactions and inflammatory 

response. The aim of this chapter is to identify and characterize the major 

proteases in two important shellfish species, which will be the foundation for 

further studies into their role in allergic and inflammatory reactions to shellfish.  

  

http://www.meduniwien.ac.at/allergens/%20allfam/
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3.2 Materials and Methods 

3.2.1 Crude enzyme sample preparation from prawn hepatopancreas 

Black tiger prawn (Penaeus monodon) and king prawn (Melicertus 

latisulcatus ) were purchased fresh from Victoria Preston market in Melbourne. 

Four to five prawn heads and their hepatopancreas (dark line on the back) were 

carefully removed including juicy body fluid in the head, and then the hard shell 

gently crushed and soaked in 100 ml 1×PBS buffer (pH 7.2) overnight at 4 ºC. 

Aliquots of this extracts were boiled (100 ºC) for 20 minutes followed by soaking. 

Subsequently, the filtration, storage and protein estimation was conducted as in 

chapter 2.2.5 and labelled as ‗raw‘ and ‗heated‘ extracts. 

 

3.2.2 Hydrolysis of collagen substrate 

Different prawn pancreas extracts (100 μl, raw or heated) were added to 

300 μl of a 5 mg/ml collagen solution (50 mM Tris-HCl, pH 7.0) to make up a final 

volume of 500 μl with MilliQ H2O.  

 

The hydrolysis was conducted by incubating the mixture at 37 ºC for 30 

minutes. The control was performed in the same manner for 30 minutes except 

only 200 μl MilliQ H2O was added instead of prawn pancreas extracts. The 

reaction was terminated by adding 75 μl 5×SDS sample buffer (0.05 M Tris-HCl, 

0.1% w/v SDS, 10% v/v glycerol, and 50 mM dithiothreitol) and followed by 10 

minutes heating in water bath. The solution was centrifuged at 5000×g for 10 

minutes at room temperature to remove debris. The supernatant was then 

subjected to SDS-polyacrylamide gel electrophoresis (9% SDS-PAGE) analysis. 

 

3.2.3 Protease identification using zymography 

To separate and identify the proteolytic proteins, whole protein extract was 

separated using a 15% SDS-polyacrylamide gel containing 0.1% w/v collagen 

substrate (collagen powder was prepared in 50 mM Tris-HCl, pH 7.0, stock 

concentration was 20 mg/ml) or a peptide-MCA (Boc-Phe-Ser-Arg-MCA; Peptide 

Institute, Japan) substrate copolymerized in the gel when prepared. 

Electrophoresis was performed on the ice and covered with foil to keep dark at a 

constant low voltage of 120-130 V. After the electrophoresis was completed, the 
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gel was removed and shaken at room temperature for 1 h in buffer (2.5% Triton 

X-100) to remove SDS. The gel was subsequently washed with distilled water 

several times and incubated at 37 ºC in developing buffer (20 mM HEPES (pH 

7.5), 200 mM NaCl, 10 mM CaCl2, 0.02% Brij-35). To study the effect of pH on 

protease activity using zymography, this step was crucial because the 

developing buffer was adjusted to different pH‘s prior to the incubation with gels. 

The collagen substrate gel needed to be incubated overnight, followed by 

staining in 0.05% Coomassie blue staining for 1 h. Peptide substrate gel was 

incubated about 1 h and visualized under Ultraviolet transilluminator (Biorad).  

 

3.2.4 Inhibitory study 

To study the effect of various protease inhibitors on the collagen hydrolysis 

and collagen substrate zymography mediated by different prawn pancreas 

extracts, the protean extracts were incubated with an equal volume of protease 

inhibitor solutions to obtain the designated final concentrations. The inhibitors 

used are listed below:  

1 mM AEBSF (4−(2−Aminoethyl)Benzenesulfonylfluoride HCl;Sigma),  

10 μM E64 

(trans-Epoxysuccinyl-L-leucylamido(4-guanidino)butane;Sigma) ,  

10 mM EDTA(Ethylenediaminetetraacetic acid;Sigma),  

10 μM pepstatin A(Sigma),  

100 μM TLCK (Nα-Tosyl-L-lysine chloromethyl ketone 

hydrochloride) ;Sigma),  

100 μM Leupeptin,  

1 mM SBTI (Trypsin inhibitor from Glycine max (soybean) ;Sigma).  

The mixture was incubated at room temperature (25 ºC) for 15 minutes, and 

the remaining proteolytic activity determined at 25 ºC for 1 h. The control was 

conducted in the same manner except that MilliQ H2O was used instead of 

inhibitors. 

 

3.2.5 Characterization of trypsin-pH and temperature profiles  

Raw black tiger prawn and king prawn pancreas extracts were diluted in 1 

mM HCl and aliquoted into 1 ml tubes each. Each tube was adjusted to various 

pH ranging from 2 to pH 11 at room temperature or incubated at different 
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temperature (20, 30, 40, 50, 60, 70 and 80 ºC) at pH 6. Trypsin activity in prawn 

pancreas extracts was measured using BAEE (Nα-Benzoyl-L-Arginine Ethyl 

Ester; Sigma) as substrates according to the published methods on the 

Sigma-Aldrich website (Enzymatic assay of trypsin: 

(http://www.sigmaaldrich.com/technical-documents/protocols/biology 

/enzymatic-assay-of-trypsin.html). When using 0.25 mM BAEE (67 mM Na3PO4 

buffer, pH 7.6 at 25 ºC) was used as substrate, the diluted prawn sample (200 μl) 

was immediately added into 3 ml BAEE solution, mixed by inversion, the mixture 

transferred to quarz cuvettes and absorbance recorded (the increase in A253nm 

for 5 minutes). Activity was measured over a 1 minute time period and 4 data 

points collected to obtain the maximum linear rate for both the Test and Blank.  

 

The blank was run in the same manner except the MilliQ H2O was used 

instead of prawn extracts. Trypsin activity was then calculated using the 

following formula: 

Trypsin activity BAEE units/ml= 
   253nm           253nm              

         E    
 

Where ‗df‘ is the dilution factor of prawn extracts (1:1000); 0.001 was the change 

in A253nm/minute per unit of trypsin at pH 7.6 at 25ºC in a 3.2 ml reaction mix; VE 

was volume (0.2 ml) of enzyme used; 1 was volume of reaction mixture per unit 

definition. Unit Definition - 1 BAEE unit will produce a ΔA253nm of 0.001 per 

minute with BAEE as substrate at pH 7.6 at 25 ºC in a reaction volume of 3.20 

ml.  

 

3.2.6 Enzyme purification 

The enzyme was purified from raw black tiger prawn pancreas extracts 

using HPLC and a reverse phase C18 column (TOSOH Bioscience, TSKgel 

Octadecyl-4PW). Prawn pancreas extract was centrifuged several times to 

remove participate and clear supernatant diluted with buffer A (0.05% 

trifluoroacetic acid-TFA solution) to 500 μg/ml. Subsequently, supernatant was 

filtrated using a 0.22 μm filter (Sarstedt) and 500 μl crude prawn pancreas 

extract applied to the C18 column equilibrated in the same buffer. After the 

elution of non-absorbed proteins using the starting buffer (10% acetonitrile 

containing 0.05% TFA), absorbed proteins were eluted at 0.5 ml/min in a linear 

http://www.sigmaaldrich.com/technical-documents/protocols/biology%20/enzymatic-assay-of-trypsin.html
http://www.sigmaaldrich.com/technical-documents/protocols/biology%20/enzymatic-assay-of-trypsin.html
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30-75% acetonitrile gradient. Absorbance was measured simultaneously at 

A190 nm, A215 nm, A245 nm, A280 nm, However, only data at A215 nm are 

shown due to the best resolution. The same fractions of 5 runs were pooled and 

dialyzed (12 KDa cut off tubing; VWR) against 1×PBS, pH 7.4 for 24 h at 4 ºC. 

Then, all fractions were concentrated using a vacuum centrifuge and 

reconstituted with 500 μl PBS to be analysed. The fraction composition was 

determined using SDS-PAGE and trypsin activity measured by zymography as 

above. 

 

3.2.7 Isolation of RNA, cDNA cloning, and DNA sequencing 

To derive the amino acid sequence of the analysed protease, total RNA 

were extracted from the hepatopancreatic tissue (1 mg) of several fresh black 

tiger prawn according to the protocol of TRIzol® reagent (Life Technologies). 

Briefly, RNA precipitation was carried out using 0.5 ml 100% isopropanol and 1 

ml of TRIzol reagent. After incubation and centrifuge, the RNA pellet was 

washed with 1 ml of 75% ethanol by vortexing. The washed RNA pellet was kept 

air dry until 90% liquid evaporated, and then resuspended in 30 μl RNase-free 

water and incubated in a water bath at 55-60 ºC for 10-15 minutes. Then, total 

RNA was ready for further processing or store at -80 ºC. RNA concentration and 

purity was determined using a Nanodrop ND-1000 spectrophotometer (Biolab).  

 

The cDNA synthesis was performed using the Tetro cDNA synthesis kit 

(Bioline) as described in chapter 2.2.9. The black tiger prawn trypsin gene was 

amplified from the cDNA by PCR using a designed oligonucleotide primer on the 

basis of homological trypsin sequence from other prawn species. primer I 

forward: 5‘-GAAGTCCCTTGTGCTCTG-3‘; reverse: 5‘-TTAAACAGCATTAGCC 

GGGACCCA-3‘. Primer II forward: 5‘-TGAAGACCCTCATCCTCTGTG-3‘; 

Reverse: 5‘-CATGGTAGGAGACCTCAGCGTACAC-3‘; The RT-PCR cycle 

conditions were followed as below: 95 ºC for 10 minutes, followed by 35 cycles 

of 95 ºC for 30 s, 47 ºC (primer I)/55 ºC (primer II) for 30 s and 72 ºC for 1 min, 

after cycles, 72 ºC for 7 minutes. Subsequently, amplification products were 

confirmed for their purity on 1% agarose gel electrophoresis. To determine the 

DNA sequence of black tiger prawn trypsin, the amplification product together 
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with primer sets were vacuum centrifuged and sent to Macrogen (Korea) for 

sequencing.  

 

Amino acid identity between sequenced black tiger trypsin and trypsin from 

other species were conducted using the ClustalW2 online tool 

(http://www.ebi.ac.uk/Tools/ msa/clustalw2/ ). The sequences for multiple 

alignments were obtained from GenBank (http://blast.ncbi.nlm.nih.gov/) and 

Swiss-Prot / TrEMBL (http://www.uniprot.org/uniprot/) by homology search. The 

translated DNA sequence of mature black tiger prawn trypsin was used as a 

start sequence. Alignments were performed with the program MEGA 5.1 solely 

using the amino acid sequences of mature trypsin‘s starting with the N-terminal 

sequence IVGG. All pro-peptide sequences were ignored for these analyses. 

 

3.2.8 Protein structure analysis 

The computer generated model of black tiger trypsin (I) was calculated 

using the program Swiss-Model (http://swissmodel.expasy.org/) on the 

backbone structure of published crayfish trypsin (Q52V24), Pontastacus 

leptodactylus (PDB code 2F91), as a template and compared to the structure of 

bovine trypsin (Q29463), Bos taurus (PDB code 3FP6E; Swiss-Model). The final 

structures of both trypsin models were transformed into the ‗ball-stick‘ diagram 

using the Chimera 1.7 molecular modelling system. 

  

http://www.ebi.ac.uk/Tools/%20msa/clustalw2/
http://swissmodel.expasy.org/
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3.3 Results  

3.3.1 Collagen substrate hydrolysis by prawn proteases from different 
extracts  

Four different prawn extracts were analysed for the presence of 

collagenolytic protease activity, including raw muscle, raw pancreas, heated 

muscle, and heated pancreas. The total proteins of each extracts were 

separated by SDS-PAGE gel electrophoresis, demonstrating the molecular 

weights of these water soluble proteins in the molecular weight range of between 

10 KDa and 150 KDa (Figure 3.1). Proteins extracts from both prawns with the 

positive control containing trypsin from bovine pancrease demonstrated similar 

bands as compared to the positive control trypsin from bovine pancreas (red 

box). However these bands seem to be heat sensitive as they were missing in 

the heated pancreas extracts (Lane 4 and 7). There was a great potential that 

proteases existed in all different prawn extracts. On the other hand, hydrolytic 

activity was further studied. 

 

Subsequent studies on the hydrolytic activity demonstrated various proteins 

which hydrolysed collagen at 37°C for 30 minutes as shown in Figure 3.2. Type 

1 collagen exhibits two major bands of α-chain at around 120 KDa and the β–

chain at about 250 KDa (negative control). Absence of these bands 

demonstrates proteolytic activity. In both Figure 3.2 A and B complete hydrolysis 

was noticed with raw pancreas and muscle extracts (Lane 2 and 4) due to full 

degradation of collagen α-chain (red cycle). In contrast heated prawn extracts 

did not have any proteolytic activity, demonstrating the heat sensitivity of the 

proteases. Nonetheless, very weak collagenolytic activities of heated prawn 

extracts were demonstrated by zymography (Figure 3.3, lane 2, 4, 6, 8). The 

molecular weights of these active bands were about 25 KDa, similar to the 

positive control A and B (bovine protease and trypsin). Compared to these heat 

stable proteases, proteases in raw extracts demonstrated a broader range of 

collagenolytic activities from 29 KDa to 100 KDa. Therefore, this result 

suggested that raw prawn extracts contained more than one type of proteases 

since non-specific substrate (collagen) was used in the zymography. 
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Figure 3. 1 SDS-PAGE patterns of various prawn extracts from king prawn and black tiger 

prawn. Prawn extracts were electrophoretic separated using a 15% gel under reducing 

conditions, followed by Coomassie blue staining. Lane 1- 9 from left to right, 1-2 raw and heated 

king prawn muscle extracts; 3-4 raw and heated king prawn hepatopancreatic extracts; 5 is the 

positive control: trypsin from bovine pancreas (Sigma); 6-7 Raw and heated black tiger prawn 

hepatopancreatic extracts; 8-9 Raw and heated black tiger prawn muscle extracts. 
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Figure 3. 2 SDS PAGE of collagen hydrolysis products from different king prawn extracts 

(A) and black tiger prawn extracts (B). Hydrolytic activity of different prawn extracts were 

analysed at 37°C for 30 minutes. Lane1-9 from left to right: 1. Type 1 collagen, (negative control; 

2, 4, 6, 8, collagen hydrolysate (collagen was hydrolysed by different extracts as indicated; 

collagen + extracts); 3, 5, 7, 9, test control (well was loaded with different prawn extracts as 

indicated; extracts only).  

 

 

 



106 

 

 

Figure 3. 3 Identification of proteases activity with collagen as substrate in zymography. 

The same amount of various prawn extracts were loaded onto a 15% SDS-acrylamide gel 

containing 1mg/ml collagen. After electrophoresis, the gels were washed and developed in 

developing buffer (20mM HEPES buffer, pH7.5, 200mM NaCl,10mM CaCl2, and 0.02% Brij-35) 

overnight at 37°C . Lane 1-10 from left to right, 1-2 raw and heated king prawn muscles extracts; 

3-4 raw and heated king prawn hepatopancreatic extracts; 5-6 raw and heated black tiger 

muscle extracts; 7-8 raw and heated black tiger hepatopancreatic extracts; 9 positive control A: 

crude proteases from bovine pancreas; 10 positive control B: trypsin from bovine pancreas. 
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3.3.2 Effect of various protease inhibitors on proteolytic activity 

To confirm which types of proteases are present in raw prawn pancreas 

extracts, different protease inhibitors were employed to observe their proteolytic 

activity (Figure 3.4). In the absence of protease inhibitor (Lane 1 positive control, 

collagen; Lane 2 negative control=hydrolysate by prawn pancreas extract), the 

complete hydrolysis of α-chain was obtained (Lane 2). Among all protease 

inhibitors, the serine protease inhibitor (AEBSF) exhibited the highest inhibitory 

effect as evident by the greatest amount of α-chain retained in both species of 

prawns (lane 3). However, in king prawn collagen hydrolysis test (Figure 3.4 A), 

in addition metalloprotease inhibitor (EDTA) had some partial inhibitory effect, 

followed by aspartic protease inhibitor (pepstatin A), cysteine proteases inhibitor 

(E64), respectively. In contrast the black tiger prawn collagen hydrolysis test 

(Figure 3.4 B) demonstrated a different order of partial inhibitory effects with 

cysteine protease inhibitor (E64) followed by aspartic protease inhibitor 

(pepstatin A) and metalloprotease inhibitor (EDTA). 

 

In addition, inhibitory effects were also analysed using collagen substrate 

and zymography (Figure 3.5). The main collagenolytic activities in both of prawn 

extracts were located between 20 KDa and 35 KDa (Lane 1). The serine 

protease inhibitor S (SBTI) and inhibitor A (AEBSF) (Lane 2 and 8) were in 

agreement with the findings in Figure 3.4. Thus, it can be inferred that a serine 

protease with collagenolytic activity was the major protease in hepatopancreas 

of king prawn and black tiger prawn. Moreover, two more specific inhibitors 

(TLCK, Leupeptin) demonstrated also the presence of trypsin and trypsin-like 

enzyme activity (lane 6 and 7). Figure 3.5 A clearly showed a fine band missing 

at 20 KDa in lane 4 (red circle), which demonstrated metalloprotease activity in 

king prawn extract before inhibition. The other two types of protease activity 

were rarely seen, which also corresponded to the result from Figure 3.4. Based 

on the results generated using the different enzyme specific inhibitors, it seems 

that strong cysteine and aspartic protease activity are existing in black tiger 

prawn extract in addition to a very weak metalloprotease activity.  
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Figure 3. 4 Impact of different protease inhibitors on collagen hydrolysis. Hydrolytic 

activity of raw king prawn hepatopancreatic extracts (A) and raw black tiger prawn 

hepatopancreatic extracts (B) were performed at 37 °C for 30 minutes after different prawn 

pancreas extracts were treated with various protease inhibitors (1:1 ratio, 25 °C, 1 h). Lane 1-8 

from left to right, 1. Type 1 collagen, positive control; 2.Collagen hydrolyzate  by raw king 

prawn or tiger prawn pancreas extracts, negative control; 3-6 Collagen hydrolyzate by inhibitor 

treated prawn extracts; AEBSF (serine protease inhibitor) , E64 (cysteine protease inhibitor), 

EDTA (metalloprotease inhibitor), pepstatin A (aspartic protease inhibitor), respectively; 7 

Positive control: collagen hydrolyzate by trypsin from bovine pancreas; 8 Positive control: 

collagen hydrolyzate by inhibitor treated bovine trypsin , AEBSF (serine protease inhibitor). 
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Figure 3. 5 Impact of different protease inhibitors using in-gel collagen substrate 

zymography. The same quantity of various king prawn extracts (A) or black tiger prawn 

extracts (B) were incubated with different inhibitors at 25 °C, 1 h, 1:1 ratio before they were 

loaded onto a 15% SDS-acrylamide gel containing 1mg/ml collagen. After electrophoresis, the 

gels were washed and developed in developing buffer (20 mM HEPES buffer, pH 7.5, 200 mM 

NaCl,10 mM CaCl2, and 0.02% Brij-35) for overnight at 37 °C. Lane 1-8 from left to right, 1. raw 

king prawn or black tiger prawn pancreas extracts, control; 2-8 prawn extracts were pre-treated 

with various protease inhibitors; AEBSF (serine protease inhibitor A), E64 (cysteine protease 

inhibitor), EDTA (metalloprotease inhibitor), pepstatin A (aspartic protease inhibitor), TLCK 

(trypsin inhibitor), Leupeptin (trypsin-like enzyme inhibitor), SBTI (serine protease inhibitor S), 

respectively. 
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3.3.3 Identification of prawn trypsin using fluorescent substrate 

As inhibitory study suggested the major proteases in prawn extracts seem 

to be trypsin and trypsin-like serine proteases and therefore the activity further 

investigated using a trypsin specific fluorescent substrate 

(Boc-Phe-Ser-Arg-MCA). In Figure 3.6, the strongest trypsin activity was 

demonstrated in raw prawn extracts rather than heated extracts. There was 

more than one band in each extract, which implied the presence of trypsin or 

trypsin-like enzyme isoenyzmes. These have very similar molecular weights and 

clustered between 15 KDa to 25 KDa, approximately 2-3 KDa smaller than 

mammalian trypsin (control, bovine trypsin). 

 

 

 

Figure 3. 6 Detection of prawn trypsin and trypsin like enzyme activity by fluorescent 

substrate in-gel zymography. The same quantity of various prawn extracts were loaded onto a 

15% SDS-acrylamide gel containing 200 μM Boc-Phe-Ser-Arg-MCA. After electrophoresis, the 

gels were washed and developed in developing buffer (20mM HEPES buffer, pH7.5, 200 mM 

NaCl,10 mM CaCl2, and 0.02% Brij-35) overnight at 37°C and visualized under UV scanner. 

SDS-PAGE profile of different crustacean extracts. Each lane indicated as shown title, P: 

Hepatopancreas protein extract; M: Muscle protein extract; C: Positive control, trypsin from 

bovine pancreas 
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3.3.4 Optimal enzyme reaction pH and temperature  

        

Figure 3. 7 Effect of temperature and pH on trypsin activity in raw muscle tissue and 

pancreas of two prawn species. The optimal temperature and pH are indicated by the arrow. 

To study the impact of pH on trypsin activity (A), trypsin activity was determined by incubating 

enzyme extracts under room temperature at various pH values. The impact of temperature on 

trypsin activity (B), was determined by incubating enzyme extracts at pH 6 and various 

temperatures. Results shown are means ± SEM of experiments conducted in duplicate on 3 

separate occasions.  

 

Trypsin activity was analysed in different prawn extracts using BAEE as a 

substrate. The pH profile of enzyme reactivity of king prawn and black tiger 

prawn extracts derived from muscle and pancreas are shown in Figure 3.7 A. 

Raw black tiger pancreas extracts exhibited a maximal trypsin activity at pH 6, 

which was approximately two times higher than raw king prawn pancreas 

extracts. Muscle extracts contained little trypsin activity with a maximum value of 

A 
 

 

 

 

 

 

 

 

 

 

 

 

 

B 
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about 2 unit/mg protein, about 10 times less than pancreas extracts. However, 

trypsin activity in both pancreas and muscle extracts displayed highly alkaline 

resistance. This might be related to the different conformational structure of 

crustacean trypsin as compared to mammalian trypsin. 

 

The effect of various temperatures on trypsin activity is depicted in Figure 

3.7 B. Raw black tiger pancreas extracts exhibited a maximal trypsin activity at 

60 °C. The trypsin activity of pancreas extracts sharply decreased when the 

temperature was below or above 60 °C. Muscle extracts exhibited a much lower 

trypsin activity at 40 °C. It was noticeable that the trypsin activity of raw pancreas 

and muscle extracts was never completely eliminated no matter how low or high 

the pH and temperature was. 

 

The effect of pH on the collagenolytic activity of trypsin is demonstrated in 

Figure 3.8 and Figure 3.9. The digestion of collagen substrate using in-gel 

zymography captured the digestion capability of different concentrations of 

prawn extracts at low and high pH environment. The collagenolytic activity was 

much stronger in alkaline environment than acidic environment, because there 

were more clearly digested bands shown from lane 1 to lane 6. Interestingly 

there is also some heat-stable collagenolytic protease located around 32-35 

KDa in lane 7 (Figure 3.8), but it seems not be trypsin or trypsin-like enzyme due 

to the absence of activity in Figure 3.9 (Lane 7-9). Since we know trypsin or 

trypsin-line enzyme was a major serine protease existing in prawn pancreas 

extracts from previous experiments, which has similar pH preference with 

general collagenolytic proteases. As a result of using fluorescent substrate in-gel 

zymography, Figure 3.9 reveals a more sensitive result than Figure 3.8. Under 

extremely acidic condition (pH 1.5), we still could observe some trypsin activity 

even in minute amounts of prawn extracts (20 ng/ml) used. Trypsin from bovine 

(lane1) was about 2-3 KDa bigger than prawn trypsin (Lane 4). 
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Figure 3. 8 Effect of pH on black tiger prawn collagenolytic activity using in-gel collagen substrate zymography. Various amounts of black tiger prawn 

extracts were loaded onto a 15% SDS-acrylamide gel containing 1 mg/ml collagen. After electrophoresis, the gels were washed and developed in different pH 

developing buffer (as indicated) overnight at 37 °C. Lane 1 to 9 from left to right, 1-3 Trypsin from bovine pancreas 20 ng/ml, 0.2 ng/ml, 0.002 ng/ml, respectively; 

4-6 Black tiger prawn raw pancreas extracts 20 ng/ml, 0.2 ng/ml, 0.002 ng/ml, respectively; 7-9 Black tiger prawn heated pancreas extracts 20 ng/ml, 0.2 ng/ml, 

0.002 ng/ml, respectively. 
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Figure 3. 9 Effect of pH on black tiger prawn trypsin and trypsin like enzyme activity 

using in-gel fluorescent substrate zymography. Various amounts of black tiger prawn 

extracts were loaded onto a 15% SDS-acrylamide gel containing 200 μM 

Boc-Phe-Ser-Arg-MCA. After electrophoresis, the gels were washed and developed in different 

pH developing buffer (as indicated) for overnight at 37 °C. Lane 1 to 9 from left to right, 1-3 

Trypsin from bovine pancreas 20 ng/ml, 0.2 ng/ml, 0.002 ng/ml, respectively; 4-6 Black tiger 

prawn raw pancreas extracts 20 ng/ml, 0.2 ng/ml, 0.002 ng/ml, respectively; 7-9 Black tiger 

prawn heated pancreas extracts 20 ng/ml, 0.2 ng/ml, 0.002 ng/ml, respectively. 

 

3.3.5 Purification of prawn trypsin using HPLC 

Distinct trypsin or trypsin-like enzymes were identified in prawn pancreas 

extracts, and needed further purification for further immunological studies. A 

distinctive peak with trypsin activity (Boc-Phe-Ser-Arg-MCA hydrolysis) from the 

pancreas of black tiger prawn (Penaeus monodon) was separated by HPLC 

chromatography using a C-18 column. SDS-PAGE analysis (Figure 3.10 A) 

revealed the highest purity for black tiger prawn trypsin showing a single protein 

band with an apparent molecular mass of 25 KDa. Subsequently this single band 

demonstrated trypsin activity when analysed by zymography (Figure 3.10 B).  
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Figure 3. 10  Separation of raw pancreas protein from black tiger prawn (Penaeus 

monodon) by reverse phase HPLC chromatography. Proteins eluted with increasing 

concentration of acetonitrile (10-75%, containing 0.05% trifluoroacetic acid-TFA, black straight 

line) were detected using UV-absorbance at 215 nm (thin purple curve line). Only one peak with 

tryptic activity at 40% acetonitrile were eluted out and pooled for further studies. Insert: SDS 

PAGE (A) and Zymography (B) of purified black tiger prawn trypsin (PT). (A) demonstrates a 

separate  protein band with an apparent molecular mass of approximately 25 KDa. (B) trypsin 

and trypsin-like enzyme activity of PT shows a clear band using 200 μM of the trypsin-specific 

Boc-Phe-Ser-Arg-MCA as substrate.  
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3.3.6 DNA sequencing of trypsin from black tiger prawn (Peneaus 

monodon) 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 11  RT-PCR analysis for P.monodon trypsin. Agarose gel electrophoresis of 

real-time PCR (RT-PCR) products generated using designed primers I and II (see method 

section) for trypsin. About 1 ng of the first strand cDNA was used as a starting material for the 

PCR reaction, using a G-storm (GS1) thermocycler with 35 cycles at 95°C for 30 s, 57 °C for 30 s, 

and 72 °C for 1 min. 

 

 

We designed several sets of primers based on the alignment of mRNA 

sequences of currently known prawn trypsin and trypsin-like serine protease 

from GenBank. The two longest cDNA sequences were selected with primer set 

I and II as indicated in Figure 3.11. They were composed of 786 bp (I) and 680 

bp (II), respectively. After the sequencing of these RT-PCR products, amino acid 

sequence encoded two mature and active protein isoforms of black tiger prawn 

trypsin (Penaeus monodon), which are 233 and 216 residues in length. The 

calculated molecular mass and theoretical isoelectric point (pI) are: Tryp I 24.6 

KDa and pI= 4.02; Tryp II 22.6 KDa and pI= 4.03, which are similar to other 

mature trypsins from other crustaceans. This calculated molecular weights 

corresponds with previous experimental outcomes in Figure 3.6 and Figure 3.7. 

 

The two mature trypsin isoforms sequenced in this study from black tiger 

prawn were compared with the degree of sequence identity with other 

invertebrate and vertebrate trypsin sequences in Table 3.1. The sequence 
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identity of black tiger prawn (P. monodon) trypsin was relatively high (70-90%) 

with other crustacean trypsin, except blue swimmer crab (P. pelafiscus) trypsin, 

with only 50-53% identity. In contrast, king crab (P. camtchatica) matched with 

about 70-73% with black tiger prawn (P. monodon) trypsin, indicating that each 

species has their special characteristics, even if king crab and blue swimmer 

crab belong to same systematic group. In addition, the insects analysed 

demonstrated a comparatively low (33-42%) homolog identity with either other 

invertebrate trypsin or vertebrate trypsin. While the degree of sequence identity 

among vertebrate trypsins was fairly high (72-79%), this was very different 

between invertebrate trypsins including crustacean and insect, which were 

generally below 49% and 43%, respectively.   

 

A phylogenetic tree was constructed in accordance with the multiple 

alignments, showing the differences between vertebrate and invertebrate trypsin 

from an evolutionary point of view. In Figure 3.12, three major clusters were 

equally separated to crustacean trypsin, vertebrate trypsin and insect trypsin. It 

was surprising that the distance between insect trypsin and crustacean trypsin 

was far greater than vertebrate trypsin and crustacean trypsin, even if they are 

all invertebrates. Furthermore, it demonstrates that blue swimmer crab form an 

isolated branch from the other crustaceans, confirming that higher crustaceans 

retain discrete molecular characteristics. 
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Table 3. 1  Pairwise amino acid identity between different full-length mature trypsins from crustacean, insects and vertebrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Sequences are those represented in Figure 3.13. 

  

P.monodon 

I 

 

P.monodon 

II 

L.vannamei P.argus P.camtchatica P.pelagiscus S.scrofa H.sapiens B.taurus S.salar G.morhua G.gallus D.farinae B.germanica B.tropicalis 

 B.tiger 

shrimp 

B.tiger 

shrimp 

White 

shrimp 

Spiny 

lobster 
King crab 

Blue 

swimmer 

crab 

Pig Human Cattle 
Salmon 

fish 
Cod fish Chicken 

House 

dust mite 
Cockroach 

Storage 

mite 

P.monodon I 100               

P.monodon II 90 100              

L.vannamei 80 86 100             

P.argus 78 82 82 100            

P.camtchatica 70 73 71 75 100           

P.pelagiscus 53 50 57 57 55 100          

S.scrofa 49 46 47 48 43 43 100         

H.sapiens 45 43 46 46 43 41 79 100        

B.taurus 44 44 46 45 44 43 79 79 100       

S.salar 44 41 43 46 42 41 64 61 62 100      

G.morhua 43 40 43 44 43 38 60 59 59 78 100     

G.gallus 43 42 43 43 39 42 72 69 73 61 57 100    

D.farinae 42 37 41 40 38 40 42 40 39 40 35 40 100   

B.germanica 37 38 40 40 35 33 37 37 36 37 34 38 38 100  

B.tropicalis 36 38 40 39 40 38 42 42 43 38 36 40 53 38 100 
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Figure 3. 12 Evolutionary relationships of the protease trypsin. The evolutionary history was inferred using the Neighbor-Joining method [1]. The optimal 

tree with the sum of branch length = 3.37037267 is shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test 

(10000 replicates) are shown next to the branches [2]. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances 

used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method [3] and are in the units of the number of 

amino acid substitutions per site. The analysis involved 15 trypsin amino acid sequences. All positions containing gaps and missing data were eliminated. There 

were a total of 193 positions in the final dataset. Evolutionary analyses were conducted in MEGA5 [4]. 
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3.3.7 Structural features of prawn trypsin 
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Figure 3. 13 Comparison of the deduced amino acid sequence of P. monodon with known 

crustacean, fish, insect, and vertebrate trypsin sequences by multiple alignment. 100% 

identical amino acids are highlighted in black and homologous residues of the P. monodon 

trypsin in grey. Potential autolysis sites within the sequence of the P. monodon trypsin (Arg/Lys 

residues) are marked by asterisks. The catalytic triad (His, Asp, Ser) is denoted by a hash above 

the sequence. Disulfide bonds associated cysteine residues are red colour. Ca
2+

 binding sites 

(Glu) are green. Trypsin specificity related residues (Gly 216 and Gly 226) are blue and 

sequence insertions are purple. Yellow colour highlights the three divergent positions, which are 

located near the substrate binding pocket. Amino acid sequences are shown for: L. vannamei 

(Q27761); P. argus (D2Y5B9); P. camtchatica (Q8WR10); P. pelagicus (A2I7J3); S. scrofa 

(P00761); H. sapiens (P07478); B. taurus (Q29463); S. salar (P35031); G. morhua (P16049); G. 

gallus (Q90629); D. farinae (P49275); B. germanica (Q3Y9L9); B. tropicalis (Q8I916). 

Swiss-Prot database accession numbers are given in parentheses. The numbers above the 

sequences follow the established chymotrypsinogen numbering system. 

 

The amino acid sequences of black tiger prawn (P. monodon) trypsin were 

aligned with the currently known full-length mature trypsin from other crustacean, 

vertebrate and insect (Figure 3.13), from the N-terminal (IVGG) to the C-terminal 

(PGVY) end. Fourteen different amino acid residues were identified between 

isoform Tryp I and isoform Tryp II. Although the bold line separated these three 

major group sequences, it clearly demonstrates 100% conserved regions (black 

colour background) are retained in all trypsin structures. For instance, the active 

residues His57, Asp102, Ser195 forming the catalytic triad, along with Gly216 

and Gly226 (blue colour), which determines trypsin specificity are conserved in 

all species. Moreover, the Ca2+ binding site Glu 70 (green colour) are conserved 

in all vertebrate and most crustaceans, expect blue swimmer crab (P. pelafiscus). 

In contrast Glu80 was not only localized in crustacean and vertebrate but also in 

house dust mite (D. farinae). Glu230 was common in the Ca2+ binding site 

presented in bacterial trypsin, which are also identified in prawn, lobster and 

crab species. Six cysteines (red colour) are in conserved positions, which 

probably form disulfide bonds and seem to be present in all trypsin, including the 

bridges Cys42-Cys58, Cys168-Cys182, Cys191-Cys219. In addition 

crustaceans have three cysteines, while vertebrates have six more, among that, 

the Cys136-Cys201 disulfide bridge, particularly presented in crustacean and 

vertebrate trypsin. There is still an uncoupled cysteine residue of unknown 

function located at Cys56, yet it is not present in blue swimmer crab (P. 
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pelafiscus) trypsin. Another two additional disulfide bonds are formed only in 

vertebrate with Cys22-Cys157 and Cys127-Cys232, but not in human (H. 

sapiens). Besides an impaired number of Cys residues in crustacean, the 

second specific feature of crustacean trypsin was an extended hydrophobic 

region (purple colour) in most of species. This feature might be involved in the 

inhibitor interaction, including a five-residue insertion at position 37, a 

seven-residue insertion at position 61, a one-residue insertion at 174 and a 

four-residue insertion at position 205. A highly acidic pI was the third particular 

feature of crustacean trypsin, for example, the two trypsin isoforms from black 

tiger prawn contained a low number of basic residues (four Lys, three Arg, five 

His in Tryp I, seven His in Tryp II) 12 or 14 in total and a large number of acidic 

residues in its primary structure including sixteen Asp, thirteen Glu in Tryp I, 

twelve Glu in Tryp II, nine Cys, eleven Gln in Tryp I, ten Gln in Tryp II, ten Asn in 

Tryp I, nine Asn in Tryp II. Together there are about 59 acidic residues in Tryp I 

and 56 acidic residues in Tryp II. Therefore, there are specific ratios of acid and 

basic  amino acids between black tiger prawn (P. monodon) and cattle (B. 

taurus). 

P. monodon      acid : basic =  4.9  :  1 (Tryp I) or  4  :  1 (Tryp II) 

B. taurus         acid : basic =   2  :  1  

(Acid: 10 Asp, 8 Glu, 12 Cys, 12 Gln, 13 Asn, in total 55; 

Basic: 3 Arg, 5 His, 20 His, in total 28.) 

Black tiger prawn has therefore an almost 2.5 times higher negative charge on 

the surface of trypsin as compared to bovine trypsin. 

 

To visualize the above observations we utilized the published X-ray 

structure of a trypsin from crayfish (P. leptodactylus) that can be used as a 

template for the structure model of black tiger prawn (P. monodon) trypsin 

because it‘s high homology with prawn trypsin. The generated model (Figure 

3.14) shows a detail secondary structure of Tryp I, but not Tryp II, which did not 

have a full sequence. Although potential autolysis sites are labelled in Figure 

3.13 by asterisks, 7 Arg/Lys residues in black tiger prawn (P.monodon) and 10 

Arg/Lys residues in cattle (B.taurus) were still easily accessed in Figure 3.14. 

Only three lysine residues (Lys87, Lys107, Lys188) were conserved in both 

species. The rest of the Arg/Lys residues varied all from each other. Arg117 [15, 



123 

 

16] is a highly sensitive site in all mammalian trypsins as well as another six 

N-terminal Arg/Lys residues, which were absent in black tiger prawn (P. 

monodon). In contrast, Arg/Lys residues (Lys 230, Lys224, Lys221, Lys 188) in 

cattle (B. taurus) were located moderately closer to the C-terminal end than 

black tiger prawn (P. monodon) (Arg221, Lys188, Arg169), which could translate 

into easier autolysis of cattle (B. taurus) trypsin from this side of the protein. 
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Figure 3. 14 Computer generated model of the three-dimensional structure of P. monodon trypsin (left ) compared to the three-dimensional structure 

of B. taurus trypsin (right) (Q29463). Arginine (red), lysine(blue), histidine (yellow), aspartic acid (purple), serine (green) residues are displayed in ―ball-and 

stick‖ representation. All Arg/Lys residues are labelled according to the common chymotrypsin numbering. 
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3.3.8 Comparison of autoproteolytic activity 

Purified trypsin from black tiger prawn (P. monodon) and bovine were 

incubated at room temperature for 1 day and 3 days in order to examining the 

enzyme stability and autoproteolysis (Figure 3.15). The activity of black tiger 

trypsin was still detectable after 1 day as demonstrated by the hydrolysis of 

collagen substrate, while bovine trypsin had lost almost all activity (Figure 3.15 

A). In spite of the protein structure of bovine trypsin seem to remain intact after 1 

day incubation, the autolysis seem to occur much faster than prawn trypsin after 

3 days incubation (Figure 3.15 B). This experimental data are in correspondence 

with the above bioinformatics analyses in Figure 3.14. 
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Figure 3. 15  Enzyme stability of prawn trypsin compared to bovine trypsin. Electrophoretic separation of collagen hydrolysis products generated with 

trypsins from bovine and prawn (A). SDS-PAGE analysis of residual protein of prawn trypsin and bovine trypsin after 1-3 days incubation (B). Freshly prepared 

bovine trypsin and purified prawn trypsin were incubated at room temperature for 0 day, 1 day, 3 days and subjected to a 15% SDS-acrylamide gel. Collagen 

hydrolytic activity of these pre-incubated trypsin samples were performed at 37°C for 30 minutes.
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3.4 Discussion 

In order to investigate the structure, role and activity of the identified tiger 

prawn protease, sensitive assays needed to be applied and specific substrates 

used to characterise the catalytic specificity of this enzyme. Therefore, two major 

approaches have been applied in this study – collagen hydrolysis and 

zymography. In contrast to collagen hydrolysis, zymography offers many 

advantages such as rapid detection in poorly characterized extracts, the size of 

the protease and pH preference [17]. Using the same methods, enzymes with 

the same substrate specificity and those whose activity is reduced by different 

inhibitors present in the crude extract can be identified. Both approaches 

resulted in the confirmation of the presence of serine protease as major protease 

present in prawn extracts. However, the serine proteases derived from different 

prawn species exhibit great diversity. For instance, the optimal pH and pI value 

of serine protease from the fresh water prawn (Macrobrachium rosenbergii) are 

pH = 7 and pI = 8, respectively [18], very different from the serine protease 

characterized in this study from black tiger prawn with pH = 6 and pI=4 

respectively. These biochemical differences create obvious challenges for the 

purification of the different enzymes. Simply following the current available 

approaches cannot obtain good results, thus a new strategy for purification had 

to be developed. In addition, due to the lack of availability of prawn trypsin 

specific antibodies, fluorescent zymography containing specific trypsin substrate 

was the only method to examine the fraction collected during the HPLC 

purification. 

 

In this study, the most important serine protease from black tiger prawn (P. 

monodon) pancreas was identified as trypsin. Trypsin derived from different 

source demonstrated species-specific characteristics most likely due to different 

feeding habits and life style, environments, resulting in better survival abilities 

among species [19]. Trypsin sequences and structures from invertebrate 

species are still under investigated. Currently, there are only two crustacean 

species whose structure have been studied in detail; the freshwater crayfish A. 

leptodactylus and the marine crab C. pagurus [20, 21]. Various structures from 

different species generate this functional diversity, for that reason trypsin from 
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black tiger prawn was investigated in detail in order to provide additional 

evolutionary characteristics of invertebrate trypsins and to compare the enzyme 

activity and stability. 

 

This study identified and characterized for the first time trypsin from black 

tiger prawn. It is often observed among invertebrates that several isoenzyme are 

present providing, adaptive advantages including regulation of digestive 

functions, genetics and catalytic characteristics. The amino acid sequences of 

Tryp I and Tryp II identified in this study demonstrate the close homology to 

other crustacean species as well as vertebrates, however not to insect trypsin. 

Our result support the early statement by Aron and Neurath (1969) [22] that 

trypsins seem to have appeared before invertebrates and vertebrates diverged. 

There are 14 amino acid differences between the two isoenzymes, and 

differences in the total number of acidic residues with 59 in Tryp I and 56 in Tryp 

II. Anionic trypsin is a quite common form observed in invertebrates, the earliest 

finding was reported by Ward (1975) [23] in larvae of the webbing clothes moth 

Tineola bisselliella. In the same year, Sangenberg also purified an anionic 

trypsin from gastric juice of the crayfish [24]. Although many cationic and anionic 

trypsins have been successfully purified from vertebrate and invertebrates, the 

functional importance of the charge is still unknown. However, Bang‘s group 

recently indicated that differences in electrostatic charges of amino acid residues 

are highly relevant to the trypsin potency as well as agonist binding, cleavage 

and subsequent activation of PAR-2 receptor [25]. An interesting point stated 

that trypsin may demonstrate different capacity in cleaving the PAR2 N-termial 

end and substrate in enzyme assays. Therefore, cell based assays are 

necessary to determine key residues that might affect trypsin functional 

selectivity. Zhang and co-workers [26] demonstrated that different physiological 

conditions may cause electrostatic interactions in specific regions and guide 

substrate orientation. In addition, Bang‘s study [27] revealed that trypsin from 

king crabs demonstrated only partly PAR2 activation when measuring IL-8 and 

NF-κB secretion. A large area with strong negative electrostatic potential was 

summarized as most likely main reason. Three key residues may influence the 

binding of substrate to PAR-2. In Figure 3.13, the new sequenced black tiger 

trypsin I demonstrates the same amino acid as king crab in these three key 
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positions (Asp, Arg,Tyr, highlighted in yellow). Trypsin II demonstrates however 

some differences in the second position, which is serine. Because of the 

incomplete sequence of Trypsin II (Arg, Ser, unknown), the third position cannot 

be compared with king crab trypsin. Since the positive Arg36 and positive Lys34 

of PAR-2 are main cleavage sites, the more negative charged residues are, the 

stronger is the binding to the N-terminal end of PAR-2 receptor [26]. However, 

compared to bovine trypsin and salmon trypsin (yellow highlight in Figure 3.13), 

the corresponding positions are almost neutral and negative charged residues 

(Met, Gln, Glu, Asn), black tiger prawn trypsin second position - Arg (positive 

charge) and third position - Tyr (neutral) may not interact with Lys34/Arg36 

completely. Nonetheless, the cell based assay was stimulated with black tiger 

prawn trypsin, demonstrating some differences as compared to king crab. This 

structure function analysis however supports the hypothesis by Bang et al that 

hydroelectric charges are highly relevant to the function of trypsin, and seems to 

vary greatly even between related species. A detailed discussion is presented in 

Chapter 5. 

 

In addition, the Ca2+ concentration seems to be another key factor to affect 

trypsin activity and stability. Some authors reported that the calcium-binding 

motif is commonly present in mammalian trypsins. Insects like Diatraea 

saccharalis, Periplaneta americana and Tenebrio mollitor are not dependent on 

Ca2+ because the calcium-binding site Glu70-Glu80 is absent. Even the crayfish 

Astacus leptodactylus and the crab Cancer pagurus, the first in detail studied 

crustacean species, have a high-affinity calcium-binding site. In contrast 

Hehemann [28] and his colleagues have purified a highly autoproteolytic stable 

trypsin from C .pagurus which does not demonstrate Ca2+ sensitivity. The reason 

for these contradicting findings could be the different structural formations due to 

different adaptive responses to various living environment and feeding habits. If 

Ca2+  is present near the trypsin autoproteolytic site Arg/Lys, it might form a 

confirmational structure with nearby polypeptide chains which could inhibit 

autolytic activity [15]. The alignments generated in this study clearly indicate one 

extra calcium-binding site present among all crustacean species (Glu230), which 

is actually a typical bacteria calcium-binding site. These findings confirm 

Roach‘s investigation [29] on the phylogeny of trypsins of vertebrates and 
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invertebrates, suggesting that bacteria should be placed closer to crustacean 

rather than vertebrate trypsins, due to similar essential structural properties.  

 

This could be one of the most important reasons that crustacean trypsin is 

much more stable than vertebrate trypsin. In addition prawn trypsin has even 

less numbers of Arg/Lys than the crab Cancer paguru which has been proven to 

be much more  stable than vertebrate trypsin from rat [28] . While Hehemann‘s 

study has concluded that the hydrolysis of trypsin starts from the C-terminus [28], 

we demonstrated in our study that the distance of autoproteolytic site to the 

C-terminus is much further in prawn trypsin than compared to bovine trypsin. In 

addition we discovered similar properties among most crustacean trypsins, 

explaining the increased stability due to slow self-digestive process. Lastly the 

four outstanding insertions in prawn sequence, as compared to the vertebrate 

trypsin, have been associated with inhibitor interaction and support the stability 

of this protease [30]. These special characteristic as well as the lower number of 

disulphide bonds in invertebrate trypsins have previously not been well studied. 

 

The data presented clearly demonstrate the presence of strong proteolytic 

activity in the hepatopancreas and muscle tissue of tiger and king prawn. A 

novel trypsin was sequenced and characterised from tiger prawn and shown to 

have outstanding stability and strong reactivity at pH 6 and 30-40 °C. These 

findings highlight the possibility that these proteases, once released into the 

environment such as crustacean processing workplaces, could act as strong 

pro-inflammatory components when inhaled. The following chapter will analyse 

this activity using cell-based assays. 
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3.5 Conclusions 

From the current literature available on the role of proteases in inflammatory 

reactions, it is clear that these proteins, commonly found in inhaled allergen 

sources, are of significant importance. However, while the presence of protease 

is known in many food allergen sources, such as shellfish, we know very little 

about the possible role of proteases in activating PAR on various cell types and 

enhancing the allergic and inflammatory response. In this chapter, 

comprehensive data demonstrate the presence of four types of proteases in two 

different prawn species and for the first time purified and cloned the complete 

trypsin sequence from black tiger prawn. This novel trypsin was shown to have 

outstanding stability and strong proteolytic reactivity at pH 6-7 and 30-40ºC. 

These findings highlight the possibility that these proteases, once released into 

the environment such as crustacean processing workplaces, could act as strong 

pro-inflammatory components when inhaled. The following chapter will further 

investigate the role of proteases in allergic and inflammatory reactions towards 

exposure to shellfish in the occupational and domestic environment, using 

cell-based assays. 
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Chapter 4 

Impact of PARs on IgE mediated activation of RBL cells 
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Summary 

Background: Rat basophilic leukemia cells (RBL-2H3) transfected with human 

FcεRIα were developed as a tool to investigate the biological activity of allergens. 

Compared to immunochemical methods, the degranulation of RBL cells can be 

measured by β-hexosaminidase release, demonstrating more information of IgE 

antibody – allergen interaction and protein cross-reactivity. However, this tool is 

rarely used to investigate non-IgE mediated inflammatory reactions because the 

expression of protease activation receptors (PAR‘s) has previously not been 

demonstrated. This study aims to investigate the interaction between IgE 

stimulation and PAR‘s (PAR-1,-2,-3,-4) expression in addition to the effect of 

crustacean proteases on the activation of PAR‘s on RBL cells. 

 

Methods: We selected sera from four patients demonstrating low, medium and 

high sensitivity to shellfish as determined by history and anti-shellfish IgE 

quantified by ImmunoCAP. These sera were characterized in detail in Chapter 2, 

thus patient C and D were selected to analyse the activation of cytokines in this 

cell system. The expression of cytokines through the activation of 

NP-IgE/anti-IgE was firstly screened by RT-PCR. Up regulation of cytokines 

mRNA levels by different prawn extracts were measured by real time PCR 

(qPCR). The allergenicity of purified black tiger prawn trypsin (PT) was 

evaluated with patient C and D. Cell signalling pathways of IgE mediated and 

non-IgE mediated activation were explored by western blot.  

 

Results: Th2 cytokines, IL4 and IL13 were considerably expressed in RBL cell 

after NP-IgE/anti-IgE activation, in addition to a weaker expression of IL17 and 

INFγ. In contrast patient IgE sensitized RBL cells were stronger activated by raw 

prawn extracts rather than heated prawn extracts. An interesting finding was that 

IL17 and INFγ expression induced by raw prawn extracts were 3 to 4-fold 

up-regulated, respectively, while IL4 and IL13 were 2-fold up-regulation. TNFα 

expression was undetectable in either case. In contrast, PT induced the 

expression of IL4 and IL13 also in non-IgE sensitized RBL cells, however did not 

generate cellular degranulation. In addition IgE stimulation or IgE/anti-IgE 
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activation enhanced the expression of PAR2 but none of the other three 

receptors. Both IgE/anti-IgE activation and PT stimulation utilized the MAPK 

pathway. 

 

Conclusion: This is the first study demonstrating the up-regulation of PAR2 via 

activation of IgE receptors on RBL cells. Therefore, cell based RBL cells assay is 

not only a convenient tool to evaluate the biological efficacy of allergens but also 

an appropriate approach to investigate the interplay between IgE mediated and 

non-IgE mediated inflammatory reactions.  
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4.1 Introduction 

The non-IgE-mediated food allergies result from T cell activation, which 

produces cytokines like interleukin 4 (IL4), interleukin 5 (IL5), and interleukin 13 

(IL13) and therefore called T-helper type 2 (TH2) cytokines [1], which further the 

allergic response. Recent groundbreaking studies revealed the important effect 

of protease-activated receptors (PARs) activation by serine protease on 

leukocyte motility, cytokine production and variety of other physiological or 

pathophysiological functions in vitro and in vivo. They are seven–

transmembrane-domain G protein-coupled receptors and widely expressed on 

virtually all of the cells involved in allergic respiratory diseases, including four 

members PAR1, PAR2, PAR3 and PAR4 [2]. The role [3] of PARs is crucial 

during disease progression revealed in animal models of different 

gastrointestinal pathologies, shows neuron-inflammatory and 

neuron-degenerative processes; skin, joint and airway inflammation or allergic 

response. It is considered as a primary non-IgE-mediated allergic target to 

investigate the presence of pro-inflammatory substance in seafood extracts. 

There is a particular group of people who give us a new insight into the 

non-IgE-mediated mechanism. They [4] are the seafood workers who engage in 

harvesting, processing and food preparation. They are rapidly developing 

occupational allergy and respiratory disease compared to others, resulting from 

their continuous exposure to the aerosolization of seafood (muscle, visceral 

organs, skin or mucus).  It could be vastly variable level of airborne particulate 

matter or allergens from seafood–associated biological and chemical agents 

including Anisakis spp., protease enzymes, toxins and preservatives [5]. The 

potential substance could be protease [6] or endotoxins [7], or even an allergen 

possessing protease activity. Currently, cockroach and house dust mite (HDM) 

extracts are demonstrated to have the capacity to activate immune cells via 

PARs activation.  

 

With more understanding of protease activation receptors (PARs) found in 

allergy disease, RBL cell line also could be used as a tool for examining non-IgE 

mediated activation due to the expression of PARs on RBL cells [8]. However, 

whether these PARs expressed on RBL cells are functional, needs to be further 



138 

 

investigated. The objective of this chapter was to evaluate the allergenicity of 

shellfish allergens and its cross-reactivity with house dust mite (HDM) allergens 

via IgE mediated and non-IgE RBL cytokine-assay. In addition, to investigate the 

interaction between IgE mediated and non-IgE mediated activation through 

stimulation of activators (allergen and protease) deriving from shellfish. This will 

help us to identify which pathway can improve Th2 response and allergy 

symptoms.  
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4.2 Materials and Methods 

4.2.1 RBL cell culture 

RBLα cells were cultured as described in Chapter 2.2.1 

 

4.2.2 RBL cell stimulation-degranulation assay 

In this chapter, the detached cells 105 cells/well on 96 well-plates were 

incubated without and with IgE (300 ng/ml NP-IgE; 100 ng/ml patient C serum; 

600 ng/ml patient D serum) overnight. After washing, cells were stimulated with 

different concentration of purified black tiger prawn trypsin for 45 minutes then 

followed by adding substrate and terminating solution. The β-hexosaminidase 

activity was conducted in duplicate and measured at 405nm by VERSA max / 

microplate reader (Bio-strategy).  

 

4.2.3 RBL cell stimulation-cytokine assay 

The starved RBL cells 1.5×106 cells/ well was cultured without and with 

either 300 ng/ml  NP-IgE or 1:40 patient C and patient D sera overnight and 

then challenged with various concentration anti-IgE for 1 h or different allergen 

extracts (house dust mite; heated black tiger prawn muscle extract; raw black 

tiger prawn muscle extract) for 12 h. In addition, non-IgE sensitized RBL cells 

were directly stimulated by purified black tiger prawn trypsin after starving for 4h, 

12h, respectively. 

 

4.2.4 mRNA extraction and cDNA synthesis 

The total mRNA extraction and cDNA synthesis steps were performed the 

same as previously described in Chapter 2.2.9. 

 

4.2.5 Western blot analysis of PARs and signalling proteins 

1.5×106 cells/ well RBL cells were incubated with and without NP-IgE (300 

ng/ml; 4 h, 12 h, 24 h). After 24h, cells were washed twice in PBS and then 

activated with anti-IgE (0.3 μg/ml) for various times points. Cell stimulation with 

IgE or anti-IgE was quickly stopped by the addition of 300 μl SDS sample buffer 

(0.05 M Tris-HCl, 0.1% w/v SDS, 10% v/v glycerol, and 50 mM dithiothreitol) 
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while medium was aspirated. Subsequently, lysates were separated by 12% 

SDS-polyacrylamide gel electrophoresis and resolved proteins transferred onto 

PVDF membranes (Merck). The membranes were blocked in 5% (w/v) skim milk 

in PBS/0.05% Tween20 for 1 h and then probed with 1:500 dilution mouse 

anti-PAR1 (SantaCruz, sc-133128;), anti-PAR2 (SantaCruz, sc-13504), 

anti-PAR3 (SantaCruz, sc -53819), anti-PAR4 (SantaCruz, sc-1666) antibody 

respectively overnight at 4 °C. Thereafter, membrane was washed in PBS with 

0.05% Tween 20 and incubated with rabbit anti-mouse IgG-HRP (sigma, A9044) 

at room temperature for 1 h. PAR‘s proteins were visualized by enhanced 

chemiluminescence (ECL; Sigma) using X-ray film (GE healthcare) for exposure. 

Obtained bands on the film were further analysed their density using Gel Doc 

software (BioRad) for data statistic. 

 

Signalling proteins analysis was performed using the same western blot 

method as described above. IgE Sensitized RBL cells (300 ng/ml NP-IgE) and 

non-IgE sensitized RBL cells were stimulated with anti-IgE (0.3 μg/ml) and 

purified black tiger prawn trypsin (0.05 pg/ml), respectively, for various times 

points and then proceeded with the following steps. Rabbit monoclonal 

phospho-ERK (pp44/42-biotinylated) antibody (Cell signalling #4094) 1:1000 

dilution was used to probe membranes then stripped with stripping buffer (0.76% 

w/v Tris-base, 2% w/v SDS 0.7% v/v β-mercaptoethanol, pH 6.8) and re-probed 

with non-phospho-ERK (p44/42-biotinylated) antibody (Cell signalling #5013) 

1:1000 dilution. Chemiluminescent detection was carried out with 1:2000 

streptavidin-HRP (Cell signalling #3999). 

 

4.2.6 Quantitative PCR (qPCR) and RT-PCR detection of cytokine mRNA 

Real time PCR was performed using a PikoReal 96 system (Thermo 

Scientific). Briefly, cDNA (1 μl) and forward/reverse primer (1 μl; final 

concentration 200 nM) were diluted in RNase-free water (7 μl). 10 μl of this 

mixture combined with 10 μl of SensiMix SYBR green mastermix (Bioline). 

RT-PCR was carried out with G-storm GS1 system (G-storm), cDNA (1 μl) and 

forward/reverse primer (1 μl; final concentration 200 nM) were diluted in 

RNase-free water (9.5 μl) followed by mixing with 12.5 μl GoTaq® Hot Start 

Green Master Mix (Promega, M512B). Rat IL4 and IL13 primer sequence was 
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described in Chapter 2.2.10. The other primer sequences used were rat IL 17 

forward: 5'-ATCAGGACGCGCAAACATG-3'; reverse: 5'-TGATCGCTGCTGCC 

TTCAC-3'; rat INFγ forward: 5'-TGGCATAGATGTGGAAGAAAAGAG-3'; 

reverse: 5'-TGCAGGATTTTCATGTCACCAT-3'; rat TNFα forward: 5′-CAGAC 

CCTCACACTCAGATCATCTT-3'; reverse: 5'-CAGAGCAATGACTCCAAAGTA 

GACCT-3'. Reactions were compared to levels of the ubiquitin conjugating 

enzyme (UBC) amplified using the following primers: rat UBC forward: 

5'-GTGGCTATTAATTCTTCAGTCTGCAT-3'; reverse: 5'-GCAAATGGCTAG 

AGTGCAGAGTAA-3'. Reactions were conducted in duplicate, the cycle 

conditions were shown as follows: for IL17 amplification, 95 ºC for 7 minutes, 

followed by 40 cycles of 95 ºC for 15 s, 55 ºC for 15 s and 72 ºC for 30 s; for INFγ 

and TNFα amplification, 95 ºC for 7 minutes, followed by 45 cycles of 95 ºC for 

15 s, 45 ºC for 15 s and 72 ºC for 30 s; for UBC amplification, 95 ºC for 7 minutes, 

followed by 45 cycles of 95 ºC for 15 s, 59 ºC for 15 s and 72 ºC for 30 s; Gene 

expression was then normalized to the levels of UBC. 
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4.3 Results 

4.3.1 IgE mediated activation induce different cytokines expression in 
RBL cells 

Figure 4.1 shows a summarized result from the RT-PCR, where IgE 

mediated activation not only provoked IL4, IL13 expression, but also INFγ and 

IL17 and not TNFα.  Even if RT-PCR was not the ideal method for quantifying 

mRNA up-regulation, the bands of IL4, IL13 stimulated by anti-IgE were clearly 

much thicker than the negative control. It corresponded to the result from Figure 

2.10 quantified by real time PCR. In addition, mRNA expression of INFγ and 

IL17 were a lot weaker than IL4 and IL13, but PCR products were obviously 

amplified compared to the negative control. This pre-screening supplied a good 

idea as to which cytokines we were able to measure for the interaction of human 

IgE/allergens with RBL cells in the following study.    

 

 

 

 
 

 

Figure 4. 1 Analysis of anti-IgE induced cytokines mRNA expression in RBL cells. RT-PCR 

analysis of cytokines mRNA expression by unstimulated RBL cells (-ve; sensitized by 300 ng/ml 

NP-IgE overnight, upper panel) and after 1 hour incubation with 0.3 μg/ml anti-IgE stimulation 

(lower panel). Total RNA was extracted from equal numbers of cells before and after stimulation, 

and the expression of 18s RNA, IL4, IL13, INFγ, IL17, and TNFα were analysed by RT-PCR. 

Results for all data shown are representative of experiments conducted on 3 separate 

occasions. 
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4.3.2 Heated prawn allergens generate small increase in IL4 IL13 mRNA 
levels after IgE sensitization 

Heated prawn samples seem to be highly cross-reactive with house dust 

mite (HDM) extract, both of them containing the most major allergen 

(tropomyosin) and it was for that reason it was used to stimulate IgE mediated 

cytokine expression.  There was no significant elevation of IL13 mRNA level in 

both patient serum C and D sensitized cells. In contrast, IL4 mRNA level was 

increased nearly 3-fold through high concentration of heated prawn and HDM, at 

5 µg/ml in patient serum C sensitized cells (red arrow indicated in Figure 4.2). It 

was considered as a relatively high concentration of foreign protein in human 

blood system, thus increasing response might happen from cell stress (from 

samples or diluted patient serum) rather than real IgE antibody activation with 

allergens. On the other hand, a small elevation in patient serum C sensitized 

cells was observed at very low concentration (5 pg/ml) of heated prawn, around 

2-fold. Theoretically patient serum D sensitized cells should provoke higher 

cytokines expression than patient serum C due to a higher specific IgE titre, but 

the result did not confirm this. The reason could be the same as Figure 2.8-2.9 

showing that patient D specific IgE was the highest in all four patient sera at the 

same time specific IgG was the highest, which might compete with specific IgE 

to capture allergens resulting in a loss of cross-linking signalling. 
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Figure 4. 2 Activation upon allergic patient-IgE/heat treated prawn induce weak IL4/ ILI13 

expression in RBL cells.  RBL cells were sensitized with 1:40 dilution of patient serum C and 

D overnight and washed prior to activation with various concentrations of heated black tiger 

prawn muscle extract (HP) and house dust mite extract (HDM) for 12 hours. The IL4 and IL13 

transcription were normalized to the ubiquitin conjugating enzyme (UBC) transcription in each 

sample and expressed as a ratio to the RBL cells cultured with medium alone (medium control 

was incubated at the same time period as the other tests from cell seeding until 12 hours 

stimulus activation). Results shown are means ± SEM of experiments conducted in duplicate on 

3 separate occasions.  One-way repeated measures ANOVA followed by the Bonferroni‘s 

post-hoc test were applied for multiple comparisons. *P <0.05; **P <0.01; ***P <0.001; ****P 

<0.0001, compared with medium alone.  
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4.3.3 Raw prawn samples can up-regulate IL4/IL13 mRNA level after IgE 
sensitization 

Raw prawn samples are more complex than heated prawn samples to 

investigate IgE mediated activation of cells. Raw extracts are a mixture of 

enzymes, major allergens, minor allergens and other proteins which may cause 

interference. In order to avoid non-specific activation, the starting concentration 

of raw prawn samples was decreased 10-fold (500 ng/ml) as compared to 

heated prawn samples (Figure 4.2). Interestingly, raw prawn samples were able 

to up-regulate IL4 and IL13 mRNA level in both patient serum C and D 

sensitized cells around 2 to 2.5-fold at the lowest concentration, 0.5 pg/ml 

(Figure 4.3). Conversely, non-IgE sensitized cells could not be provoked by any 

concentration of raw prawn samples used. However, it was now very interesting 

why the elevated cytokine expression was only measured with raw prawn extract, 

when major prawn allergens are actually present in both raw and heated 

samples (as confirmed in Figure 2.1B). Thus, more studies were conducted in 

this chapter to demonstrate the cause for this activity. 
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Figure 4. 3 RBL cells express IL4/ILI13 upon allergic patient-IgE / raw prawn extract 

activation. RBL cells were cultured in the presence or absence of 1:40 dilution of patient serum 

C and D overnight and washed prior to activation with various concentrations of raw black tiger 

prawn muscle extracts (RP) for 12 hours. The IL4 and IL13 transcription were normalized to the 

ubiquitin conjugating enzyme (UBC) transcription in each sample and expressed as a ratio to the 

RBL cells cultured with medium alone. (medium control was incubated at the same time period 

as the other tests from cell seeding until 12 hours stimulus activation). Results shown are means 

± SEM of experiments conducted in duplicate on 3 separate occasions. Two-way repeated 

measures ANOVA followed by the Bonferroni‘s post-hoc test were applied for multiple 

comparisons.*P <0.05; **P <0.01; ***P <0.001; ****P <0.0001 compared with each treatment 

without patient sera (without IgE). 
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4.3.4 Raw prawn extracts up-regulate IL17and IFN-γ, but not TNF-α 

As the pilot data from Figure 4.1 demonstrate, IL17, IFN-γ and TNFα were 

measured in cells sensitized with patient sera. In Figure 4.4 the mRNA 

expression levels of IL17 and IFN-γ induced by raw prawn samples (0.5 

pg/ml-50 pg/ml) revealed distinctive elevation through both patient sera. The 

highest expression was up to 4-fold and 3-fold for IL17 and IFN-γ with patient 

serum D sensitized cells. Non-IgE sensitized cells demonstrate extremely weak 

responses compared to IgE sensitized cells. TNFα expression was undetectable 

which corresponded with the data from Figure 4.1. 
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Figure 4. 4  RBL cells also express IL17 and IFN-γ, but not TNF-α upon allergic 

patient-IgE / raw prawn extract activation. RBL cells were cultured in the presence or absence 

of 1:40 dilution of patient serum C and D overnight and washed prior to activation with various 

concentrations of raw B. tiger prawn muscle extracts (RP) for 12 hours. The IL17 and IFN-γ , 

TNF-α transcription were normalized to the ubiquitin conjugating enzyme (UBC) transcription in 

each sample and expressed as a ratio to the RBL cells cultured with medium alone. Results 

shown are means ± SEM of experiments conducted in duplicate on 3 separate occasions. 

Two-way repeated measures ANOVA followed by the Bonferroni‘s post-hoc test were applied for 

multiple comparisons. *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001 compared with each 

treatment without patient sera (without IgE). 
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4.3.5 Purified prawn trypsin up-regulates cytokines mRNA expression 
without IgE sensitization, but does not degranulate   
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Figure 4. 5 Non-IgE mediated activation by purified prawn trypsin alone induces IL4/ILI13 

expression in RBL cells. RT-PCR analysis of IL4, IL13 mRNA expression by unstimulated 

cells and after 12 hours incubation with 0.05 pg/ml purified prawn trypsin (PT) stimulation (A). 

RBL cells were incubated with 5 fg/ml-500 pg/ml PT for 4h, 12h. IL4 and IL13 mRNA were 

analysed by real-time RT-PCR. The IL4 and IL13 transcription were normalized to the ubiquitin 

conjugating enzyme (UBC) transcription in each sample and expressed as a ratio to the RBL 

cells cultured with medium alone (B). Results shown are representative of experiments 

conducted on 3 separate occasions whilst means ± SEM of all 3 of these experiments are 

shown in the graphical data. Two-way repeated measures ANOVA followed by the Bonferroni‘s 

post-hoc test were applied for multiple comparisons. Significance was calculated comparing 4 

hours and 12 hours with the corresponding exposed PT levels. *P <0.05; **P <0.01; ***P <0.001; 

****P <0.0001. 

 

A. 

B. 



150 

 

Trypsin was the most important enzyme in prawn extracts as compared in 

Chapter 3. It could be the main reason to explain why raw prawn samples 

activated cytokines expression but not heated prawn samples in Figure 4.3 and 

4.4. Then purified prawn trypsin was used to test on RBL cells to measure 

cytokine expression. Figure 4.5 A demonstrated that purified prawn trypsin was 

capable of activating non-IgE sensitized cells to produce IL4 and IL13 due to 

clear bands shown compared to non-treated cells (negative control).  Real time 

PCR measured a significant increase of IL4 and IL13 mRNA expression level at 

a very low concentration (Figure 4.5 B). The highest IL4 and IL13 expression 

levels turned up after 12 hours incubation with 0.05 pg/ml purified prawn trypsin, 

up to 4-fold and 6-fold, respectively. On the other hand, degranulation did not 

occur by exposure to prawn trypsin or IgE mediated activation (Figure 4.6). 

 

Figure 4. 6 RBL cells do not degranulate upon purified prawn trypsin. RBL cells were 

sensitized with NP-IgE (300 ng/ml), patient C (100 ng/ml) and patient D serum (600 ng/ml) or 

without IgE overnight and washed prior to activation with various concentrations of purified 

prawn trypsin. Released β-hexosaminidase was used as a measure of degranulation. Results 

shown are means ± SEM of experiments conducted in duplicate on 3 separate occasions. 
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4.3.6 Human IgE binding on FcεRI and IgE activation enhance PAR2 
expression on RBL cells 

 
 

 

 

 

 
 

A. 
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Figure 4. 7 Sensitization and activation of RBL cells with IgE and anti-IgE lead to 

up-regulation of PAR2 expression. RBL cells were sensitized with NP-IgE (hIgE; 300 ng/ml; 4 

h, 12 h, 24 h) and then activated with anti-IgE (0.3 μg/ml) for various time periods prior to cells 

being lysed and examined by Western blotting. PAR1-4 expression were assessed using mouse 

anti-PAR1-4 IgG antibodies (1:500 ) and followed by rabbit anti-mouse IgG-HRP(1:10,000) 

secondary antibody and visualized using enhanced chemiluminescence (ECL) with 

quantification by densitometry; (A) Overview levels of PAR1-4 expression by adding NP-IgE 

alone for 4 h,12 h,24 h. (―-― means negative control which was medium alone). After 24 hours 

RBL cells were sensitized by NP-IgE, followed by adding anti-IgE for 1 h , 4 h, 8 h. (B) and (C) 

are details PAR2 expression by adding NP-IgE or NP-IgE/anti-IgE complex for different time 

points respectively. (―-― means negative control which was medium alone in (B); ―C‖ was 

negative control, sensitized by NP-IgE for 24 h in (C)). Data were expressed as a percentage of 

the loading control (GAPDH) examined and normalized to the level of GAPDH. Blots shown are 

representative of experiments conducted on 3 separate occasions with means ± SEM of all 3 of 

these experiments are shown in the graphical data. One-way repeated measures ANOVA 

followed by the Bonferroni‘s post-hoc test were applied for multiple comparisons. *P <0.05; **P 

<0.01; ***P <0.001; ****P <0.0001 compared with medium alone. 
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As expected purified prawn trypsin was able to activate RBL cells without 

IgE sensitization. Further investigation was conducted to determine what 

pathway leads to this activation. It was notable that protease activation receptors 

(PARs) were found in RBL cells. Four members of this PARs family all exhibited 

their expression on cell surface detected by western blot in Figure 4.7 A. PAR1-4 

shown at 40KDa, 50KDa, 43KDa, 42KDa, respectively. There was a remarkable 

finding that human IgE binding on FcεRI receptors elicited PAR2 receptor 

enhancement, especially after 4 hours incubation with NP-IgE (Figure 4.7 B). 

The expression gradually increased with the incubation time extended, 24 hours 

was maximum expression. In addition to this enhancement, the second boost up 

was triggered by challenge of anti-IgE, the time spectrum of PAR2 expression 

stimulated by anti-IgE was recorded from 5 minutes to 8 hours in Figure 4.7 C 

The expression of PAR2 was up-regulated for 1 hour, started as soon as 

anti-IgE was added. This is the same time point when IgE mediated 

degranulation at 50 minutes caused the highest expression. From this result, it 

was understood that the mediator released from degranulation including 

endogenous tryptase, also could regulate PAR2 expression and activation. 

Consequently, whilst up-regulated PAR2 receptor by endogenous tryptase 

encountered exogenous prawn trypsin, PAR2 largely expressed on cell surface 

and activated by prawn trypsin led to cytokine mRNA level increasing (as 

demonstrated in Figure 4.5). 
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4.3.7 IgE and non-IgE mediated inflammatory reaction triggered MAP 
kinase signalling pathway  

Subsequently IgE mediated and non-IgE mediated inflammatory reaction 

where analysed in RBL cells. Cytokine expression was detected in IgE 

sensitized and non-IgE sensitized cells by different stimulus (anti-IgE and prawn 

trypsin). The aim was to determine if MAPK pathways occurred in RBL cells, in 

order to better understand how PARs act in its role with IgE antibody and FcεRI. 

Anti-IgE was able to enhance phosphorylation of ERK 1 and 2 in IgE sensitized 

cells (Figure 4.8 A). In addition, purified prawn trypsin was similarly able to 

enhance phosphorylation of ERK 1 and 2 in non-IgE sensitized cells (Figure 4.8 

B). Nonetheless, phosphorylation activated by purified prawn trypsin was much 

weaker as compared with anti-IgE/NP-IgE activation. Finally it was 

demonstrated that the MAPK signalling pathway could be involved in mediating 

NP-IgE/anti-IgE and prawn trypsin induced cytokines expression in RBL cells.  
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B. 
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Figure 4. 8 Stimulation of RBL cells with NP-IgE/anti-IgE and purified prawn trypsin result 

in activation of ERK1/2. RBL cells were sensitized with NP-IgE (300ng/ml) overnight (control 1: 

without IgE; control 2: with IgE)  and then activated with anti-IgE (0.3μg/ml) (A) or directly 

activated with purified prawn trypsin (PT: 0.05 pg/ml; control: medium alone) without adding IgE 

(B) for various time periods prior to cells being lysed and examined by Western blotting. MAPK 

activation was assessed using phospho-specific antibodies for ERK1/2 and visualized using 

enhanced chemiluminescence with quantification by densitometry. Levels of ERK1/2 protein 

phosphorylation were expressed as a percentage of the total levels of ERK1/2 protein being 

examined and normalized to the resting level of phosphorylation. Blots shown are representative 

of experiments conducted on 3 separate occasions with means ± SEM of all 3 of these 

experiments are shown in the graphical data. One-way repeated measures ANOVA followed by 

the Bonferroni‘s post-hoc test were applied for multiple comparisons. *P <0.05; **P <0.01; ***P 

<0.001; ****P <0.0001 compared with medium alone. 
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4.4 Discussion 

 According to the molecular studies conducted in Chapter 2, it is very 

obvious that the difference of raw extracts and heated extracts were 

considerable.  The major IgE binding allergen in shellfish is tropomyosin, 

located at 37 KDa, which is present in both raw and heated extracts.  In food 

allergy studies it is preferred to use food mixtures containing all possible 

allergens for most types of analysis. The reason for that is the experimental 

condition should be as close to the human stomach environment as possible. 

Therefore, experimental samples should consider all kinds of real life situation 

including cooking and eating habits.  Heat treatment of raw prawn extracts 

reduced dramatically the presence of high and low molecular weight protein 

(Figure 2.1), which is also considered a good way of increasing the percentage 

of tropomyosin in the sample. Therefore, the activity of tropomyosin on cellular 

degranulation was firstly conducted via IgE mediated activation. Although 

activation upon IgE/anti-IgE showed promising results in Figure 2.10, patient 

serum sensitized RBL cells did not demonstrate any response to heated prawn 

sample and HDM. It clearly demonstrated that IgE mediated activation cannot be 

measured with these patient serum samples.  On the other hand, we 

surprisingly found that patient serum sensitized RBL cells were able to respond 

to raw prawn samples rather than non-sensitized RBL cells using the same 

stimulus. Consequently, two major problems need to be further analysed. What 

is the difference between raw and heated prawn samples? And why is IgE 

sensitization necessary to induce a response of raw prawn samples? The link 

could be the intrinsic β-hexosaminidase activity in raw prawn extracts described 

previously in Chapter 2.3.5. Therefore, as discussed before the protease activity 

present in raw prawn sample could be the major difference to heated prawn 

samples, as protease are denatured by heat (refer to Chapter 3.3.1-3.3.3). In 

addition to purified prawn trypsin (PT) which was capable of activating RBL cells 

directly without IgE sensitization, PT/IgE induced degranulation assay (Figure 

4.6) showed no response to raw extract, providing evidence that PARs activation 

may be also involved in this cell line.  Thus, to demonstrate the expression of 

PARs on this cells and find out why IgE sensitization is important for cytokine 

release in RBL cells will be discussed later. 
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Protease activation receptors (PARs) are present in various immune cells 

and have been demonstrated to be highly relevant to allergic reaction and 

inflammation, including mast cells, epithelium, eosinophils, neutrophils, 

monocytes-macrophages, lymphocytes, smooth muscle, endothelium, 

fibroblasts and neurons [9]. However, it is rare to find detailed studies on 

immune response from RBL cells via PARs activation. Only recently the 

presence of PARs on RBL cells was indicated using a holistic sequencing 

approach [8]. The research presented in this study not only confirmed the 

expression of all four PAR receptors on RBL cells, but importantly also identifies 

a novel involvement of IgE mediated activation affecting directly the expression 

of PARs. The novel finding in this study indicated that there is indeed an 

interaction between FcεRI receptor and PAR2 within 24 hours, but not PAR1, 3 

and 4. Both IgE binding and anti-IgE stimulation promoted the expression of 

PAR2. Especially after 50 minutes activation with anti-IgE antibody, PAR2 

reached maximum expression, this time pattern was same as RBL degranulation 

time scheme. Therefore, PAR2 and FcεRI might interact each other based on 

the similar working rhythmicity. In general, PARs have two major characters that 

have been described. Firstly, PAR2 receptor have to cooperate with Tolll-like 

receptor-4 (TLR4), resulting in NF-κB activation, for example in mucosal 

epithelial cells [10]. Secondly, it is also apparent that PARs trans-activate other 

receptor systems. For example, activated PAR2 also trans-activates Epidermal 

Growth Factor Receptor (EGFR) in the gastric cancer cell lines AGS and MKN28 

[11] as well as in human intestinal epithelial cells [12, 13]. Our findings 

demonstrate for the first time that activated FcεRI receptor trans-activate PAR2 

receptor. However, the question is still open if the intracellular signalling cascade 

triggered PAR directly via IgE binding? Furthermore the secreted cytokines or 

other factors activate via the IgE binding could up-regulate PAR2 expression 

indirectly. Further research into this very important interaction of activated 

receptors, central to the allergic inflammatory cell response need further 

investigation.  

 

In addition, the major Th2 cytokines- IL4 and IL13 were significantly 

increased with either IgE mediated activation or non-IgE mediated (PARs) 

activation. Therefore, one can image that a two-way feedback effect can lead to 
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the development and exacerbation of allergic reactions. For instance, asthma 

patients or highly allergic patients, who possess elevated allergen specific IgE 

antibody, once exposed to proteases in the environment, such as known in the 

crustacean processing industry [5], could aggravate their clinical symptoms due 

to increased PAR activity and simultaneous activation of FcεRI receptor via 

allergen specific IgE, both increasing the release of Th2 cytokines. These Th2 

cytokines IL4 and IL13 increase in turn the production of IgE antibodies from B 

cells [1].  In contrast non-atopic individuals, whose allergen specific IgE level is 

relatively low, allergic symptoms can still be generated through the production of 

these cytokines via activated PAR receptors [14]. These in-vitro experimental 

data on the pro-inflammatory effect of PARs however have to be supported by 

clinical data in the future [2]. In this case, shellfish protease could directly 

activate PARs on epithelial cells, the first barrier of our immune system, 

thereafter pro-inflammatory cytokines (eg.IL25, IL33, TSLP) are released to 

recruit and activate different immune cells, including mast cell and basophil. 

Thus, these activated cells produce Th2 cytokines, such as IL4, IL5, IL13, 

GMCSF and IL9, inducing B cells to secrete increasing levels of IgE. 

Consequently, we can postulate that long term exposure of proteases can 

induce PARs activation, via a non-IgE mediated pathway, and take part in the 

chronic and persistent inflammation, which can gradually develop to allergy and 

asthma diseases [1].  

 

The findings of these studies provide evidence that RBL cells not only can 

be activated by IgE stimulation but also directly by shellfish proteases (Figure 

4.9). Released cytokines IL4 and IL13, activated by both pathways, may have a 

positive feedback affect on RBL cells itself. Furthermore, in addition to p38 and 

JNK, ERK seems to be the main signalling pathway in response to FcεRI 

cross-linking [15]. It was surprising to find that, besides IgE stimulation, the 

phosphorylation of ERK was also increased after treatment with shellfish 

protease alone. Both Hagenlocher‘s [15] study stated serine/threonine kinase 

Akt also was observed in intracellular signalling molecules of the IgE-signalling 

cascade. As a result of phosphorylation, activated Akt leads to the activation of 

transcription factors like NF-κB, nuclear factor of activated T cells and activator 

protein 1(AP-1) [16]. Future studies will examine whether shellfish proteases 
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could also activate the Akt pathway, enhancing our current knowledge of the 

different mechanisms underlying the allergy response.  

 

 

 

Figure 4. 9 This diagram summaries the different pathways of activating RBL cells via 

prawn allergens (TM) or purified trypsin from prawns. 
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4.5 Conclusions 

In conclusion, this is first study to demonstrate PARs on RBL cells and the 

specific reactivity and up-regulation of PAR2 by FcεRI activation. These findings 

provide new insight to understand mechanisms of allergic reactions and how IgE 

mediated and non-IgE mediated pathways interplay. In addition, this system 

allows the simultaneous investigation of two major inflammatory pathways in the 

same cell, providing better insights into complex cellular reactions during IgE 

and protease inflammatory responses. 
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Chapter 5 

The role of prawn trypsin in lung inflammation through 

protease activation receptors 
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Summary 

Background: Seafood processors face a higher risk of developing occupational 

lung inflammation compared to administrative staff working in the same factory. 

Since the aerosolization of biological molecules occur during seafood handling 

and processing, this may be inhaled into their lungs to cause a long term and 

chronic allergic sensitization of individuals. This chapter investigates the 

relevance of novel shellfish serine proteases, derived from the black tiger prawn 

in airway inflammation through non-atopic mechanisms driven by protease 

activated receptors (PARs).   

 

Methods: Trypsin purified from the black tiger prawn (Penaeus monodon), was 

exposed to the human lung epithelial cell line A549 in order to investigate the 

potential role of the prawn trypsin in airway inflammation. Measurement of PAR 

expression and potential activated cytokine gene transcripts were conducted by 

real time PCR. PAR receptor signalling pathway were analysed by Western blot.  

 

Results: Black tiger prawn trypsin (PT) was confirmed as a highly 

autoproteolytic resistant enzyme causing inflammatory reactions in lung 

epithelial cells. PAR-2 and PAR-4 expression was up-regulated in A549 cells 

upon stimulation with either PT or Th2 cytokines (IL-4 and IL13) at different 

incubation time points. Furthermore, PT stimulation of IL4/IL13 co-cultured A549 

cells boosted PAR2 expression up to 8- and 13-fold respectively after 4 hours. In 

addition, mRNA level of pro-inflammatory cytokines TSLP, IL16, IL8, MCP1, 

TNF-α, IL16, IL25, GM-CSF were significantly increased after PT exposure to 

A549 cells. ERK phosphorylation was detected in PT stimulated A549 cells after 

15 minutes. 

 

Conclusions: The purified trypsin from prawns was able to induce ERK 

phosphorylation in airway epithelial cells and enhanced the transcription of 

numerous pro-inflammatory cytokine genes as well as PARs. Together, it is 

proposed that shellfish trypsin, when inhaled in the workplace, may trigger 

airway inflammation via PAR activation on epithelial cells thus suggesting a 

mechanism, in addition to IgE, that contributes to the heightened levels of 

inflammatory airway disease amongst seafood processors.     



166 

 

5.1 Introduction 

Proteases present in biological materials have become a controversial issue 

in occupational safety forum. The reason for this is that more and more incidents 

of allergic diseases and associated symptoms occur amongst seafood 

processors. Further investigation by Bang et al 2005 [1], found that none of the 

examined workers in their study had specific IgE toward seafood allergens. 

Thereafter, the question was raised - whether these biological materials contain 

high levels of proteases in the work environment that induce allergic symptoms 

via non-IgE mediated pathway or constantly sensitize non-atopic individual due 

to autoproteolytic resistance of crustacean protease.      

     

       The four PARs family members (designated PAR1, PAR2, PAR3 and 

PAR4) belong to a seven-transmembrane G protein-coupled receptors (GPCR) 

super family. Besides the trypsin-activated receptor PAR2, PAR1, PAR3 and 

PAR4 are identified as thrombin-activated receptors. If the non-IgE mediated 

pathway is considered as a major cell activating mechanism, the PARs 

activation would be the first candidate to be investigated. Up to date, broad 

spectrum roles of PARs have been given in normal and pathological tissue 

function. They are emerging as potential therapeutic targets for several diseases 

including arthritis, colitis, asthma, neurodegenerative conditions, tumour 

invasion and cardiovascular disease [2]. In addition, PARs are characterized by 

a unique activation mechanism: PARs must be cleaved on their extracellular 

N-terminal domain by proteases, and then this cleavage releases a new 

N-terminal domain that can act as a tethered ligand. The external loop of the 

receptor will bind this tethered ligand and activate thereafter intracellular signals 

[3].  

 

PAR2 has interestingly dual effects in chronic diseases: pro-inflammatory 

effect and anti-inflammatory effect. Arthritis, lung inflammation, skin 

inflammation, kidney and urogenital tract inflammation were down regulated by 

blocking PAR2. In contrast, PAR2 blockade might exacerbate lung bacteria or 

viral infection, brain ischemia or HIV-induced brain inflammation due to altering 

innate immune mechanism [4]. Activation of PAR2 decreases the resistance of 
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monolayers and also disrupts the organization of epithelial tight junctions. 

Besides that, lung epithelial cells also secretes various mediators of 

inflammation upon PARs activation, like IL8 and IL6, prostaglandins, 

metalloprotease 9, and granulocyte macro-phage-colony stimulating factor [5, 6]. 

Therefore it not only plays a more prominent role in the recruitment of 

inflammatory cells to the lungs, but also has a key role at lung mucosal surface 

due to modifying lung epithelial barrier function. Supporting an important role for 

PAR2 in the development of airway inflammation, neutralizing the trypsin-like 

activity of an allergen, such as the one produced by cockroach, markedly 

diminishes the triggering of pulmonary eosinophil influx in a murine model of 

asthma [7, 8] . Thus, both PAR2 and its activating serine proteases present in 

allergens represent attractive therapeutic targets for allergen-induced asthma.  

 

In this study, tiger prawn (Penaeus monodon) is one of the world most 

commonly consumed species, but serine protease derived from tiger prawn are 

not studied at a molecular level. In addition, since longer exposure of proteases 

in the workplace seems to be problematic, as these enzymes seem to be very 

resistant to degradation, they may cause airway inflammatory disease amongst 

seafood processors. The enzyme stability and structure of crustacean trypsin 

and vertebrate trypsin have been compared in Chapter 3. This chapter will focus 

on the impact of shellfish serine protease exposure on human lung epithelial 

cells.  
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5.2 Materials and Methods 

5.2.1 A549 Cell culture and challenge   

A549 airway-derived epithelial cell line, purchased from American Type 

Culture Collection ( CCL-185;ATCC, Manassas, VA, USA ), were grown in 

Dulbecco's Modified Eagle Medium (DMEM; Invitrogen Life Technologies) 

supplemented with 10% v/v FBS (VWR), 500 U/ml penicillin-streptomycin and 

4.0 mM glutaMax (Life Technologies) at 37˚C in a humidified chamber in 10% 

CO2. The cells were passed using a non-enzymatic cell dissociation buffer 

(Sigma) to detach the cells from the culture plates according to the 

manufacturer‘s instructions. A subcultivation ratio of 1:3-1:8 is recommended 

2-3 times per week. 

 

       For the experiment, the cells were seeded in 6-well tissue culture plates 

at a density of 1 × 106 cells/well. At this time, the cells were then incubated 

overnight in serum free medium (DMEM medium contains 3.5%BSA, 500 U/ml 

penicillin-streptomycin and 4.0 mM glutaMax). Cells were exposed to different 

concentrations of purified black tiger prawn trypsin or PAR2 agonist peptide 

(SLIGRL) for 4 hours, 12hours and 24hours. High concentrations of purified 

prawn serine protease were observed to produce morphologic changes and 

desquamated epithelial cells. At the relatively low concentration used in this 

experiment, no changes were observed in morphology in the A549 cells for up 

to 24 hours. 

 

In some experiments, human IL4 (100 ng/ml) and human IL13 (100 ng/ml) 

(BioLegend) were added alone or with purified black tiger prawn trypsin for the 

duration of the incubation. Cell lysates were collected and used for western blot 

or mRNA real-time RT-PCR (see below).   

  

http://www.invitrogen.com/site/us/en/home/Products-and-Services/Applications/Cell-Culture/Mammalian-Cell-Culture/Classical_Media/dmem.html
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5.2.2 mRNA extraction and cDNA synthesis 

The total mRNA extraction and cDNA synthesis steps were performed in the 

same way as previously described in Chapter 2.2.9. 

 

5.2.3 Quantitative PCR (qPCR) and RT-PCR detection of PARs and 
cytokine mRNA 

Real time PCR was performed using a PikoReal 96 system (Thermo 

Scientific). Briefly, cDNA (1 μl) and forward/reverse primer (1μl; final 

concentration 200 nM) were diluted in RNase-free water (7 μl). 10 μl of this 

mixture was combined with 10 μl of SensiMix SYBR green mastermix (Bioline). 

RT-PCR was carried out with G-storm GS1 system (G-storm), cDNA (1 μl) and 

forward/reverse primer (1μl; final concentration 200 nM) were diluted in 

RNase-free water (9.5 μl) followed by mixing with 12.5 μl mastermix GoTaq® 

Hot Start Green Master Mix (Promega, M512B). Reactions were conducted in 

duplicate, the cycle conditions were followed using the same format as shown: 

95 ˚C for 7 minutes, followed by 40 cycles of 95 ˚C for 15 s, primer annealing 

temperature for 15 s and 72 ˚C for 30 s. The primer sequence and their 

annealing temperature are listed below: for PAR1 (53˚C) forward: 

5‘-TGTGAACTGATCATGTTTATG-3‘; reverse: 5‘-TTCGTAAGATAAG 

AGATATGT-3‘; for PAR2 (50˚C) forward: 5‘-AGAAGCCTTATTGGTAAGGTT-3‘; 

reverse: 5‘-AACATCATGACAGGTCGTGAT-3‘; for PAR3 (59˚C) forward: 

5‘-CTGATACCTGCCATCTACCTCC-3‘; reverse: 5‘-AGAAAACTGTTGCCCAC 

ACC-3‘; for PAR4 (59˚C) forward: 5‘-ATTACTCGGACCCGAGCC-3‘; reverse: 

5‘-TGTAAGGCCCACCCTTCTC–3‘; for IL16 (55˚C) forward: 5‘-CTGTCAACAC 

AGGCTGAGGA-3‘; reverse: 5‘-TTCAGCAGAACCATTTGCAG-3‘; for GMCSF 

(58˚C) forward: 5‘-CACTGCTGCTGAGATGAATGAAA-3‘; reverse: 5‘-GTCTGT 

AGGCAGGTCGGCTC-3‘; for IL25 (53˚C) forward:  5′-CCAGGTGGTTGCA 

TTCTTGG-3′; reverse: 5′-TGGCTGTAGGTGTGGGTTCC-3′; for TNFα (57˚C) 

forward: 5‘-GCCCATGTTGTAGCAAACCCT-3‘; reverse: 5‘-TCGGCAAAGT 

CGAGATAGTCG-3‘; for TSLP (55˚C) forward: 5‘-TAGCA ATCGGCCACATT 

GCC-3‘; reverse: 5‘-CTGAGTTTCCGAATAGCCTG-3‘; for MCP1 (58˚C) forward: 

5‘-GATCTCAGTGCAGAGGCTCG-3‘; reverse: 5‘-TGCTTGTCCAGGTGGTCCA 

T-3‘; for IL6 (57˚C) forward: 5‘-ATGAACTCCTTCTCCACAAGCGC-3‘; reverse: 

5‘-GAAGAGCCCTCAGGCTGGACTG-3‘; for IL8 (50˚C) forward: GGCACA 
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AACTTTCAGAGACAG; reverse: ACACAGAGCTGCAGAAATCAGG; for MMP9 

(57˚C) forward: 5‘-CGTGGAGAGTCGAAATCTCTG-3‘; reverse: 5‘-CCAAACTG 

GATGACGATGTCT-3‘; for ubiquitin conjugating enzyme (UBC, 53˚C) forward: 

5′-GCAAGCTACAATAATGGGGC-3′; reverse: 5′-TGTAAATGCAACCTTAGGT 

GGT-3′. Gene expression was then normalized to the levels of UBC. 

 

5.2.4 Measurement of IL-8 secretion 

A549 cell were seeded into 24 well tissue culture plates at a density of 5 × 

105 cells/ well. The cells were starved with serum free medium overnight and 

challenged with different concentrations of purified black tiger prawn trypsin and 

PAR2 agonist peptide (SLIGRL) for 6 h, 12 h, 18 h and 24 h. Culture 

supernatants were harvested and kept at -20˚C until the level of IL8 was 

measured. 

 

The amount of secreted IL8 in the supernatant was determined using an 

ELISA (enzyme-linked immunosorbent assay)-kit from BD Biosiciences, 

according to the manufacturer‘s protocol. Briefly, 96-well plates were coated 

with 100 μl/well of the appropriate capture antibody (1:250 dilution in 0.2 mM 

NaHCO3/NaCO3 buffer, pH 9.6) and incubated overnight at 4˚C. The plates 

were then washed three times with washing buffer (PBS, pH 7.5, containing 

0.05% v/v Tween20) and blocked with blocking buffer (washing buffer 

containing 10% v/v FBS) at room temperature for 1 hour. Subsequently, test or 

standards were added at 100 μl per well in duplicate for 3 hours. Three times 

washing was followed by 1 hour incubation with biotinylated secondary antibody 

and peroxidise-labelled streptavidin (100 μl/well, 1:250 dilution in blocking 

buffer). Peroxidise substrate (TMB, BD) developed colour reaction which were 

terminated by the addition of 1 M H2SO4 after 15-30 minutes. The absorbance 

was read using VERSA max / microplate reader (Bio-strategy) at 450 nm. The 

concentration of cytokines in each sample was determined by interpolation from 

the standard curve using the SoftMax-Pro5.2 software. IL8 production was 

expressed as pg/ml supernatant. 
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5.2.5 Western blot analysis of PARs and signalling pathway               

In order to detect PAR‘s expression, non-stimulated 1×106 A549 cells were 

lysed in SDS sample buffer and separated by SDS-PAGE, then, resolved 

proteins were transferred onto PVDF membrane followed by PAR‘s antibody 

probing (refer to Chapter 4.2.4). Stimulated 1×106 A549 cells with 5 pg/ml 

purified black tiger prawn trypsin for various times points, then cell lysate was 

proceeded by western blotting with phospho-Erk (pp44/42-biotinylated) antibody 

and non-phospho-Erk (p44/42-biotinylated) antibody (as described in Chapter 

4.2.4). 
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5.3 Results 

5.3.1 Identification of PARs in A549   

 

Figure 5. 1 Detection of PAR1-4 expression on A549 cells by western blot. A549 cells lysate 

was subjected to 12% (w/v) SDS PAGE followed by western blotting with different mouse 

anti-PAR1-4 primary antibody (1:500) respectively. 1:10,000 anti-mouse IgG secondary antibody 

was applied to all four blots. Results for all data shown are representative of experiments 

conducted on 3 separate occasions. 

 

PARs are widely expressed on different immune cells, so the lung epithelial 

cell line was examined for PARs expression alone (Figure 5.1) and stimulated by 

purified prawn trypsin (Figure 5.2). Western blot result showed that PAR2 was 

the strongest band among PAR1-4. At mRNA level, gene expression of PAR1-4 

was semi-quantified by RT-PCR. The expression of PAR1, 2, 4 was increased 

when A549 cells were challenged with 50 pg/ml prawn trypsin.  
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Figure 5. 2 Detection of PAR1-4 expression on A549 cells by RT-PCR. A549 cells were 

stimulated with 50 pg/ml purified prawn trypsin (PT) for 4 hours (-ve control: medium alone).Total 

RNA was extracted, reverse transcribed, and amplified using PAR1-4-specific primers as 

described under the ―Methods‖ section. The amplified products were separated on a 1% agarose 

gel. Results for all data shown are representative of experiments conducted on 3 separate 

occasions. 

 

5.3.2 Prawn trypsin enhances PAR2 and PAR4 expression on A549 cells 

The up-regulation of PARs induced by prawn trypsin was measured by 

real-time RT-PCR (Figure 5.3). Four family members were all examined 

independently with a broad range concentration of prawn trypsin at three 

different time points. PAR3 seem to be not enhancement by prawn trypsin, 

whereas PAR1 revealed extremely weak up-regulation. In contrast, PAR2 and 

PAR4 exhibited a concentration dependent expression with prawn trypsin. The 

highest expression is demonstrated at different time points and different 

concentrations. PAR2 and PAR4 are significantly enhanced 5 to 6-fold by 5 

pg/ml and 50 pg/ml prawn trypsin, respectively. Interestingly, a gradual elevation 

caused by a low concentration of prawn trypsin could be possible after 24 hours 

incubation. This seems not to be a direct stimulating effect on A549 cells due to 

such delayed response. 
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Figure 5. 3 Effect of prawn trypsin stimulation on the up-regulation of PARs in A549 cells. 

A549 cells were incubated with 5fg/ml-50ng/ml purified prawn trypsin (PT) for 4, 12 and 24 hours. 

Total RNA was extracted from equal numbers of cells before and after stimulation, and the 

expression of PAR1-4 was analysed by real time RT-PCR. The PAR1-4 transcription were 

normalized to the ubiquitin conjugating enzyme (UBC) transcription in each sample and 

expressed as a ratio to the A549 cells cultured with medium alone. Results are from two 

independent experiments with 3 times PCR analysis respectively, each sample conducted in 

triplicate. Two-way repeated measures ANOVA followed by the Bonferroni‘s post-hoc test were 

applied for multiple comparisons. Significance was calculated for PAR-2 compared between 4 

hours and 12hours with the corresponding exposed PT levels; PAR-4 compared between 4 

hours and 12 hours,12 hours and 24 hours, respectively , with the corresponding exposed PT 

levels. *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001. 

 

 

5.3.3 A549 co-cultured with Th2 cytokines and prawn trypsin can enhance 
expression of PAR2 and PAR4 receptors 

 As we know, Th2 cytokines including IL4, IL13 are able to be released by 

various immune cells including, mast cells and basophils. Figure 2.10 and Figure 

4.5 demonstrate that RBL cells produce IL4 and IL13 via both IgE mediated and 

non-IgE mediated pathways. Therefore, it is necessary to further study the 

impact of pro-inflammatory cytokines on PARs expression in vitro test. The 
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results obtained in Figure 5.4 correspond with previous PARs expression data in 

Figure 5.3. IL4, IL13 and prawn trypsin have no enhanced effect on PAR1 and 

PAR3 expression at all (Figure 5.4 A). In the contrast the pattern of PAR2 

expression (Figure 5.4 B) was fairly distinctive with other PARs. After adding IL4 

and IL13 independently or jointly, PAR2 has significant improved expression at 

12 hours rather than 4 hours. However, pre-incubated A549 cells with IL4 or 

IL13 or their combination for 4 hours resulted in the highest PAR2 expression 

while challenged with prawn trypsin. It was almost 2 times (10- to 12-fold) higher 

expressed than PARs enhanced by prawn trypsin alone in Figure 5.3. After 12 

hours pre-incubation with these cytokines, PAR2 expression was kept at the 

same level as non-treated A549 cells stimulated by prawn trypsin alone (Figure 

5.3). In addition to boosted PAR2 expression, Th2 cytokines have a great impact 

on PAR4 expression. A549 cells that were stimulated in combination with IL4 

and IL13 for 4 hours revealed the highest up-regulation around 4.5-fold, but 

prawn trypsin stimulation alone was weaker than cytokines. Pre-incubated A549 

cells with IL4 and IL13 independently for 4 hours, demonstrated dramatically 

enhanced PAR4 expression (Figure 5.4 C) by prawn trypsin, up to 5-fold. It was 

a rapid increase after co-cultured with cytokines compared with PAR4 

expression in Figure 5.3. 
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Figure 5. 4 Effect of Th2 cytokines regulation on PAR1-4 expression (A ; B; C) in prawn trypsin stimulated A549 cells.  A549 cells were incubated with 

5, 50, 500 pg/ml purified prawn trypsin (PT) in the presence or absence of 100 ng/ml IL4 or IL13 for 4 h and 12 h respectively. Total RNA was extracted from 

equal numbers of cells before and after stimulation, and the expression of PAR1-4 was analysed by real time RT-PCR. PAR1-4 transcription were normalized to 

the ubiquitin conjugating enzyme (UBC) transcription in each sample and expressed as a ratio to A549 cells cultured with medium alone. Results shown are 

means ± SEM of experiments conducted in duplicate on 3 separate occasions. One-way repeated measures ANOVA followed by the Bonferroni‘s post-hoc test 

were applied for multiple comparisons. Significance was measured in (B) and (C) comparing between cytokines (IL4, IL13 or IL4&IL13) and medium alone. 

Two-way repeated measures ANOVA followed by the Bonferroni‘s post-hoc test were applied for multiple comparisons. Significance was measured in (B) and 

(C) that compared between cytokines (IL4, IL13 or IL4&IL13) plus PT and PT alone with the corresponding exposed levels *P <0.05; **P <0.01; ***P <0.001; 

****P <0.0001,  
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5.3.4 PAR2 agonist induce different cytokine expression in A549 cells 

Lung epithelial cells are a primary barrier of lung tissue, and have extensive 

PARs expression on the cell surface, which was demonstrated in Figure 5.1. The 

agonist peptide SLIGRL (Ser-Leu-IIe-Gly-Arg-Leu-NH2), derived from the 

N-terminus of PAR2. Figure 5.5 summarizes up to 9 different cytokines which 

could be induced by SLIGRL on A549 cells. IL16, GMCSF, TNFα, MCP1, IL6, 

IL8 were expressed much stronger than IL25, TSLP, MMP9. In addition, mRNA 

level of PAR2 and IL8 induced by SLIGRL was also quantified by qPCR in 

Figure 5.6. The higher the concentration of SLIGRL added, the higher the 

expression was induced. 

 

 

 

 

 

Figure 5. 5  Analysis of PAR2 agonist induced cytokine mRNA expression by A549 cells. 

RT-PCR analysis of cytokines mRNA expression by unstimulated A549 cells (-ve; upper panel) 

and after 4 hours incubation with 10 nM SLIGRL stimulation (lower panel). Total RNA was 

extracted from equal numbers of cells before and after stimulation, and the expression of 

ubiquitin conjugating enzyme (UBC), IL16, GMCSF, IL25, TNFα, TSLP, MCP1, IL6, IL8, and 

MMP9 was analysed by RT-PCR. Results for all data shown are representative of experiments 

conducted on 3 separate occasions. 
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Figure 5. 6 Expression of PAR2 and IL8 at mRNA level after SLIGRL stimulation in A549 

cells. A549 cells were stimulated with 100 μM and 10 μM SLIGRLfor 4 hours (-ve: medium 

alone). Total RNA was extracted from equal numbers of cells before and after stimulation, and 

the expression of PAR2 (A) and IL8 (B) was analysed by real time RT-PCR. All different 

cytokines transcription were normalized to the ubiquitin conjugating enzyme (UBC) transcription 

in each sample and expressed as a ratio to A549 cells cultured with medium alone. Results 

shown are means ± SEM of experiments conducted in duplicate on 3 separate occasions. 

One-way repeated measures ANOVA followed by the Bonferroni‘s post-hoc test were applied for 

multiple comparisons. *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001, compared with medium 

alone. 
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5.3.5 Prawn trypsin up-regulates different cytokines mRNA level 
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Figure 5. 7 Analysis of purified prawn trypsin induced cytokine mRNA expression by A549 

cells. A549 cells were stimulated with 5fg/ml-500ng/ml purified prawn trypsin (PT) for 4, 12, 24 

hours. Total RNA was extracted from equal numbers of cells before and after stimulation, and 

the expression of IL16, IL25, MMP9, TSLP, IL6, GMCSF, MCP1, IL8, and TNFα was analysed by 

real time RT-PCR. All different cytokines transcription were normalized to the ubiquitin 

conjugating enzyme (UBC) transcription in each sample and expressed as a ratio to A549 cells 

cultured with medium alone. Results are from two independent experiments with each sample 

analysed in triplicate. One-way repeated measures ANOVA followed by the Bonferroni‘s 

post-hoc test were applied for multiple comparisons. *P <0.05; **P <0.01; ***P <0.001; ****P 

<0.0001, compared with medium alone. 
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Activated A549 by SLIGRL induces a wide range of cytokines as 

demonstrated in Figure 5.5. Therefore, prawn trypsin, as an exogenous agonist 

was examined to activate A549 cells in Figure 5.7. Since different cytokines own 

their function on immunological responses, the patterns of mRNA expression 

differed among each other. mRNA levels of IL16, IL25, MMP9 and GMCSF 

displayed a noticeably increase  at high concentrations of prawn trypsin after 12 

hours, but could be caused by indirect stimulation from other substances. After 4 

hours incubation, IL16 and IL25 expressions showed maximum activation, up to 

10-fold and 5-fold, respectively. Furthermore, 50 pg/ml prawn trypsin was not 

only able to provoke maximum increasing of IL16 and IL25, but induces the 

highest expression of TSLP and IL6 for 6-fold and 4-fold. Interestingly, TSLP 

expression was still kept at the same level, almost 6-fold after 24 hours and 

caused by extremely low concentrations of prawn trypsin. There was no mRNA 

expression at all at 12 hours, thus it was highly likely caused by indirect 

activation as well. Compared with previous 6 cytokines expression, mRNA level 

of MCP1, IL8 and TNFα were enhanced slightly using 50 pg/ml prawn trypsin 

after 4 hours and fluctuate with minute amounts of prawn trypsin (5 fg/ml). 

Moreover, IL8 production stimulated by prawn trypsin and SLIGRL was 

measured by ELISA (Figure 5.8). The major release happened after 18 hours 

incubation (blue line), but the most IL8 production was observed after 24 hours 

(red line). It was almost 2 times higher than the medium control (left side red bar). 

In addition to this, SLIGRL was used as a positive control (right side bars) to 

compare IL8 release with prawn trypsin. 
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Figure 5. 8 Effect of purified prawn trypsin stimulation on the secretion of IL8 from A549 

cells. A549 cells (1   10
5
 cells/well) were seeded out in 24-well plate and after 24 h later 

starved with serum free medium, they were incubated with the indicated concentrations of 

purified prawn trypsin (PT) and 100 μM SLIGRL (control: medium alone). The supernatant was 

harvested 6, 12, 18, 24 hours later and was analysed for the presence of IL8 by ELISA. Results 

shown are means±SEM of experiments conducted 3 separate occasions. One-way repeated 

measures ANOVA followed by the Bonferroni‘s post-hoc test were applied for multiple 

comparisons. *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001 compared with medium alone. 
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5.3.6 Detection of MAP kinase signalling by purified prawn trypsin in A549 

cells 

  

Figure 5. 9 Stimulation of A549 cells with purified prawn trypsin leads to activation of 

Erk1/2. A549 cells were directly activated with purified prawn trypsin (PT: 0.05 pg/ml; control: 

medium alone) for various time periods prior to cells being lysed and examined by Western 

blotting. MAPK activation was assessed using phospho-specific antibodies for Erk1/2 and 

visualized using enhanced chemiluminescence with quantification by densitometry. Levels of 

Erk1/2 protein phosphorylation were expressed as a percentage of the total levels of Erk1/2 

protein being examined and normalized to the resting level of phosphorylation. Blots shown are 

representative of experiments conducted on 3 separate occasions whilst means ± SEM of all 3 of 

these experiments are shown in the graphical data. One-way repeated measures ANOVA 

followed by the Bonferroni‘s post-hoc test were applied for multiple comparisons. *P <0.05; **P 

<0.01; ***P <0.001; ****P <0.0001 compared with medium alone. 
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We already known that prawn trypsin was able to enhance phosphorylation 

of Erk 1 and 2 in non-IgE sensitized RBL cells (Figure 4.8 B). Since two totally 

different cell types were used for this study, we had to demonstrate that prawn 

trypsin can have similar effects on lung epithelial cells. The result from Figure 5.9 

are however slightly different from RBL cells (Figure 4.8 A and B), mainly due to 

the different responding time. The strongest expression (red box) was at 15 

minutes longer than anti-IgE activation, however much shorter than activation of 

RBL cells by prawn trypsin. Nonetheless, phosphorylation activated by prawn 

trypsin in A549 cells (Erk1:320% / Erk2:150%) was slightly stronger than in RBL 

cells (Erk1:150% / Erk2:150%). Consequently, it was notable that MAPK 

signalling pathway may be one of the important pathways to regulate cytokine 

production in A549 cells.  
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5.4 Discussion 

Trypsin is not only responsible for digestion of food in animal and human, 

but also highly relevant to blood coagulation, fibrinolysis, development, 

fertilization, apoptosis and immunity [9]. Therefore, we will discuss whether 

prawn trypsin has a biological function on the human respiratory organ. The very 

early research from Bang‘s group 2005 [10] reported seafood processing was 

highly associated with increased risk of occupational asthma. A few years later 

they indeed proved trypsin extracted from salmon might influence inflammation 

processes in the airways if inhaled in sufficient amounts. In our study, salmon 

trypsin molecular structure was much closer placed to crustacean trypsin than 

other vertebrate species, which indicated to us that prawn trypsin may be 

capable of activating airway epithelial cells as well as resulting in inflammation 

responses through the production and secretion of cytokines. Another indication 

is the special characteristic of prawn trypsin, for instance the low pI, low mass, 

autoproteolytic resistance, relative high optimum temperature (60˚C), all of these 

features reflect that prawn trypsin could exist in the environment for a long time 

and still keep the enzymatic activity. Consequently, in addition to seafood 

workers inhaling aerosols containing biological material which could trigger 

airway symptoms, the dual effects of aeroallergens such as house-dust mite 

(HDM) and cockroach, in allergenicity and proteolytic activity, clearly bring 

together defects in the epidermal barriers stimulating the immune system [11]. 

Many previous studies have demonstrated that trypsin derived from HDM, 

cockroach, parasite including the fish parasite Anisakis simplex [12], the dog 

hookworm Ancylostoma caninum [13], trigger the secretion of the 

pro-inflammatory cytokines via PAR activation from different immune cells, like 

lung epithelial cells [14], mast cells [15], eosinophils [16], keratinocytes [17], 

fibroblast [18]. Salmon trypsin stimulates the expression of IL8 via PAR2 [19]. 

However, closer comparisons between different seafood trypsins haven‘t been 

conducted due to lack of awareness in the seafood industry. This study provides 

complementary and contradicting results, which not only demonstrate that the 

purified prawn trypsin was able to induce various pro-inflammatory cytokines 

expression, but also, most importantly is that PAR2 and PAR4 expression were 

up-regulated by purified prawn trypsin. Similar conclusions can be drawn from 
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this study as in Zhang‘s study [15], establishing that cockroach allergen Per a 7 

could up-regulate PAR1-4 receptors due to the special trypsin activity present in. 

Furthermore, there is a potential risk to exacerbate asthma or chronic 

inflammatory patient‘s condition if they inhale prawn trypsin at the work place. 

Particularly since this study demonstrated that a Th2-type cytokine environment 

can promote PAR2 expression dramatically within 4 hours on epithelial cells. 

Similar enhancement of PAR expression by IL4 also could also be found on 

macrophages [20]. 

 

The development of occupational asthma or aggravation of inflammation 

generally starts from recruitment of epithelium-derived cytokines and the 

activation of immune cells which can further drive the Th2 response [21]. 

Epithelium-released IL25, IL33 and TSLP play a key role in affecting various cell 

types involved in the innate and adaptive immune responses such as DCs, 

CD4+ T cells, innate type 2 lymphoid cells and NKT cells. For instance, 

transgenic overexpression of IL25 induces Th2 cytokine expression in tissue and 

increases serum level of IgE antibodies [22-24]. IL33 possesses similar 

biological activities, but Oboki et al suggested that it may be only involved in 

early innate immunity rather than adaptive immune responses [25]. By contrast, 

TSLP seems to be a link between the innate and adaptive immune responses. 

Overexpression of TSLP together with administration of OVA antigen was 

essential to induce disease development in a murine model [26]. In our study 

IL25 and TSLP were significant increased after stimulation with prawn trypsin, 

which indicates clearly that exposure to prawn trypsin in the working 

environment could result in airway inflammation. There was no IL33 production 

(data not shown) after stimulated by prawn trypsin. This demonstrates that 

prawn trypsin did not impair epithelium cells, because IL33 is often released 

upon mechanical injury or UVB light treatment [27-29]. Apart from this, the 

cytokine IL16, a potent chemotactic stimulus for CD4+ T lymphocytes and 

eosinophils in asthma and other pulmonary diseases, was also detected [30]. 

However, the high level expression may be induced directly by prawn trypsin 

stimulation as well as indirect activation by TNFα generated by epithelial cells 

[30], which regulates reversely the IL16 expression. In previous studies, many 

researchers have demonstrated that a variety of exogenous allergenic proteases 
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triggered the release of IL6, IL8, GMCSF, MCP1 from human bronchial 

epithelium and the respiratory epithelial cells [31]. They are also significant 

modulators of epithelial function, but the expression level was lower than IL16, 

IL25 and TSLP. Besides those cytokines expression, MMP9 as zinc and 

calcium-dependent protease was very sensitive to prawn trypsin activation. This 

is another important biomarker to indicate tissue remodelling in the airway 

through their ability to affect the integrity of the basal lamina and the degree of 

infiltration by inflammatory cells [32]. 

 

However, which mechanism may lead to all these pro-inflammatory 

cytokines being expressed? Many studies have investigated that PAR2 

activation is involved in the modulation of inflammation in the lung [33]. PAR2 

activation induces two major signalling pathways: canonical G protein signalling 

and β-arrestin signalling. Importantly, Mitogen-activated kinase (MAPK) Erk1/2 

signalling is crucially involved in both pathways for the regulation of cell 

migration [34-36]. In our study, prawn trypsin can activate Erk1/2 

phosphorylation in a short period which means those pro-inflammatory cytokines 

or at least, part of secreted cytokines highly likely generated via PAR2 activation. 

If PAR2 activation mediates cytokine expression as in this study, the other 

downstream pathway needs to be investigated as well, including NFκB, p38 and 

JNK [37]. PAR2 mediated p38 and JNK activation was robust in fibroblast, 

cardiomyocyte and keratinocytes [37, 38]. In contrast, in smooth muscle, kidney 

epithelial cells and astrocytes PAR2 mediated activation of ERK signalling 

through the MAPK signalling cascade was vigorous [39-41]. This demonstrated 

PAR initiated cell signalling pathway depends on the different cell types 

examined or other external factors. Rallabhandi et al supported this statement 

when they analysed the signal transduction of PAR2 and TLR4 [42]. NFκB 

activation as a primary regulator of pro-inflammatory mediator genes has been 

reported through the cooperative action of PAR2 and TLR4. In addition, they 

concluded that the interactions between PAR2 and TLR4 demonstrated in their 

study on human embryonic kidney cells were likely to occur to different extents 

depending on the expression of each receptor and the local concentration of 

proteases and TLR4 agonists. Consistently, NFκB activation occurred in 
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mucosal epithelial cells, resulting from the cooperation between PAR2 and the 

TLR4, TLR2 and TLR3 [43].  

 

5.5 Conclusions 

In conclusion, this is the first study to identify and characterize trypsin 

derived from prawns. From in vitro study on human epithelium cells, we 

demonstrated this novel prawn trypsin could induce a variety of pro-inflammatory 

cytokines (see Figure 5.10), which in the later phase of allergic sensitisation may 

promote serum IgE production, resulting in Th2-type immune responses. PAR2 

activation may play a central role in controlling airway inflammation. Therefore, 

the findings presented in this study suggest that seafood processors are at risk 

of developing asthma or allergy at the workplace generated through aerosolised 

exposure to crustacean trypsin.   

 

 

 
 

Figure 5. 10 Diagram of PAR2 activation pathways of A549 cells by prawn trypsin. 
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