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Abstract 
 

Title of Dissertation: The Role of Protease Activated Receptor 2 (PAR2) in the Initiation 
and Maintenance of Type 2 Immunity. 

Jennifer Anne Bohl, Doctor of Philosophy, 2013 
 
Dissertation Directed by: Dr. Terez Shea-Donohue, Professor, Department of Medicine 

 

More than one third of the world’s population is infected with helminths with the 

highest prevalence in under developed countries. It is well established that helminth 

infection induces a highly polarized type 2 immune response in the host that is critical for 

helminth expulsion; however, the mechanisms by which host immunity is initiated are 

poorly understood.  Helminth infection up-regulation of type 2 cytokines, IL-4 and IL-13 

and induces alterations in gut function including an increase in intestinal permeability and 

a hyper-responsiveness of smooth muscle.  Helminths secrete a number of proteases that 

may be used as molecular mimics to interact with the host.  We identified a 26 kDa 

“trypsin-like protease” generated by helminths that interacts with host protease activated 

receptor 2 (PAR2).   PAR2 is expressed on structural and immune cells throughout the 

gut and is activated by proteolytic cleavage.    Proteolytic pathways are important to 

immune responses, but the contribution of PAR2 to the Th2 immune response against 

helminth infection is poorly understood.  The central hypothesis of this project is that 

helminth generated serine proteases activate PAR2 on host cells and play a pivotal role in 

the induction of host type 2 immunity.  To investigate this hypothesis, we propose the 

following aims; (1) to determine if helminths use molecular mimicry to interact with host 

proteolytic pathways and (2) to elucidate the role of PAR2 in the development of the type 

2-mediated protective immune response in vivo.  Our results indicate that nematodes 



secrete a trypsin-like serine protease that activates PAR2.  Sequence and sequence 

comparisons results demonstrate that this protease is similar to other common human 

trypsin-like proteases.  Finally, we identified a role for PAR2 in the both early and late 

stages of enteric nematode infection.  At early time points, PAR2 plays a role in the 

increased in intestinal epithelial permeability that acts to facilitate the passage of worm 

products across the mucosal barrier and contributes to the initial upregulation of type 2 

cytokines. At later time points, PAR2 mediates the smooth muscle response to neural 

stimulation that is part of the immune-mediated alterations in gut function that promote 

worm expulsion.    
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STAT6  Signal Transducer and Activator of Transcription 6 
UC     Ulcerative Colitis 
VAL   Venom Allergen/ASP-Like 
WT    Wild Type  
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Chapter 1: Introduction 

Helminth Infection and World Health 

Currently, 24% of the world’s population is infected with helminths8.  Helminth 

infection is also the cause of 40% of global morbidity in children9.  Infections are 

common in tropical and subtropical areas such as Sub-Saharan Africa and East Asia9.  

Symptoms of a helminth infection can range from asymptomatic to diarrhea, anemia, and 

malaise, depending on the parasite burden and the host response.  Infection in children 

can cause problems with growth and physical development10.   

Soil-transmitted helminths include the large roundworm (Ascaris spp.), 

whipworms (Trichuris spp.) and hookworms (Ancylostoma spp. and Necator spp.).  

Hookworms, in particular, are one of the most prevalent types of human helminth 

infection in the world 11 (Figure 1.1).  The major clinical symptoms of hookworm 

infection are anemia and malnutrition because they feed on the blood of the host causing 

blood loss and damage the absorptive surface of the small intestine leading to nutrient 

malabsorption12.   

Drugs to treat helminth infection are anti-helminthic medications.  For example, 

Albendazole and Mebendazole represent a class of benzimidazole drugs that inhibit 

helminth microtubule polymerization and prevent glucose absorption.  While anti-

helminthic drugs are effective in treating an active infection they do not protect against 

re-infection, particularly in areas where infection is endemic9. Anti-helminthic drug 

resistance is a major problem for the control of parasites and that alternative strategies are 

needed; which will require a better understanding of the host and parasite relationship13. 
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Experimental  Models of Helminth Infection 

 Nippostrongylus brasilliensis (N. brasiliensis) is a model of human hookworm 

that infects rodents (Figure 1.2).  Nippostrongylus brasiliensis goes first through a free-

living life cycle as eggs deposited in soil with feces from the infected host. The eggs then 

develop into a first-stage larva (L1) followed by a second-stage larva (L2), and finally 

into an infective third-stage larva (L3).  As L3, N. brasiliensis penetrate the host skin and 

enter the vasculature where they migrate through the heart and into the lungs and become 

trapped in the lung capillaries14.  Nippostrogylus brasiliensis then penetrate the lung 

alveoli and cause inflammation, mice to cough up  and swallow the larvae then enter the 

gastrointestinal tract (GI)14.   In the small intestine, the larvae mature into adults, mate, 

and produce eggs which are then passed in the feces, restarting the cycle14.   

The migration of N. brasiliensis through the vasculature to the lung causes 

extensive tissue damage.  Innate immune cells such as macrophages, eosinophils, and 

neutrophils are recruited rapidly to the lungs to repair the damage15.  Interleukin (IL)-17 

is involved initially in neutrophil recruitment; however, prolonged up-regulation of IL-17 

leads to further inflammation and tissue damage 16, 17.  It is believed that the Th2 cell-

derived type 2 cytokines, IL-4 and IL-13, are necessary to control inflammation and 

contribute to the tissue healing process18.    

Heligmosomoides bakeri (formally known as H. polygyrus) is another model of 

human enteric helminth infection (Figure 1.2).  The infection begins upon ingestion of 

infective L3, which enter the small intestine, penetrate the submucosa, and form a cyst19. 

After approximately 7 days, the mature adults exit the cyst, enter the lumen, and mate19.  

Heligmosomodies bakeri attach to the epithelial cells of the small intestine and  
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Figure 1.1.  Distribution and prevalence of hookworm infection throughout the world.  This 
distribution pattern is also common for most helminth infection in humans.  Infection is most 
prevalent in subtropical areas and has been nearly eradicated in industrialized countries. 
Adapted from Hotez et al.4. 
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feed on luminal contents20.  They then release fertilized eggs that exit with host feces and 

begin the free-living life cycle with development into an infective L3.  Unlike N. 

brasiliensis, H. bakeri is a chronic infection and persists in the host for months.  

Protective immunity is typically studied by an anti-helmintic clearance of the primary 

infection followed by a secondary infection of H. bakeri which is expelled by the host 

within 14 days due to a memory response generated from the primary infection19.    

Trichuris muris (T. muris) has an oral/fecal life cycle similar to H. bakeri (Figure 

1.2); however, they preferentially colonize the cecum and proximal colon.  The infective 

stage of T. muris are eggs containing L1 that are ingested and hatch in the ileum and 

cecum. The larvae penetrate the mucosal epithelium and go through 3 molts, slowly 

transitioning from the epithelial cytoplasm to extending into the gut lumen21.  After 

approximately 32 days, the adults emerge fully extended into the lumen while still 

attached to epithelial cells and mate and release fertilized eggs into the host feces21.  

Hayes et al. discovered that T. muris requires bacteria from the host intestine to promote 

egg hatching22.  Trichuris muris can be established in genetically susceptible mice such 

as BALB/k and AKR both of which have a susceptible H-2K haplotype.  These mice 

generate a more pro-inflammatory Th1-related response which promotes the chronicity of 

the T. muris infection23.    

Trichinella spiralis (T. sprialis) is an helminth infection where infective L1 can 

persist from months to years in host skeletal muscle24 (Figure 1.2).   Trichinella sprialis 

enters the host when the host ingests the skeletal muscle of infected animals.   The acid in 

the stomach breaks down the protective cysts in striated muscle that contain the infective 

L1.  Once in the small intestine, there is rapid development into mature adults that 



5 

 

  

 

Figure 1.2.  Experimental 
models of Helminth infection.  
Individual infections described 
in detail under section “Animal 
Models of helminth infection.”  
Helminth photos are from 
Claire Hoving (N.brasiliensis, 
http://www.nature.com/emboj/j
ournal/v27/n7/covers/index.htm
l), Constance Finney (H. bakeri 
http://babayan.bio.ed.ac.uk/mod
els/models.html), James 
Liberatos (T. muris, 
http://www.latech.edu/ans/facul
ty-staff/liberatos-james-
d/parasite-pictures.shtml) and 
from trichinella.org(T. spiralis). 
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produce  newborn larvae  that migrate through the intestine to the vasculature to 

eventually encyst in skeletal muscle24.   

Host Response to Infection: Type 2 Immunity 

Helminth infection evokes a highly polarized type 2 immune response, which is 

CD4+ T cell-dependent25, 26.  Mice treated with anti-CD4 antibodies undergo prolonged 

primary helminth infection25.  In addition, adoptive transfer of CD4+ T cells from 

previously infected mice mediates protection to T. sprialis infections27.   Inflammatory 

cytokines, IL-12 and IFNγ, promote the survival of helminths during infection14, 28, 29.  

Administration of IL-12 during a N. brasiliensis infection inhibited type 2 cytokine 

production and worm expulsion29.  Finally, IL-4 promotes protective immunity against 

helminth infections.  This can be seen clearly in T. muris and H. bakeri infections in 

which anti-IL-4 antibodies increase adult helminth survival and egg production30.  The 

importance of IL-4 in N. brasiliensis infection is less evident; however, treatment of 

immune-compromised (i.e., SCID mice) N. brasiliensis-infected mice with recombinant 

IL-4 causes expulsion of N. brasiliensis, which would otherwise be chronic in this 

model31.   

 

IL-4 and IL-13 Signaling Pathways 

Helminth infection causes stereotypical changes in gut function that are primarily 

orchestrated by the major type 2 cytokines, IL-4 and IL-13.  The hallmark functional 

changes during enteric helminth infection are intestinal permeability, smooth muscle 

hyper-contractility, goblet cell hyperplasia, and intestinal hypo-secretion.  IL-4  
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Figure 1.3.  IL-4/IL-13 receptors and signaling pathways.  IL-4 has two receptors, one 
composed of IL-4Rα and the common γ chain and one receptor comprised of the IL-4Rα and 
IL-13Rα1 subunit that it shares with IL-13.  IL-13 has two receptors as well i.e., the receptor 
it shares with IL-4 and the IL-13 “decoy” receptor made up of only one subunit IL-13Rα 2.  
These receptors signal through the JAK/STAT pathway, specifically through STAT6 which 
is the major transcription factor for type 2 immunity.  Adapted from Holgate1.   
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and IL-13, the major Th2 cytokines, work through STAT6 to promote gene transcription 

of molecules which alter gut function and are necessary for proper expulsion.   

IL-4 has two functional receptors (IL-4R).  The type I IL-4R consists of a 

common gamma chain and an IL-4Rα chain, while the type II IL-4 receptor, which also 

binds IL-13, is a dimer of the IL-4Rα chain and the IL-13Rα1 chain (Figure 1.3).  IL-4 

and IL-13 have a number of redundant effects during helminth infection because they 

share the type II IL-4R.   IL-13 has an additional receptor the IL-13Rα2, which is 

comprised of only the IL-13Rα2 chain.  IL-13Rα2 can bind IL-13 but is generally 

believed not to induce signaling.    Fichtner-Feigl et al., however, reported that in the 

presence of TNF-α, IL-13 can induce signaling through the IL-13Rα2 decoy receptor 

resulting in transforming growth factor-β signaling leading to fibrosis32.    IL-4 is critical 

to expulsion in H. bakeri and T. muris infection while it plays a less of a role in N. 

brasiliensis infection. IL-4 is associated with stimulation of the IgE, mastocytosis, up-

regulation of type 2 cytokines and activation of T cells30, 33, 34.  Although IL-4 is 

necessary for the accumulation of mast cells in the mucosa during infection, mastocytosis 

is not entirely dependent on STAT6 as other cytokines, including IL-3 and IL-9, also play 

key roles.  In addition, mast cells can produce type 2 cytokines themselves, contributing 

to the type 2 response35.  Mast cells release mediators, such as mast cell protease 

(mMCP-1) in mice and tryptase in humans, that can affect epithelial barrier function and 

lead to the accumulation of fluid in the lumen of the gut that promote expulsion36.      

  IL-13 has many similar effects to IL-4 and plays a greater role in N. brasiliensis 

infection.  IL-13-deficient mice infected with N. brasiliensis, display delayed expulsion 

and reduced goblet cell hyperplasia, a key feature during infection37.  Goblet cell 
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hyperplasia and increased mucus secretion results in prevention of helminth attachment 

and increased fluid in the lumen, both of which aid in expulsion37.   In addition to goblet 

cell hyperplasia, IL-13 is required for the production of RELMβ, a glycoprotein produced 

by goblet cells.  RELMβ, also known as FIZZ2, was shown to bind to helminths and 

interfere with chemotaxis towards host tissue, as a component of expulsion of N. 

brasiliensis and T. muris infections38. 

  Two of the most critical features of helminth expulsion are smooth muscle hyper-

contractility and mucosal permeability.  IL-4 and IL-13 contribute to smooth muscle 

hyper-contractility via nerve stimulation, whereas IL-13 alone contributes to 

acetylcholine induced changes in smooth muscle function during infection39.  Mucosal 

permeability provides the passage of fluids and antigens in and out of the lumen, which 

both initiates and promotes expulsion.  This effect was shown to be STAT6-dependent, as 

exogenous administration of IL-4 and IL-13 failed to increase mucosal permeability in 

STAT6-deficient mice40.  Alternatively activated macrophages (AAMθ) are also critical   

to expulsion and depend on IL-4 and IL-13 working through STAT6 for activation during 

infection.  They are important for infection-induced changes in smooth muscle as the 

hyper-contractility was absent in wild type (WT) mice depleted of AAMθ41.  In addition, 

AAM θ generated growth factors such as IGF-1 that mediate the increase smooth muscle 

thickness during infection41.    

Innate Cytokines Produced during Helminth Infection 

 The study of epithelial-derived cytokines associated with helminth infection, 

namely IL-25, IL-33 and thymic stromal lymphopoietin (TSLP), has increased in the last 

several years (Figure 1.4).  IL-25 is a member of the IL-17 cytokine family whose other 
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members are typically found in type 1 immunity.  IL-25 deficient (IL-25-/-) mice have 

impaired helminth expulsion and epithelial cells, not immune cells, produce IL-25 in the 

small intestine during infection42.  Infection-induced IL-25 production has been shown to 

be dependent on transcription factor, STAT6, and type 2 cytokine IL-13.  Exogenous IL-

25 can up-regulate both IL-4 and IL-13 expression.  From these studies, it is thought that 

IL-13 and IL-25 work together during helminth infection in a “double positive feedback 

mechanism.”  Furthermore, IL-25-/- mice show impaired smooth muscle contractility to 

electrical field stimulation (EFS), which mimics nerve activation, and acetylcholine42.  

They also had significantly less mucosal permeability42.  Smooth muscle contractility and 

mucosal permeability were both increased following treatment of WT mice with IL-2542.  

These results demonstrate that IL-25 plays a significant role in infection-induced changes 

that promote expulsion.  

 IL-33 is a member of the IL-1 family and is expressed by epithelial and 

endothelial cells, adipocytes, and immune cells, such as macrophages and mast cells43-45.  

IL-33 induces IL-4, IL-13 and IgE production along with goblet cell hyperplasia during 

helminth infection46.  IL-33 has also been associated with lung pathologies such as 

asthma and allergy47, 48.  Mast cells, basophils and innate immune cells such as nuocytes 

express receptors for IL-33 and upon activation respond by producing IL-4 and IL-1349-

51.  We showed previously that IL-33 can induce AAMθ in a STAT6, IL-4 and IL-13-

independent manner52.   Furthermore, administration of IL-33 to uninfected mice induced 

smooth muscle hyper-contractility, increased mucosal permeability, and changes in 

epithelial secretion and absorption that were similar to that seen during infection  
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Figure 1.4.  The role of innate cytokines during 
helminth infection.  IL-25 is secreted by intestinal 
epithelial cells and macrophages during helminth 
infection and works through nuocytes and macrophages 
to generate IL-13.  IL-33 is generated by intestinal 
epithelial cells, mast cells and macrophages during 
infection and works through nuocytes and mast cells to 
generate IL-13.  In addition, IL-33 stimulates goblet 
cells to produce Relmβ that promotes expulsion.  TSLP 
is generated by intestinal epithelial cells and has similar 
effect as IL-33.  However not shown here, the major 
target for TSLP is dendritic cells.  Adapted from Taylor 
et al. 3. 
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and in response to administration of exogenous IL-4 or IL-1340, 52.  These results indicate 

that IL-33 alone can induce many of the functional changes necessary for expulsion, and 

that IL-33 effects are comparable to those of IL-4 and IL-13.   

Thymic stromal lymphopoeitin (TSLP) is an IL-7-like cytokine produced mainly 

by epithelial cells, basophils, and mast cells during helminth infection (Figure 1.4).  

TSLP is induced by allergens, helminth-derived products and type 2 cytokines IL-4 and 

IL-1353.   The major target for TSLP is dendritic cells, T-cells, basophils and mast cells53. 

TSLP’s major functional role during infection is suppression of IL-12 production and 

production of IL-4 and IL-13. TSLP is required for expulsion of T. muris, but plays less 

of a role in H. bakeri and N. brasiliensis infection54.  During T. muris infection, TSLP is 

produced by epithelial cells and is associated with NF-κB activation.  In IKKβ-/- mice 

(IKK β is an NF-κB regulator), T. muris infection fails to be expelled and this is due to the 

lack of TSLP expression and failure to up-regulate the type 2 cytokine response55.         

 

Benefits of Helminth Infection on Allergy and Inflammatory Bowel Disease 

The inverse relationship between helminth infection and allergy and autoimmune 

disease was discovered as part of an epidemiological observation56.  In the 1940’s the US 

eradicated helminth infection because of improvements in personal hygiene, sewage 

systems, and paved roads57.  Around the same time the incidences of inflammatory 

disease significantly increased.  Conversely, it was observed that areas endemic with 

helminth infection had no reported cases of inflammatory diseases58.  Scientists 

concluded that the lack of exposure of the immune system to pathogens which drive a 

type 2 and a regulatory immune response to parasitic infection caused the immune system 



13 

 

to be altered and prone to type 1 inflammation59.  The strong type 2 immune response to 

helminth infection has been used to explain the beneficial effect of infections in diseases 

such as allergy, asthma, and inflammatory bowel disease (IBD)59.  This may be caused by 

a strong immunosuppressive response, characterized by development of T-regulatory 

cells (T regs) and increases in cytokines IL-10 and transforming growth factor β (TGFβ), 

induced by helminth infection60.  

There was a lower incidence of overt skin allergy in children infected with the 

parasitic trematode Schistosoma mansoni (S. masoni)61.  A similar inverse relationship 

was found with asthma and hookworm infection in children62.  In animal models, H. 

bakeri infection down-regulated the response to a food allergen (peanut), and this 

response was reversed when IL-10 signaling was blocked by anti-IL-10 antibody63.  In 

another animal model, H. bakeri infection caused a significant reduction in an allergic 

response of airways in mice to a common allergen Der P1 (dust mite allergen); T regs 

were implicated in the reduced hypersensitivity to this allergen64.   

Inflammatory bowel disease is a chronic inflammatory pathology with two major 

forms, Crohn’s disease (CD) and ulcerative colitis (UC),   IBD is considered an 

autoimmune disorder that is associated with destruction of healthy intestinal tissue by the 

host immune system.  Several animal models highlight the benefits of helminth infection 

on IBD.  We demonstrated previously that H. bakeri infection was beneficial during 

trinitrobenzene sulfonic acid (TNBS)-induced colitis, as H. bakeri infection prevented the 

up-regulation of the characteristic type 1 cytokine inflammatory response 65.  

Schsitosoma masoni infection also attenuated TNBS-induced inflammation, reducing 

IFNγ production while increasing IL-4 production, resulting in decreased mortality (68%-



14 

 

28%)66.  The most important studies linking the benefits of helminth infection with 

reduced disease severity in IBD are studies involving human patients.  Trichuris suis (T. 

suis, the pig parasite species comparable to T.muris in mice) eggs was reported to have 

beneficial effects in IBD patients.  In a preliminary study published in 2003, patients with 

active CD and UC were given 2500 live T. suis eggs orally. Almost all patients with CD 

had remission after treatment with helminths and UC patients also had reduced clinical 

disease symptoms and remission in many cases67.  These examples support a positive role 

for helminth infection in the immunosuppression of allergy and IBD; however, the 

factors which initiate the beneficial effects from helminths have yet to be determined.  

Interestingly, TSLP was shown to be beneficial in inflammatory bowel disease (IBD) in 

that it conditions DC to maintain a type 2 immune response rather than a type 1 immune 

response, common in IBD68.  Furthermore, in a study by Iliev et al., colonic samples from 

healthy control patients expressed TSLP where 70% of IBD patients did not69. 

Helminth Products 

There is a growing interest in identifying secreted molecules from helminth 

excretory/secretory products (ESP) that can interact with the host immune system.  

Identification of helminth products may provide therapeutics for the treatment of allergy 

and autoimmune disease and help vaccinate populations with endemic helminth 

infections.  A variety of products have been identified, including proteases, venom 

allergens, and host protein mimetics.  Only recently have helminth genomes been 

sequenced, allowing for the identification of helminth-generated products to be possible.    

Ascarosides are small molecules originally identified in Caenorhabditits elegans 

(C. elegans).  A larger study found that they are widely produced by helminths both free 
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living and parasitic such as N. brasiliensis and Ascaris suum.  In C. elegan, ascarosides 

were found to aid in mate finding and aggregation.  These small molecules are being 

studied further in other helminths for their potential to interfere with survival of parasites 

and therefore be used as an anthelminthics70.   

Venom allergens were first described to be secreted by a parasitic hookworm in 

199671.  This family of proteins is called specifically “Venom allergen/ASP-like (VAL) 

gene family” 72.  They are classified based on their sperm coating protein-1 (SCP-1) 

domain.  They have since been identified in H. bakeri, and S. masoni73, 74.  No function 

has been discovered for this family of proteins; however, there is interest in their utility as 

vaccine candidates because they are ubiquitously expressed75.  

The most well characterized parasitic helminth product is Omega-1, a 

glycoprotein secreted by S. masoni eggs76.  To date, this is the only known helminth 

protein that can condition dendritic cells to initiate a type 2 immune response76.  Omega-

1 represents a major discovery in the field of parasitology and is the first helminth-

generated product to be fully characterized.   

A number of other worm-generated products have also been identified.  

Heligmosomoides bakeri secretes a TGFβ mimetic that can activate T regs.  It is believed 

that this is one way H. bakeri infection can remain chronic, due to its suppression of the 

immune system through T reg cells19.  Trichinella spiralis was found to secrete a de-

ubiqutinated enzyme orthologous to a human protein that can interact with the 

proteasome.  It may be a therapeutic target for the treatment of a T. spiralis infection77.    

Before helminth genomic data was available, much work was done to identify 

helminth generated proteases.  Parasitologists were interested in the role of helminth 
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proteases during molting, tissue invasion and defense78.  In 1991, Healer et al. determined 

the protease profile of larval and adult stages of N. brasiliensis79.  They established that 

the major protease produced by N. brasiliensis in larval and adult stage was a 

metalloprotease79.  In a large proteomic study of H. bakeri ESP, researchers identified 

aspartic, metallo-, cysteine and serine protease74.   Park et al. discovered and 

characterized an aspartic protease secreted by T. spiralis80.  Hasnain et al. discovered a 

serine protease secreted by T. muris that was able to degrade the mucin component of the 

mucous barrier on the intestine, specifically MUC2, making the intestinal mucus barrier 

more susceptible81 to infection.    Interestingly, this protease was not able to degrade 

MUC5AC, which is necessary for expulsion of T. muris81.  In healthy mice, MUC5AC, is 

not expressed in the small intestine, but is induced during helminth infection and is 

necessary for worm clearance in several models of parasitic helminth infection82.    In 

addition to proteases, helminths secrete protease inhibitors, mainly cystatins and 

serpins83, 84.   Cystatins are thought to inhibit protease processing by antigen presenting 

cells85.  A serpin from B. malayi, a microfilariae helminth, was shown to inhibit 

neutrophil elastase and cathepsin G86.  Interestingly, it has a non-enzymatic role in 

driving a type 1 immune response seen in this B. malayi infection86.   There is still much 

to be discovered about the products generated by helminths and ongoing sequencing 

projects will help in these discoveries.   
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Protease Activated Receptor 2 (PAR2)  

 PAR2 is a G-protein coupled receptor that is activated by proteolytic cleavage 

(reviewed in Shpacovitch et al.87).   PAR2 is a member of the PAR family that consists of 

PAR1, PAR3 and PAR4.  The various PAR family members have different profiles of 

downstream signaling pathways and are activated by different types of proteases.  PAR1, 

3 and 4 are cleaved by thrombin, factor Xa and APC, while PAR2 is cleaved by trypsin-

like serine proteases (Figure 1.5).  PAR2 is expressed by a number of immune and 

structural cells throughout the body.  Immune cells that express PAR2 include 

neutrophils, mast cells, T cells, eosinophils, macrophages and dendritic cells87.   PAR2 

activation on neutrophils leads to enhanced motility, prolonged survival and secretion of 

IL-8 and IL-688, 89.  Mast cell activation through PAR2 results in a concentration 

dependent increase in histamine release90, 91.  Recently, it has been shown that CD4+ T 

cells lacking PAR2 had reduced production of IL-4 in OVA-induced airway 

inflammation92.   

Epithelial cells, smooth muscle cells, endothelial cells, fibroblasts, and neurons 

are among the structural cells that express PAR2.  On nerves, PAR2 was shown to cause 

neurogenic pain and inflammation93, 94.  Activation of PAR2 on epithelial cells has been 

shown to increase mucosal permeability and intestinal secretion.  PAR2 on endothelial 

cells is critical to the coagulation cascade.  The extrinsic coagulation cascade is initiated 

by tissue factor (TF), an integral membrane protein which binds factor VIIa and converts 

factor X to Xa.  The TF-VIIa complex is a serine protease complex that can activate  
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Figure 1.5.  Catalytic mechanism for serine protease cleavage.  The serine 
protease catalytic triad is made up of serine, histidine and aspartic acid.  Serine 
has an –OH group that acts as a nucleophile which attacks the carbonyl carbon in 
the peptide bond being cleaved.  Histidine coordinates the cleavage of the peptide 
bond with serine because histidine’s nitrogen accepts the –H from the –OH group 
from serine.  Aspartic acid hydrogen bonds with the histidine making the –N 
more negative and ready to accept the proton from water (which is also involved 
in this reaction).  Reproduced from Hedstrom 2. 
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PAR2.  The activation of PAR2 on endothelial cells by TF-VIIa is linked to cell motility 

through the activation of integrins95.  Finally, PAR2 expression on smooth muscle cells 

has been primarily studied in endothelial and airway smooth muscle.  In airway smooth 

muscle cells, PAR2 activation was shown to induce smooth muscle contractility96. 

PAR2 Activation  

 PAR2 is activated by cleavage of its N-terminus, revealing a neo-tethered ligand 

that can bind the second loop of the receptor and initiate down-stream signaling through 

conformational changes in the receptor.  The neo-tethered ligand sequence revealed after 

proteolytic cleavage is SLIGRL in mice and SLIGKV in humans (Figure 1.6).   Upon 

activation, PAR2 is rapidly endocytosed and broken down in the lysosome.  Replacement 

of the receptor comes from intracellular pools of PAR2 that integrate into the cell 

membrane.  The specific proteases that cleave PAR2 are listed in Table 1.1.  In addition 

to trypsin-like proteases, two cysteine proteases have been identified to activate PAR2: a 

bacterial cysteine gingapain97 and house dust mite cysteine protease, Der P198.   In 

addition to proteases, synthetic peptides are widely used to activate PAR2 in an 

experimental setting.  These peptides, also known as PAR2-activating peptides (PAR2-

AP) correspond to the tethered ligand sequence, SLIGRL-NH2 (mouse) and SLIGKV-

NH2   (human).   More potent and stable PAR2-APs  were created by adding a 2-furoyl 

group in place of the serine at the N-terminal of the original peptide creating 2-furoyl-

LIGRL-NH2
99 and by adding an ornithine group to Kawabata’s design, creating 2-furoyl-

LIGRLO-NH2 which is 300 times more potent than SLIGRL-NH2
100.   
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PAR2 Signaling 

PAR2 couples to G-protein coupled proteins Gαq, Gαi and Gα12/13.  Gαq leads to 

calcium activation through phospholipase C (PLC).  Other signaling pathways that work 

through G-proteins and are associated with PAR2 include mitogen activated protein 

kinase (MAPK) that leads to proliferative cellular responses, and nuclear factor kappa B 

(NFκB), that leads to an inflammatory response (Figure 1.7).  β-arrestins are used to turn 

off G-protein signaling pathways, but have also been associated with downstream 

signaling via ERK1/2101.   β-arrestin was also shown to work with cofilin to cause G-

protein independent chemotaxis via PAR2101, 102.  Cofilin is also associated with 

permeability of intestinal epithelial cells through the redistribution of tight junction 

proteins103.   

 The final step in PAR2 signaling is the termination of the signaling pathway or 

desensitization of the receptor.  Unlike most GPCRs, PAR2 is phosphorylated, not by G-

protein receptor kinases (GRKs), but by protein kinase C (PKC) isoforms104.  PKC 

phosphorylates the receptor and causes desensitization by initiating signaling termination 

of the receptor by increasing the affinity of the receptor to β-arrestin105.   Next, β-arrestin 

binding to PAR2 causes receptor internalization to the early endosome.  Finally, PAR2 is 

ubiquitinated, after which it is trafficked to the proteosome where it is degraded, thereby 

preventing it’s recycling to the cell surface. The internalization of PAR2 provides a 

mechanism to prevent sustained PAR2 signaling.  Re-sensitization of PAR2 is not well 

understood; however, it is known that the receptor can be re-sensitized from pools of 

PAR2 that reside in the cytoplasm.  Taken together, these data indicate that PAR2 

signaling is a tightly controlled process.
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Table 1.  List of proteases which activate or disarm 
PAR2.  Adapted from Adams et al.6. 
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Figure 1.6.  Activation of human PAR2.  PAR2 is activated by proteolytic 
cleavage of its N-terminus.  The cleavage site is after an arginine residue and the 
cleavage reveals a neo-tethered ligand which can now act as a tethered ligand 
and bind to the second loop of the PAR2 receptor. Adapted from Steinhoff et al.7. 
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Figure 1.7.  PAR2 signaling pathways.  PAR2 is G-protein coupled 
receptor which activates a variety of signaling pathways, ERK, NFκB, and 
calcium.  Signaling through PAR2 is terminated by β-arrestin signaling to 
endocytose the activated PAR2 receptor and is sent to the proteosome for 
degradation.  Adapted from Rothmeier et al.5 . 
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PAR2 can also signal in conjunction with other receptors.  PAR2 and Toll-like 

Receptor 4 (TLR4) have been shown to enhance production of IL-8 via NF-κB 

signaling106.  TLR3 and TLR2 can work with PAR2 to enhance NF-κB signaling107.  In 

intestinal epithelial cells PAR2 can trans-activate EGFR to increase epithelial 

permeability108.  In addition to signal cooperation, other proteases can “disarm” PAR2; 

i.e., cleave the receptor in any place other than at R36 and prevent receptor signaling109.  

Proteases that disarm PAR2 are listed in Table 1.1.  The complexity of GPCR activation 

and downstream signaling events also includes “agonist biased signaling”109.  For PAR2, 

downstream signaling was observed to be very specific to the agonist that activates the 

receptor.  For example, it was determined that the first two amino acids in the tethered 

ligand sequence (Ser and Leu) are necessary for calcium signaling while a synthetic 

peptide with only these two amino acids mutated was unable to activate the calcium 

signaling pathway.  These results indicate that downstream signaling is sensitive to the 

way the receptor is activated by its own proteolytic cleavage of the tethered ligand or by 

the synthetic peptide that activates without cleavage.   

 

PAR2 under Pathophysiological Conditions 

PAR2, Inflammatory Bowel Disease and Irritable Bowel Syndrome 

Inflammatory bowel disease (IBD), described previously in the previous section 

“benefits of helminth infection on allergy and inflammatory bowel disease”, is an 

autoimmune disease of the intestine characterized by moderate to severe inflammation.  

Fiorucci et al. found that PAR2 was actually an anti-inflammatory signal for an animal 
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model of colitis110.  In a TNBS induced-colitis mouse model, treatment with PAR2-AP 

reduced the mucosal damage in a dose dependent manner.  It was determined that  

PAR2-AP directly inhibited IFN-γ secretion by CD4+  T cells from the colonic lamina 

propria111.  This is one of the few studies in which PAR2 was found to be anti-

inflammatory.  PAR2 has been linked mainly to inflammation in patients and models of 

IBD.  One study, found that PAR2 was over-expressed in mast cells of patients with UC 

and that PAR2  activation of human mast cells with PAR2-AP caused the release of 

tumor necrosis factor (TNF)112.  Hansen et al. found that in mice with infectious 

Citrobacter rodentium-induced colitis, there was a greater inflammation in WT mice than 

in PAR2-deficient (PAR2-/-) mice or mice treated with soybean trypsin inhibitor113.    

These results indicate that PAR2 can play anti-and pro-inflammatory roles in both human 

and animal models of IBD. 

Irritable bowel syndrome (IBS) is characterized by gut and motor dysfunction. 

Symptoms include cramping, abdominal pain, and changes in bowel movements.  

Typically, individuals displaying these symptoms will be tested for IBD and celiac 

disease and results will be negative.  Many studies have linked increased serine protease 

activity and PAR2 expression to the symptoms of IBS.  Gecse et al. reported that  fecal 

samples from patients with IBS had greater serine protease activity and the supernatant 

from these samples was capable of causing pain and increased permeability of the colonic 

mucosa of naive mice114.  These effects were inhibited by serine protease inhibitors and 

were not observed in PAR2 deficient mice treated with these same supernatants.  These 

results are supported by the observation that PAR2 activation leads to increased 
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permeability in the colon and visceral hypersensitivity (hypersensitivity of enteric nerves 

to stimuli)115. 

PAR2 and Celiac Disease 

Gut permeability is believed to be an initiating factor in a number of pathologies 

including celiac disease108.  Celiac disease is an autoimmune disorder which by gliadin, a 

glycoprotein found in wheat and other grains.  The presence of gliadin peptides in celiac 

patients results in autoimmune destruction of intestinal mucosa116.  In 2008, Tripathi et al. 

discovered that pre-haptoglobin 2 (pre-HP2), also known as zonulin, increased intestinal 

permeability and was up-regulated in diseases characterized by tight junction dysfunction 

such as celiac disease and type 1 diabetes108.  Interestingly, it was discovered that pre-

HP2 contained an epidermal growth factor (EGF) motif.   PAR2 was then implicated in 

this effect because Zot, the bacterial equivalent of zonulin, contained a PAR-AP-like 

sequence.   Studies using PAR2-/- mice and PAR2 siRNA knockdown of PAR2 in Caco2 

cells showed that pre-HP2 trans-activated EGFR through a PAR2-dependent mechanism.  

These results again highlight the importance of PAR2 in regulating intestinal 

permeability in autoimmune pathologies.     

PAR2 and Helminth Infection 

PAR2 has been studied in of the context of N. brasiliensis and in T. spiralis 

infection117, 118.  Park et al. found that T. spiralis could not elicit a full type 2 immune 

response in PAR2-/- mice118.  Th2 cytokines IL-4, IL-5 and IL-13, along with IgE levels, 

were all reduced in PAR2-/- mice compared to WT T. spiralis-infected mice.  In addition, 

the ESP  from T. spiralis exhibited proteolytic activity that was inhibited by serine 

protease inhibitor, phenylmethanesulfonylfluoride (PMSF), and the cysteine/serine 
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protease inhibitor, leupeptin118.  When ESP was added to mouse CT-26 intestinal 

epithelial cells, both TSLP and IL-25 expression were up-regulated. The results indicate a 

role for serine proteases in the up-regulation of early type 2 cytokines associated with 

helminth infection.  Initial studies on the role of PAR2 in N. brasiliensis infection were 

reported by Devlin et al.117.  They found that N. brasiliensis-infected PAR2-/- mice had 

higher egg production compared to WT infected mice and lower levels of IgE similar to 

the T. spiralis study117.  

We showed previously that PAR2 expression was up-regulated in a STAT6-

dependent manner during infection119.  This effect was particularly important in the 

smooth muscle response during infection because there was greater smooth muscle 

contractility to PAR2-AP in N. brasiliensis-infected mice than in control mice.  This 

effect was attributed to an up-regulation of PAR2 expression on enteric nerves and/or 

smooth muscle during helminth infection causing a greater smooth muscle response to 

PAR2-AP.  Uninfected-WT mice showed significant PAR2 expression by 

immunohistochemistry on the apical surface of intestinal epithelial cells (IEC) that was 

absent in N. brasiliensis-infected IECs day 9 post infection119.  This led us to speculate 

that helminths generate a protease that can activate PAR2, thereby causing receptor 

desensitization.  This may be a mechanism to reduce receptor signaling in the presence of 

constant agonist exposure.  



28 

 

Specific Aims 

The adaptive immune system has evolved to protect the host from a wide range of 

pathogens.  Bacteria and viruses are combated by the release of type 1 cytokines such as 

TNFα, IFNγ, and IL-12.  The host immune response to helminth infection is 

characterized by release of type 2 associated cytokines IL-4 and IL-13.  These cytokine 

profiles are essential to host defense, and dysregulation of either has harmful 

consequences for the host.  The “hygiene hypothesis” is an effort to explain the 

phenomenon that industrialized countries have a decrease in helminth infection 

coincident with the rise in inflammatory and autoimmune diseases120.  Clinical trials 

investigating the use of helminths to treat IBD have found that helminth infection 

reduced disease scores in IBD patients67.  For this reason, it has been proposed that 

therapies based on helminth products may offer a novel mechanism to restore the balance 

to immune system pathologies.  To avoid the potential hazards of actual infection, 

research has focused on the mechanisms by which helminths modify the host immune 

responses121.   

The cellular and molecular interactions involved in the promotion and 

maintenance of the immune responses during infection are well studied; however, there is 

less information about the mechanisms involved in the initiation of the Th2 response.  

This has fostered a growing interest in the identification of the components of helminth 

secretions recognized by the host.       
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The overall hypothesis of this project is that helminth-generated serine 

proteases activate PAR2 on host cells and play a pivotal role in the induction of host 

type 2 immunity.  

  This hypothesis will be addressed in two specific aims: 

Specific Aim 1: To test the hypothesis that helminths use molecular mimicry 

to interact with host proteolytic pathways. 

A.  To determine if helminths generate a serine protease that interacts with 

PAR2 and determine if this is a mechanism common to helminth parasites 

B.  To determine the effects of helminth proteases on epithelial cell function 

 

Specific Aim 2: To test the hypothesis that PAR2 plays a role in the 

development of the type 2-mediated protective immune response in vivo. 

A.  Role of PAR2 in the initiation and/or maintenance of type 2 immunity in 

helminth infection 

B.  Identify the role of PAR2 in the functional and immune responses that 

promote worm expulsion. 
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Chapter 2: Materials and Methods 

Mice and Helminth Infections 

Wild type (WT) C57Bl/6 (female or male) mice and PAR2-deficient (PAR2-/-) 

mice were obtained from the National Cancer Institute, Frederick, MD.  The studies 

presented in this work were conducted in accordance with the principles set forth in the 

Guide for Animal Resources, National Research Council, Health and Human Services 

Publication (National Institutes of Health 85-23, revised 1996), and the University of 

Maryland Animal Care and Use Committee as well as the Beltsville Area Animal Care 

and Use Committee #13-03.  Mice were infected with 1 of 3 helminths as described 

previously39, 122.  Briefly, third-stage infective larvae (L3) of Nippostronglyus brasiliensis 

(N. brasiliensis) were propagated and stored at room temperature in fecal/charcoal/peat 

moss culture plates until used. Groups of mice were inoculated subcutaneously with 500 

L3.  For Heligmosomoides bakeri (H. bakeri) infection, separate groups of mice were 

inoculated orally with 200 L3 using a ball-tipped feeding needle.  Trichuris muris (T. 

muris) infections were established by gavage with 350– 400 embryonated eggs.   

For studies in chapter 4,  after mice were inoculated subcutaneously with N. 

brasiliensis, they were euthanized on days 5 and 9post inoculation as described 

previously39.  For primary H. bakeri infection, mice were euthanized on days 3, 8 and 14 

post inoculation.  For secondary H. bakeri infection, mice were euthanized on days 3 and 

14 post-secondary inoculation.   

Collection of Helminth-Derived Excretory/Secretory Products (ESP) 

 Adult worms collected from infected mice were isolated from the intestine using 

0.5mm mesh screen immersed in phosphate-buffered saline (PBS) maintained at 37°C.  
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The adult worms were then washed with sterile PBS by settling and decanting the 

supernatants 6 times to remove contaminants.  The N. brasiliensis, H. bakeri and T. muris 

adults were then incubated for 1 hour in RPMI 1640 containing penicillin (500 U/ml), 

streptomycin (0.5mg/ml), fungizone (1.25ug/ml), and chloramphenicol (350 ug/ml) 

followed by 4 additional washes in culture media.  Helminths were incubated in 6-well 

culture plates containing culture media at 37°C in humidified 5% CO2 in air for 2-3 days, 

helminth excretory/secretory product (ESP) was collected and stored at -80°C until use.   

 

Intra-luminal Fluid Collection 

To determine if the concentration of serine proteases present in the lumen of the 

small intestine during helminth infection in vivo was similar to that generated in vitro, a 

separate group of mice was infected with N. brasiliensis.  At day 7 post inoculation, the 

intra-luminal fluid from the small intestine (jejunum through mid-ileum) was collected by 

flushing gently with 0.5 ml of PBS.  Samples were pooled prior to analysis. The 

concentration of the intra-luminal fluid was adjusted to 380 µg of protein/ml and the 

concentration of the benzamidine purified ESP generated in vitro was 390 µg of 

protein/ml.  

 

Purification of Worm Serine Proteases 

Serine proteases present in ESP or intra-luminal fluid from helminth-infected 

mice were purified by two-steps column chromatography. The first step used pre-packed 

1 ml HiTrap Benzamidine FF (GE Healthcare) columns, following manufacturer 

instructions. Briefly, both intestinal intra-luminal fluid (diluted 12-fold in binding buffer, 
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50 mM Tris-Cl, 0.5 M NaCl, pH 7.4) or ESP were loaded onto the column pre-

equilibrated in binding buffer.  Flow through was collected and stored for further 

analysis. The column was then washed with 10 column volumes (10 ml) of binding 

buffer to remove unbound material. Elution of bound material was performed with 5 

column volumes (5 ml) of elution buffer (10 mM HCl, pH 2.0) and 0.5 ml fractions were 

collected in tubes containing 35 µl of 1 M Tris-Cl, pH 9.0.  Fractions containing the 

majority of the proteases from benzamidine column purification were pooled, diluted 25 

times (25 ml) with 50 mM Tris-Cl, pH 8.0 to a concentration of 20 mM NaCl, and loaded 

onto a 1 ml Q-sepharose column pre-equilibrated with binding buffer (50 mM Tris-Cl, 20 

mM NaCl, pH 8.0).  Flow-through was collected and the column was washed with 10 

column volumes (10 ml) of binding buffer.  Bound proteins were eluted with a step-

gradient of increasing concentrations of NaCl (0.05 - 1M) in binding buffer.  Single 

fractions were collected and protein concentrations were determined by Bicinconinic acid 

method (BCA Protein Assay, Pierce). 

 

Characterization of Helminth Serine Proteases  

The benzamidine purified ESP were separated by electrophoresis on pre-made 

12% Tris-glycine polyacrylamide gels (Novex, Invitrogen) with Tris-glycine running 

buffer. Total proteins in gels were visualized by silver staining using a general silver 

nitrate protocol.  The activity of purified proteases from both ESP or intra-luminal 

contents was detected by casein zymography using premade 12% casein-zymography 

gels (Novex, Invitrogen) and 25 mM Tris-Cl, 250 mM glycine, pH 8.3 as running buffer. 

After electrophoresis, gels were incubated in re-naturing buffer (50 mM Tris-Cl, 2.5% 



33 

 

Triton X-100, pH 7.4) at room temperature for 1 hour and then incubated in developing 

buffer (100 mM Glycine, pH 8.0) at 37°C for 16 hours.  To further confirm the identity of 

the serine proteases present in ESP from N. brasiliensis, inhibition assays were performed 

adding either the specific trypsin-like serine protease inhibitor (benzamidine, 4 mM) or 

EDTA (10 mM), a metal chelator that inhibits metalloproteases, during both re-naturing 

and developing steps. Zymogens were visualized as clear bands against blue background 

by staining gels with 0.5% Coomassie Blue R-250 in 50% methanol/10% acetic acid for 

30 minutes followed by de-staining in 10% methanol/10% isopropanol for 2 hours at 

room temperature. 

 

Measurement of Cytosolic Calcium Concentration  

HEK-293T cell transfection with PAR2 

Cell transfection described previously 106, briefly human embryonic kidney 

(HEK)-293T cells (ATCC, Manassas, VA) were cultured in Dulbecco's modified Eagle's 

medium (BioWhittaker, Walkersville, MD) supplemented with 10% fetal bovine serum, 

 2 mM l-glutamine, 100 units/ml penicillin, and 100 µg/ml streptomycin. We used a wild-

type (WT) human PAR2 expression vector, pcDNA3-PAR2, that encodes a native, 

untagged PAR2 protein HEK293T cells were seeded into 6-well Costar plates (Corning 

Inc., Corning, NY) at 6 × 105 cells/well and incubated overnight at 37 °C, 5% CO2 

atmosphere. Using SuperFect reagent, cells were transfected for 4 h with PAR2 

expression vector (400 ng/well; determined in preliminary studies to result in optimal 

responsiveness to AP (data not shown). 

Calcium measurements  
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Imaging methods used for measuring cytosolic calcium [Ca2+]cyto have been 

previously described123.  Briefly, cells were plated on 25-mm glass coverslips and 

incubated in culture medium containing 3.3 M fura-2 AM for 30 min at room temperature 

(22–24°C) under an atmosphere of 10% CO2 in air. Fura-2 AM-loaded cells were then 

washed with standard bath solution for 20–30 min at 22–24°C to permit intracellular 

esterases to cleave cytosolic fura-2 AM into active fura-2.  Fura-2 fluorescence from the 

cells and background fluorescence were imaged using a Nikon Diaphot microscope. 

Fluorescent images were obtained using a micro-channel plate image intensifier 

(Amperex XX1381, Opelco, Washington, DC) coupled by fiber optics to a Pulnix charge-

coupled device video camera (Stanford Photonics, Stanford, CA).  Image acquisition and 

analysis were performed with a Metamorph Imaging System (Universal Imaging). The 

ratio imaging of [Ca2+]cyto was obtained from fura-2 fluorescent emission excited at 380 

and 340 nm and the  concentration (nM) of intracellular calcium was also determined.  

 

Protease Sequencing Attempts Prior to Cloning 

Mass Spectrometry 

The 26 kDa band was excised from a SDS/PAGE protein gel.  In-gel tryptic 

digest for protein band identification was performed on gel bands pre-stained with 

Comassie Blue and analyzed by MS/MS to identify the protein using the protein 

sequencing/mass mapping facility at the Stanford Protein and Nucleic Acid 

Biotechnology Facility (Beckman Center, Stanford, CA).  Analysis revealed that our 

protein of interest was novel and therefore it did not match any known sequence in any 
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existing protein database.  Protein sequence determined was 

EADATLSDFDRTQFLELH.   

Edman Degradation 

The 26 kDa band was excised from SDS/PAGE gel and sent to Stanford Protein 

and Nucleic Acid Biotechnology Facility (Beckman Center, Stanford, CA).  Sample was 

loaded on Prosob membrane and Edman Degradation was performed.  Protein sequence 

determined from this procedure was PISPVSMCK.  Edman sequencing was also 

performed by Brian Hampton of the Center for Vascular and Inflammatory Diseases, 

University of Maryland.  This analysis revealed two sequence segments 

MRSLYLLSVMFMGAAA and GYSQYAQ.   

 

Cloning NBSSP4  

Methods for RNA isolation, cDNA preparation, and real time-PCR (RT-PCR) 

have been described124.  Briefly, total RNA was prepared from jejunum and extracted 

using TRIzol reagent (Invitrogen, Grand Island, NY) according to manufacturer 

instructions.  RNA samples (2 µg) were reverse transcribed to complementary DNA 

(cDNA) with First Strand cDNA Synthase Kit (MBI Fermentas, Hanover, MD) using a 

primer directed at the conserved poly-A tail of mRNA 5’-

gctaCTCGAGTGCGGCCGCTTTTTTTTTTTTTTTTTT-3’.  PCR was performed using 

Phusion Hot Start kit and used primers: reverse 5’-tataCTCGAGtGCGGCCGCTT-3’ and 

forward 5’-atcgAAGCTTAATGAAGTTCCTGTTGTGCGTCATC-3’.  Conditions for 

PCR were as follows 98ºC for 15 sec and 30 cycles of: 98ºC for 15 sec, 72ºC for 75 sec.  

Samples were purified using a mini-prep kit (Qiagen).  Samples were digested using Hind 
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III and XhoI at 37ºC for 15 min then 65ºC for 20 min.  Next, samples were 

dephosphorylated using calf intestinal phosphatase (CIP) then purified with mini-prep kit.  

The NBSSP4 insert was ligated into pcDNA5/FRT/TO (Invitrogen) and transformed into 

DH5-alpha competent E. coli (New England BioLabs).   We determined from sequence 

analysis that the 5’ end of NBSSP4 was incomplete and therefore we used 5’RACE (see 

below) to obtain the full sequence of NBSSP4.   

 

5’-RACE Rapid Amplification of cDNA Ends (5′-RACE) 

5′-RACE was performed according to the manufacturer's instructions (Invitrogen 

Bio) and outlined in Figure 2.1.  Briefly, first strand cDNA synthesis was performed from 

total RNA extracted from N. brasiliensis using a Gene specific primer (GSP1), 5’-

GATTCATCGAGGACTAAG-3’.   Next, the RNA template from newly synthesized 

cDNA was removed using a mixture of RNase H and RNase T1.  The first strand cDNA 

products were then purified using S.N.A.P columns.  Terminal deoxynucleotidyl 

transferase (TdT) was used to add a homopolymeric tail of cytosines to the 3’end of the 

cDNA.  Finally, the target cDNA was amplified using a nested GSP (GSP2), 5’-

ATGCCTCGAGATCACGATCTTCGATCACATCGTAGGTCC-3’ to anneal to GSP1, 

the complementary homopolymer-containing primer and corresponding adapter primer  

all to allow amplification from the hompolymeric tail.    After the full sequence 
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Figure 2.1.  Overview of 5’Race procedures, Adapted from Invitrogen user 
manual for 5’RACE System for Rapid Amplification of cDNA Ends, Version 
2.0.   
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was determined and confirmed, we designed primers to include a FLAG tag at the C-

terminus of the NBSSP4 forward 5’- 

catgAAGCTTgccaccATGAAGTTCCTGCTGTGTGTTCTTCTCC-3’ and reverse 5’- 

catgCTCGAGTTACTTGTCATCGTCATCCTTGTAGTCTAGCATTTTGAGTTTTGA

TAGATCACGATCTTC-3’. The FLAG-tagged NBSSP4 was cloned into 

pcDNA5/FRT/TO (Invitrogen) and transformed into DH5-alpha competent E. coli (New 

England BioLabs) and the final FLAG-tagged NBSSP4was sequenced. 

 

Cloning the N. brasiliensis Venom Allergen  

Methods for RNA isolation, cDNA preparation, and real time-PCR (RT-PCR) 

have been described124.  Briefly, total RNA was prepared from jejunum and extracted 

using TRIzol reagent (Invitrogen, Grand Island, NY) according to manufacturer 

instructions.  RNA samples (2ug) were reverse transcribed to complementary DNA 

(cDNA) using First Strand cDNA Synthase Kit (MBI Fermentas, Hanover, MD) using a 

primer directed at the conserved poly-A tail of mRNA 5’-

gctaCTCGAGtGCGGCCGCTTTTTTTTTTTTTTTTTT-3’.  PCR was performed using 

Phusion Hot Start kit and used primers 5’-tataCTCGAGtGCGGCCGCTT-3’ and 5’- 

agctAAGCTTCATGCGTTCTCTGTATCTTCTCAGTGTGATG-3’.  Conditions for 

PCR were as follows 98ºC for 30 sec and 35 cycles of: 98ºC for 10 sec, 72ºC for 30 sec.  

Samples were purified using a mini-prep kit (Qiagen).  Samples were digested using Hind 

III and Xho I at 37ºC for 10 min then 65ºC for 20 min.  Next, samples were 

dephosphorylated using CIP then purified with mini-prep kit.  The N. brasiliensis venom 
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allergen insert was ligated into pcDNA5/FRT/TO (Invitrogen) and transformed into 

DH5-alpha competent E. coli (New England BioLabs).    

 

PAR2 Fluorescent Probe Studies 

The PAR2 fluorescent-probe, a gift from Morley Hollenberg , University of 

Calgary Medicine, binds and activates PAR2 described  previously 125.  The probe is a 

PAR2 activating peptide with modifications that allows linkage to Alexa Fluor 594-2Fl.  

The probe was created to monitor ligand binding and receptor desensitization of PAR2.   

Segments of intestine (2 cm) were isolated, tied at either end, or place in warm 

oxygenated Kreb’s solution.  For one experiment, PAR2 probe was added apically to 

uninfected WT and N. brasiliensis-infected WT tissue for 10 minutes in microsnapwell 

chambers and for a second experiment, the PAR2 probe was injected intra-luminally and 

incubated for 5, 10 or 20 minutes, opened along the mesenteric edge, all tissues were 

rinsed gently in PBS.  Then the tissue was fixed in 4% paraformaldhyde for 2 hours.  

Sections were embedded in paraffin and sectioned (5µM). The fluorescent sections were 

visualized using an Olympus microscope and Fluo View confocal software (Olympus 

America Inc., Center Valley, PA). 1024 x 1024-pixel z series images (1uM step size) for 

the fluorophore was obtained. 

 

Western Blot for NBSSP4 

Cell lysates from HeLa cells transfected with DNA of interest, were prepared by 

incubating cells with 200 µL of radio-immunoprecipitation assay (RIPA) buffer plus 

protease inhibitors. Proteins were separated on 12% Bis-Tris NuPage gels (Invitrogen), 



40 

 

and transferred to PVDF membranes.  The membranes were blocked with 5% milk in 

PBST and then incubated with primary antibodies overnight.  Affinity purified mouse-

anti-FLAG M2 antibody was obtained from Sigma (catalog number F104). 

Immunoreactive bands were detected by HRP-conjugated secondary antibodies using 

standard techniques. 

 

Host Defense: Parasite Egg and Adult Worm Counts  

 Nippostrongylus brasiliensis egg production per gram of feces (EPG) was 

monitored daily beginning on day 5 post inoculation to determine the period of peak egg 

production and decline as the adult worm is expelled from the intestine. These data were 

used as an indicator of the host immune response to infection.  Intestinal adult worm 

burdens were determined from individual mice on days 5 and 9 post inoculation after 

opening the small intestine with blunt end scissors and counting the worms using a 

dissecting microscope25.  These studies were repeated in two separate experiments. 

 

 

Epithelial Cell Function: TEER, Dextran, Ussing Chamber 

For the studies described in chapter 3,  mucosae-free sections of jejunum isolated 

from either PAR2−/− or C57BL/6 mice were mounted in micro-snapwells to determine 

TEER as described previously 119.   ESP purified using a benzamidine column (1:10), the 

26 kDa (1:20), PAR2 activating peptide (SLIGRL) (200nM), or buffer alone were added 

to the mucosal side and changes in TEER were measured every 30 minutes for a total 
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time of 180 minutes.  TEER changes were expressed as percent differences from the 

initial value.  

For the studies described in chapter 4, to determine changes in epithelial tissue 

resistance, muscle-free segments of small intestinal mucosae were taken from 1) 

uninfected,  2) N. brasiliensis-infected, and 3) H. bakeri-primary and -secondary-infected 

WT and PAR2−/− mice and mounted in micro-snapwells. Transepithelial electrical 

resistance (TEER) was measured at time 0 and at 30 min time intervals for a period of 2 

hours using a planar electrode (Endohm SNAP electrode) attached to an Evom-G (WPI 

analyzer; World Precision Instruments) and expressed in Ohms per cm2.   

To measure paracellular permeability, 4 kDa fluorescein isothiocyanate (FITC)-

labeled dextran (Sigma-Aldrich, St. Louis, MO) was added to the mucosal compartment 

(200µg/ml).  Approximately 100 µL of medium from the serosal compartment was 

collected at 30, 60, and 90 minutes. A microplate reader (Fluoroskan Ascent FL and 

Ascent Software version 2.6, Thermo-Scientific¸ Rockford, IL) was used to measure 

emission at 538 nm after excitation at 485 nm.  Dextran concentration was calculated as a 

function of emission intensity after constructing a best-fit line for known dextran 

concentrations.   

To measure glucose absorption and secretory responses, 1-cm segments of 

intestinal mucosa were stripped of muscle and mounted in Ussing chambers which 

exposed 0.126 cm2 of tissue to 10 ml of Krebs’ buffer.   Potential difference was 

measured using agar-salt bridges and electrodes.  Every 50 sec, the tissue was short 

circuited at 1 Volt (V) (World Precision Instruments DVC 1000 voltage clamp) and the 

short circuit current (Isc) was monitored continuously.  Following a 15 min equilibration 
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period, glucose concentration-dependent (0.625–40 mM) changes in Isc were measured in 

response to the cumulative addition of glucose to the mucosal side. Responses from all 

tissue segments exposed to glucose from an individual mouse were averaged to yield a 

mean response per animal.  To test the tissue response to acetylcholine, tissues were 

mounted and equilibrated in Ussing chambers for 15 minutes.  Increasing doses of 

agonist (10 nM to 1 µM) were added sequentially to the serosal side of the tissue to 

determine the concentration-dependent changes in Isc.  

 

In vitro Contractility: Smooth Muscle Function 

Segments of jejunum were suspended longitudinally in individual organ baths and 

maintained in oxygenated Krebs at 37ºC41.  One end of the muscle is fixed to a force 

transducer and the other to a fixed point.  Tissues were stretched to a maximum load of 

9.9 mN (2 g).  After a 20 min equilibration period, concentration dependent responses to 

acetylcholine and frequency-dependent responses to electrical field stimulation (EFS; 1, 

2.5, 5, 10, and 20 Hz; 1-ms duration; 80 V) were measured.   

 

RT-PCR 

Methods for RNA isolation, cDNA preparation and real time-PCR (RT-PCR) 

have been described 124.  Briefly, total RNA was prepared from jejunum and extracted 

using TRIzol reagent (Invitrogen, Grand Island, NY) according to manufacturer 

instructions.  RNA samples (2ug) were reverse transcribed to complementary DNA 

(cDNA) using First Strand cDNA Synthase Kit (MBI Fermentas, Hanover, MD) with a 

random hexamer primer.  Amplification conditions were 95ºC for 3 min and 50 cycles of 
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95ºC for 15 sec, 60ºC for 15 sec, and 72ºC for 20 sec.  The fold changes for mRNA 

expression were relative to the WT control after normalization to the 18s rRNA 

housekeeping gene. Table 2 contains primer sequences used for genes of interest. 

Solutions and Drugs 

Krebs buffer contained 4.74 mM KCl, 2.54 mM CaCl2, 118.5 mM NaCl, 1.19 

mM NaH2PO4, 1.19 mM MgSO4, 25.0 mM NaHCO3, and 11.0 mM glucose. All drugs 

were obtained from Sigma-Aldrich (St. Louis, MO) unless indicated otherwise. Stock 

solutions were prepared as follows: acetylcholine (1µM) dissolved in ultrapure water.  On 

the day of the experiment, appropriate dilutions of acetylcholine were made using 

ultrapure water.  

Statistics 

Statistical analysis was performed using an unpaired t-test, Mann-Whitney or one-

way ANOVA followed by a Newman-Keuls or Bonferoni test where appropriate.  A p-

value of  <0.05 was considered significant.  Agonist responses were fitted to sigmoid 

curves (Graphpad, San Diego, CA).   
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Table 2.  Primers used for RT-PCR 
 
IL-4 
forward 5’- CATCCTGCTCTTCTTTCTC-3’  
reverse 5’- GCACCTTGGAAGCCCTAC-3’  
 
IL-13  
forward 5’- GACCAGACTCCCCTGTGCAA-3’  
reverse 5’- TGGGTCCTGTAGATGGCATTG -3’  
 
IL-25 
forward 5’- CAGCAAAGAGCAAGAACC -3’  
reverse 5’- CCCTGTCCAACTCATAGC -3’  
 
IL-33  
forward 5’- TCAAGACCAGCTATTTCCTG -3’  
reverse 5’- TGCTTGGTACCCGATTTTAG -3’  
 
ARG-1 
forward 5’- CTGGCAGTTGGAAGCATCTCT-3’  
reverse 5’- GTGAGCATCCACCCAAATGAC -3’  
 
F4/80 
forward 5’- AAAGACTGGATTCTGGGAAGTTTGG -3’  
reverse 5’- CGAGAGTGTTGTGGCAGGTTG -3’  
 
M3 receptor  
forward 5’-AATCTGGGCTACTGGCTGTG-3’  
reverse 3’–CGGACTGTCTCTGCTGGTAC-5’  
 
mMCP-1 
forward 5’- TGGGAAGTTCCACAAAGTTAAAAAC-3’  
reverse 5’- GCCACACCAGCACACAGAAG-3’  
 
RELM-β 
forward 5’-TCTCCCTTTTCCCACTGATAG-3’  
reverse 5’-TCTTAGGCTCTTGACGACTG-3’  
 
TSLP 
forward 5’- AGGACTGTGAGAGCAAGC -3’  
reverse 5’- AGGGCTTCTCTTGTTCTCC-3’  
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Chapter 3: The Interaction of Helminth Generated Trypsin-Like 

Proteases and Host PAR2 

Introduction 

There is an emerging interest in the mechanisms of enteric pathogen interaction 

with the gut mucosa.   Helminths secrete proteases that are necessary for migration, 

molting, defense and survival126, 127.  PAR2 is expressed ubiquitously along the gastro-

intestinal (GI) tract on immune and structural cells, including epithelial cells.  The known 

endogenous ligands for PAR2 are trypsin or tryptase.   In our previous studies, we 

identified a role for PAR2 during enteric helminth infection119.    In addition,  we showed 

that there was a loss of membrane-expressed PAR2 on intestinal epithelial cells during 

the course of infection119.   This observation could be due to a helminth-generated 

trypsin-like protease that activates PAR2 so rapidly that the receptor recycling is delayed 

or inhibited.   The overall hypothesis for Chapter 3 is that helminths use molecular 

mimicry to interact with host PAR2 through the elaboration of a trypsin-like protease. 

This hypothesis will be addressed in the following two sub aims: (1) to determine if a 

generic attribute of helminths is the generation of a trypsin-like serine protease that 

interacts with host PAR2 and (2) to determine the effects of this trypsin-like serine 

protease on host epithelial cell function.   
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Results  

PAR2 Activation during Helminth Infection 

Using immunohistochemistry119 , we demonstrated previously that there was an 

absence of PAR2 on intestinal epithelial cells (IEC) at day 10 post N. 

brasiliensisinoculation.  In order to visualize PAR2 we used Alexa Fluor 594-2fLI a 

fluorescently labeled PAR2-AP, to visualize the binding to and activation of PAR2 on 

IECs over time. We first examined WT and N. brasiliensis-infected tissue at day 5 post 

inoculation.  In WT tissue there was still apical staining of PAR2 however in 

N.brasilieinsis-infected tissue, on IECs there was an absence of PAR2 staining on the 

apical and basolateral surface (Figure 3.1).   

We wanted to determine how quickly PAR2 on IECs is activated and removed in 

the presence of a PAR2 agonist.  We found that the Alexa Fluor 594-2fLI labeled PAR2 

on the apical surface of IECs (Figure 3.2) after only 5 minutes, then the basolateral 

surface of IECs after 10 minutes, and was seen only on cells in the lamina propria after 

20 minutes.  Thus, by 20 minutes exposure to the Alexa Fluor 594-2fLI, all PAR2s on the 

apical and basolateral surface of IECs were removed.  These studies confirm that 

continuous exposure of IECs to a PAR2 agonist, either Alexa Fluor 594-2fLI a 

fluorescently labeled PAR2-AP, or perhaps a nematode secreted trypsin-like protease, 

causes rapid internalization and desensitization of PAR2 from IECs. 
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Figure 3.1.  Expression of PAR2 during N. brasiliensis infection.   Alexa Fluor 
594-2-furyl-LIGRLO-NH

2
 (Alexa-2FLI) was used to visualize PAR2.  Tissue 

was fixed in paraformalydhyde after 10 minutes post-treatment with Alexa-
2FLI.   The samples were then parafin imbedded, then imaged using confocal 
microscopy. Red fluorescence indicates Alexa-2FLI binding to PAR2.  
PAR2can be found on the apical and basolateral surface of IECs in uninfected 
small intestinal tissue.  In N. brasiliensis-infected small intestinal tissue, PAR2 
was predominantly present on cells in the lamina propria.  Green fluorescence 
is due to the natural auto-fluorescence of the intestine and was used to visualize 
the structure of the small intestine. 
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Figure 3.2.  PAR2 activation over time.  Alexa Fluor 594-2-furyl-
LIGRLO-NH

2
 (Alexa-2FLI) was added to the apical side of small 

intestinal mucosal tissue.  Tissue was fixed in paraformalydhyde at 5, 10 
and 20 minutes post-treatment with Alexa-2FLI.   The samples were 
then parafin imbedded then imaged using confocal microscopy. The 
arrow heads indicate the cells labeled with Alexa-2FLI.  At 5 minutes 
labeling is only on the apical surface of intestinal epithelial cells (IECs).  
At 10 minutes there is primarily basolateral labeling of IECs.  At 20 
minutes there is no IEC labeling, but cells in the lamina propria are 
being stained.  Red arrow indicates enterochromaffin cells which retain 
PAR2 stain throughout the 20 minute period. 
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Identification of a Novel Trypsin-Like Protease Secreted by Different 

Species of Helminths  

To determine if helminths generate serine proteases, we harvested adult N. 

brasiliensis, H. bakeri and T. muris from the intestines of infected mice.  Helminths were 

placed in serum free media for 2-3 days, and then helminth ESP was collected.  The ESP 

was passed over a benzamidine column, which binds the active site of serine proteases, to 

collect helminth generated serine proteases.  The elutions were collected in a series of 0.5 

ml fractions.   Proteins present in elution fractions from benzamidine purified luminal 

fluid from N. brasiliensis-infected intestines or ESP were separated by SDS-page and 

then visualized using silver staining (Figure 3.3).   

The activity of serine proteases present in the elution fractions from the 

benzamidine purification column were assayed by casein zymography (Figure 3.4).  

Casein (a substrate which can be degraded by a variety of proteases) zymography is 

technique used to visualize the activity of proteases.  Proteases from the three species of 

helminths generated variable profiles in the casein zymograms. The majority of the 

proteases were eluted in fractions #3 and #4 for N. brasileinsis and H. bakeri, and for T. 

muris it was in fractions #4, #5 and #6.  The association of benzamidine and the serine 

proteases are disrupted by increasing amounts of the low pH elution buffer which causes 

the protease to unfold and release from the column.  

 Each species contained distinct bands at ~26 kDa and ~48 kDa (Figure 3.4). The 

26 kDa protease is similar in molecular weight to trypsin and was inhibited by low 

concentrations of benzamidine (4 mM) (Figure 3.5) consistent with its identification as a  
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Figure 3.3.  Silver stained SDS-PAGE from benzamidine column fractionation.  
The silver stain SDS-PAGE gel represents serine proteases present in intra-
luminal fluid from N. brasiliensis-infected WT mice (A) and ESP from N. 
brasiliensis adults. (B). Lanes 1-9, elutions from benzamidine column showing 
similar pattern and proportion in eluted serine protease profile.  
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Figure 3.4.  Comparison of benzamidine purified ESP from 3 different species of 
helminths.   After benzamidine purification, elution fractions were analyzed for 
proteolytic activity using casein zymography.  The far left is a zymography using N. 
brasliensis benzamidine purified ESP.  The middle zymography is from H. bakeri 
benzamidine purified ESP and the far right zymography is from T. muris benzamidine 
purified ESP. 

 



52 

 

  

Figure 3.5.  26kDa protease 
from N. brasiliensis inhibited 
by benzamidine.  Four mM 
benzamidine used to treat and 
N. brasiliensis WSP.  The 
benzamidine inhibition 
prevented the proteolytic 
activity of the 26 kDa 
protease. 
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trypsin-like serine protease.  The 48 kDa protease was inhibited by EDTA (data not 

shown), identifying it as a potential metalloprotease.   Our subsequent studies were 

focused on the 26 kDa protein with the hypothesis that a helminth-derived trypsin-like 

protease could potentially activate host PAR2.   

Helminth Serine Proteases Increase Permeability in a PAR2-Dependent 

Manner 

Our lab and others have shown that PAR2 activation is linked to changes in 

mucosal permeability in the GI track 40, 111, 119.  One characteristic of helminth infection is 

increased mucosal permeability; therefore, we determined whether total benzamidine 

purified N. brasiliensis ESP affected mucosal permeability and whether this is dependent 

on PAR2.  Muscle-free segments of small intestine were mounted in micro-snapwells to 

measure TEER, an index of mucosal permeability.  We found that total benzamidine 

purified N. brasiliensis ESP significantly increased permeability, decreased TEER, at 120 

and 180 min after addition  to the apical surface of WT, but not PAR2-/-,  mucosal tissue 

(Figure 3.6).   
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Figure 3.6.  Changes in mucosal permeability upon 
addition of total benzamidine-purified N. brasiliensis 

ESP to WT and PAR
-/-

 mucosal tissue.  For TEER 
measurements, muscle-free small intestinal mucosa 
was mounted in microsnapwells. 
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The 26 kDa Fraction Increases Mucosal Permeability  

 To isolate the 26 kDa protease from ESP, the benzamidine-purified elution 

fraction #3 was further purified using Q-sepharose chromatography which separates 

proteins based on charge assayed using a zymography assay (Figure 3.7).   Elution 

fraction #5 from Q-sepharose purification contained primarily the 26 kDa protease.   

 To determine if the 26 kDa protease alone could increase intestinal permeability, 

the Q-sepharose fraction enriched for the 26 kDa protease was added to the apical side of 

WT tissue.  The TEER of the 26 kDa treated muscle-free segments of small intestine, 

compared to buffer treated tissue, was significantly reduced after only 30 minutes (Figure 

3.8).   These results indicate that the 26 kDa fraction alone can increase intestinal 

permeability.  

 

PAR2 Activation using 26 kDa Protease from N. brasiliensis 

The 26 kDa protease from N. brasiliensis was tested for activation of PAR2 in 

HEK-293T cells over expressing PAR2 in collaboration with Prasad Rallabhandi from 

Stefanie Vogel’s lab, Department of Microbiology and Immunology; and Rao Jaladanki 

Department of Surgery, University of Maryland, Baltimore.  PAR2 transfected cells 

showed an increase in calcium influx (using fura-2AM) as measured by single cell 

calcium fluorescence in response to the addition of 200 nM PAR2 activating peptide 

(PAR2-AP), SLIGRL, and the 26 kDa protease (1:50 dilution of 26 kDa protease from Q-

sepharose), that was not seen in control (empty vector) transfected cells (Figure 3.9).   
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Figure 3.7.  Assay of Q-sepharose 
purification of benzamidine purified N. 
brasiliensis ESP using casein zymography.  
Fraction #5 contained primarily the 26 kDa 
protease. 
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Figure 3.8.  Changes in mucosal permeability 
upon addition of 26 kDa protease to the small 
intestine.  For TEER measurements muscle-
free mucosa was mounted in microsnapwells. 
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 Figure 3.9.  Activation of PAR2 by the 26 kDa 
protease. Activation of PAR2 was measured 
using cytosolic calcium as an indicator (Fura-
2AM).  HEK-293T cells were transfected with 
PAR2 (left and middle graph) and empty vector 
(right graph). The left graph represents calcium 
activation in PAR2 transfected HEK-293T cells 
after treatment with 200nM PAR2-AP 
(SLIGRL). The middle graph represents 
calcium activation in PAR2 transfected HEK-
293T cells after treatment with the 26kDa 
protease (1:50).  The right graph represents the 
addition of the 26 kDa protease to empty 
vector (control) transfected HEK-293T cells.    
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The response to the 26 kDa protease was greater than the response to the activating 

peptide, consistent with our data and that of others showing that proteolytic cleavage of 

the receptor results in a greater response than direct binding to the receptor with 

activating peptides in the absence of cleavage.  

Cloning the 26 kDa Protease 

 We initiated studies to sequence the 26 kDa protease when the N. brasiliensis 

transcriptome became publically available in 2012.  PCR amplification of N. brasiliensis 

cDNA was performed with degenerate primers designed to anneal to cDNA encoding the 

conserved catalytic domain of serine proteases.  The 5’ start of the catalytic serine 

sequence to the 3’ end of the protease sequence was clone and ligated into 

pcDNA5/FRT/TO (Invitrogen) and both strands of the sequence were determined.  Next 

the open reading frame was determined and the amino acid sequence was deduced.  The 

amino acid sequence acquired from this approach showed high homology to a sequence 

present in the N. brasiliensis transcriptome database called Adu|comp775_c0_seq1, 

which contained a serine protease catalytic domain.  The entire 5’region of the sequence 

from the catalytic serine sequence needed to be determined to obtain the full sequence of 

the 26 kDa protease.  Therefore, extended cDNA sequence of this clone was obtained by 

5’ RACE.   

The final nucleotide sequence revealed that the NBSSP4 cDNA sequence was 

1,076 nucleotides long (Figure 3.10).  The name NBSSP4 stands for the “secreted serine 

protease from N. brasiliensis number 4,” as it was the fourth predicted sequence 

identified from the N. brasiliensis transcriptome determined to have a serine protease  
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  ……………………………………………………………………………………atgaagttcctgctgtgtgttcttctcctt 62 
                                 M  K  F  L  L  C  V  L  L  L  
Ccactggtgactacgtcacgcctcacgccgagagagaatcgagagctcagg agaatttgt   122 
 P  L  V  T  T  S  R  L  T  P  R  E  N  R  E  L  R  R  I  C  
Ggcaaacacttctttggttccgataactctgacgattatcgtttcaagtcg tacggagga   182 
 G  K  H  F  F  G  S  D  N  S  D  D  Y  R  F  K  S  Y   G  G  
Aggcgagtccgctcgaaggagtacccatggcttgtcactgtcttatctggc gataaagga   242 
 R  R  V  R  S  K  E  Y  P  W  L  V  T  V  L  S  G  D  K  G  
Ccggaaatcgggtgcagtggtgttgtcatctcaaaccgtcacgtactcacg gccgcacac   302 
 P  E  I  G  C  S  G  V  V  I  S  N  R  H  V  L  T  A  A  H  
Tgcatcgttaactttatccgctacgacgtacggaaaaacggagctatggaa aaatgtgaa   362 
 C  I  V  N  F  I  R  Y  D  V  R  K  N  G  A  M  E  K   C  E  
Ggacacagaactatgatagaaaaagcatggataaaagatagaaaggaatgc cctgagccc   422 
 G  H  R  T  M  I  E  K  A  W  I  K  D  R  K  E  C  P  E  P  
Actggaacagatagctgcaagaggcacgtagcaaaagtgagaactgtccac cccgaatac   482 
 T  G  T  D  S  C  K  R  H  V  A  K  V  R  T  V  H  P  E  Y  
Aacggttgtgcgcatgggaacgacttggctattctagaaatgtctagcgac ctacaacaa   542 
 N  G  C  A  H  G  N  D  L  A  I  L  E  M  S  S  D  L  Q  Q  
Aaccatctggtaccgatatgcatgcctaggccatgggaaaaactggcgcgt gttctccaa   602 
 N  H  L  V  P  I  C  M  P  R  P  W  E  K  L  A  R  V  L  Q  
Gccgctggatctggatttattcaaccgcctcaacggggcgtaaaatgggac ggctacaat   662 
 A  A  G  S  G  F  I  Q  P  P  Q  R  G  V  K  W  D  G  Y  N  
Gtggtgaacatgactctcgtggaagaacataacaacctaatcataacaaac actaatgaa   722 
 V  V  N  M  T  L  V  E  E  H  N  N  L  I  I  T  N  T  N  E  
Gatgcaaccgtgtgtaagggcgacagcggaggaccacttttccaatctgac gtccacgat   782 
 D  A  T  V  C  K  G  D  S  G  G  P  L  F  Q  S  D  V  H  D  
Atacatacccttgttggaatactttctggctctaacggatgcaatgatgaa aataaagca   842 
 I  H  T  L  V  G  I  L  S  G  S  N  G  C  N  D  E  N  K  A  
Aagcctcctttcgaaaccgcttctgccaacgtacgcaagcacctcaaatgg atttgcaaa   902 
 K  P  P  F  E  T  A  S  A  N  V  R  K  H  L  K  W  I  C  K  
Gtgacaggagtgtgcgatccatccttcgacaacaggacctacgatgtgatc gaagatcgt   962 
 V  T  G  V  C  D  P  S  F  D  N  R  T  Y  D  V  I  E  D  R  
Gatctatcaaaactcaaaatgctatagaactacgaaaagccttaattcatc agtagactt   1022 
 D  L  S  K  L  K  M  L  -  N  Y  E  K  P  -  F  I  S  R  L  
Agtcctcgatgaatcatcacggcaataaagatgaacgaaaaaaaaaaaaaa aaa         1076 
 S  P  R  -  I  I  T  A  I  K  M  N  E  K  K  K  K  K     
 

Figure 3.10.  The nucleotide and amino acid sequence of NBSSP4 and its deduced 
amino acid sequence.  Nucleotides are numbered on the right.   Predicted catalytic His90, 
Asp203, and Ser239 residues are in red and underlined.  The poly adenylation sequence is 
double underlined.   The predicted activation cleavage site at Arg28 –Ile-Cys-Gly is in 
bold.  Cleavage at this site is predicted to result in a 2 chain polypeptide linked by a 
disulfide bond between any of the following conserved cysteines,C30, C75, C91, C177, C235 
and C264 in bold.   Asn300 is a potential glycosylation site also in bold.    
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domain which includes the catalytic triad His90, Asp203, and Ser239 that are required for 

the catalytic activity of serine proteases.   NBSSP4 is predicted to be synthesized as a 

zymogen containing a consensus activation cleavage site at Arg28 –Ile-Cys-Gly.  

Cleavage at this site is predicted to result in a 2 chain polypeptide linked by a disulfide 

bond between any of the following conserved cysteines,C30, C75, C91, C177, C235 and C264.  

There is also Asn300 which could be a potential glycosylation site.    

 Based on a phylogeny tree generated for NBSSP4 (Figure 3.11a and b original 

image in appendix), a comparison of the predicted amino acid sequence for NBSSP4 with 

the amino acid sequence of several of the most homologus serine proteases from, Ascaris 

suum (helminth), Drosophila melanogaster (fly), Nasonia vitripennis (wasp), Bombyx 

mori (silk moth) and Caenorhabditis elegans (nematode) (Figure 3.12) was performed.  

Comparison of the predicted protein sequence for NBSSP4 with a protein database 

showed that it contained all of the conserved features of the serine protease family.  The 

predicted amino acid sequence of NBSSP4 shares 83% homology to trypsin-like serine 

protease, Ascaris suum,   81% homology to Drosophila melanogaster CG3355, isoform 

A belonging to the S1 peptidase family.  It has 74% homology to a Nasonia vitripennis, 

serine protease, 76% homology to Bombyx moriserine protease-like protein precursor, 

74% homology to Caenorhabditis elegans Protein TRY-7, and 71% homology to 

Drosophila melanogaster protein CG9372 (serine-like peptidase activity) (Figure 3.12).   
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Figure 3.11a.  Phylogeny tree for NBSSP4 
and closely related proteases. The color key 
above indicates the type of organism which 
produced the protein in the phylogeny tree.  
The most common protease to NBSSP4 is a 
trypsin-like protease from Ascaris suum.   
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Figure 3.11b.  Phylogeny tree for NBSSP4 
and closely related proteases. The color key 
above indicates the type of organism which 
produced the protein in the phylogeny tree.  
The most common protease to NBSSP4 is a 
trypsin-like protease from Ascaris suum.   
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NBSSP4                       ---------------------- --------------------------MKFLL---CVLL 
Ascaris suum                          ------------- -----------------------------------MRVYLALPLLLL 
Nasonia vitripennis                   ------------- ----MELISF-----------------------------AKIVSIVL 
Bombyx mori                             ------------------------ ------------------------MKMWLLVFCCLL 
Caenorhabditis elegans                  ----------------------------------- --------------MRWCSVILIVL 
Drosophila melanogaster                 LSQHRLN-KRQAPTSQLLENKDYGACSTPLGESGRC RHIIYCRMPELKNDVWRLVSQLCI 
                                                                                                 : 
 
NBSSP4                                LPL--VTTSRLT- -----------------------------PRENRELRRICGKHFFGS 
Ascaris suum                          GI--GLSLAQYQY QAPHQTLAQQFADVVDVVDPAEQSIKAVRPPKSRNQCTAKQNCFCGT 
Nasonia vitripennis                   MVMVGSQNCRLVA S---------------------RH-NKDYRWKKIAELPSPPDCGFRQ 
Bombyx mori                             RVASGTPTPRYINEG--------- ----GVS-LSEDS-SN-IRSQYQGQLPPCQDCHCGE 
Caenorhabditis elegans                  T--VQLVNCDLLTL--------------------- --------QE-----NEQRLKSCGK 
Drosophila melanogaster                 IEKSSIGICCTD-----QSTSNRFSPQVVT------ --SADGDEPRIVNKPEQRGCGITS 
                                                                                                   
 
NBSSP4                                DNSDDYRFKSYGG RRVRSKEYPWLVTVL---SGDKGPEIGCSGVVISNRHVLTAAHCIVN 
Ascaris suum                          PN----VNRIVGG QQVRSNKYPWTAQLV---KGRHYPRLFCGGSLINDRYVLTAAHCVHG 
Nasonia vitripennis                   -Q---AFRRVVSG VLSKERSWPWLAAIGTYDKSTGYAYYSCGGTLITSRHVVSAAHCFYE 
Bombyx mori                             RN---EKPRVVGGMGTNVNAFPWL ARLI---YQKS---FGCGASLINDRYVVSAAHCLKG 
Caenorhabditis elegans                  P----LQSKVYNGRDASQSEAPWSVFTYLYSKD-E QSATTCTGTIVSPRHILIATHCFAG 
Drosophila melanogaster                 R----QFPRLTGGRPAEPDEWPWMAALL----QEGL PFVWCGGVLITDRHVLTAAHCIYK 
                                              :   *         ** .               * . ::. *::: *:**.   
 
NBSSP4                                FIRYDVR-----K NGAMEKCEGHR-TMIEKAWIKDRKECPEPTGTDSCKRH-----VA-- 
Ascaris suum                          NRDQI-T----IR LLQIDRSS-----------------------RDPGIVR-----KV-- 
Nasonia vitripennis                   VKLNAI-----AT LGSTTLDT-----------------------ADDAVHY-----SI-- 
Bombyx mori                             FMWFMFR----VKFGEHDRCD--- --------------------RSHTPET-----RY-- 
Caenorhabditis elegans                  QNRDGSWNLIEDTFDRS-NCKDDDYVITNQEFLKR VEFLSNKKGISRYPEKITLVHACTK 
Drosophila melanogaster                 KNKEDIF----VRLGEYNTHMLN------------- --------ETRARDF-----RI-- 
                                                                                                   
 
NBSSP4                                KVRTVHPEYNGCA HGNDLAILEMSSDLQQN-HLVPICMPRPWEKLARVLQAAGS----GF 
Ascaris suum                          VQTTVHPNYDPNR IVNDVALLKLESPVPLTGNMRPVCLPEA----NH-NFDGKTAVVAGW 
Nasonia vitripennis                   KKIYIHPKYNHSG FENDVALLKLDEEVEFTDAIQPICLPIQSRRINRKNFVGESAFVAGW 
Bombyx mori                             VVKVIVHNFNLKELSNDISLIQLS RPIGYSHAIRPVCLPKT----PDSLYTGAEAIVAGW 
Caenorhabditis elegans                  RTANRTKKIPPQYYTDDFAIVHLYEELTFSSNVQS VCVADDETQPNDKLS----LEYFGF 
Drosophila melanogaster                 ANMVLHIDYNPQNYDNDIAIVRIDRATIFNTYIWPV CMPPVN-----EDWSDRNAIVTGW 
                                             .       :*.:::.:      .  :  :*:                    *: 
 
NBSSP4                                IQPPQRGVKWDGY NVV------NMTLVEEH------------NNLIIT---NTNEDATVC 
Ascaris suum                          GLIKEGGVTSNYL QEV------NVPVITNAQCRQTRYK-DKIAEVMLCAGLVQQGGKDAC 
Nasonia vitripennis                   GALEFDGTQSNGL REA------ELRVIRNDKCQNDLRL-MNITSNVICAGN---EKKSPC 
Bombyx mori                             GATGETGNWSCMLLKA------EL PILSNEECQGTSYNSSKIKNTMMCAGYPATAHKDAC 
Caenorhabditis elegans                  GLNPPSDINQNGVDNTGQLRYEKIEVFRSHPMEI- ----------YFFQARDITDKTVAC 
Drosophila melanogaster                 GTQKFGGPHSNILMEV------NLPVWKQSDCRSSF V--QHVPDTAMCAGFPE-GGQDSC 
                                                     .      :: :  .                 :            * 
 
NBSSP4                                KGDSGGPLFQSDV HDIHTLVGILSGSNGCNDENKAKPPFETASANVRKHLKWICKVTG-V 
Ascaris suum                          QGDSGGPLIVNEG --RYKLAGVVSFGYGCAQKNAPG-----VYARVSKFLDWIRKNTADG 
Nasonia vitripennis                   QGDSGGPLMYRDG -SIYYLIGIVSNGYRCGSGNTPA-----IFMRATSFTDYILANMH-- 
Bombyx mori                             TGDSGGPLVVENERNVYELIGIVS WGYGCARKGYPG-----VYTRVTKYLDWIRDNTDGA 
Caenorhabditis elegans                  VGDSGGGAIADV-KGKKTIIGVLSQTS-CQ-KRRG GNETMELYSSVGFYKNQICKYTG-I 
Drosophila melanogaster                 QGDSGGPLLVQLPNQRWVTIGIVSWGVGCGQRGRPG -----IYTRVDRYLDWILANADV- 
                                       *****  .           *::*    *                .  . . *        
 
NBSSP4                                CDPSFDNRTYDVI EDRDLSKLKML------------------------------------ 
Ascaris suum                          CYCQS-------- ----------------------------------------------- 
Nasonia vitripennis                   ------------- ----------------------------------------------- 
Bombyx mori                             CYCKF------------------- ------------------------------------ 
Caenorhabditis elegans                  CDKADSYNKYHKGYIRTQKPVRTTEAPREANARDL KPGSKGGKDKPNGVMGKFLNLIIIP 
Drosophila melanogaster            ----------------------------------------- ------------ 
                                                                                                   

 

Figure 3.12.  Alignment of NBSSP4 with serine proteases.  One dot indicates nearly 
identical amino acids between the five proteases aligned.  Star indicates the amino acids are 
100% identical.  Underlined letters indicates the catalytic amino acids.  Dashes represent 
gaps for alignment purposes.  GeneBank database accession numbers are as follows: trypsin-
like serine protease Ascaris suum, AEH42099.1, 
Isoform A  D. melanogaster, NP_608848.1; serine protease N. vitripennis, 
NP_001166063.1; Serine like-protease B. mori, NP_001037368.1; Protein TRY-7 C. 
elegans, NP_491910.2; CG9372 D. melanogaster, NP_649132.1.   
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The NBSSP4 amino acid sequence was aligned with common human serine 

proteases (Figure 3.13) and was found to be most homologous to the blood coagulation 

factor, Factor X (67% homologous), a known activator of PAR2128.  The sperm protease, 

acrosin (also shown to activate PAR2129) was determined to be 66% homologous to 

NBSSP4 and the blood coagulation factor, protein C (activator of PAR1) was 62% 

homologous.  It is evident that NBSSP4 is homologous to common human serine 

proteases.    

 

Purification and Activation of NBSSP4 

 There have been ongoing attempts to produce active NBSSP4 with mixed results.  

First, the recombinant C-terminal FLAG-tagged NBSSP4 was expressed in HeLa and 

HEK-293T cells.  Western blot of the FLAG-tagged-NBSSP4 (Figure 3.14) shows that 

this protein is detected at Mr~31,00-36,000.     

To purify the protease after transfection in HEK-293T cells, affinity  purification 

was performed using the FLAG epitope tag.  Briefly, agarose beads attached to anti-

FLAG- antibodies bind the FLAG sequence of NBSSP4 to remove and concentrate this 

protease from the remainder of the supernatant.  These studies proved unsuccessful based 

on Western blot analysis after FLAG purification revealed a lack of an immunoreactive 

band to the FLAG antibody.  The reasons for this are unknown but may be due to 

problems with protein expression and not necessarily with the FLAG purification.   
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NbSSP4                             ---------------- ----------------------MKFLLCVLLLPLVTTSRLTPRE 
Trypsin                            ---------------- --------------------------MNPLLILTFVA------- 
coagulation factor X                ...GKQTLERRKRSVAQATSSSGEAPDSITWKPYDAA DLDPTENPFDLLDFNQ------- 
Acrosin (NP_001088.2)              ---------------- -------------------MV----EMLPTAILLVLAVSVVAKD 
Protein C (NP_000303.1)            ...GRPWKRMEKKRSH L----------------------------------KR------- 
                                                                                                
 
NbSSP4                             NRELRRICGKHFFGSD NSDDYRFKSYGGRRVRSKEYPWLVTV--LSGDKGPEIGCSGVVI 
Trypsin                            ---------AALAAPF ---DDDDKIVGGYNCEENSVPYQVSL----NS--GYHFCGGSLI 
coagulation factor X                 ---------TQPERGD---NNLTRIVGGQECKDGEC PWQALL----INEENEGFCGGTIL 
Acrosin                            NATCDGPCGLRFRQNP ---QGGVRIVGGKAAQHGAWPWMVSLQIFTYNSHRYHTCGGSLL 
Protein C                          ---------DTEDQED ---QVDPRLIDGKMTRRGDSPWQVVL----LDSKKKLACGAVLI 
                                                       
 
NbSSP4                             SNRHVLTAAHCIVNFI RYD---VRKNGAMEKCEGHRTMIEKAWIKDRKECPEPTGTDSCK 
Trypsin                            NEQWVVSAGHCYK--S RIQ---VRLG-EHNIE------VLEGNE---------------Q 
coagulation factor X                 SEFYILTAAHCLYQAKRFK---VRVG-DRNTE---- --QEEGGE---------------A 
Acrosin                            NSRWVLTAAHCFVGKN NVHDWRLVFG-AKEITYGNNK-PVKAPL---------------Q 
Protein C                          HPSWVLTAAHCMDESK KLL---VRLG-EYDLR------RWEKWE---------------L 
                                                        
 
NbSSP4                             RHVAKVRTVHPEYNGC AHGNDLAILEMSSDLQQ-NHLVPICMPRPWEKLARVL------Q 
Trypsin                            FINAAKIIRHPQYDRK TLNNDIMLIKLSSRAVINARVSTISLPTAPP------ATGTKCL 
coagulation factor X                 VHEVEVVIKHNRFTKETYDFDIAVLRLKTPITFRMN VAPACLPERDWAESTLMTQ-KTGI 
Acrosin                            ERYVEKIIIHEKYNSA TEGNDIALVEITPPISCGRFIGPGCLPHFKA---GLPRGSQSCW 
Protein C                          DLDIKEVFVHPNYSKS TTDNDIALLHLAQPATLSQTIVPICLPDSGLAERELNQAGQETL 
                                             
 
NbSSP4                             AAGSGFIQPPQRGVKW DGYNV--------VNMTL---------VEEHNNLIITNTNEDAT 
Trypsin                            ISGWGNTASSGAD--- -YPDELQCLDAPVLSQAKC--EASYPGKITSNMFCVGFLEGGKD 
coagulation factor X                 VSGFGRTHEKGR-----QSTRLKMLEVPYVDRNSC- -KLSSSFIITQNMFCAGYDTKQED 
Acrosin                            VAGWGYIEEKAPRP-- --SSILMEARVDLIDLDLCNSTQWYNGRVQPTNVCAGYPVGKID 
Protein C                          VTGWGYHSSREKEAKR NRTFVLNFIKIPVVPHNEC--SEVMSNMVSENMLCAGILGDRQD 
                                     
 
NbSSP4                             VCKGDSGGPLFQSD-V HDIHTLVGILSGSNGCNDENKAKPPFETASANVRKHLKWICKVT 
Trypsin                            SCQGDSGGPVVCNG-- ----QLQGVVSWGDGCAQKNKPGV-----YTKVYNYVKWIKNTI 
coagulation factor X                 ACQGDSGGPHVTRF--KDTYFVTGIVSWGEGCARKG KYGI-----YTKVTAFLKWIDRSM 
Acrosin                            TCQGDSGGPLMCKDSK ESAYVVVGITSWGVGCARAKRPGI-----YTATWPYLNWIASKI 
Protein C                          ACEGDSGGPMVASF-- HGTWFLVGLVSWGEGCGLLHNYGV-----YTKVSRYLDWIHGHI 
                                     
 
NbSSP4                             GVCDPSFDN-RTYDVI EDRDLSKLKML--------------------------------- 
Trypsin                            AANS------------ -------------------------------------------- 
coagulation factor X                 KTRGLPKAKSHAPEVITSSP---LK----------- ------------------------ 
Acrosin                            GSNALRMIQSATPPPP TTRPP-PIRPPFSHPISAHLPWYFQPPPRPLPPRPPAAQPRPPP 
Protein C                          RDKEAPQKS-WAP--- -------------------------------------------- 
                                                                                                

Figure 3.13.  Alignment of NBSSP4 with common human serine proteases.  Boxed 
amino acids represent the catalytic domain of a serine protease.  Stars indicate the 
catalytic amino acid.  Dashes represent gaps for alignment purposes.  GeneBank 
database accession numbers are as follows trypsin, NP_002760.1; coagulation factor 
X, NP_000495.1; acrosin, NP_001088.2; Protein C, NP_000303.1.   
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Figure 3.14.  Western blot for NBSSP4.  Immunoblot of NBSSP4 using 
an anti-FLAG monoclonal antibody.  Lane 1 is supernatants from empty 
vector transfected HeLa cells.  Lanes 2, 3 and 4 are from the 
supernatant collected from different clones of the NBSSP4 transfected 
HeLa cells.  Lane 5 is cell lysate from empty vector transfected HeLa 
cells.  Lanes 6-8 are cell lysates from different clones of NBSSP4.  It 
appears NBSSP4 migrates at approximately 31-36 kDa. 
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To investigate whether NBSSP4 could activate PAR2 activation, we used an 

Serum Response Element (SRE)-luciferase assay130.  Serum response element is a 

transcription factor which is activated downstream of PAR2 activation and in this assay is 

linked to a luciferase reporter.  Briefly, cells were co-transfected with pSRE-firefly 

luciferase, pRL-Renilla (control) luciferase, pcDNA 3.1 PAR2 and the vector containing 

NBSSP4. Activation of PAR2 was demonstrated by an increase in the ratio of firefly-

luciferase to renilla-luciferase. Initially, results from this assay looked promising but after 

several repeated attempts it appeared there was no PAR2 activation in NBSSP4 

transfected HeLa cells compared to control empty vector transfected Hela cells.  We 

speculate that this experiment may have been unsuccessful because NBSSP4 is 

synthesized as a zymogen and may need to be proteolytically cleaved in order to be 

activated.  Therefore, we attempted to activate NBSSP4 using thermolysin, a protease 

from the bacteria Bacillus thermoproteolyticus that can cleave and activate many 

different proteases.  After incubating supernatants from NBSSP4 transfected HeLa cells 

with thermolysin for 1 hour, we added the mixture to Hela cells transfected with 

luciferase, renilla and PAR2.   These initial experiments did not demonstrate the 

activation of PAR2 based on the luciferase readout.   

 

Nippostrongylus brasiliensis Venom-like allergen 

 The previous section describes the nearly successful cloning of NBSSP4.  There 

were, however, several early attempts to determine the identity of the 26 kDa protease 

secreted by N. brasiliensis (with benzamidine purified ESP from N. brasiliensis) using 

mass spectrometry and Edman Degradation (see methods).   The identification was 
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hampered by lack of sequence information available for N. brasiliensis; therefore each 

attempt was unproductive until the N. brasilensis transcriptome was published in 2012.   

However, information obtained from mass spectrometry and Edman Degradation has led 

to the identification of a novel N. brasiliensis venom allergen (Figure 3.15).  It was 

apparent that there were co-purified proteins in the preparations we had sent for Edman 

Degradation and mass spectrometry.  

Cloning N. brasiliensis venom allergen 

To sequence the venom allergen from N. brasiliensis, PCR amplification of N. 

brasiliensis cDNA was performed with a degenerate primer for the 3’end of the cDNA 

sequence designed to anneal to the conserved carboxyl end of the protein and a specific 

5’ primer designed to anneal to the predicted N-terminal region of the protein as 

predicted by the N. brasiliensis transcriptome database.  The final nucleotide sequence is 

946 nucleotides long (Figure 3.15).   

A phylogeny tree was also generated to show how closely related N. brasiliensis 

venom allergen is to other proteins (Figure 3.16). Based on results from the phylogeny 

tree, a comparison was performed to identify closely related proteins. Comparison of N. 

brasiliensis venom allergen with venom allergens from other organisms confirmed its 

identity as a venom allergen containing an SCP-1 domain characteristic of this protein 

family73.  Nippostrongylus brasiliensis venom allergen had the greatest similarity to two 

H. bakeri venom allergens.  There was 99% homology between N. brasiliensis venom 

allergen and venom allergen/ancylostoma secreted protein-like 7 isoform 1 and 2.  There 

was 97% homology to ASP-2 from Necator americanus (N. americanus) and 77% 

homology to CRE-SCL-22 protein Caenorhabditis remanei (C. remanei) (Figure 3.17).   
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  gattttggacgtggctgttcgtataaaaggtggctgtataaaagccgccca gtgacagca 60 
  D  F  G  R  G  C  S  Y  K  R  W  L  Y  K  S  R  P   V  T  A  
Ctatcggcaacggtgaaaatgcgttctctgtatcttctcagtgtgatgttt atgggcgcg 120 
 L  S  A  T  V  K  M  R  S  L  Y  L  L  S  V  M  F  M  G  A   
Gccgctacgccgattagcccagtttccatgtgtaaggaagcagatgccact ctctccgac 180 
 A  A  T  P  I  S  P  V  S  M  C  K  E  A  D  A  T  L  S  D  
Tttgacagaacccagttcttggagctgcacaacaaattcagagcggctgca gctaatggc 240 
 F  D  R  T  Q  F  L  E  L  H  N  K  F  R  A  A  A  A  N  G  
Ttcgcctacgtgggcaaatttggctacagccagtatgcccaaaacatggaa gcgatggag 300 
 F  A  Y  V  G  K  F  G  Y  S  Q  Y  A  Q  N  M  E  A  M  E  
Tggaggtgcccgcatgaagggcaggcgattaagctcgctgaatcttgcaag aagcccaaa 360 
 W  R  C  P  H  E  G  Q  A  I  K  L  A  E  S  C  K  K  P  K  
Gcaccggcaggattcggaatgaacagcatctttgtggacaaggcaggaggc aagatcatt 420 
 A  P  A  G  F  G  M  N  S  I  F  V  D  K  A  G  G  K  I  I  
Agtgaggctattgaagaggcactgggaaaatggagaaatgacttgaagaag atggacctg 480 
 S  E  A  I  E  E  A  L  G  K  W  R  N  D  L  K  K  M  D  L  
Cctgaagatatgacattcacgaaagatatggagtcgacaatcggccgggcc actaagatg 540 
 P  E  D  M  T  F  T  K  D  M  E  S  T  I  G  R  A  T  K  M  
Ctatggcacaacaccgt                                            557 
 L  W  H  N  T       

Figure 3.15.  The nucleotide and amino acid sequence of N. brasiliensis 
venom allergen and its deduced amino acid sequence.  Amino acids sequence 
fragments underlined once indicate sequence determined using Edman 
degradation.  Amino acid sequence underlined twice indicate sequence 
fragment determined by mass spectrometry.  Nucleotides are numbered on the 
right.    
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Figure 3.16.   Phylogeny tree for N. brasiliensis venom allergen.  The 
most homologous protein to N. brasiliensis venom allergen is a venom 
allergen from H. bakeri.     
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Nb venom Allergen                       ------------------------------ --------------MRSLYLLSVMFMGAAA 
ancylostoma SPL- 7 isoform 2 Hb       ---------------------------------------MAHLVFASLVIA QVFYAAARV 
ancylostoma SPL- 7 isoform 3 Hb        ---------------------------------------MAHLVFASLVIA QVFYAAARV 
ASP-2 N. americanus                   -----------------------------------MMSSITCLVLLSI------ -----A 
CRE-SCL-22 protein C. remanei         SESALFTCLYNEK AQCEKEMIYENGKPCCEDKDCFTYPGSKCLVPEGLCQAPQMT---KD 
                                                                                  
Nb venom Allergen                     TPISPVSMCKEAD ATLSDFDRTQFLELHNKFRAAAANGFAYVGKF-GYSQYAQNMEAMEW 
ancylostoma SPL- 7 isoform 2 Hb       VNLNQLCPYNEAYTSYTDWTRGVFVDTHNDYRSQLAMGQQKNGPK-IMAQYAKNMNLMYY 
ancylostoma SPL- 7 isoform 3 Hb        VNLNQLCPYNEAYTSYTDWTRTVFMDTHNDYRSQLAMGQQKNGPK-RMAQYARNMNQMYY 
ASP-2 N. americanus                   AYSKAGCP----DNGMSEEARQKFLELHNSLRSSVALGQAKDGA-GGNAPKAAKMKTMAY 
CRE-SCL-22 protein C. remanei         TGDSMQCN----N PQVSDVTRNFTLEQHNFYRSRLAKGFEWNGETNSSQPKASQMIKMEY 
                                       
Nb venom Allergen                     RCPHEGQAIKLAE SCKKP----KAPAGFGMNSIFVD-KAGGKIISEAIEEALGKWRNDLK 
ancylostoma SPL- 7 isoform 2 Hb       ICEIEKEALKSAKECSETPTVPPEYK---ANVMLVPEDATIKHEDDAAEKAMKTWWEEFD 
ancylostoma SPL- 7 isoform 3 Hb        ICDIEKEALKSAKECSETPTVPPEYK---ANAMLVPMDATITHDDDAAKKAMEAWWEEFD 
ASP-2 N. americanus                   DCEVEKTAMNNAKQCVFKHSQPNQRKGLGENIFMSS-D-SGMDKAKAAEQASKAWFGELA 
CRE-SCL-22 protein C. remanei         DCMLERFAQNWAN KCVFAHSSHYERPNQGQNLYMSS-F-ANPDPRSLIHTAVEKWWQELE 
                                     
Nb venom Allergen                     KMDLPEDMTFTKD ----MESTIGRATKMLWHNTVYLACGYADCNDKYSIVCLYSPTGNKV 
ancylostoma SPL- 7 isoform 2 Hb       NYGLNKMLFSQEA---EDAGKVVHATKMAWALNNRLGCGAHKCGDKYSVVCFYPKMVNTV 
ancylostoma SPL- 7 isoform 3 Hb        NYGLNKMLFSQEA---EDAGKVVHATKMAWALNNRLGCATHKCGDKYSVVCFYPKMVNTV 
ASP-2 N. americanus                   EKGVGQNLKLTGGL---FSRGVGHYTQMVWQETVKLGCY VEACSNMCYVVCQYGPAGNMM 
CRE-SCL-22 protein C. remanei         EFGTPIDNVLTPE LWDLKGKAIGHYTQMAWDRTYRLGCGIANCPKMSYVVCHYGPAGNRK 
                                       
 
Nb venom Allergen                     GEQIYEPTDDWNF XCENCPNSKNCDLEYDKLCYPDWAL--- 
ancylostoma SPL- 7 isoform 2 Hb       GKYVYSKGPNESDICVKCPSGTTCIDEIGLCDLDDLGSLFP 
ancylostoma SPL- 7 isoform 3 Hb        GKYVYSKGPNESDICTKCPSGTTCIEEIGLCDVDDLGSLFP 
ASP-2 N. americanus                   GKDIYEKGE-PCSKCENCD------KEKGLCSA------ -- 
CRE-SCL-22 protein C. remanei         NNKIYKIGD-PCE IDDDCPIGTDCEKTTSLCVISK------ 
                                      

Figure 3.17.  Alignment of N. brasiliensis venom allergen with similar venom 
allergens from other species.  Boxes contain domains which classify these types of 
proteins as venom allergens.  Dashes represent gaps for alignment purposes.  
GeneBank database accession numbers are as follows ancylostoma SPL- 7 isoform 
2 Hb,, AEP82923.1;  ancylostoma SPL- 7 isoform 3 Hb, AEP82924.1;   ASP-2 N. 
americanus, AAP41952.1;  and CRE-SCL-22 protein C. remanei , 
XP_003109641.1.                                 
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Discussion 

Over the past several years there has been a marked increase in reports focusing 

on the immunological effects of helminths and their potential therapeutic value in the 

treatment of inflammatory gastrointestinal disease85, 127, 131-134.  The physiological and 

immunological effects of helminth infection, including their effects on gut function, have 

been well characterized39-41, 60, 124, 135-137.  There is little information, however, on specific 

helminth products that may play a role in initiating these changes. 

In the present studies we found PAR2 is activated and desensitized on IEC as 

early as day 5 post N. brasiliensis inoculation which is the time the helminth enters the 

gut.  We demonstrate that PAR2 is removed from the cell surface rapidly, as early as 5 

minutes in experiments using the Alexa Flour 594-2FLI, the fluorescent PAR2-AP.   We 

found that PAR2 is rapidly lost from the apical membrane which is followed by staining 

for basolateral PAR2 and eventually staining of cells in the lamina propria.   

We identified a common feature of helminths that may be involved in the 

induction of a type 2 immune response to helminth infection. Casein zymography 

demonstrated that three different species of helminths studied produce diverse profiles of 

proteases that are released when the helminths are cultured in vitro.   Importantly, they all 

produce a 26kDa protease that is detected in helminths benzamidine purified ESP.     

  Next, we showed that benzamidine purified ESP increased intestinal 

permeability through a PAR2 dependent mechanism and that the 26 kDa protease from N. 

brasiliensis ESP alone can significantly increase permeability in the small intestine.  It 

was also determined that the 26 kDa protease from N. brasiliensis ESP could activate 

PAR2, measured using cytosolic calcium imaging.  Our finding that helminths generate 
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trypsin-like protease can interact with PAR2 and increase intestinal permeability, is one 

of the few discoveries which shows a direct interaction between helminth generated 

serine proteases and the host intestinal barrier. Hasnain et al. showed a secreted serine 

protease produced by T. muris has the ability to degrade the mucin network in the small 

intestine specifically by degrading Muc281.  However, they found that another mucin 

produced by the host in response to infection, MUC5ac, could not be degraded by the T. 

muris serine protease.   

Subsequently, we sequenced the putative 26 kDa protease gene and named it 

NBSSP4 based on sequence alignments derived from published information on the N. 

brasiliensis transcriptome.  We found that the sequence of NBSSP4 is closely related to 

serine proteases from helminth Ascaris sum and insects such as wasp and moths. When 

NBSSP4 was aligned with common human serine proteases, it was most closely related 

to human Factor X.  Interestingly, Camerer et al. found that activated Factor X, Factor Xa 

activates PAR2 through a tissue factor dependent mechanism and suggest that PAR2 may 

function as a receptor for Factor X in certain settings128.  This may not be directly related 

to helminth infection in the gut, however it shows that NBSSP4 is closely related through 

its catalytic domain to Factor X which has been shown to activate PAR2.  Unfortunately, 

expression and activation of NBSSP4 protein has been challenging and work is ongoing 

to test PAR2 activation with the recombinant protease, NBSSP4.  Nonetheless, this is the 

first study to identify an interaction between a helminth-secreted protease and a host 

proteolytic pathway with a direct physiological outcome.   

Finally, we were able to identify a venom allergen secreted by N. brasiliensis 

which we had serendipitously identified by mass spectrometry and Edman Degradation.  
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This particular protein was 99% homologous to venom allergens from H. bakeri.  Venom 

allergens are produced by nearly all helminths throughout their various life stages.  

Because of this and their functional classification, and that they are known to be secreted 

proteins, these allergens might be valuable vaccine candidates or immune modulating 

molecules 75.  A venom allergen from a human hookworm, Nectar americansus, NaASP-

2, is currently being tested as a potential vaccine candidate in clinical trials138.  However, 

a similar study was done using two different venom allergens from Schistosoma masoni.  

It was determined, using a model of airway inflammation in mice, that these two venom 

allergens caused a significant allergic response75.  Farias et al. concluded that these 

affects need to be considered when using venom allergens in vaccines because the 

allergic response may outweigh the benefits of the vaccination75.  In the future, we need 

to further characterize the venom allergen from N. brasiliensis and determine its 

biological effects during N. brasiliensis infection.   

In conclusion, this is the first known study to show direct evidence that an 

isolated protease from N. brasiliensis can activate PAR2, and that this may be an activity 

shared by other parasitic helminths that we found secrete a 26 kDa protease as well.  We 

speculate that the activation of PAR2 on intestinal epithelial cells by the helminth 

secreted proteases may be the initial trigger for the increased permeability observed in all 

models of helminth infection.  The ability of a helminth protease to activate a host 

proteolytic pathway is a unique example of molecular mimicry.  

 

 

 



76 

 

Chapter 4: The Role of Host PAR2 during Helminth Infection 

Introduction 

Nearly thirty percent of the world’s population is infected with parasitic 

helminths137, which elicit an adaptive type 2 immune response characterized by  

increased production of IL-4 and IL-13.  There is a lack of information, however, on the 

factors involved in the initiation of type 2 immunity to helminth infection. The mucosal 

barrier plays a key role in limiting or facilitating the passage of worm products to the 

lamina propria. Helminths elaborate proteases74, 78-81 that promote passage of products 

across the epithelium that could initiate a host immune response.   As a result, there is an 

emergent interest in the interaction between pathogen-derived proteases and host 

proteolytic signaling pathways.   

Protease activated receptor 2 (PAR2) is a G-protein coupled receptor activated by 

proteolytic cleavage of its N-terminus by “trypsin-like” proteases.  Activation of PAR2 on 

intestinal epithelial cells increases intestinal permeability and intestinal secretion36, 119, 139.  

We showed previously that there was a STAT6-dependent up-regulation of PAR2 

expression during helminth infection but a specific loss of epithelial PAR2 expression119 

suggesting an interaction between helminth-generated proteases and host PAR2.  The 

hypothesis tested by experiments described in Chapter 4 is that PAR2 plays a role in the 

initiation of the type 2-mediated protective immune response in vivo. This hypothesis will 

be addressed in the following two aims: (1) to determine the role of PAR2 in the initiation 

and/or maintenance of the type 2 immune response to  helminth infection and (2) to 

identify the role of PAR2 in the functional and immune responses that promote helminth 

expulsion. 
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Results 

PAR2 Contributes to Host Protective Immunity against N. brasiliensis 

We evaluated egg production, expressed as the number of eggs per gram of feces 

(EPG), and number of adult worms in N. brasiliensis-infected WT and PAR2-/- mice.  

Egg production was highest at day 7 post inoculation in both strains with a gradual 

decline through day 9 post inoculation; PAR2-/- mice, however had nearly 3 times the 

level of EPG compared to WT mice on days 7 and 8 (Figure 4.1).  The number of worms 

present in the small intestine was similar at day 5 and day 9 post inoculation in WT and 

PAR2-/- mice (Figure 4.2).   The nearly complete elimination of adult worms in WT and 

PAR2-/- mice at day 9 post inoculation is consistent with a comparable expression of 

RELMβ (Figure 4.3), a resistin-like molecule secreted by goblet cells that is required for 

worm expulsion38.    

Contribution of PAR2 to the Immune Response to N. brasiliensis 

Elevations in IL-4 and IL-13 are critical to the development of the type 2 immune 

response to helminth infection.  Real-time PCR analysis showed that small intestinal gene 

expression of IL-4 (Figure 4.4A) and IL-13 (Figure 4.4B) was up-regulated significantly 

in WT mice at days 5 and 9 post inoculation  In contrast, the IL-4 and IL-13 response to 

infection in PAR2-/- mice was significantly lower than that observed in WT mice at day 5 

post inoculation.   By day 9 post inoculation both, IL-4 and IL-13 were significantly up-

regulated in both strains; however the IL-4 level remained significantly lower in PAR2-/- 

mice.  In contrast, IL-13 expression was similar in both strains at day 9 post inoculation   

Taken together, these data indicate that PAR2 contributes primarily to the early events in 

the type 2 response.      
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Figure 4.1.  PAR2 contributes to host 
protective immunity, egg count.  Egg 
production was determined days 5-9 post 
inoculation with 500 N. brasiliensis third-
stage larvae and measured as number of eggs 
per gram of feces (EPG).  Egg counts were 
performed twice to confirm initial results. n ≥ 
5 for each group. *p < 0.05 versus the WT 
vehicle group. 
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Figure 4.2.  PAR2 contributes to host protective 
immunity, adult worm count.  Adult worms were 
counted on days 5 and 9 from the intestines of mice 
inoculated with 500 third-stage N. brasiliensis larvae. n 
≥ 5 for each group. **p< 0.001 versus the WT vehicle 
group. 
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Figure 4.3.  PAR2 contributes to host protective immunity, 
RELMβ.  RELMβ is a mucin produced in response to 
helminth infection by the host.  qPCR was performed to 
examine mRNA expression of RELMβ in the small 
intestine.  The fold changes were relative to the WT vehicle 
after normalization to 18S rRNA.  **p<0.001 versus the 
vehicle group (n≥ 5 for each group).  
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Figure 4.4.  The contribution of PAR2 to the early 
immune response to helminth infection, IL-4 and 
IL-13.  Mice were inoculated with 500 N. 
brasiliensis third stage larvae and studied 5 and 9 
days later. qPCR was performed to examine mRNA 
expression of (A) IL-4 and (B) IL-13 in the small 
intestine.  The fold changes were relative to WT 
vehicle after normalization to 18S rRNA.  n ≥ 5 for 
each group. *p < 0.05, **p< 0.001 versus the WT 
vehicle group. θ indicates significantly different 
from WT infected at the same time point (p < 0.05). 
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IL-25, TSLP, and IL-33 produced by epithelial cells, have been reported to 

contribute to the type 2 immune response to helminth infection140.  At day 5 post 

inoculation, there was no significant change in IL-25 (Figure 4.5A) or TSLP (Figure 

4.5B) in WT or PAR2-/- mice; however there was a significant up-regulation of IL-25 but 

not TSLP, in both strains by day 9 post inoculation.   In contrast, the significant up-

regulation in IL-33 gene expression in N. brasiliensis-infected WT mice at day 5 post 

inoculation was not observed in PAR2-/- mice (Figure 4.5C).   

Macrophages express PAR2 and the development of the alternatively activated 

phenotype (AAMΦ) is important in the development of the type 2 immune response to 

helminth infection141.  We investigated if macrophage recruitment and activation was 

different in N. brasisliensis-infected WT versus PAR2-/- mice.  There was no difference in 

F4/80 expression, a pan macrophage marker, between the two strains (Figure 4.6A).   

Similarly N. brasisliensis-infected PAR2-/- and WT mice had a comparable up-regulation 

of arginase-1 (ARG-1), a M2 marker, at day 9 post inoculation (Figure 4.6B).  These data 

suggest that macrophage recruitment and development of AAMΦ in N. brasiliensis 

infection is independent of PAR2.     

Mastocytosis is another common feature of helminth infection and mast cells both 

express PAR2 and elaborate proteases that activate PAR2142.  The major murine mast cell 

protease is mast cell protease-1 (mMCP-1) and its expression is an index of mast cell 

infiltration.  At day 5 post inoculation, mMCP-1 expression was unchanged, but was up-

regulated significantly at day 9 post inoculation in both strains of mice (Figure 4.6C).  

These data indicate that helminth induced mastocytosis is not part of the early response 

but rather is related to up-regulation of type 2 cytokines, including IL-4 and IL-13.  
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Figure 4.5.  The contribution of 
PAR2 to the early immune 
response to helminth infection, 
innate cytokines. Mice were 
inoculated with 500 N. 
brasiliensis third stage larvae and 
studied 5 and 9 days later. qPCR 
was performed to examine mRNA 
expression of (A) IL-25, (B) 
TSLP, and (C) IL-33 in samples 
from small intestine.  The fold 
changes were relative to WT 
vehicle after normalization to 18S 
rRNA.  n ≥ 5 for each group. *p < 
0.05, **p< 0.001 versus the WT 
vehicle group.   
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Figure 4.6.  PAR2 does not affect 
maturation of macrophages and 
mast cells in the small intestine.   
RT-qPCR was performed to 
examine mRNA expression of (A) 
F4/80, a pan macrophage marker, 
(B) ARG-1, a marker for 
alternatively activated 
macrophages, and (C) mMCP-1, 
mast cell protease from murine 
mast cells in samples from the 
small intestine of wild-type (WT) 
or PAR2-/- mice inoculated with 
500 N. brasiliensis third stage 
larvae at days 5 and 9.  The fold 
changes were relative to the WT 
vehicle groups after normalization 
to 18S rRNA. *p < 0.05, **p< 
0.001 versus the WT vehicle group 
(n ≥ 5 for each group).   
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Role of PAR2 in the Type 2 Immune Response to H. bakeri Primary and 

Secondary Infections  

In response to a primary H. bakeri infection, IL-4 was significantly up-regulated 

by day 8 post inoculation in the intestines of WT and PAR2-/-   mice; however, up-

regulation in PAR2-/- mice was significantly lower than that in WT mice (Figure 4.7A).  

IL-4 and IL-13 (Figure 4.7B) expression increased further at day 8 post inoculation; 

however, the levels remained significantly lower in PAR2-/- mice.  In contrast, in 

response to a secondary H. bakeri infection, IL-4 (Figure 4.8A) and IL-13 (Figure 4.8B) 

levels in both PAR2-/- and WT mice were elevated significantly at day 8 post inoculation 

and remained elevated through day 14 post inoculation.  The early increase in type 2 

cytokines during a memory response, attributed to memory T cells, apparently bypasses 

innate PAR2-dependent mechanisms.  

 

PAR2 Plays a Role in the Epithelial Cell Response to N. brasiliensis 

Increased intestinal permeability is one of the stereotypic features of helminth 

infection40 and previous studies showed that PAR2 activation increased mucosal 

permeability36, 108.  To determine the role of PAR2 in the enhanced permeability during 

helminth infection we measured TEER at days 5 and 9 post inoculation. Mucosal 

permeability was increased significantly at day 5 post inoculation in N brasiliensis-

infected WT, but not in infected PAR2-/- mice (Figure 4.9A).   Changes in permeability 

were confirmed using 4 kDa FITC-dextran (Figure 4.9B and C).  In contrast, TEER was 

similar in WT and PAR2-/- mice at day 9 post inoculation consistent with the hypothesis 

that PAR2 contributes primarily to the early type 2 response. 
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Figure 4.7.  The contribution of PAR2 to the type 2 immune response to primary 
H. bakeri infection, IL-4 and IL-13.  Mice were inoculated with 200 H. bakeri 
third stage larvae and studied 8 and 14 days later. qPCR was performed to examine 
mRNA expression of (A) IL-4 and (B) IL-13 in the small intestine.  The fold 
changes were relative to WT vehicle after normalization to 18S rRNA.  n ≥ 5 for 
each group. *p < 0.05, **p< 0.001 versus the WT vehicle group. θ indicates 
significantly different from WT infected at the same time point (p < 0.05). 
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Figure 4.8.  The contribution of PAR2 to the type 2 immune response to 
secondary H. bakeri infection, IL-4 and IL-13.  Mice were inoculated with 200 
H. bakeri third stage larvae, cured and reinfected then studied 3 and 14 days 
later. qPCR was performed to examine mRNA expression of (A) IL-4 and (B) 
IL-13 in the small intestine.  The fold changes were relative to WT vehicle after 
normalization to 18S rRNA.  n ≥ 5 for each group. *p < 0.05 versus the WT 
vehicle group.  
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Figure 4.9.  Early changes in 
mucosal permeability in response to 
Helminth infection are dependent on 
PAR2.  WT and PAR2−/− mice were 
infected with 500 Nippostrongylus 
brasiliensis third stage larvae and 
studied at day 5 and 9.  (A) To 
measure permeability changes we 
measured TEER using muscle free 
segments of small intestinal mucosa 
mounted in microsnapwells.  To 
confirm our TEER results we 
measured FITC-labeled dextran flux 
in mucosal segments at day 5 (p< 
0.06) (B) and day 9 (C).  *p < 0.05, 
Φp< 0.01, **p< 0.001 versus the WT 
vehicle group.   (n ≥5 for each 
group). 
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Intestinal helminth infection is also associated with decreased glucose absorption, 

basal ion flux (Isc), and intestinal hypo-secretion resulting in a net increase in intra-

luminal fluid during active worm expulsion at day 9 post inoculation40.  There were 

comparable reductions in sodium-linked glucose absorption in N. brasilienis-infected WT 

and PAR-/- mice at day 9 post inoculation (Figure 4.10A).   Secretory responses to 

acetylcholine (Figure 4.10B) were reduced similarly in infected WT and PAR2-/- mice at 

day 9 post inoculation. These data indicated that PAR2 plays a role in the increased 

intestinal permeability early in the infection, but does not affect the infection-induced 

changes in epithelial secretion or glucose absorption. 

 

Epithelial Response to H. bakeri Primary and Secondary Infection are 

Independent of PAR2 

In primary H. bakeri infection, the mucosal permeability was not significantly 

increased until day 14 post inoculation in WT and PAR2-/- (Figure 4.11A).  Wild type and 

PAR2-/- intestines had similar decrease in glucose absorption at day 14 post inoculation 

(Figure 4.11B).  There was also a significant decrease in the secretory response to 

acetylcholine (data not shown) at day 14 post inoculation in WT and PAR2-/- mice.  In a 

secondary H. bakeri infection, there was a significant decrease in mucosal permeability 

(Figure 4.12A) as well as in glucose absorption (Figure 4.12B) by day 3 post inoculation 

which was maintained through day 14 post inoculation.  Responses to acetylcholine 

(Figure 4.12C) were reduced equally in WT and PAR2-/- tissue, but only at day 14 after a 

secondary H. bakeri infection.   
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Figure 4.10.  PAR2 does not affect the absorption or secretion response in 
epithelial cells during helminth infection.  For epithelial functional studies 
muscle free segments of mucosa were mounted in Ussing chambers to 
measure (A) high dose glucose (40 mM) response and (B) response to 
secretogage acetylcholine (1 mM). *p < 0.05 versus the WT vehicle group.  
(n≥5 for each group).   
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Figure 4.11.  PAR2 does not affect permeability or the 
absorptive response in epithelial cells during a primary H. 
bakeri infection.  (A) To measure permeability changes 
we measured TEER using muscle free segments of small 
intestinal mucosa mounted in microsnapwells.  (B)  For 
epithelial functional studies muscle free segments of 
mucosa were mounted in Ussing chambers to measure 
high dose glucose response (40 mM).  *p < 0.05 versus 
the WT vehicle group.  (n≥5 for each group).   
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Figure 4.12.  PAR2 does not affect 
permeability or the absorptive response 
in epithelial cells during a primary H. 
bakeri infection.  (A) To measure 
permeability changes we measured 
TEER using muscle free segments of 
small intestinal mucosa mounted in 
microsnapwells.  Ussing chambers to 
measure (B) high dose glucose (40mM) 
response and (C) response to 
secretogage, acetylcholine (1mM) *p < 
0.05 versus the WT vehicle group.  (n≥5 
for each group).   
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PAR2 Alters Neural Control of Smooth Muscle Function during N. 

brasiliensis infection 

Smooth muscle hyper-contractility is another stereotypic host response to 

helminth infection associated with worm expulsion41.   PAR2 is expressed on enteric 

nerves and smooth muscle cells, and we previously showed that smooth muscle responses 

to PAR2 agonists are enhanced at day 9 post inoculation119.  N. brasiliesnsis-induced 

smooth muscle hyper-contractility to nerve stimulation (EFS) was significant in WT, but 

not in PAR2-/- mice at day 9 post inoculation (Figure 4.13A and B).    In contrast, there 

were no differences in smooth muscle responses to acetylcholine in WT and PAR2-/- 

infected mice (Figure 4.14A and B).  Intestinal smooth muscle responds to acetylcholine 

through M3 receptors that are present on smooth muscle cells and their expression is 

increased during infection.  Our previous data showed macrophages are also important to 

the infection-induced changes in smooth muscle morphology and contractility41.  At day 

9 post inoculation, both smooth  muscle thickness and M3 receptor expression were 

comparable in WT and PAR2-/- infected mice (Figure 4.14C and D) indicating that PAR2 

on enteric nerves, rather than on smooth muscle cells, mediates the impaired response to 

EFS, but not to acetylcholine acting through M3 receptors on smooth muscle cells.    
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Figure 4.13.  Impaired host immunity against N. brasiliensis 
infection in PAR2−/− mice was associated with diminished 
intestinal smooth response.  Intestinal strips were suspended 
longitudinally in organ baths for in vitro contractility studies in 
response to EFS (1–20 Hz, 80 V) in (A) WT  and (B) PAR2−/− 
smooth muscle.  *p<0.05 versus WT vehicle. (n≥5 for each 
group). 
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Figure 4.14.  PAR2 does not affect the smooth muscle response to 
acetylcholine during a N. brasiliensis infection.  Intestinal strips 
were suspended longitudinally in organ baths for in vitro 
contractility studies in response to acetylcholine in (A) WT and (B) 
PAR2−/− smooth muscle. (C) Smooth muscle thickness was 
measured and compared relative to WT vehicle control.  (D)  qPCR 
was performed to examine mRNA expression of the M3 receptor.  
*p<0.05 versus WT vehicle. (n≥5 for each group). 
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Effects of PAR2 on Smooth Muscle Function during a Primary and 

Secondary H. bakeri Infection 

In a primary H. bakeri infection, there was no smooth muscle hyper-contractility 

to EFS (Figure 4.15A and B) or acetylcholine (Figure 4.15C and D) in WT and PAR2-/- 

mice.  In N. brasiliensis infection there is a smooth muscle contractile response to EFS 

that is dependent on PAR2.  During a primary H. bakeri infection, the lack of smooth 

muscle hyper-contractility may be due, in part, to the lack of sufficient 26 kDa protease 

elaborated by H. bakeri to interact with PAR2 on enteric nerves.     

During secondary H. bakeri infection there was an enhanced  smooth muscle 

hyper-contractility to EFS  at day 14 post inoculation in WT mice that was absent in 

PAR2-/- mice (Figure 4.16A and B).   There was also a difference in smooth muscle 

hyper-contractility to acetylcholine in WT and PAR2-/- mice in response to a secondary 

H. bakeri infection (Figure 4.16C and D).    Muscle thickness was measured and there 

was a similar increase in smooth muscle thickness between PAR2-/- and WT smooth 

muscle at day 14 post inoculation (Figure 4.14E). The difference in acetylcholine 

responsiveness is due to something other than muscle thickness, perhaps M3 receptor 

expression.  

The role of PAR2 in Lung Inflammation during N. brasiliensis Infection 

There is a greater macroscopic damage in the PAR2-/- lungs than in WT lungs due 

to migration of parasitic larvae during the infection (Figure 4.17A).    The size of the 

PAR2-/- lung was increased compared to WT with more hemorrhagic areas as larvae 

migrated through the lung between days 1 and 2 post inoculation.  This is associated with 

an inflammatory response which is characterized by an up-regulation 
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Figure 4.15.  PAR2 does not affect the smooth muscle response to 
EFS or acetylcholine during a primary H. bakeri infection.  Intestinal 
strips were suspended longitudinally in organ baths for in vitro 
contractility studies in response to EFS (1–20 Hz, 80 V) in (A) WT  
and (B) PAR2−/− smooth muscle and  acetylcholine in (C) WT and 
(D) PAR2−/− smooth muscle. (n≥5 for each group). 
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Figure 4.16.  PAR2 does not affect the 
smooth muscle response to EFS or 
acetylcholine during a secondary H. 
bakeri infection.  Intestinal strips were 
suspended longitudinally in organ baths 
for in vitro contractility studies in 
response to EFS (1–20 Hz, 80 V) in (A) 
WT  and (B) PAR2−/− smooth muscle and  
acetylcholine in (C) WT and (D) PAR2−/− 
smooth muscle.   
(E) Smooth muscle thickness was 
measured and compared relative to WT 
vehicle control.  *p<0.05 versus WT 
vehicle. (n≥5 for each group). 
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Figure 4.17.  Role of PAR2 in lung phase of  N.brasiliensis infection.  (A) Whole 
lung photograph of N. brasiliensis infected lung at day 5 post infection, WT (left) 
and PAR2-/- (right).  q-RT-PCR was performed to examine mRNA expression of the 
IL-13 (B) and IL-17A (C) in the lungs of N.brasiliensis infected mice at day 5.   
*p<0.05 versus WT vehicle. (n≥5 for each group). 
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of pro-inflammatory cytokines such as IL-17A15.  The resolution of the damage in the 

lungs is associated with an up-regulation of IL-1315.    

Real-time qPCR results indicate that there is no difference between WT and 

PAR2-/- mice in the up-regulation of IL-13 in the lungs at day 5 and 9 post inoculation 

(Figure 4.17B).  In contrast, there is significant up-regulation of IL-17A, a type 1 pro-

inflammatory cytokine, in PAR2-/- but not WT lungs at both day 5 and 9 post inoculation 

(Figure 4.17C).   

 

Discussion 

The adaptive immune response to helminth infection is characterized by STAT6-

dependent changes in gut function including increased intestinal permeability and smooth 

muscle contractility that promote worm expulsion41.  There is little information, however, 

about the events that trigger these generic changes during helminth infection.  We 

showed that PAR2 plays a key role in the functional changes in intestinal epithelial cells 

that promote the initiation of the type 2 immune response as well as contributing to the 

changes in epithelial and smooth muscle function that regulate helminth expulsion.  

In the present study, adult worm numbers were similar at day 5 and 9 post 

inoculation in WT and PAR2-/- N. brasiliensis-infected mice, but egg production was 

much greater in PAR2-/- mice between days 7 through 9 post inoculation. Reduced EPG 

is an indicator of the intensity of the host immune response that can stress the worms to 

limit egg production or fecundity and facilitate worm expulsion from the intestine.   The 

PAR2-dependent component appears to affect only egg production and not the ability to 

expel worms since adult worm numbers were comparable in WT and PAR2-/- mice at day 
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9 post inoculation. The enhanced worm fecundity is reflected in impaired up-regulation 

in expression of IL-4 and IL-13 in the small intestine at day 5 post inoculation. This 

effect on immune response was associated with the absence of changes in TEER that 

were also observed at day 5 post inoculation. Not all Th2-dependent events were delayed 

since STAT6-dependent recruitment and development of M2 macrophages in the small 

intestine was comparable as shown by the up-regulation of F4/80 and ARG-1 at day 9 

post inoculation in WT and PAR2-/--infected mice.   

The role of PAR2 in the lungs during N. brasiliensis is significant.  The physical 

manifestations due to the lack of PAR2 during N. brasiliensis infection in the lungs are 

striking.  The lung phase is characterized by an initial up-regulation of inflammatory 

cytokines followed by a resolution of the damage mediated by IL-1315.  We found that 

the absence of PAR2 during this phase causes increased inflammation and uncontrolled 

up-regulation of IL-17.  There was no difference in IL-13 up-regulation at day 5 or 9 post 

inoculation. In the lung, it appears PAR2 plays a major role in mediating inflammation 

and preventing extensive damage to the lung.   

The initiating factors of the type 2 cytokine response to enteric helminth infection 

remain unclear, however, recent studies identified TSLP, IL-25 and IL-33, as early 

cytokines that work through various immune and non-immune cells to up-regulate type 2 

cytokines143.  There were no differences in the levels of TSLP or IL-25 in WT versus 

PAR2-/- at day 9 post inoculation. IL-25 was significantly up-regulated at day 9 post 

inoculation similar to our previous study42.   In contrast, IL-33 expression was 

significantly lower in N. brasiliensis-infected PAR2-/- mice at day 5 post inoculation 

compared to WT mice.  IL-33 is generated by a number of cells including epithelial cells, 
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mast cells and macrophages acts to up-regulate the production of IL-1344, 47-49, 52.  Our 

results suggest that the reduced IL-33 response to N. brasiliensis in PAR2-/- mice may be 

a mechanism for the delayed up-regulation of IL-13 at day 5 post inoculation, and may be 

linked to the role of PAR2 in mucosal barrier function.   

Activation of PAR2 on the apical surface of intestinal epithelial cells has been 

reported to increase permeability by trans-activation of EGFR108.  In contrast, mast cell 

protease-mediated activation of PAR2 on the basolateral side of intestinal epithelial cells 

increases permeability through the phosphorylation of MLCK, which activates ZO-1 to 

open tight junctions36.  By day 5 post inoculation, permeability was enhanced 

significantly in WT, but not in PAR2-/- mice.  By day 9 post inoculation, however, 

permeability was reduced significantly in both strains.  Mastocytosis is a common feature 

of the type 2 immune response to helminth infection, however, mMCP-1 was elevated 

only at day 9 post inoculation in WT and PAR2-/- mice136.   These data demonstrate that 

the enhanced intestinal permeability at day 5 post inoculation can be attributed to 

activation of PAR2 that presumably facilitates passage of worm products across the 

mucosal barrier to interact with immune cells in the lamina propria during N. brasiliensis 

infection.   The longer-lasting changes in permeability are STAT6-dependent and linked 

to the up-regulation of type 2 cytokines and enhanced by the influx of mast cells.   

A primary H.bakeri infection clears over a period of weeks and, therefore, is 

considered to be chronic.  The generation of type 2 cytokines is attenuated and there is 

also a lack of smooth muscle hyper-contractility by day 14 post inoculation compared to 

the response to N. brasiliensis.  We showed in Chapter 3 that H. bakeri elaborated less of 

the PAR2 activatinig 26 kDa protease than N. brasiliensis.  Therefore, it is not surprising 



103 

 

that we observed an increase in mucosal permeability at day 5 post inoculation in N. 

brasiliensis infected tissue that was not observed in H. bakeri mucosa until day 14 post 

inoculation.   It is likely that the 26 kDa protease from N. brasiliensis is involved in 

PAR2 activation on intestinal epithelial cells which leads to mucosal permeability at 5 

day post inoculation.  

The up-regulation of type 2 cytokines is critical also to alterations in epithelial 

cell secretion and absorption as well as to the hyper-contractility of smooth muscle in 

response to helminth infection144.   Inhibition of sodium-linked glucose absorption is a 

hallmark of helminth infection and contributes greatly to the increase in intra-luminal 

fluid associated with worm expulsion40.  There were no differences in epithelial secretion 

to acetylcholine in WT and PAR2-/- mice during N. brasiliensis, H. bakeri primary or H. 

bakeri secondary infection.  Our previous finding that PAR2 expression was diminished 

on intestinal epithelial cells during the course of N. brasiliensis infection is consistent 

with the significantly reduced secretory responses to PAR2-AP on day 9 post inoculation 

119.  The decreased secretory response to acetylcholine during N. brasiliensis or H. bakeri 

infection was observed in WT and PAR2-/- mice.    Thus, PAR2 is dispensable for the 

helminth infection-induced inhibition of epithelial secretion and absorption which result 

in a net increase in intra-luminal fluid that reduces worm fecundity and enhances 

expulsion136.   This may explain, in part, the lack of a difference between strains in worm 

expulsion.    

We showed  that the enhanced responses to contractile agonists including 

acetylcholine, PAR1 and PAR2 agonists, 5-HT, and substance P, as well as to nerve 

stimulation coincides with worm expulsion at day 9 post inoculation 39.  Responses to 
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acetylcholine were similar in WT and PAR2-/- mice, consistent with the similar number 

of worms remaining at day 9 post inoculation in both strains.  Responses to acetylcholine 

were similar in primary and secondary H. bakeri infections as well.  The infection-

induced hyper-contractility is dependent on AAMΦ secretion of growth factors that 

induce smooth muscle hypertrophy and hyperplasia.  Nippostrongylus brasiliensis 

infection up-regulates the expression of the M3 receptor and the effect of acetylcholine is 

mediated by binding to the M3 receptor primarily located on smooth muscle cells.  

Similar increases in F4/80, ARG-1, and M3 receptor expression as well as smooth muscle 

thickness are consistent with the comparable responses to acetylcholine in WT and 

PAR2-/- mice at day 9 post inoculation.  In contrast to the lack of contribution of PAR2 to 

smooth muscle responses, the enhanced response to nerve stimulation was abrogated in 

N. brasiliensis and secondary H. bakeri infection in PAR2-/- mice.  Previously, we found 

that the smooth muscle responses to PAR2-AP were enhanced during infection and this 

effect was dependent entirely on enteric nerves119.   These data indicated that PAR2 is 

critical to the N. brasiliensis and secondary H. bakeri-induced hyper-sensitivity of enteric 

nerves.  It is evident, however, that the impaired neural hyper-sensitivity in PAR2-/- mice 

was not sufficient to delay worm clearance and points to the importance of changes in 

epithelial and macrophage-mediated effects on smooth muscle function during N. 

brasiliensis infection.    

In conclusion, this is the first study to show the importance of PAR2 expression to 

the early up-regulation of type 2 cytokines in response to helminth infection.  In this 

paradigm, activation of PAR2 on epithelial cells increases intestinal permeability and 

activates IL-33 expression during N. brasiliensis infection.  Together, we propose that 
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this facilitates the passage of worm products, including proteases, through the intestinal 

barrier to interact with immune and non-immune cells to initiate the type 2 immune 

response. The activation of PAR2 on epithelial cells during infection does not result in 

increased secretion due to the fact that PAR2 expression is diminished rapidly on 

intestinal epithelial cells upon exposure to helminth proteases.   The neural-mediated 

increases in smooth muscle contractility, which contribute to adult worm expulsion from 

the intestine, requires PAR2.  Understanding the involvement of PAR2 in the neural 

mediated aspects of infection may aid in our understanding of IBS which has a strong 

neural component also associated with PAR2.  This work is significant because helminth 

infection has been used therapeutically to treat inflammatory diseases such as IBD.   

Understanding how helminth infection up-regulates the host type 2 immune response 

may help develop novel therapeutics for the treatment of inflammatory diseases and 

neural-mediated diseases such as IBS. 

 

 

 

 

 

 

 

 



106 

 

Chapter 5: Summary & Conclusions 

Understanding the mechanisms by which helminths modulate the host immune 

system is critical to understanding the beneficial effects of infection against inflammatory 

pathologies.   The effects of infection are well characterized and include the up-regulation 

of the type 2 cytokines, IL-4 and IL-13, increased intra-luminal fluid resulting from 

enhanced mucosal permeability and inhibited glucose absorption and smooth muscle 

hyper-contractility.  All of these effects are important for effective helminth expulsion.  

There is less information about the initiating factors and mediators generated by 

helminths that may trigger these events.  We have identified a novel protease generated 

by helminths that can interact with host PAR2.  We also identified the functional effects 

of this interaction which play a role in the host type 2-immune response to infection. 

We first identified a common mechanism used by three helminths to interact with 

host PAR2.  The 26 kDa protease was shown to increase mucosal permeability 

specifically through activation of PAR2.  The 26 kDa protease was then sequenced, 

cloned and renamed NBSSP4.  Using sequence alignment, it was determined that this is 

likely a zymogen and is homologous to other known trypsin-like proteases containing the 

catalytic domain of serine proteases.  

 PAR2 is expressed on both the apical and basolateral aspects of enterocytes in the 

small intestine.  Activation of PAR2 results in rapid endocytosis and removal from the 

cell surface.   Thus, the availability of PAR2 on the cell surface is an important 

determinant of agonist or NBSSP4 activity.  Previously, we showed that at day 9 post  N. 

brasiliensis infection, there was a significant STAT6/IL-13 dependent up-regulation of 

PAR2 mRNA expression119.  This was associated, however, with a marked reduction in 
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PAR2 expression on epithelial cells of the small intestine consistent with reports and our 

work which shows helminths generate trypsin-like serine proteases 74, 145.  We observed 

that continuous exposure of epithelial mucosa in vitro to PAR2 agonists resulted in a loss 

of surface expression specifically on epithelial cells as immune cells continue to express 

PAR2.  Given the association between PAR2 activation and changes in permeability, 

epithelial cells may control the availability of surface PAR2, in part, to maintain control 

of barrier function.  Physiologically, the control of epithelial PAR2 expression may act to 

protect the small intestinal mucosa from prolonged exposure to pancreatic trypsin during 

a meal.       

In addition to the discovery of NBSSP4, we also discovered a venom allergen 

from N. brasiliensis that co-purified with protease activity, is nearly 100% homologous to 

venom allergens in H. bakeri.  Unfortunately, there is no known function of venom 

allergens at the present time however, they are being actively studied because of their 

predominance in H. bakeri ESP74 and because they are potential vaccine candidates9.    

Next, we found that helminth-derived proteases that activate PAR2 play a 

significant role early in N. brasiliensis infection primarily by affecting mucosal 

permeability and the initiation of type 2 cytokine production.  It is postulated that a 

helminth-secreted protease activates PAR2 and increases mucosal permeability that 

facilitates helminth antigens and protease to penetrate into the lamina propria and interact 

with host immune cells. Tripathi et al. found that increased mucosal permeability by 

zonulin was due in part to the trans-activation of EGFR and PAR2 on the apical surface 

of Caco-2 cells108.  Jacob et al. found that activation of basolateral PAR2 by mast cell 

tryptase increased mucosal permeability36.  In the present study, we demonstrate that 
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helminth proteases increase intestinal permeability in a PAR2-dependent manner.  Nhu et 

al. showed that PAR2 activation on macrophages amplified the induction of alternatively 

activated macrophages by IL-4141.  Therefore, PAR2-mediated changes in intestinal 

permeability during helminth infection provide a mechanism for proteases to initiate 

and/or amplify the host type 2-immune response.   

During a primary H. bakeri infection there is less of a role for PAR2 in the 

functional changes associated with infection.  PAR2 is present on enteric nerves and on 

smooth muscle cells and we showed previously that PAR2 expression is up-regulated 

during infection 119.  During a primary N. brasiliensis and a secondary H. bakeri 

infection, however,  PAR2 plays a significant role in the smooth muscle response to 

nerve stimulation that are associated with worm clearance at later time points post 

infection.  These results are consistent with our previous work and with other studies in 

which PAR2 on enteric nerves throughout the smooth muscle causes a hyper-

responsiveness to trypsin-like proteases from pathogens and mast cells.  The up-

regulation of PAR2 on nerves also contributes to the hypersensitivity to PAR2 agonist in 

infection119.   

Trypsin-like serine proteases from a variety of host and pathogen sources have 

been shown to work through PAR2 to initiate many pro-inflammatory pathologies in the 

lung and colon146-148.   IBD research has implicated bacterial proteases in the initiation 

and pathogenesis of disease. Studies have also found an increased amount of serine 

proteases in fecal supernatants of IBD and IBS patients which is a potential indicator of 

disease severity 149, 150.  Identification of a trypsin-like serine protease from helminths 

defines a possible new role for trypsin-like protease in modulation of type 2 responses.    
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There is a need for additional studies on NBSSP4 and foremost are studies to 

determine how to activate NBSSP4 since it appears to be in a zymogen form.  Currently, 

we are trying to activate NBSSP4 using trypsin beads; however, a good transfection 

protocol must be established for NBSSP4 before we can proceed.  Taking advantage of 

the FLAG-tag on NBSSP4, we could also incubate recombinant NBSSP4 with helminth 

ESP and FLAG-purify this mix to remove NBSSP4 and assay for its activation.  Perhaps 

there is another protease secreted by N.brasiliensis that activates NBSSP4 and this 

procedure would allow us to answer that question. Once we are able to activate the 

NBSSP4, it will be necessary to confirm that it activates PAR2, although based on our 

sequencing data, it is very likely that it does.   In addition, we also need to complete 

sequencing for T. muris and H. bakeri 26 kDa trypsin-like protease.  This information 

will contribute to our understanding of why the host response to helminth infection is 

generic even though the helminth ESP can be quite diverse.  In addition, there should be 

further characterization of the N. brasiliensis venom allergen in an attempt to better 

understand its role in helminth infection and in type 2 immunity.   

Studies should also be done to examine T. muris infection in PAR2-/- mice.  This 

infection would be particularly interesting because T. muris colonizes the colon.  The 

majority of interest in the role of PAR2 in the GI tract has focused on the colon; 

therefore, this model may provide some interesting insights.  To finish out the primary 

and secondary H. bakeri studies, we need to repeat these studies to confirm the role of 

PAR2 in host susceptibility to infection.  In summary (overall summary in Figure 5.1), 

what we believe during helminth infection, first, PAR2 is activated by the helminth 

generated trypsin-like proteases (for N. brasiliensis, NBSSP4).  The activation of PAR2 
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on IECs on either the apical or basolateral surface causes an increase in mucosal 

permeability.  Increased permeability allows helminth antigen and protease through the 

protective host barrier to interact with immune cells residing in the lamina propria.  The 

activation of immune cell by helminth proteases and antigens causes the activation and 

initiation of the type 2 immune response in the host.  The up-regulation of type 2 

cytokines, IL-4 and IL-13, further increase intestinal permeability and activates 

macrophages to become AAMΦ.  The up-regulation of IL-13 also causes the up-

regulation of PAR2 on enteric nerves and causes smooth muscle hyper-contractility to 

nerve stimulation.    

In conclusion, we have identified a possible interaction between helminth-

generated trypsin-like protease that likely has at its target, host PAR2 and using PAR2-/- 

mice, we have found that there are functional consequences of PAR2 activation.  The 

sequencing data that has recently become available for these helminths will help to 

accelerate the identification of more proteins secreted by helminths which have the 

potential for interaction or activation with the host.  There is much more to be understood 

about the initiation of the host response but these results contribute to our understanding 

of the initiation and activation of the host immune system during helminth infection. 
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Figure 5.1.  Summary of PAR2’s role during helminth infection.   
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Appendix 

 

 

 

 

 

 

 

Phylogeny tree for NBSSP4 and closely 
related proteases. The color key above 
indicates the type of organism which 
produced the protein in the phylogeny tree.  
The most common protease to NBSSP4 is a 
trypsin-like protease from Ascaris suum.   
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