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Abstract 

 
Title of Thesis: The Role of Type-2 IL-4 Receptor and its Downstream Genes in 

Nematode Infection 

Rex Yu-heng Sun, Doctor of Philosophy, 2015 

 

Thesis Advisor: Dr. Terez Shea-Donohue, Professor, Department of Radiation Oncology 

 

Over one third of the world’s population is infected with nematodes with the highest 

prevalence in third world countries. It is well established that nematode infection induces 

a highly polarized Th2 immune response in the host that contributes to nematode 

expulsion. IL-13, one of the major cytokines for Th2 response, shares a common receptor 

with IL-4 and has overlapping physiological effects. Studies with various knockouts 

showed important roles of IL-4 and IL-13 in both lung and gut pathologies, but has been 

insufficient to distinguish the effects of these two cytokines. The central hypothesis of 

this project is that IL-13 acting through the type 2 IL-4R leads to activation of STAT6-

dependent transcription of genes that participate in the epithelial host defense against 

enteric pathogens. To investigate this hypothesis, we will infect mice deficient in IL-

13Rα1 to examine the development and maintenance of Th2 immunity. Neutrophils have 

been shown to play an indirect role in modulating Th2 responses in nematode infection 

by eliminating bacteria associated with the invading nematodes to prevent a localized 

Th1 up-regulation. Neutrophil elastase, one of the IL-13/STAT6 dependent genes, is a 

critical component in the anti-microbial activity of neutrophils and the major protease 

contained in neutrophil-secreted granules and neutrophil extracellular traps (NETs). The 

second aim of the project will examine the role of neutrophils elastase in models of 

enteric nematode infection and its contribution to host immunity. 
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Chapter 1. Introduction 

1 
 

1.1 Intestinal Phyiology 

 The digestive tract is the first organ system developed in human gestation. It 

controls nutrient intake and waste disposal and is critical for survival. Unlike unicellular 

organisms, which obtain nutrients and electrolytes by diffusion, the multicellular 

organisms ingest food in the form of macromolecules, and a systematic breakdown of 

these molecules is necessary for efficient nutrient uptake. Beginning in the oral cavity, 

various enzymes break down ingested food into smaller molecules as it is propagated 

along the tract and eventually absorbed by the host. Many different processes are 

involved in the digestive process, and it is excessive to discuss each fully within the 

scope of this thesis.  Since the studies examine the effects of intestine-dwelling pathogens, 

the following sections will give a brief overview of intestinal physiology. 

The Mucosal Epithelium 

 The epithelium is in direct contact with the contents in the intestinal lumen, and is 

responsible for the uptake of nutrients, electrolytes and water.  These functions are 

altered significantly during enteric infection.  The epithelium is organized into hair-like 

structures called villi that protrude into the lumen. To maximize the absorptive surface, 

each epithelial cell has microvilli located on their apical surface called brush border. 

Epithelial cells line the surface of the villi and undergo constant renewal process. In 

human, the rate of epithelial cell turnover is approximately every 2-6 days.
5
 Stem cells 

located inside the crypts, at the base of the villi, constantly generate new epithelial cells, 

which then differentiate into specialized cells such as enterocytes that absorb nutrients, 

goblet cells that produce mucus, enteroendocrine cells that elaborate hormones, and 

Paneth cells that generate antimicrobial peptides.
6
 The newly generated epithelial cells 
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migrate up along the villus and undergo apoptosis when they reach the top of the villus 

and are shed into the lumen. 

 An important function of the epithelium is to control the volume of intraluminal 

fluid by regulation of tissue permeability, absorption, and secretion. Transport of ions, 

water, and molecules can take place via surface transporters or paracellularly through the 

opening of the tight junctions. One example of a surface transporter is the sodium-

glucose linked transporter (SGLT1), which is highly expressed in the small intestine. The 

mechanism of glucose transport by this transporter is through the Na
+
/K

+ 
ATPase pump 

located in the basal membrane of the epithelial cells. The pump, with the use of ATP, 

transports three sodium ions out of the cell in exchange for two potassium ions, which 

results in a downward gradient for sodium inside the cell compared to lumen. SGLT1 can 

then utilize this gradient to transport glucose against an uphill glucose gradient inside the 

cell.
7
 Another example of glucose absorption is via the glucose transporters 2 (Glut2). 

Glut2 is mainly located on the basolateral membrane and capable of transporting both 

glucose and fructose.
8
 However, in the presence of high glucose concentration in the 

lumen, Glut2 is up-regulated on the apical membrane for more efficient transport of 

glucose.
9
 However, recent study using SGLT1

-/-
 mice and GLUT2

-/-
 mice showed SGLT1 

as the prime intestinal glucose transporter with GLUT2 not playing any role in apical 

glucose influx.
10

 

 Paracellular transport is facilitated by intercellular junctions called tight junctions. 

Tight junctions selectively allow the passage of ions or small solutes between apical and 

basolateral compartments.
11

 The opening and closing of tight junctions define the overall 

intestinal permeability
12

, and is regulated through various tight junction proteins. The  
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first tight junction protein identified was occludin.
13

 Studies found that when occludin is 

cleaved by Der p 1, a protease allergen from house dust mite, the tight junction complex 

is disrupted and there is an increase in paracellular permeability.
14

 The family of claudins 

also plays a major role in tight junction regulation.
15

 There are 27 distinct claudin 

members identified in human
16, 17

, and are expressed in a pattern that is specific to cells, 

tissues or developmental stages.
18, 19, 20, 21

 Claudins are located closely to the apical side 

of the epithelium and anchored to the cytoskeleton by proteins with PDZ-binding 

domains such as ZO-1, ZO-2, and ZO-3.
22

 (Figure 1.1) Claudin-2 is one of the few pore-

forming claudins in the family
23

, and is expressed primarily in intestinal crypts of adult 

mice.
24

 Claudin-2 is of clinical importance since up-regulation of claudin-2 is detected in 

inflammatory bowel diseases in an IL-13-dependent manner and suggested to contribute 

to the pathogenesis of “leaky gut”.
25

  

Muscularis Externa 

 The muscularis externa is comprised of two distinct smooth muscle layers that 

surround the intestine. On the outside is the circular muscle layer, and contraction of 

smooth muscle cells in this layer reduces the cross section of the intestine. Underneath 

the circular muscle layer is the longitudinal layer, which spans the length of the intestine 

and shortens intestinal length upon contraction. The myenteric plexus is located between 

these two layers and innervated by the autonomic nervous system. Since the intestine is 

approximately 25-30 feet long, a motor pattern must be established and coordinated 

between smooth muscle cells in these two layers. During the interdigestive phase 

(between meals), powerful waves of contractions, which are phase III of migrating motor 

complex (MMC), propagate along the lower stomach and small intestine act as a  
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Figure 1.1 Distribution of tight junction 

proteins in intestinal paracellular space  

ZO-1: Zonula Occuldens-1; JAM: Junctional adhesion 

molecules; TAMPs: Tight junction associated marvel 

proteins 

Adapted from Le Shen et al.
4
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“housekeeper”  to clear these regions of undigested food and other debris.
26

 Motilin plays 

an important role in the initiation of MMC and is expressed primarily in M cells located 

in the duodenal or jejunal mucosa.
27

 The presence of nutrients in the lumen during the 

postprandial period significantly inhibits the MMC, which is replaced by coordinated 

segmental and peristaltic contractions that facilitate digestion and absorption.  

 The major driving force of smooth muscle contraction is the influx of calcium 

ions through voltage-dependent L-type calcium channels. These channels are regulated 

by mechanical stimuli working through stretch-activated channels or by agonists binding 

to G-protein coupled receptors (GPCRs).
28

  Calcium influx, whether from extracellular 

space or intracellular storage, increases the concentration of calcium ions inside the cell 

and initiates contraction. The calcium ion first binds to calmodulin and forms a calcium-

calmodulin complex. This complex then binds to and activates myosin light chain kinase 

(MLCK). Activated MLCK phosphorylates MLC20 and promotes cross-bridge cycle 

between actin filaments and myosin heads, which results in smooth muscle contraction. 

Myosin light chain phosphatase (MLCP) acts in reverse to MLCK and induces smooth 

muscle relaxation.
29

 (Figure 1.2) Acetylcholine (ACH) is a major neurotransmitter that 

induces smooth muscle contraction, and binds to both nicotinic and muscarinic receptors. 

 In the intestine, muscarinic receptor 3 (M3R) is expressed on smooth muscle cells 

and interstitial cells of cajal
30

 and are coupled to Gαq and regulator of G-protein 

signaling-4 (RGS4), which controls the magnitude of Gαq signaling. After contraction, 

the opening of potassium channels restores the membrane potentials and results in the 

recovery of smooth muscle. Previous study showed that enteric parasitic nematode 

infection alters the contractility of smooth muscle and contributes to worm expulsion.
31
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Figure 1.2  Signaling pathway of calcium-induced smooth muscle 

contractility 

K
+
: Potassium ion; Na

+
: Sodium Ion; Ca

2+
: Calcium ion, M3: Muscarinic 

receptor 3; PLC: Phopholipase C; PIP2: Phosphatidylinositol 4,5-bisphosphate; 

IP3:Inositol triphosphate; DAG: Diacylglycerol; PKC: Protein kinase C 

Adapted from Gerthoffer et al.
1
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1.2 Gut Immunity 

The major role of the gut is the absorption of nutrients or ions, secretion of fluid, 

maintenance of mucosal barrier function, and movement of the luminal contents. Most 

enteric pathogens alter one or more of these functions. The gastrointestinal mucosa has 

adapted to potential invading pathogens by limiting access to the surface epithelium, 

maintaining an effective barrier to their invasion, and activating appropriate local 

immune responses when the barrier is breached. These interactions form the basis for 

innate immune responses, which play a key role in initiating the adaptive immune 

response. The area of the gut preferentially colonized by each pathogen is also a critical 

factor, not only with regard to repertoire of stratagems used to circumvent host defense, 

but also for the mechanisms available to the host to promote removal of the pathogen.  

Pathogens have a greater ability to adapt rapidly to changes in the host response, and one 

aspect of the “Red Queen hypothesis” is that pathogen mutations are part of a constant 

race just to maintain their advantage against the host response.
32

  The host must rely on 

more flexible, but less mutable mechanisms, which are already in place and can be 

amplified by recruitment and activation of immune cells. A critical step in host immunity, 

therefore, is the elaboration of polarized cytokine profiles to avoid developing a new or 

separate immune response for each pathogen and to allow exploitation of existing 

physiological mechanisms by the immune response. Of interest therefore, are the 

immune-mediated changes in gut function that promote pathogen clearance, particularly 

in the context of vast differences between the effector function of Th1/Th17 and Th2 

cytokines. These polarized profiles provide a means for maintaining these functional 
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alterations over time and may be linked to STAT4 and STAT6-dependent upregulation of 

target genes.  

Mucosal Immunity 

Control of intestinal permeability is arguably one of the more critical aspects of 

host defense as enhanced permeability facilitates passage of large numbers of 

intraluminal bacteria, antigens, or other pathogen-generated molecules across the 

mucosal barrier that may trigger immune responses. Tight junctions are an important 

component of epithelial barrier function, and there is an emerging interest in pathogen-

induced changes in the functionality of tight junctions in addition to alterations in the 

expression of these proteins. Much of the information on regulation of epithelial barrier 

function, however, is derived from studies in cultured epithelial cell lines and more in 

vivo studies are needed. 

a. Bacterial pathogens 

One group of pathogens is characterized by destruction of epithelial cells 

as a result of their intimate attachment and effacing (A/E) and includes 

enteropathogenic Escherichia coli (EPEC) and enterohemorrhagic Escherichia 

coli (EHEC).
33

 There is a wealth of information indicating that A/E pathogens are 

associated with an upregulation of Th1 cytokines such as TNF-α and IFN-γ. 

These bacteria have evolved a number of strategies that allow them to directly 

augment, disrupt, or inhibit epithelial cell function including invasion of epithelial 

cells, molecular mimicry, activation of intracellular signaling pathways, formation 

of pores, and alteration of cytoskeleton-dependent functions.
34, 35, 36, 37

 There is a 

general consensus that A/E pathogens increase epithelial permeability and induce 

changes in epithelial secretion and absorption that result in diarrhea.
38

 Although 
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co-option of epithelial cell function to promote colonization is the initial action of 

A/E pathogens, the resulting upregulation of Th1 cytokines is important in 

sustaining initial bacterial effects on permeability. Of interest is that loss of 

absorptive surface is a consequence of infection, but the effects on epithelial 

permeability do not appear to be due to epithelial apoptosis.
39

  It should be noted, 

however, that phagocytosis of infected apoptosis epithelial cells is a prerequisite 

for the development of the Th17 response in A/E infections
40

 and is critical for 

pathogen clearance. In addition, recent evidence suggests that a number of A/E 

pathogens, in turn, generate factors that down-regulate the inflammatory response 

thereby preserving the integrity of epithelial cells that is critical for colonization.
41

 

These data emphasize the importance of immune-mediated regulation of bacterial 

and host cell interactions. 

b. Nematode infection  

The consequences of nematode infection on epithelial cell function are not 

as well characterized. There is also a concern that much of the information on Th2 

cytokine-induced alterations in mucosal permeability is derived from studies in 

cell cultures and is not always consistent with results obtained in vivo. The 

upregulation of Th2 cytokines is critical to the increased mucosal permeability 

and impaired glucose absorption in nematode infection. These effects are not 

observed in STAT6-, IL-4-, or IL-13-deficient mice resulting in impaired 

clearance of nematodes.
42, 43, 44, 45

 It is important to note that receptors for IL-4/IL-

13 as well as STAT6 are expressed both on immune cells and epithelial cells, 

allowing for direct effects of these cytokines.
46

 Thus, changes in receptor 
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expression are important in controlling epithelial cell function in nematode 

infection.
47

  Nematode infection is described as eliciting a “weep and sweep” 

(increased secretion and motility) response in the small intestine; however, data 

do not entirely support this concept. Upregulation of Th2 cytokines induces a 

STAT6-dependent stereotypic inhibition of epithelial secretion in response to 

secretagogues such as acetylcholine and 5-HT and an inhibition of sodium-linked 

glucose absorption.
43, 44, 45

 The increase in intraluminal fluid, therefore, is due to 

decreased absorption rather than increased secretion, similar to the effects of A/E 

pathogens. These changes constitute a number of shared effects among pathogens 

that may promote movement of contents into the colon and/or to limit access of 

the pathogen to the mucosal surface of the small intestine.  

Nematodes generate a number of factors such as serine proteases that are 

important in tissue penetration, a retained feature that may contribute to their 

ability to migrate, adapt, and survive host defenses. Nematodes that preferentially 

infect the small intestine induce a stereotypic and STAT6-dependent increase in 

permeability
44, 45

 that is mimicked by exogenous IL-13 administration.
43

 The 

increased permeability facilitates exposure of worm products to resident immune 

cells. One mechanism for this change in permeability may be that infection results 

in a mastocytosis associated with an increased release of tryptase (mMCP-1 is the 

mouse homolog), which activates protease-activated receptor-2 (PAR2). 

Activation of PAR2 has been linked to mast cell-mediated changes in 

permeability.
48

 Exposure to IL-13 for prolonged periods increased permeability in 

intestinal epithelial cell lines, an effect attributed to increased expression of 
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claudin-2 by a mechanism involving PI3-kinase.
49

 The pore-forming claudin-2 is 

linked to cation-selective channels in the tight junctions that govern paracellular 

permeability to sodium ions.
23

 Infection-induced upregulation of IL-13 does not 

alter occludin expression but increases expression of claudin-1. Thus, the 

mechanism of the prolonged changes in epithelial permeability in response to 

nematode infection in vivo remains elusive but may be mediated, in part, by 

STAT6-mediated elevation in PAR2 expression.
50

 It should be noted that neither 

Trichuris muris (T. muris) nor exogenous administration of IL-13, alters colonic 

permeability. Moreover, mice that have chronically elevated levels of IL-13 have 

increased permeability in the small intestine, but not in the colon.
51

 This may 

contribute to the lack of diarrhea in nematode infection. There are reports of a 

STAT6-dependent increase in both enterochrommaffin cells and 5-HT levels in 

response to T. muris infection of the colon.
52

 This may be due, in part, to the 

unique host response that accelerates epithelial cell turnover in the colon to 

enhance worm expulsion by STAT6-, IL-13-, and CXCL10- dependent 

mechanisms.
53

 Thus, there may be unappreciated regional differences in the host 

response to enteric infection. 

Smooth Muscle Immunity 

Contractions of gut smooth muscle are necessary for mixing contents with 

digestive secretions, increasing exposure to the absorptive surface to promote epithelial 

absorption, and propelling contents along the GI tract. Alterations of gut smooth muscle 

function, in concert with changes in epithelial cell function, constitute a major part of the 

host immunity against the invasion of enteric pathogens. Upregulation of various 

cytokines as part of the adaptive immune responses is implicated in the regulation of gut 
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smooth muscle function. These cytokines can act either directly on smooth muscle cells, 

which express functional receptors for cytokines such as TNF-a, IL-1b, TGF-b, IL-4, and 

IL-13, or indirectly through release of mediators from either immune or non-immune 

cells. Members of the STAT family, especially STAT4 and STAT6, are involved in this 

regulation by orchestrating the effects of Th1/ Th17 and Th2 cytokines. 

Luminal pathogens have little direct access to smooth muscle; therefore, 

responses are likely mediated by changes in the cytokine content and types of cells 

present in the immune environment. The upregulation of Th1/Th17 cytokines in response 

to A/E infection is similar to that observed in inflammatory bowel disease (IBD). Much 

of the information on the effects of these cytokines on smooth muscle function, therefore, 

is derived from animal models of colitis. A characteristic feature of inflammation in 

vivo
54

 and in vitro
51, 55

 is a smooth muscle hypo-responsiveness, which may impair the 

colonic absorption of ions and fluid. There are also increases in the number and 

frequency of abnormal motility patterns that contribute to diarrhea.
56, 57

 Smooth muscle 

expresses receptors for IL-1 and TNFα and receptor-mediated activation leads to 

downstream changes in the expression of signaling molecules RGS4 and CPI17
58, 59

 or 

NFkB-mediated upregulation of ICAM-1 expression
60

, resulting in reduced contractility. 

Despite the presence of receptors for a variety of immune mediators, smooth muscle is 

devoid of expression of STAT-4 even in response to upregulation of Th1 or Th17 

cytokines. There are receptors for IL-17 on smooth muscle
61

, but their functional 

importance is unknown. In response to C. rodentium infection, there is a STAT4-

dependent decrease in smooth muscle response to acetylcholine that is associated with an 

increase in the expression of both nitric oxide synthase (NOS-2) and IL-1. Increased 
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production of macrophage-generated nitric oxide, a potent inhibitor of smooth muscle 

contractility, may also contribute to suppression of smooth muscle function.  

It is known that a dominant Th2 response is necessary for expulsion of enteric 

nematodes. Nematode infection induces a hyper-contractility of smooth muscle
31, 62, 63

 

that promotes expulsion. Although IL-4 and IL-13 have similar effects on epithelial 

function, nematode infection-induced changes in smooth muscle function are mediated 

primarily by IL-13 and can be mimicked by exogenous administration of IL-13. The 

effects of IL-13 are characteristic of a number of infections including N. brasiliensis, 

Trichinella spiralis (T.spiralis), Heligmosomoides polygyrus (H. polygyrus) and T. muris 

and are STAT6-dependent.
43, 44

 There are a number of factors that contribute to the 

hyper-contractility including enteric nerves, mast cells, and macrophages. Nematode 

infection induces a mastocytosis that is dependent on IL-4, IL-3, and IL-9.
64, 65

 Mast cells 

located near sensory afferents release leukotrienes that enhance sensitivity to nerve 

stimulation.
66, 67

 Upregulation of Th2 cytokines also induces the development of 

alternatively activated macrophages (AAM) that secrete insulin-like growth factor-1, 

transforming growth factor-β1 (TGF-β1), and arginase 1 that may contribute to smooth 

muscle hyperplasia and hypertrophy.
68

 

Finally, smooth muscle cells express receptors for IL-4/IL-13 and STAT6 and 

nematode infection upregulates an array of effector molecules that are involved in the 

regulation of smooth muscle function, such as muscarinic receptors, PAR1, PAR2, 5-

HT2A that are important in hyper-contractility.
62, 69

 The interaction between immune and 

smooth muscle cells, therefore, plays a key role in infection-induced changes in smooth 

muscle function. 
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1.3 Enteric Pathogens 

Nippostrongylus brasiliensis 

 N. brasiliensis is a species of rodent roundworm that, due to its short life cycle, is 

commonly used in mice studies to probe host immune response (Figure 1.3). N. 

brasiliensis eggs develop in soil until they become infective stage 3 larvae (L3). L3 

larvae infect animals by penetration on the skin and gaining access to the vasculature 

where they migrate to the lung and mature into stage 4/5 larvae (L4/5). As a result of the 

irritation and mucus secretion induced by the infection, the host coughs up the larvae and 

swallows them. L4/5 larvae travel along the gastrointestinal tract before finally residing 

in the duodenum, where larvae mature into adult worms and produce eggs until expelled 

in the feces.  The combined duration of lung-phase and gut-phase infection typically lasts 

9 -14 days depending on mouse strains.
70

 

 N. brasiliensis enters through the skin, migrates to the lung and eventually ends at 

the duodenum of the GI tract. The presence of larvae/worms induces immune responses 

at each of the affected sites. Injection of dead worms into the skin failed to induce a 

protective immune response against re-infection in the lung, suggesting that worm 

presence in the skin is not sufficient to mount an adequate Th2 response.
71

 In the same 

study, N. brasiliensis infection confined to only the gut did not protect against re-

infection in the lung; however, infection confined to the lung protected against re-

infection in both the lung and the gut, evidenced by a significant increase in IL-4  
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Figure 1.3 Life cycle of Nippostrongylus brasiliensis 

 

Adapted from Maizels lab method.  
http://maizelsgroup.biology.ed.ac.uk/maizels2/sites/sbsweb2.bio.ed.ac.uk.maizels2/files/lross3/Maizels%20Lab

%20Nippostrongylus%20Life%20Cycle%20Protocol.pdf 
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producing CD4
+
 T cells. These data showed that protective immunity against N. 

brasiliensis re-infection is initiated in the lung.    

 N. brasiliensis infection induces a stereotypical Th2 response in the gut, and 

protective immunity is defined by the ability of the host to expel the parasites. Production  

of Th2 cytokines such as IL-4 and IL-13 plays a major role in the expulsion. Early studies 

found that IL-4 deficient mice failed to mount a Th2 response and worm clearance was 

impaired, and that IL-13, IL-4Rα, and STAT-6 are necessary for N. brasiliensis 

expulsion.
72, 73

 In addition to Th2 response, study by Pesce et al. showed that neutrophils 

were required at the site of N. brasiliensis infection to clear bacteria associated with the 

worms.
74

  Neutrophil depletion resulted in a transient and significant Th1 response to N. 

brasiliensis infection and impaired Th2 responses, delayed expulsion, and increased 

mortality.
74

 These results show that neutrophils are necessary to prevent the body from 

mounting an inappropriate Th1 response. In the present study, we will examine more 

specifically the role of neutrophil elastase, a prominent protease secreted by neutrophils, 

in N. brasiliensis infection. 

Heligmosomoides bakeri 

 H. bakeri (formerly known as H. polygyrus
75

) is a natural mouse parasite that 

infects the intestine via the traditional oral-fecal route.   In soil, the eggs develop into 

larvae, and undergo two more molts to become infective stage 3 larvae (L3).  Mice ingest 

L3 that pass through the stomach and reside in the upper small intestine. Within 24 hours, 

the larvae have penetrated the epithelial barrier of the intestine where they encyst in the 

submucosa, and undergo two additional molts. By day 8 post-inoculation, the adult 

worms will emerge from the cysts and enter the intestinal lumen to mate. Female worms  
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produce eggs, which are carried along the intestine and excreted in the feces (Figure 

1.4).
3
  

 Unlike N. brasiliensis infection, which is transient and lasts 9 to 14 days, H. 

bakeri infection is chronic and can survive up to 10 months depending on the mouse 

strain. For example, in C5BL/6 mice, infection typically lasts from 6 to 20 weeks
76

, while 

BALB/C mice are able to clear the worms between 6-8 weeks.
3
  Although the duration of 

infection varies significantly in different strains, it is an excellent model for researchers to 

study chronic nematode infections prevalent in under-developed countries. Furthermore, 

studies have shown that once primary infection is alleviated with the help of anthelmintic 

drug, most mouse strains will develop strong resistance to secondary infection of H. 

bakeri allowing scientists to study memory (secondary) responses.
77

 Indeed, CD4+ IL-4+ 

T cells disperse throughout the body after primary infection to lymphoid and non-

lymphoid organs and have a lower apoptotic potential.
78, 79

 These results provide 

evidence of primed memory T-cells after primary infection to respond to subsequent 

challenges by the worms. 

  H. bakeri induces a robust Th2 immune response in infected hosts, with 

upregulation of IL-4, IL-5, IL-9, and IL-13.
80, 81

  IL-4 is considered to be the most critical 

cytokine in the protective immune response against primary and secondary infections
82

 as 

anti-IL-4 antibody partially blocked host resistance against secondary infection, while 

anti-IL4 receptor antibody completely abolished it.
82

 In addition, exogenous 

administration of IL-4 was able to restore protective immunity (normal worm clearance) 

in SCID mice, demonstrating that effect of IL-4 on worm expulsion is independent of the 

adaptive immune system.
83

 The contribution of IL-13, another major Th2 cytokine that 
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Figure 1.4 Life cycle of Heligmosomoides Bakeri. 

Adapted from Reynolds et al.
3
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shares receptor with IL-4, is unknown. In the first part of the project, we examined the 

contribution of IL-13Rα1 on host defense against primary and secondary H. bakeri 

infection. 

Trichuris muris 

 There are over 70 species of Trichuris (whipeworm), which are distinguished by 

hair thread-like anterior ends. The embryonated eggs of whipworms infect the host orally 

via contaminated food, water or feces, and reside in the cecum and ascending colon of the 

host. . The life cycle of Trichuris starts when mice ingest eggs that contain stage 1 larva 

(L1).  Unlike N. brasilensis and H. bakeri that preferentially reside in the upper small 

intestine, whipworm larvae migrate to host cecum, hatch and invade gut epithelial layer 

by embedding their anterior ends into the tissue. It takes 3 moultings or approximately 4 

to 5 weeks for a Trichuris larva to complete its life cycle from L1 to adult worm. 

Trichuris muris (T. muris) is a mouse-specific whipworm that is utilized as a model to 

study human trichuriasis.  Mice strains resistant to T. muris infection usually expel the 

worm between day 12 to 21 post infection (Figure 1.5).
2
  

Studies of T. muris infection in mice have provided valuable information on the 

relationship between host and parasite, and the host immune response against the worm. 

Intact Th2 responses are necessary for host protection against the nematode, while robust 

Th1 responses are linked to chronic infection.
84

 Mice deficient in IL-4 are susceptible to 

T. muris infection
85

, and exogenous administration of IL-4 provided resistance.
84

  Female 

BALB/C IL-4
-/-

 mice were able to expel the nematodes, indicating that resistance is not 

completely dependent on IL-4.
86

 Subsequent studies with mice deficient in IL-13 

established an initiator-effector relationship between IL-4 and IL-13 in the context of T.  
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Figure 1.5 Life cycle of Tricuris muris 

Adapted from Hurst et al.
2
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muris infection, in which IL-4 acts to initiate the development of Th2 responses, 

while IL-13 plays a critical role in the induction of worm expulsion.
85

 

 Mice deficient in IL-10, IL-4, and IL-4/IL-10 failed to expel T. muris, while mice 

deficient in IL-10/IL-12 mounted a robust Th2 response. This study suggested that the 

susceptibility in IL-4 and IL-4/IL-10
-/-

 mice was probably due to the polarization of Th1 

response, and that susceptibility is IL-12-dependent.
87

 There are several critical 

discoveries that are unique to host resistance against T. muris infection. In addition to IL-

4 and IL-13, the pro-inflammatory cytokine TNFα is essential for the development of 

host resistance.
88

  In the small intestine, expulsion of N. brasilensis and H. bakeri is 

facilitated by changes in epithelial and smooth muscle function.  In contrast, clearance of 

T. muris is dependent on increased cell turnover that accelerates the shedding of epithelial 

cells containing embedded worms.
53

  Of interest is a recent study which demonstrated 

that goblet cell production of MUC5AC and RELM-  during infection is required for the 

expulsion of T. muris.
89
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2.1 Mouse Models 

Female wild-type (WT) BALB/c mice were purchased from Jackson Laboratory 

(Bar Harbor, ME). IL-13Rα1
-/-

 mice on a BALB/c genetic background were obtained 

from the National Institute of Health (Bethesda, MD).  Appropriate age and gender 

matched WT controls were used for each experiment.  

Male wild-type (WT) C57Bl/6 mice were purchased from Jackson Laboratory 

(Bar Harbor, ME). ELA
-/-

 mice on a C57Bl/6 genetic background were maintained in 

USDA. Homozygous ELA
-/-

 mice is viable, fertile, and phenotypically normal in the 

absence of inflammatory stress. They do not express the target gene in bone marrow 

myeloid cells. These mice have been used in numerous studies as a deficiency model for 

neutrophil elastase.
90, 91, 92

 Appropriate age and gender matched WT controls were used 

for each experiment. The animal experiments conducted were in accordance with the 

principles set forth in the Guide for Care and Use of Laboratory Animals, Institute of 

Laboratory Animal Resources, National Research Council, revised 1996, and reviewed 

and approved by the Beltsville Area Animal Care and Use Committee (protocol #10-03).  

Toward the end of study, it was discovered that ELA
-/-

 mice housed in USDA had 

been compromised with Helicobacter infection. Groups of ELA
-/-

 mice have been treated 

with antibiotics to eliminate the bacteria. Another set of WT mice has been infected with 

helicobacter by transferring beddings from the cages of positive ELA
-/- 

mice.  

2.2 Nematode Infections 

N. brasiliensis infection 

Infective, third stage N. brasiliensis (specimens on file at the U.S. National 

Parasite Collection, U.S. National Helminthological Collection, Collection 81930; 



 

23 
 

Beltsville, MD) larvae (L3) were propagated and stored at room temperature in 

fecal/charcoal/peat moss culture plates as previously described
31

. Age and sex-matched 

groups of WT and ELA
-/-

 mice were inoculated subcutaneously with 500 L3 and studied 

five to nine days later. Stool was collected from WT and ELA
-/-

 mice from day 5 post N. 

brasiliensis inoculation to determine fecal egg content. After euthanasia, proximal small 

intestine (duodenum) from WT and ELA
-/- 

mice was collected and nematodes residing 

within were counted directly. 

H. bakeri infection 

 WT and IL-13Rα1
-/-

 mice were inoculated orally with 200 infective third-stage 

larvae (L3) of H. bakeri for 2 weeks. Five mice from each group were euthanized for 

primary infection study, while the other five mice from each group were administered 

anthelmintic drug to help clear the infection. The drug-cured mice were allowed to rest 

for 4 weeks and then infected again with 200 L3 H. bakeri for 2 weeks before euthanized 

for secondary infection study.  

T. muris infection 

 T.muris was maintained and propagated as previous described
87

. For the present 

study, five WT and ELA
-/- 

mice were inoculated orally with approximately 150-200, 

infective T. muris eggs for 14 days before euthanasia. The cecum and proximal colon 

were removed, washed of lumen contents, and incubated for 3 hours at 37 °C to facilitate 

migration of the larvae from the tissue; which were then counted and examined for 

development. Tissues were harvested for RNA/protein analysis. Another group of five 

WT and ELA
-/- 

mice was studied 21 days post infection. 
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2.3 Evaluation of worm expulsion and fecundity 

 Full length intestine excluding segments prepared for functional studies was cut 

open and placed on top of a wiring mesh and submerged in a beaker containing PBS. The 

beaker was then incubated in a 37 °C water bath for 1 hour. After incubation, contents 

inside the beaker were poured onto a plate counter and the number of worms was 

evaluated under a dissecting microscope. Contents could also be stored at 4°C for 

subsequent counting. Since there were worms present on segments cut for functional 

studies, worm numbers were also noted under dissecting microscope before tissues were 

mounted in the chambers. Combination of both numbers represents the final worm count 

that was used as the result.  

 Worm fecundity is defined by the number of eggs adult worms are able to 

produce while inside the intestine. Throughout the course of infection, eggs are expelled 

inside the feces. To accurately measure egg numbers, 3 pellets of stool were collected 

inside a 1.5mL Eppendorf tube for each mouse, and the weight of the pellets was 

measured. The samples were then placed in a 4 °C fridge and allowed to soften overnight. 

The following day, samples were vortexed to create a homogenized solution. The 

solution was then diluted three times. 50µL of the dilution was placed on a slide and 

examined under a microscope using 10X objective lens. The number of egg counts will 

be normalized to the weight of the feces to obtain total eggs per gram feces (EPG). 

2.4 Ussing Chamber 

Segments of muscle-free jejunum were mounted in Ussing chambers that exposed 

0.126 cm
2
 of tissue to 5 ml of Krebs buffer.  Electrodes connected to agar-salt bridges 

were used to measure the potential difference.  Every 50 seconds the tissues were short-
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circuited at 1 V (DVC 1000 voltage clamp; World Precision Instruments, Sarasota, FL), 

and the basal short-circuit current (Isc) was monitored continuously over the length of 

experiment.  To test the tissue secretory response to acetylcholine and serotonin (5HT) 

agonists, tissues were mounted and equilibrated in the Ussing chamber for 15 minutes. 

Increasing doses of agonists (10n
 
M to 1

 
M) were added sequentially to the serosal side 

of the tissue to determine concentration-dependent changes in Isc.  In separate tissues, 

glucose (0.625-40 mM) was added to the mucosal side to assess sodium-linked glucose 

absorption.    

2.5 Trans-epithelial Electrical Resistance (TEER) 

Muscle-free segments of jejunum were taken from uninfected and H. bakeri-

infected WT and IL13Rα1
-/-

 mice and mounted in micro-snapwells.  TEER was measured 

at 30 minute intervals using a planar electrode (Endohm SNAP electrode) connected to 

an EVOM-G WPI analyzer (World Precision Instruments) and expressed as Ohms/cm
2
. 

2.6 Smooth muscle contractility 

Sections (1cm) of the jejunum were flushed of contents and suspended 

longitudinally in individual 8-mL organ baths that were maintained in Krebs buffer at 

37°C.  One end of the tissue was attached to an isometric tension transducer (Model 

FT03; Grass Medical Instruments, Quincy, MA) and the other end to the bottom of the 

bath. Before starting treatment, tissues were stretched to a load of 9.8mN (1g) and tension 

was recorded using Grass model 79 polygraph (Grass Medical Instruments), and 

expressed as force per cross-sectional area. After a 20 minute equilibration period, 

spontaneous contractions were measured followed by measurement of concentration 

dependent responses to acetylcholine, 5-HT, and frequency dependent responses to 
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electric field stimulation (EFS).   At the end of the treatment, the tissues were weighed 

and final length was recorded to allow normalization of responses to tissue mass and 

volume.   

2.7 Quantitative Real-time PCR 

Total RNA was prepared from whole tissue of jejunum(5,18,19).  Real-time 

quantitative PCR was performed on an iCycler detection system (Bio-Rad, CA). Primer 

sequences were designed using Beacon Designer 4.0 (Premier Biosoft Internation, CA) 

and were synthesized by the Biopolymer Laboratory of the University of Maryland. PCR 

was performed in a 25 µL volume with SYBR green Supermix (Bio-Rad, CA). 

Amplification conditions were: 95°C for 3 min, and 50 cycles of 95°C for 15s, 60°C for 

15s, and 72°C for 20s. The fold changes in mRNA expression were relative to the 

respective control treatment group after normalization to the 18S rRNA housekeeping 

gene. Please refer to table 2.1 for the sequences of the primers. 

2.8 Histology 

To determine intestinal thickness of the smooth muscle layer, sections of jejunum 

were cut open along the mesenteric border, rinsed, and fixed in 4% paraformaldehyde for 

two hours.   Fixed tissues were embedded in paraffin, sectioned, and stained with Giemsa.  

Smooth muscle thickness and the number of goblet cells/high powered field (hpf) were 

determined in well oriented Giemsa-stained sections (Nikon Eclipse TE2000E) by two 

investigators who were unaware of the treatment using the computer software MetaVue 

(Universal Imaging Corp.).   
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Table 2.1 Table of primers 

Genes Primer Sequences 

 

 

 

 

 

Cytokines and 

Receptors 

 

 

 

 

 

 

 

 

 

IL-4 CGGAGATGGATGTGCCAAAC 

GCACCTTGGAAGCCCTACAG 

IL-13 GACCAGACTCCCCTGTGCAA 

TGGGTCCTGTAGATGGCATTG 

IL-12 ATGCTGGTGGCCATCGA 

TTTCACTCTGTAAGGGTCTGCTTCT 

IFN-r GCATAGATGTGGAAGAAAAGAGTCTCT 

TGGCTCTGCAGGATTTTCATG 

TNF-α CATCTTCTCAAAATTCGAGTGACAA 

CCAGCTGCTCCTCCACTTG 

IL-13Rα2 TGTCTTTTCTTTATATTCCTTTTGTTACTTCT 

ACACACTTCTTTGTTCAGATCCACAT 

 

 

Macrophage Markers 

 

 

 

 

 

 

 

 

 

Arginase I CTGGCAGTTGGAAGCATCTCT 

GTGAGCATCCACCCAAATGAC 

Ym-1 ATCTATGCCTTTGCTGGAATGC 

TGAATGAATATCTGACGGTTCTGAG 

 
CD206 TTTGGAATCAAGGGCACAGAG 

TGCTCCACAATCCCGAACC 

 
 

 

     

 

Claudin-2 CCGTGTTCTGCCAGGATTCTC 

AGGAACCAGCGGCGAGTAG 

 
PAR-2 CACCACCTGTCACGATGTGCT 

CTCAGTAGGAGGTTTTAACAC 

Occludin CTGACTATGCGGAAAGAGTTGAC 

CCAGAGGTGTTGACTTATAGAAAGAC 
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 Barrier Function  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Barrier Function  

 

 

 

 

 

 

 

 

 

 

CFTR GACACTTCGAGCCTTCCGAC 

TTGAGTTCACAGCCCACTGC 

 
mMCP-1 TGGGAAGTTCCACAAAGTTAAAAAC 

GCCACACCAGCACACAGAAG 

 

 

Smooth muscle 

related growth factors 

and muscarinic 

receptor 

 

 

 

 

 

 

 

 

 

M3R CGGAGATGGATGTGCCAAAC 

GCACCTTGGAAGCCCTACAG 

IGF-1 GACCAGACTCCCCTGTGCAA 

TGGGTCCTGTAGATGGCATTG 

TGF-β CTAATGGTGGACCGCAACAAC 

GCACGGGACAGCAATGGG 

Table 2.1 Continued 
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2.9 Goblet cell count 

 Sctions of jejunum were cut open along the mesenteric border, rinsed, and fixed 

in 4% paraformaldehyde for two hours.   Fixed tissues were embedded in paraffin, 

sectioned, and stained with Giemsa. Random villi were selected for each tissue for goblet 

cell count. The total area of each villus was determined by the computer software 

MetaVue (Universal Imaging Corp.). Goblet cell count was then normalized to the area 

of the villus (number/µm
2
). 

2.10 Immunohistochemistry 

Unstained sections of previously fixed tissues were processed to remove paraffin 

and placed in pre-heated (95˚C) Tris-EDTA buffer for 40 minutes for epitope exposure.  

The slides were incubated next with 3% hydrogen peroxide in water for 5 minutes. An 

Avidin/Biotin kit (Vector Laboratories) was used to detect claudin-2 expression using the 

primary anti-claudin-2 antibody (1/100; Invitrogen, catalog #325600) followed by a 

secondary biotinylated anti-mouse IgG Reagent according to the kit instructions. 

Diaminobenzine (DAB, Vector Laboratories) was then applied to visualize claudin-2.   

2.11 Western Blot and ELISA 

Sections of mid-jejunum (1cm) were homogenized in 1 mL of tissue protein 

extraction reagent (T-PER, Thermo Scientific). Samples were then centrifuged and 

supernatants were collected for further analysis. The Pierce® BCA protein assay kit 

(Thermo Scientific) was used to measure protein concentration for each sample. Samples 

(60 µg) were loaded into wells of the 12% Tris-Glycin gel (Invitrogen) and 

electrophoresed. The membrane used to transfer the separated protein bands was stained 

with Ponceau S solution for determination of equal loading. The membrane was then 
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blocked with 5% milk and incubated with anti-claudin-2 antibody (Invitrogen, catalog 

#325600, 2μg/mL) overnight followed by an anti-mouse IgG HRP labeled secondary 

antibody (1/100,000, KPL) with a chemiluminescence signal measured by Fijifilm 

Darkbox. 

IL-13 ELISA was performed using Mouse IL-13 ELISA Ready-SET-Go!® kit 

(eBioscience). 96-well ELISA plate was coated with capture antibody dilute in coating 

buffer overnight. The next day the wells were blocked with ELISA diluent and 100uL of 

protein samples were added to the well after multiple washes. After overnight incubation 

in 4˚C fridge, the wells were washed thoroughly before the addition of detection antibody. 

After 1-hour incubation, the wells were washed again and diluent containing Avidin-HRP 

was added to each well. Substrate TMB solution was added after 30-minute incubation 

and the reactions were stopped by adding 2N H2SO4 after 15 minutes. The plate was then 

read at 450nm using Synergy HT microplate reader. 

2.12 Statistics 

 Agonists and stimulation responses were fitted to spline/LOWESS curves. 

(GraphPad, San Diego, CA)   Statistical analysis was performed using one-way ANOVA, 

followed by Bonferoni test to compare the responses and mRNA expression among the 

different groups. Appropriate vehicle-treated and time- and age-matched controls were 

performed for each group. 

 

 

 

 

 



Chapter 3. IL-13Rα1-dependent responses in the intestine are critical to parasite 

clearance 
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3.1 Introduction 

Gastrointestinal nematodes infect approximately one billion people, primarily in 

under- developed areas, and are a major cause of childhood morbidity and mortality. In 

industrialized regions, the well-established inverse correlation between the incidence of 

enteric nematode infection and that of inflammatory bowel diseases (IBD) has fueled 

investigations into the therapeutic potential of nematodes and/or their products.
93

 Enteric 

nematode infection generates a polarized up-regulation of the Th2 cytokines, IL-4 and 

IL-13, which promote infiltration of immune cells and induction of alternatively activated 

macrophages (M2) in the intestine and lung. The dependency of the immune response on 

IL-4 versus IL-13, however, varies somewhat among nematodes. Mice without functional 

or adequate levels of IL-13 had delayed expulsion of Nippostrongylus brasiliensis (N. 

brasiliensis) and failed to expel Trichuris muris.
94

 Deficiency in IL-13 gene expression or 

administration of an IL-13 antagonist, however, does not suppress the effects of IL-4 to 

expel Trichinella spiralis
94

; while mice deficient in IL-4 do not clear H. bakeri 
42

. These 

differences may be explained in part by the binding of IL-4 and IL-13 to the type 1- and 

type 2-IL-4 receptor (IL-4R). IL-4 binds with high affinity to the type-1 IL-4R, which 

consists of a heterodimer of IL-4Rα and γC chain. IL-4, but not IL-13, binds to the type-1 

IL-4 receptor that is expressed primarily on immune cells including T cells and 

macrophages
95

. The type-2 IL-4R, also called the type-1 IL-13R
96

, binds both IL-13 and 

IL-4 via a heterodimer formed by IL-4Rα and IL-13Rα1. The IL-13Rα1 chain has low 

affinity for IL-13; however, binding of IL-13 quickly associates IL-13Rα1 with the IL-

4Rα chain to induce downstream signaling. IL-13 also binds with high affinity to IL-

13Rα2, a decoy receptor that regulates the activity of IL-13, since its expression is up-
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regulated by IL-13 which, in turn, removes IL-13 from the milieu.
47, 97

 The shared 

biological effects of IL-4 and IL-13 are mediated by their binding to the type 2 IL-4R that 

is expressed by structural cells including epithelial cells and some immune cells such as 

macrophages.
98

 Thus, despite their immunologic and biologic redundancy, IL-4 and IL-

13 are considered to have distinct roles in vivo. 

The precise contribution of each of the type 1 and type 2 IL-4R in the lung is 

central to the role of IL-4 and IL-13 in pulmonary pathologies such as asthma and 

allergy.
99, 100

 In the gut, interest in IL-13-mediated effects is motivated by the proposed 

role for IL-13 in the increased permeability in patients with IBD.
101, 102

 Mice with an 

increased constitutive expression of IL-13 in small intestine also had increased intestinal 

permeability.
96

 In addition, the increased availability of IL-13 in mice deficient in IL-

13Rα2 (IL-13Rα2
-/-

) results in enhanced permeability and a hyper-contractility of smooth 

muscle in the small intestine.
46, 47

 There is also evidence that IL-13 can signal though IL-

13Rα2
103, 104

 in chronic inflammation, and that IL-13 can signal independently of the IL-

4R chain.
105

 Thus, the control of the effects of IL-13 working at the type 2 IL-4R has 

clinical importance in both pulmonary and gastrointestinal pathologies. The specific 

contribution of IL-13 working through IL-13Rα1 to parasitic nematode infection is 

inferred from studies using IL-13
-/-

 or STAT6
-/-

 mice, but these mice do not address the 

specific effects of IL-13 working through the type 2 IL-4R. One study showed that IL-

13Rα1
-/-

 mice had impaired intestinal clearance of a primary infection with N. 

brasiliensis.
99

 

Infection with H. bakeri recapitulates many of the critical features of infection in 

humans. This strictly enteric nematode establishes a chronic primary infection (Hb1) 
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despite the induction of a polarized type 2 response, while a secondary challenge 

infection (Hb2) elicits a strong immune memory response and worm clearance. Of 

interest is that IL-4, rather than IL-13, is critical for protection against Hb1 and Hb2 

infections
106

, and mice treated with exogenous IL-4 clear H. bakeri more effectively.
83

 

There is no information on the contribution of the type 2 IL-4R to Hb1 versus Hb2 

infections. 

The aims of the present study were to determine the contribution of IL-13Rα1 to 

nematode infection-induced 1) development and maintenance of the type 2 immune 

response to Hb1 versus Hb2 infections; 2) development of the associated changes in 

smooth muscle function and epithelial cell secretion, absorption, and permeability; and 3) 

upregulation of STAT6-dependent genes. We showed that IL-13Rα1 is critical for 

coordination of both hematopoietic and non-hematopoietic cell functions in both primary 

and secondary type 2 responses. The downstream effects resulted in the local 

development of the M2 phenotype as well as the associated changes in smooth muscle 

and epithelial morphology and function needed for worm clearance from the intestine. In 

addition, we demonstrate the importance of specific IL-13/STAT6-dependent genes 

responsible for the regulation of mucosal barrier function and hyper-contractility of 

smooth muscle. 

3.2 Results 

IL-13Rα1 modulates the type 2 immune response to infection with H. bakeri 

In both WT and IL-13Rα1
-/-

 mice, there was a modest increase in IL-13 and IL-4 

mRNA following Hb1 infection, with a more robust response in Hb2 infection. 

Surprisingly, there was a comparable up-regulation in the protein expression of IL-13 in 
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both strains during infection in both Hb1 and Hb2
 
(Figure 3.1A-C). In WT mice, changes 

in the expression of the decoy receptor, IL-13R2, in Hb1 and Hb2
 
paralleled those in 

IL-13 and IL-4 expression (Figure 3.2A). In contrast, there was no change in IL-13R2 

expression in either Hb1 or Hb2
 
infected IL-13R1

-/-
 mice. These data demonstrate the 

dependence of expression of this receptor on the type 2 IL-4R. 

Our previous study showed that IL-25 is critical for host protective immunity in 

nematode infection, with IL-13 being the major downstream Th2 cytokine
61

. In this study, 

IL-25 was up-regulated significantly in Hb1 and Hb2 mice in WT, but not in IL-13Rα1
-/-

 

mice (Figure 3.2B), implicating a positive feedback loop between IL-13 and IL-25. 

Expression of the Th1 cytokines IL-12 and IFN-γ was unaltered by infection in either 

strain (Figure 3.3), showing that the lack of upregulation of Th2 cytokines could not be 

attributed to an inappropriate Th1 response. 

IL-13Rα1- and H. bakeri-induced changes in host protective immunity 

Hb1 infection was chronic, with adult worms visible in the small intestine in both 

WT and IL-13Rα1
-/-

 mice at day 12 post inoculation (Figure 3.4A). Despite a similar 

number of worms, fecal egg counts in IL-13Rα1
-/-

 mice were significantly higher than in 

WT mice (Figure 3.4B). As average fecal egg production is inversely proportional to   
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Figure 3.1 mRNA expression of IL-13, IL-4, and IL-13 ELISA; Intestinal tissue 

mRNA expression level of (A) IL-13 and (B) IL-4. (C) IL-13 protein measured by 

ELISA. *p<0.05 compared to its respective vehicle. (n≥5 per group) 
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Figure 3.2 mRNA expression of IL-13Rα2 and IL-25; (A) Intestinal mRNA 

expression of IL-13Rα2; (B) IL-25 mRNA expression. **p<0.01compare to its 

vehicle (n≥5 per group) 

A B 
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Figure 3.3 mRNA Expression of IL12 and IFNγ. 

(n≥5 per group) 
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Figure 3.4 Hb worm count and egg count; (A) Worm count from intestine luminal 

contents. (B) Egg count from feces. **p<0.01 compared to respective VEH 

groups. φp<0.05 compared to WT counterpart. (n≥5 per group) 

A B 
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worm burden in healthy mice, the higher fecundity in IL-13Rα1
-/-

 is consistent with a 

reduced protective Th2 immune response. At day 12 post Hb2 infection in WT mice, 

worms were cleared and there were no eggs in the feces. In contrast, adult worms and 

high egg counts persisted in Hb2-infected IL-13Rα1
-/-

 mice (Figure 3.4B). Adult worms 

were visible adjacent to the mucosa in proximal sections of small intestine (Figure 3.5 

inset for IL-13R1-Hb2) in Hb2-infected IL-13Rα1
-/-

 mice, but not in WT mice. These 

data demonstrate that only WT mice were able to mount a protective memory type 2 

response.  

There were differences in intestinal morphology between the Hb1 and Hb2 in WT 

and IL-13Rα1
-/-

 mice. Hb2 infection produced a slight blunting of villi in WT mice that 

was not observed in IL-13Rα1
-/-

 mice at day 14 post inoculation (Figure 3.5). The Hb2-

infected WT mice had cysts in the intestinal sub-mucosa (Figure 3.5 inset for WT Hb2), 

in which larvae mature prior to re-entry into the lumen as adult worms
107

, which were 

absent in IL-13Rα1
-/-

 mice. Increased numbers of goblet cells are characteristic feature of 

Hb2 infection, and are a source of protective factors, such as RELM-, that are critical 

for worm expulsion.
108

 A marked increase in goblet cells was observed in WT mice 

following both Hb1 and Hb2 infection. In contrast, Hb1 did not alter the number of 

goblet cells in IL-13Rα1
-/-

 mice, while Hb2 induced a modest, but significant, increase in 

goblet cell number that was still reduced when compared to WT mice (Figure 3.6A). 

RELM- expression was elevated in Hb1 and enhanced following Hb2 infection in WT, 

but not IL-13Rα1
-/-

, mice (Figure 3.6B). These results suggest that IL-13, working 

through IL-13Rα1, is responsible for RELM- production and impaired worm 
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Figure 3.5 Intestinal morphology during infection 
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Figure 3.6 Goblet cell numbers and expression of goblet cell markers; (A) Goblet 

cell counts; (B) mRNA expression level of Relmβ and (C)Muc5ac. *p<0.05 

when compared to respective VEH groups. **p<0.01 when compared to 

respective  EH groups. (n≥5 per group) 

A B 

C 
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clearance. In contrast, the level of Muc5ac gene expression was elevated following both 

Hb1 and Hb2 in WT mice, but only during Hb2 infection in IL-13Rα1
-/- 

mice (Figure 

3.6C). 

IL-13Rα1 contributes to the development of alternatively activated macrophages (M2) 

In WT mice, Hb1 robustly increased the expression of the M2 marker Ym1. In 

contrast, Hb2 significantly up-regulated the expression of arginase-1, Ym1, and CD206 

(Figure 3.7). In IL-13Rα1
-/-

 mice, Hb1 had no effect on the expression of arginase 1 or 

CD206, but upregulated Ym1. Arginase-1 expression was upregulated in Hb2-infected 

IL-13Rα1
-/-

 mice, but at levels significantly below those observed in WT mice. In 

contrast, levels of CD206 and Ym1 expression were comparable following Hb2 in both 

strains (Figure 3.7). These data indicate that IL-13R1, contributes to, but is not 

absolutely required for, the development of the M2 phenotype. This is consistent with the 

finding in the study of allergic lung inflammation where M2 markers were differentially 

regulated by the type-1 and type-2 IL-4 receptor
109

. 

IL-13Rα1 is critical for H. bakeri infection-induced changes in smooth muscle function 

and morphology 

Smooth muscle responses to acetylcholine, 5-HT, EFS, as well as the amplitude of 

spontaneous contractions were similar in uninfected WT and IL-13Rα1
-/-

 mice (Figure 

3.8A-F), indicating a lack of a constitutive role for IL-13 working through the type 2 IL-

4R in smooth muscle function. Hb1 infection had no effect on smooth muscle  
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Figure 3.7 mRNA expression of alternative activated macrophage markers; 

(A) Arg-1; (B) CD206; (C) Ym1. *p<0.05 when compared to respective 

 EH groups. **p<0.01 when compared to respective  EH groups. φp<0.05 

compared to WT counterpart. (n≥5 per group) 

 

A B 
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Figure 3.8 Effect of nematode infection on smooth muscle contractility; 

(A), (B) Acetylcholine stimulation (C), (D) Electric field stimulation 

(E) Sponteneous contraction (F) 5HT stimulation. *p<0.05 when 

compared to respective  EH groups. φp<0.05 compared to WT 

counterpart. (n≥5 per group) 
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contractility (Figure 3.8 A-D) in either WT or IL-13Rα1
-/-

 mice. Hb2 infection in WT 

mice induced the expected hyper-contractility to acetylcholine, EFS, and 5-HT and 

increased the amplitude of spontaneous contractions (Figure 3.8 A-F). In contrast, Hb2-

infected IL-13Rα1
-/- 

mice exhibited no changes in smooth muscle contractility. 

 The Hb2-induced effects of acetylcholine on smooth muscle are due, in part, to 

interactions between acetylcholine and increased muscarinic M3 receptor (M3R) 

expression; while the effects of 5-HT and protease activated receptor-1 (PAR-1) agonists 

are mediated by an IL-13/STAT6-dependent up-regulation of the 5-HT2A receptor and 

PAR-1.
62, 110

 The up-regulation of M3R, 5-HT2A, and PAR1 in Hb2- infected WT mice 

was attenuated or blocked significantly in IL-13Rα1
-/-

 mice (Table 3.1). These data 

indicate that worm clearance and fecundity depends, in part, on the IL-13-induced muscle 

hyper-contractility that is mediated, in part, by up-regulation of the expression of specific 

receptors via the type 2 IL-4R.  

In addition to changes in function, M2 cells also contribute to infection-induced 

increases in smooth muscle thickness that are associated with up-regulation of growth 

factors such as insulin-like growth factor 1 (IGF-1).
68

 Hb2 infection increased smooth 

muscle thickness and significantly enhanced IGF-1 gene expression in WT, but not in 

IL13Rα1
-/-

,
 
mice (Figure 3.9A and B). These data show that IL-13, working through the 

type 2 IL-4R, also plays a key role in infection-induced changes in smooth muscle 

morphology.  
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 M3R 5HT2A PAR1 

WT Veh 1  0.1 1  0.2 1  0.1 

WT Hb2 4.5  0.7* 6.9  1.3* 2  0.3* 

IL13R1KO 

Veh 

1.48±0.25 0.91±0.24 1±0.16 

IL13R1KOHb2 2.11  0.23φ 2.13±0.18*φ 1.23±0.048 

Table 3.1 Intestinal mRNA expression of M3, 5HT2A and PAR1 *p < 0.05 

compared to  EH; φ p<0.05 compared to WT-Hb2 (n =5-7/group) 
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Figure 3.9 Smooth muscle thickness and expression of IGF-1; (A) Measurement 

of smooth muscle thickness and (B) intestinal expression of IGF-1. *p<0.05 when 

compared to respective  EH groups. φp<0.05 compared to WT counterpart. (n≥5 

per group) 
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IL-13Rα1 contributes to specific H. bakeri-induced alterations in epithelial function 

 Intestinal secretory responses to acetylcholine were unaffected by Hb1 infection 

in either strain, but were reduced significantly by Hb2 infection in both WT in IL13Rα1
-/-

 

mice (Figure 3.10). Basal ion flux across the tissue was decreased in both Hb1 and Hb2  

infection in WT mice, but not in IL13Rα1
-/- 

mice (Figure 3.11A). Epithelial permeability 

was unchanged by Hb1 infection in either strain, but was increased significantly 

(decreased resistance in Ussing chambers) in Hb2-infected WT, but not in IL13Rα1
-/- 

mice (3.11B). The strain-specific changes in resistance in Hb2 were confirmed using 

TEER (3.11C). The cystic fibrosis trans-membrane regulator (CFTR) is the major 

chloride channel in epithelial cell. In the present study, CFTR expression was unaltered 

by Hb2 in WT mice, but was increased in IL13Rα1
-/- 

mice (Table 3.2). In contrast, 

glucose absorption was decreased significantly following Hb2 infection in IL-13Rα1
-/- 

mice compared to uninfected controls,
 
but not to the levels observed in WT mice (Figure 

3.12), consistent with an observed role for IL-4 and IL-13 in this effect.
43, 44, 45

 These data 

show that the infection-induced anti-secretory effects, anti-absorptive effects, as well as 

the up-regulation of CFTR expression in response to Hb2 can occur independently of the 

type-2 IL-4R. In contrast, the infection-induced changes in intestinal permeability are 

linked exclusively to the type 2 IL-4R. 

 There are a number of mechanisms that may contribute to this effect including 

changes in the expression of tight junction proteins (TJP), release of mast cell mediators, 

and increased expression of STAT6-dependent genes that may be linked to permeability. 

Expression of the TJP, occludin, was unchanged following Hb2 infection (Figure 3.13) in  
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Figure 3.10 Intestinal secretion stimulated by 

acetylcholine. *p<0.05 when compared to 

respective VEH groups. **p<0.01 when 

compared to respective  EH groups. (n≥5 per 

group) 
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Figure 3.11 Epithelial function; (A) Short circuit current; (B) TEER; (C) Resistance 

by Ussing chamber. *p<0.05 when compared to respective VEH groups. **p<0.01 

when compared to respective  EH groups. (n≥5 per group) 
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 Claudin 12 Claudin 15 CFTR 

WT Veh 1.00±0.04 1.00±0.21 1.0±0.2 

WT Hb2 0.76±0.14 0.54±0.17 2.51±0.45 

IL13R1KO 

Veh 

1.05±0.06 1.04±0.12 1.48±0.53 

IL13R1KOHb2 1.26±0.18 0.75±0.05 4.94±1.88* 

Table 3.2 Intestinal mRNA expression of claudin-12, claudin-15, and CFTR; *p 

< 0.05 compared to respective VEH groups (n≥5 per group) 
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Figure 3.12 Glucose absorption; *p<0.05 when 

compared to respective  EH groups. φp<0.05 

compared to WT counterpart. (n≥5 per group) 
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Figure 3.13 mRNA expression of 

Occludin; (n≥5 per group) 
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either strain of mice. In contrast, mRNA and protein expression of the pore-forming 

claudin-2 were up-regulated significantly following Hb2 infection in both WT and IL-

13Rα1
-/-

 mice (Figure 3.14A and B). Immunohistochemistry showed that claudin-2 was 

expressed predominantly in the crypt region, with an increase in the number of cells 

stained in response to Hb2 infection in both strains (Figure 3.14C). The Hb2 infection 

had no effect on expression of the other pore-forming TJP, claudin-15 and claudin-12 

(Table 3.2). These data suggest that claudin-2 does not alter epithelial permeability in 

vivo. 

H. bakeri infection is associated with an increase in mucosal mast cell (MMC) 

numbers
65

 and IL-13 increased expression of PAR2, a receptor for tryptase and trypsin, 

that is linked to increased epithelial permeability.
111

 In WT mice, Hb1 increased murine 

mast cell protease-1 (mMCP-1) expression with a further elevation following Hb2, 

consistent with previous reports.
42, 43, 45

 In IL-13Rα1
-/-

 mice, there was also a robust 

upregulation of mMCP-1 in both Hb1 and Hb2 (Figure 3.15A). These findings are 

consistent with the infection-induced influx of MMCs as an IL-13Rα1-independent event. 

It was notable that Hb2 infection increased PAR2 expression in WT mice, but not in IL-

13Rα1
-/-

 mice (Figure 3.15B), suggesting that the maintenance of mucosal resistance in a 

secondary H. bakeri infection of IL-13Rα1
-/-

 mice may be due, in part, to the lack of up-

regulation of PAR2, despite a greater expression of mMCP-1 activity in the mucosa. 
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Figure 3.14 mRNA, protein expression and immunohistochemistry of claudin-2; 

Intestinal claudin-2 expression in (A) mRNA; (B) Top: western blot, Bottom: 

desitometry obtained by ImageJ; and (C) immunohistochemistry.*p<0.05 when 

compared to respective  EH groups. φp<0.05 compared to WT counterpart. (n≥5 per 

group) 
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Figure 3.15 mRNA expression of PAR2 and mMCP1; Intestinal mRNA 

expression of (A) PAR2 and (B) mMCP-1.*p<0.05 compared to respective VEH 

groups. **p<0.01 compared to respective  EH groups. φp<0.05 compared to 

WT counterpart. (n≥5 per group) 
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3.3 Discussion 

In the present study we showed that the type-2 IL-4R has unique and critical 

functions in the host type 2 immune response to both Hb1 and Hb2 infections. There 

were slightly higher levels of IL-4 and IL-13 mRNA expression in response to Hb1 

infection in WT versus IL-13R1
-/-

 mice, while levels of IL-13 protein in intestinal 

tissues were similarly elevated. In Hb2 infection, IL-4 mRNA expression remained 

higher in WT, but the upregulation of IL-13 mRNA expression, as well the levels of IL-

13 protein in the tissue, were similar in both strains. As the chronic nature of Hb1 

infection can be cleared by administration of exogenous IL-4 or IL-13 in WT mice 
77

, the 

levels of IL-13 in Hb1 infection in both strains indicate that elevated IL-13 alone is 

insufficient to clear the worms. This confirms the documented role of IL-4 in clearance of 

H. bakeri.
42

 A second factor to consider is that the biological activity of IL-13 is 

controlled by levels of the decoy receptor, which in turn is dependent on IL-13 activation 

of STAT6.
47

 IL-13R2 expression was increased in response to Hb1 and further 

increased in Hb2 in WT mice, but these effects were dampened in IL-13R1
-/-

 mice. In 

Hb1 infection, the Th2 response is limited, and levels of IL-13 induce a comparably 

modest expression of the decoy receptor. In contrast, in Hb2 infection, the stronger Th2 

response leads to elevated levels of IL-13 and IL-13R2 expression, which in turn 

control IL-13 levels. The importance of this regulatory feedback loop can be appreciated 

by studies showing that mice deficient in the decoy receptor have exaggerated IL-13-

mediated effects, both constitutively and in response to nematode infection.
46, 47

 The 

impaired upregulation of the IL-13R2 in IL-13R1
-/-

 mice indicates a major role for the 
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type 2 IL-4R; however, a contribution of other receptors including the type 1 IL-4R 

cannot be excluded completely. 

 The present study establishes several features important to type 2 IL-4R (IL-

13Rα1)-dependent worm expulsion. Intestinal cysts induced by parasitic H. bakeri larvae 

penetrating the sub-mucosal layer are a focal point for infiltrating CD4+ T cells, which 

increase local Th2 cytokines and induce alternatively activated macrophages.
112

 This 

microenvironment is muted during Hb1
112

 and also was absent during Hb2 in IL-13Rα1
-/-

 

mice. This data indicate that during a secondary Hb infection, type 2 immune response 

that drives this tissue response is IL-13Rα1-dependent. 

 Goblet cell mucus production, RELM-, and Muc5ac are critical for the host 

defense against nematode infection.
89, 108, 113

 There was a significant increase in the 

number of goblets cells as well as in the expression of RELM- and Muc5ac in both WT 

mice during Hb1 and Hb2. Since Hb1 infection is chronic, increased levels of goblet cell 

RELM- and Muc5ac alone are insufficient for effective worm clearance. In IL-13Rα1
-/-

 

mice, the up-regulation of RELM- expression was absent completely during Hb2 

despite a significant, but small, increase in the number of goblet cells. These data suggest 

that IL-13 binding to IL-13R1 is critical for goblet cell proliferation, and the increased 

RELM-β expression can be linked to the increase in goblet cell number. In contrast, 

Muc5ac expression was up-regulated in IL-13Rα1
-/-

 mice during Hb2 to levels similar to 

those in WT mice, indicating that changes in mucus composition are not linked 

inexorably to an increase in goblet cell number or to IL-13. 
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Macrophages express both type-1 and type-2 IL-4R; therefore,  either IL-4 or IL-

13 alone is sufficient for nematode-induced changes in macrophage phenotype.
68

 In the 

present study, only the expression of arginase-1 was attenuated significantly in IL-13Rα1
-

/-
 mice during Hb2. In both strains, CD206 was unchanged in Hb1 but increased in Hb2. 

These data are consistent with previous data from our laboratory and others suggesting 

that IL-4 and IL-13 promote M2 development through the type 1 and type2 IL-4R.
68, 109, 

114, 115
 These data also suggest that lack of polarization towards the M2 phenotype, as a 

result of the lower expression of Th2 cytokines, may contribute to the chronicity of Hb1 

infection in both strains. CD206, FIZZ1 and YM1 are also considered to be STAT6-

dependent M2 markers. We showed previously that the N. brasiliensis-induced up-

regulation of FIZZ1 and YM1 in the intestine was unchanged by macrophage depletion,
68

 

indicating that infection also up-regulates the expression of these markers in cells other 

than macrophages. Indeed, previous study has shown that FIZZ1 and YM1 can be 

produced by epithelial cells.
114

 

 A characteristic feature of enteric nematode infection is a thickening of the 

muscularis externa and a hyper-contractility of intestinal smooth muscle that is 

associated with adult worm clearance.
45, 116

 We previously demonstrated that infection-

induced changes in intestinal smooth muscle contractility are STAT6- and M2-

dependent,
68, 116

 but the contribution of the type 1 versus type 2 IL-4R has not been 

established. In the present study, Hb1 had no effect on smooth muscle responses in either 

strain, despite the upregulation of IL-4 and IL-13. In contrast, Hb2 induced a hyper-

contractility to all stimuli in WT mice that was completely absent during Hb2 infection in 

IL-13Rα1
-/-

 mice. This may be due, in part, to the inhibition of the infection-induced 
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increase in M3R and 5-HT2A expression. M3R is one of a growing number of receptors, 

including 5-HT2A and PAR1, which impact smooth muscle function and are dependent on 

IL-13/STAT6 but not on IL-4.
62, 110

 These receptors are expressed on both smooth muscle 

and macrophages, and highlight the importance of IL-13 to the interaction between 

macrophages and smooth muscle that result in the hyper-contractility observed in 

nematode infection. Our previous data showed the infection-induced hyper-contractile 

responses to PAR2 and acetylcholine were normalized in the absence of neural input.
45, 116

 

The reduced responses to EFS observed in IL-13Rα1
-/- 

mice during Hb2 confirm a role 

for the type 2 IL-4R in the neural hypersensitivity of nematode infection. 

 M2s play a vital role in smooth muscle function and morphology during a 

nematode infection,
68

 and depletion of M2s with clodronate-containing liposomes 

inhibited smooth muscle contractility and proliferation and impaired worm expulsion.
68, 

107
 In the present study, however, there was a complete loss of nematode-induced hyper-

contractility and increased muscle thickness in IL-13Rα1
-/-

 mice during Hb2, even in the 

presence of significant M2 marker expression. The failed up-regulation of IGF-1 in 

smooth muscle during Hb2 infection in IL-13Rα1
-/- 

mice is consistent with the inhibition 

of smooth muscle hypertrophy and hyperplasia. The residual expression of these markers 

in infected IL-13Rα1
-/- 

mice may be attributed to other factors that contribute to M2 

development during Hb2 infection. 

 A dominant feature of nematode infection is decreased glucose absorption, hypo-

secretion, and increased mucosal permeability.
43, 44, 45

 The net result of these effects is 

increased intra-luminal fluid in vivo that facilitates worm expulsion. The inhibition of 

glucose absorption in the current study appeared to involve both IL-4 and IL-13, 
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consistent with our earlier data showing the dependence of these effects on STAT6.
43

 In a 

recent study, over-expression of IL-13 was associated with an enhanced secretory 

responses that were linked to an IL-13R1-dependent up-regulation of CFTR.
96

 We 

showed that Hb2 infection inhibited fluid secretion in WT and IL-13Rα1
-/- 

mice, despite a 

modest up-regulation of the CFTR. These data indicate that IL-13, working through IL-

13Rα1, was not necessary for the up-regulation of CFTR. This finding is inconsistent 

with the up-regulation of the CFTR channel that was coupled to increased secretion in 

cultured epithelial cells that over-express IL-13.
96

 We showed previously that both 

nematode infection as well as exogenous IL-4/IL-13- induced alterations in epithelial 

secretion were STAT6-dependent.
43, 44

 The present study suggests that IL-4, rather than 

IL-13, mediates nematode-induced hypo-secretion. It should be noted also that the effects 

of exogenous IL-4 on epithelial secretion were dependent on mast cells.
43

 These data 

clearly distinguish the different mechanisms by which IL-4 and IL-13 impact epithelial 

secretion during nematode infection. 

 The lack of an effect of Hb1 on intestine permeability and smooth muscle 

contractility is consistent with a diminished type 2 response. Hb2 infection-induced 

decrease in resistance (increased permeability) was evident when measured by Ussing 

chambers or TEER, and is consistent with previous studies in mice treated with 

exogenous IL-4 or IL-13, or in transgenic mice that over-express IL-13 in the small 

intestine.
96

 We evaluated several factors known to control epithelial permeability 

including TJP, MMC, and PARs. Much of the evidence for IL-13-mediated changes in 

epithelial barrier function are derived from studies in epithelial cell lines showing that IL-

13 increases permeability, in part, through the up-regulation of claudin-2
117

, one of 
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several pore-forming TJP in the claudin family. The clinical importance of this 

observation is that both IL-13 and claudin-2 are elevated in inflammatory pathologies 

such as ulcerative colitis.
49, 101, 102

 In the present study, we showed that Hb2 increased 

claudin-2 expression in WT mice coincident with increased permeability, but had no 

effect on occludin or other pore-forming claudins. Surprisingly, Hb2 induced an even 

greater increase in claudin-2 expression in IL-13Rα1
-/-

 mice. This observation indicated 

that claudin-2, like CFTR, can be up-regulated without a functional type 2 IL-4R, and 

that the increased permeability during Hb2 is independent of claudin-2 expression. This 

data is consistent with recent studies, which showed that the effects of IL-13 on 

permeability in epithelial cultures could not be attributed entirely to claudin-2.
117

 

 In the present study, the enhanced permeability during Hb2 in WT mice was not 

due to MMC activity, as mMCP-1 levels were similar in both infected WT and IL-13Rα1
-

/-
 mice. Previous reports showed mastocytosis in response to infection was not blocked in 

STAT6
-/-

 mice, 
42

 in mice with global deficiency in IL-4R,
118

 or in IL-13/4/5
-/-

 mice.
119

 

Our data confirm that IL-13 does not play a major role in the influx of MMC during Hb2. 

Proteolytic cleavage of PAR2 by mast cell-derived serine proteases enhances epithelial 

permeability.
111

 We showed previously that nematode-induced up-regulation of PAR2 

expression was STAT6-dependent.
50

 This observation was supported by the absence of 

PAR2 expression in IL-13Rα1
-/-

 mice during Hb2. While PAR2 may not be the sole 

mechanisms of the IL-13-mediated changes in barrier function, it is likely that this effect 

is linked to up-regulation of unknown STAT6-dependent genes including PAR2. 

 In conclusion, these data show the importance of IL-13, working primarily 

through IL-13R1, to several aspects of a host type 2 response to nematode infection. IL-
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13 contributed to the influx and development of M2, but the development also required 

the type-1 IL-4R. We firmly established the importance of IL-13Rα1 for worm clearance 

including H. bakeri-induced changes in smooth muscle contractility and morphology, 

goblet cell mucus production, and RELM- expression. Of interest is that IL-13 is not 

required for the up-regulation of Muc5ac, further delineating the contribution of IL-13 to 

goblet cell function. Finally, Hb induced changes in epithelial permeability during a 

secondary infection by a mechanism that was independent of claudin-2 expression, but 

may involve STAT-6 dependent genes such as PAR2. The dissociation of IL-13 and up-

regulation of claudin-2 expression may have important ramifications on the proposed 

relationship between increased permeability and IL-13 in the context of clinical and 

experimental colitis. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4. The role of neutrophil elastase during helminth infection 
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4.1 Introduction 

 In human, neutrophils represent 35 to 75% of the population of circulating 

leukocytes and are the most abundant type of white blood cell in mammals.
120

 They are 

classified as granulocytes because of their cytoplasmic granule content and are 

characterized by a multilobular nucleus. Neutrophils develop from pluripotent stem cells 

in the bone marrow and are released into the bloodstream where they reach a 

concentration of 1.5 to 5×10
9
 cells/liter. Neutrophils play an essential role in innate 

immune defense against invading pathogens and are among the primary mediators of 

Th1/Th17 inflammatory response. During the acute phase of inflammation, neutrophils 

are the first response cells to leave the vasculature, where they migrate toward sites of 

inflammation following a gradient of inflammatory stimuli. 

In addition to phagocytosis, the immune functions of neutrophils involve three 

key activities:  1) the production and release of granules that store molecules with 

antimicrobial activity; 2) generation and release of oxidative bursts, i.e., reactive oxygen 

species (ROS)
121

; and 3) release of neutrophil extracellular traps (NETs).
122

 Neutrophil 

granule contents have potent antimicrobial activity and are also highly cytotoxic.
122

 There 

are three types of granules, all of which contain lysozyme and are classified according to 

their contents: i) primary or azurophilic granules, which contain potent hydrolytic 

enzymes, like elastase and myeloperoxidases (MPOs); ii) secondary or specific granules, 

with high levels of lactoferrin; and iii) tertiary or gelatinase granules, which are rich in 

matrix metalloproteinases (MMPs). NETs are composed of nuclear materials such as 

chromatin and proteases that are also present in the granules, and are expelled from the 

neutrophils.
123

 These structures can bind to Gram-positive and –negative bacteria, fungi, 
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and protozoa.
124, 125

 NETs form web-like structures that imprison microorganisms and 

prevent them from spreading. In addition, the chromatin released either by dying or 

activated living neutrophils, is covered with histones, granular enzymes such as elastase 

and MPOs that can eliminate microorganisms efficiently.
126

 

Neutrophils play a critical role in the innate and adaptive immune response to 

enteric microbial pathogens.  They are associated with allergic inflammation in the 

lung
127, 128

 but there is little information on their contribution to enteric nematode 

infection.  Nippostrongylus brasiliensis-infected mice treated with neutrophil depleting 

antibodies have impaired Th2 responses that have been attributed to inappropriate 

bacterial-induced Th1 responses, as infection of neutrophil-depleted mice with Nb larvae 

that were pretreated with antibiotics prevented bacterial dissemination, Th1 inflammatory 

responses, and decreases in host survival.
74

  A recent study also demonstrated the ability 

of neutrophils to prime a long-lived effector macrophage phenotype that accelerates Nb 

expulsion in naïve host after transfer.
129

  Neutrophils also invade the cysts during primary 

and secondary Hb infections, but their effect on the local cyst microenvironment is 

unknown. (Shea-donohue, unpublished data)  In addition, neutrophil was reported to 

produce IL-4 early in BALB/c mice infected with L. major
130

, however, its role in T. 

muris infection is not well-characterized.   

As mentioned above, one of the major enzymes elaborated by neutrophils is 

elastase (NE), which has anti-microbial properties and is a central component for both 

neutrophil-secreted granules and NETs. Furthermore, Neutrophil elastase is one of the 

several serine proteases that are capable of cleaving PAR2
131

, a protease-activated 

receptor linked to increases in epithelial permeability during early stages of nematode 
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infection.
50

 Unlike trypsin, which cleaves PAR2 and activates downstream Gq-mediated 

calcium signaling, it is shown that NE can “disarm” PAR2-dependent calcium signaling 

and concomitantly activates MAPK pathway.
131

  In the context of gut infection, NE could 

regulate PAR2-mediated signaling pathways and cell function. Another known function 

of NE is to cleave IL-33 from its pro-form into the bio-active form
132

, and could 

potentially modulate IL-33-induced Th2 response. The role of NE in the intestinal 

response to gastrointestinal nematodes, however, is unknown.  

4.2 Results 

Upregulation of neutrophil elastase in nematode infection is IL-13/STAT-6 dependent 

 Neutrophils are recruited during nematode infection but their precise contribution 

to type 2 immunity is poorly defined. We examined the gene expression level of 

neutrophil elastase at day 5 post Nb-inoculation in WT mice intestine and found that 

neutrophil elastase is significantly up-regulated (Figure 4.1A). In Heligmosomoides 

bakeri infection, neutrophil elastase was up-regulated significantly at day 14 post 

inoculation, and returned to normal level at the end of the chronic infection study (Figure 

4.1B). In Nb-infected STAT-6
-/-

 and IL-13
-/-

 mice, however, the up-regulation of 

neutrophil elastase is absent (Figure 4.1A) indicating that this gene is Th2 cytokine 

regulated.   
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Figure 4.1 mRNA expression of neutrophil elastase in nematode infection; Intestinal 

mRNA expression of neutrophil elastase in (A) Nb infection and (B) Hb infection. 

*p<0.05 when compared to respective VEH groups. **p<0.01 when compared to 

respective  EH groups. (n≥5 per group) 

 

A B 
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Neutrophil elastase regulates host immune response in N. brasiliensis infection 

 Upon maturation in the duodenum, Nb adults mate and produce eggs that can be 

collected in the feces to determine index of ability of the host immune response to stress 

worm fecundity. In WT mice, eggs were present at day 6 post infection and peaked at day 

7. The egg count dropped off significantly as the worms were being expelled by the host. 

The profile of egg production was similar in ELA
-/-

 mice, however, the numbers were 

significantly higher at every data collection point. By day 9 post infection, there were no 

eggs present in the feces of WT mice,  while a significant number of  eggs was still  

detected in ELA
-/-

 mice (Figure 4.2A). Worms were collected by collecting intestinal 

contents at days of euthanasia (day 5 and day 9 post infection). At day 5, there were 

worms present in both groups; however, the number of worms was significantly less in 

the ELA
-/- 

group (Figure 4.2B). Unlike ELA
-/-

 mice, which still had delayed clearance at 

day 9 post infection, WT mice were able to completely expel Nb.   

 The changes in egg production and worm clearance may be related to impaired 

host protective immunity.  In WT mice, Nb infection induced a significant up-regulation 

of IL-4 (Figure 4.3A), and IL-13 (Figure 4.3B) gene expression at day 5, and the 

response returned to normal by day 9. In contrast, in ELA
-/-

 mice, there was a delayed up-

regulation of both IL-4 and IL-13 which may be responsible for the impaired worm 

expulsion.    .  
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Figure 4.2 Nb worm count and egg count; (A) Egg count from feces collected 

and (B) Worm count from intestine luminal contents. *p<0.05 when compared 

to respective  EH groups. (n≥5 per group) 

 
 
 

A B 
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Figure 4.3 mRNA expression of IL-4 and IL-13; Intestinal mRNA expression 

of (A) IL-4, and (b) IL-13 during nematode infection in WT and ELA
-/-

 mice. 

*p<0.05 compared to respective  EH groups. φp<0.05 compared to WT 

counterpart. (n≥5 per group) 

 

A B 
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Intestinal barrier function was examined by measure TEER (Trans-epithelial 

Electrical Resistance). In WT and ELA
-/-

 mice, the resistance decreased significantly as 

the infection progressed, indicating an increased epithelial permeability induced by the 

presence of nematodes in the gut. At day 5 post inoculation, the resistance in WT mice 

was significantly lower than ELA
-/-

 mice (Figure 4.4), corresponding to the lower worm 

count and Th2 cytokine detected in the ELA
-/-

 mice. 

 Nematode infection causes several morphological changes in the gut. In WT-Nb5 

mice, histology showed a thickening of the smooth muscle layer, disruption and 

shortening of the villi, infiltration of immune cells, and increased numbers of mucus-

producing goblet cells. These changes persisted through Nb9 and worm expulsion was 

complete (Figure 4.5, top 3 panels). In ELA
-/-

 mice, however, the changes in morphology 

were not observed in day 5 post infection. Infiltration of immune cells was present, but 

the number of goblet cells was fewer than that exhibited by WT mice at the same stage of 

infection.  At day 9, the intestine of ELA
-/-

 mice resembles that at the peak immune 

response in WT mice (~day 7-8), indicating an intact but delayed immune response 

(Figure 4.5, bottom 3 panels).   

 In WT-Nb9 mice, nematode infection induced the expected epithelial hypo-

secretion and decreased glucose absorption. In ELA
-/-

 mice, however, agonist-induced 

epithelial hypo-secretion was abrogated. There was a significant decrease in glucose 

absorption in ELA
-/-

-Nb9 mice, but the level was still significantly higher than that in 

WT-Nb9 mice (Figure 4.6 A-B). 
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Figure 4.4 Epithelial permeability in Nb infection 

measure by transwell; *p<0.05 compared to 

respective  EH groups. φp<0.05 compared to 

WT counterpart. (n≥5 per group) 
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Figure 4.5 Intestinal morphology in Nb infection  
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Figure 4.6 Epithelial function measure by Ussing Chamber. (A) Secretion upon 

acetylcholine stimulation; (B) Glucose absorption.*p<0.05 compared to 

respective  EH groups. φp<0.05 compared to WT counterpart. (n≥5 per group) 

 

A B 
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Neutrophil elastase modulate H. bakeri clearance in chronic nematode infection 

 Primary Hb infection (Hb1) is chronic and requires the administration of 

anthelmintic drug for efficient worm clearance. Worm count at Hb1 14 showed the 

presence of worms in the small intestine of WT and ELA
-/-

 mice (Figure 4.7A). At day 90 

of the chronic study (Hb ex), ELA
-/-

 mice had significantly greater number of worms 

present in the when compared to WT (Figure 4.7A Fecal egg counts determined 

throughout the course of Hb chronic infection demonstrated that ELA
-/-

 mice had 

significantly higher number of eggs than that of WT at every time point (Figure 4.7B). 

Since fecundity can be determined by the ratio of egg : worm, we therefore concluded 

that Hb had higher fecundity in ELA
-/-

 mice at day 14, and by day 90 the fecundity of Hb 

in WT and ELA
-/-

 mice was similar (Figure 4.7C). 

Hb infection up-regulated IL-4 (Figure 4.8A) and IL-13 (Figure 4.8B) at day 14 

(Hb1 14) in WT mice, with expression retuning to control values by day 90 (Hb1 90), 

which was consistent with worm clearance.  In ELA
-/-

 mice, IL-4 (Figure 4.8A) and IL-13 

(Figure 4.8B) were increased significantly at Hb day 14 to levels comparable to those in 

WT mice; however, cytokine expression remained elevated at day 90, consistent with 

impaired worm clearance. The delayed clearance of Hb despite the presence of up-

regulated IL-4 and IL-13 could be the result of slower clearance rate in ELA
-/-

 mice  

Finally, Hb infection induced a decrease in epithelial secretion and glucose 

absorption at Hb14 in WT mice, which are characteristics of a Th2 infection. In ELA
-/-

 

mice; however, neither hypo-secretion nor impaired glucose absorption was observed at 

Hb14 (Figure 4.9A-B).  
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Figure 4.7 Hb worm count, egg count, and fecundity; (A) Worm count from 

intestine luminal contents and (B) Egg count from feces collected. (C) Fecudity was 

determined as the ratio of Egg:Worm. *p<0.05 when compared to respective VEH 

groups. (n≥5 per group) 

 

A B 

C 



 

77 
 

 

 

  

 

Figure 4.8 mRNA expression of IL-4 and IL-13 in Hb infection; Intestinal 

mRNA expression of (A) IL-4 and (B) IL-13. *p<0.05 when compared to 

respective  EH groups. (n≥5 per group) 

 

 

A B 



 

78 
 

  

 

Figure 4.9 Changes in epithelial function in Hb infection; (A) Secretion upon 

acetylcholine stimulation; (B) Glucose absorption.*p<0.05 compared to 

respective  EH groups. (n≥5 per group) 

 

A B 
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Effects of neutrophil elastase in colonic nematode infection 

 T. muris, a nematode that resides in the proximal colon, was used as a model to 

determine the role of NE in host immunity in this region.  There were a significantly 

higher number of larvae present at day 14 post infection (Tm14) in ELA
-/-

 mice than in 

WT mice (Figure 4.10A). By day 21, however, both strains had expelled most of the 

larvae and there was no difference between the two (Figure 4.10A). Since T. muris do not 

mate and produce egg in resistant host strains, egg count cannot be used as a 

measurement of fecundity. Instead, using a microscope, larvae were selected at random 

and their size   measured as an indicator of larval “fitness” inside the colon. Larvae 

collected and measured from ELA
-/-

 mice were significantly longer than those from WT 

mice at Tm14.  At Tm 21, there was no difference in length between larvae collected from 

the two mouse strains (Figure 4.10B). 

 Tm infection induces a strong Th2 cytokine response in the colon and in WT mice, 

the level of IL-13 was increased significantly at Tm14 and was even more robust at Tm21. 

In contrast, the expression of IL-13 in ELA
-/-

 mice was increased but at significantly 

lower levels when compared to WT at both day 14 and day 21 post Tm infection. (Figure 

4.11) 
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Figure 4.10 Tm larval count and size measurement; (A) Number of Tm larvae 

from feces collected (B) Measurement of Tm larval size.*p<0.05 compared to 

respective  EH groups. φp<0.05 compared to WT counterpart. (n≥5 per group) 
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Figure 4.11 mRNA expression of IL-13. 

*p<0.05 compared to respective VEH 

groups. φp<0.05 compared to WT 

counterpart. (n≥5 per group) 
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4.3 Discussion 

 Neutrophils are the most abundant population of white blood cells, comprising 

50-75% of leukocytes in peripheral blood. They are the first to arrive at the infected sites 

and serve as the first defense against invading pathogens. Most studies done on 

neutrophils have focused on its anti-microbial property and its role in autoimmune 

diseases, with less attention concerning neutrophils in the setting of a Th2-inducing 

nematode infection. Interestingly, neutrophil elastase, a serine protease that’s elaborated 

by neutrophil and a major component in granules and NETs, is capable of cleaving 

protease activated receptor 2 (PAR2)
131

. Since PAR2 was shown to be a target of proteases 

secreted by nematodes as well as participating in the regulation of permeability in the 

early stage of infection
50

, we speculate that neutrophil elastase could play a role in host 

immunity during nematode infection. 

 The results of this study clearly indicated that neutrophil elastase is necessary for 

a timely clearance of nematodes from the host. In mice depleted of neutrophils, there was 

increased mortality during Nb infection. In the current study, all the mice survived Nb 

infection, indicating that in absence of neutrophil elastase, neutrophils are still viable and 

capable of performing their anti-microbial duties. Indeed, there was no sign of 

impairment on neutrophil infiltration as they were present in the infected tissues from 

histological observation, which is consistent with previous finding.
90

 Furthermore, the 

present study showed that expression of neutrophil elastase is IL-13/STAT-6 dependent. 

This result, consistent with the finding that IL-13 is capable of modulate several 

neutrophil functions
133

, implies that neutrophil expresses type-2 IL-4 receptors on its 

surface and can be activated by IL-13 in a Th2 environment. Measurement of Th2 
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cytokines at Nb5 and Nb9 revealed a delayed Th2 response in the ELA
-/-

 mice. Changes 

in intestinal function during Nb infection in WT and ELA
-/-

 mice were consistent with the 

timing of Th2 cytokine up-regulation. Epithelial permeability was significantly increased 

and glucose absorption was significantly decreased at Nb5 in WT mice resulting in 

increased intraluminal fluid that contributes to the expulsion of Nb.  These effects are 

STAT6 dependent
43, 44

 and were attenuated significantly in ELA
-/-

 mice compared to that 

in WT mice. These data suggest that NE plays a role in modulating the Th2 response in 

the early stages of nematode infection, but absence of NE does not impair host’s ability to 

eventually mount an adaptive immune response. 

 In the setting of chronic Hb infection, the effect of elastase on the timing of 

cytokine profiles was not as obvious as in Nb infection.  There was no effect of NE 

deficiency on the early up-regulation of   IL-4 and IL-13. At day 90, IL-4 expression was 

comparable to uninfected group in WT mice, while in ELA
-/-

 mice it remained up-

regulated. This result could be attributed to the requirement of IL-4 in the expulsion of 

Hb.
77

  Functional data was similar to that of Nb infection. At day 14, intestinal secretion 

and glucose absorption was unaffected by infection in ELA
-/-

 mice, which could 

contribute to the inability to eventually expel Hb over the course of infection. 

 In the setting of a colonic Tm infection, the absence of neutrophil elastase not 

only affected the ability of host to expel the Tm larvae, but also increased the “fitness” of 

the larvae inside the host. The level of IL-13 was significantly increased in WT and ELA
-

/-
 mice when compared to their respective uninfected groups, but attenuated at both time 

points of infection in the ELA
-/-

 mice comparing to WT-infected groups. The partial up-

regulation of IL-13 appeared to impact the both larval count and fitness of the larvae at 
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Tm14.  However, by Tm21, the effect of IL-13 expressed at lower grade over an 

additional week was sufficient for Tm clearance and reducing its fitness to the level of 

WT mice.  

 In conclusion, the current study explored a link between neutrophils and Th2 

immune response. Previously, neutrophils were shown to modulate Th2 responses 

indirectly by eliminating bacteria associated with invading nematodes. However, this 

work showed that the elaboration of neutrophil elastase is dependent on IL-13 and STAT-

6 pathway; and that mice suffered delayed worm clearance in the absence of neutrophil 

elastase. The results from this study 1) further demonstrate the importance of neutrophils 

in enteric nematode infection, and that 2) neutrophil elastase plays an important role in 

worm clearance by the host. 
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Project Summary 

 The project explored the role of type-2 IL-4 receptor on host protective response 

in nematode infections. In addition, it focused on the expression of downstream, STAT-

6-dependnt genes and their roles on gut immunity and functions. Various studies have 

utilized IL-4
-/-

, IL-13
-/-

, and IL-4Rα
-/-

 mice to examine host immunity.
31, 45, 73

 However, 

specific effects could not be attributed to the type-2 IL-4 receptor because of the shared 

receptor IL-4Rα. By eliminating IL-13Rα1 and thus abrogating the type-2 IL-4 receptor 

pathway, the current project showed essential gut functions, such as permeability and 

smooth muscle contraction, could be linked to type-2 IL-4 receptors through transcription 

of downstream genes. In the second part, we further examined the novel role of 

neutrophil elastase, a STAT-6 dependent gene, on gut function using three different 

enteric nematodes with diverse modes of infection. 

 Increased epithelial permeability is one of the hallmarks in enteric nematode 

infection. The study showed that type-2 IL-4 receptor is essential for this characteristic 

since the increase was not observed in IL-13Rα1
-/-

 mice. Although this effect was known 

to be STAT6-dependent, the precise mechanism remained unclear and was elucidated 

further in this study targeting three components implicated in our previous studies: mast 

cells, PAR2, and the tight junction proteins. Mastocytosis is commonly associated with 

enteric nematode infection and contributes to increase in permeability.
134, 135

 The major 

mast cell protease in mice, mMCP1, was highly up-regulated in both WT and IL-13Rα1
-/-

 

mice, but permeability was increased only in WT mice. This result is contrary to 

expectation since increased level of mMCP1 in IL-13Rα1
-/-

 Hb-infected mice appeared to 

have no effect on permeability. Next, we looked at junctional proteins that connect the 
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epithelial cells since they are instrumental in regulating para-cellular transport. There was 

no change in the expression of occludin, or the pore forming claudins, claudin-2, -12, -15, 

which indicated that they do not play a significant role in increased permeability in 

nematode infection. The case of claudin-2 is especially intriguing since studies have 

linked IL-13, elevated level of claudin-2, and increase permeability in in vitro mono-layer 

experiments.
136

 Thus, the present study uncouples this association and indicates that the 

role of tight junction proteins in IL-13-mediated increase in epithelial permeability 

remains unclear.   

 In addition to increased permeability, nematode infection is known to induce 

epithelial hypo-secretion and impaired glucose absorption. These effects result in 

increased intraluminal fluid in the small intestine, which promotes the expulsion of the 

parasites. Indeed, both phenomena were observed in WT-infected mice. In the absence of 

IL-13Rα1, however, infection-induced changes in intestinal secretion and glucose 

absorption were only partially attenuated. We concluded that type-2 IL-4 receptor cannot 

account for the loss of secretion and absorption completely in nematode infection, and 

that IL-4, working through type-1 IL-4 receptor, is suggested to be essential for the full 

effect. To further examine this proposition, we could treat IL-13Rα1KO -infected mice 

with IL-4 antibody to see if a complete loss of intestinal secretion and absorption is 

observed. 

Another hallmark of nematode infection is smooth muscle hyper-contractility 

accompanied with smooth muscle hyperplasia/hypertrophy, which is shown to be 

dependent on alternative activated macrophages.
68

 The lack of infection-induced 

alterations in smooth muscle hyper-contractility in IL-13Rα1
-/-

 mice indicates that hyper-
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contractility is dependent on type-2 IL-4 receptor. We further showed that it may be 

mediated, at least in part, through one of its downstream genes, muscarinic receptor 3 

(M3). The thickening of smooth muscle layer was not present in the IL-13Rα1
-/- 

mice, 

and this is consistent with the inability of the knockout mice to up-regulate IGF-1 during 

infection. Taken together, these functional and morphological changes contribute 

significantly to the impaired host defense and delayed expulsion of the worms. 

 In the second part of the study, three different enteric nematodes were used to 

determine the contribution of neutrophil elastase to host defense. Nb and Hb 

preferentially infect the small intestine while Tm preferentially resides in the proximal 

colon. Typically expelled in less than 2 weeks, Nb represented an acute model of enteric 

infection and the presence of neutrophil elastase appeared to be necessary for the timely 

expulsion of the worms. Previous study showed that mice that were neutrophil depleted 

became susceptible to Nb infection and there was an increased rate of mortality.
74

 In our 

study, Nb expulsion was delayed in ELA
-/-

 mice, but all mice survived the infection. The 

result suggests that neutrophils still retain part of their functions in the absence of 

neutrophil elastase. The presence of worms in ELA
-/-

 mice is consistent with the delayed 

up-regulation of Th2 cytokines and a corresponding delay in the STAT6-dependent 

changes in intestinal morphology and functions. Neutrophil elastase is one of the major 

antimicrobial products elaborated by neutrophils. Lack of neutrophil elastase could 

impair the local clearance of bacteria at the infection site, and subsequently result in a 

higher level of Th1 response, which could suppress the up-regulation of Th2 cytokines 

and lead to delayed Th2-related changes in morphology and functions. 
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 Next we examined the role of neutrophil elastase in Hb infection, which 

represented a chronic setting of nematode infection. Over the course of 90 days, WT mice 

were able to expel most of the worms. On the other hand, the ELA
-/-

 mice had a 

significantly greater number of worms and eggs present at the end of the study. Further 

calculation showed that Hb had a higher fecundity in ELA
-/- 

mice at day 14, indicating 

that Hb was healthier and more capable of reproduction in the absence of neutrophil 

elastase. The chronicity of Hb infection resulted in a significant up-regulation of Th2 

cytokine after 3 months of infection, and the effects were more pronounced in ELA
-/-

 

mice. Functional changes that contribute to worm clearance were absent in WT mice and 

the lack of difference between WT and ELA
-/-

 mice was expected.  

 Lastly, we selected T. muris, to examine the role of neurophil elastase on host 

immunity in the colon and similar to observation for Nb and Hb, the absence of 

neutrophil elastase resulted in a delayed T. muris expulsion. The fitness of the worms 

collected from ELA
-/-

 mice also increased as indicated in the measurement of larval 

length. Unlike nematode infection  in small intestine, where ELA
-/-

 mice had a delayed 

but similar amplitude of up-regulation in Th2 cytokines as the WT mice, Th2 cytokines 

were attenuated in the colon in the absence of neutrophil elastase. We speculate that   

deficiency of neutrophil elastase resulted in the inability of neutrophil to counter the 

upregulation of Th1/Th17 response induced by bacteria associated with Tm. In addition, 

colonic commensal bacteria crossing the epithelial barrier as the consequence of Tm 

infection could further amplify the Th1/Th17 response.  This would result in attenuated 

Th2 immune responses. 
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 In conclusion, this study demonstrated the critical role of type-2 IL-4 receptor on 

host defense against nematode infection. Furthermore, it identified several target genes 

that play important roles in modulating the functional changes in the gut during nematode 

infection as well as those that have lesser roles. The study also brings to light the 

importance of neutrophil elastase in GI protective immunity as it is necessary for the 

timely expulsion of worms. Figure 5.1 provides a summary model of the project. Further 

studies are required to explore the detailed mechanisms of this phenomenon.  
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Figure 5.1 Role of type-2 IL-4 receptor in nematode infection 
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5.2 Future Directions 

 Although the current project highlights important target genes that are 

downstream of the type-2 IL-4 receptor pathway and affect worm clearance or critical GI 

functions, several aspects concerning the mechanisms of such changes were left 

unexplored. Targets such as mast cells and claudins, which were considered to influence 

epithelial permeability, were found to play a lesser role in this study. It is imperative that 

a proper mechanism associated with the permeability change can be identified in the 

future. In addition, smooth muscle hyper-contractility observed in nematode infection is 

less likely to be solely dependent on the up-regulation of muscarinic receptor 3. Indeed, 

there are several potential candidates that could play a role in the induction of smooth 

muscle hyper-contractility and should be explored further in future studies. 

Myosin light chain kinase (MLCK) 

Myosin and actin form a dense ring that encircles the cell at the level of the adherens 

junction and tight junction. Activation of actomyosin contraction, as assessed by 

phosphorylation of myosin II regulatory light chain (MLC), has been associated with 

tight junction regulation. Myosin light chain kinase, responsible for MLC 

phosphorylation, is thus a primary target to examine in type-2 IL-4 receptor mediated 

permeability change in nematode infection. Studies utilizing an epithelial model 

constitutively expressing MLCK found that tight junction proteins, such as ZO-1 and 

occudin, were markedly redistributed morphologically and biochemically, while 

inhibition of MLCK prevented changes in barrier function and tight junction 

reorganization.
137

 Furthermore, activation of MLCK is required for tight junction barrier 

regulation in response to Na
+
-nutrient cotransport, inflammatory cytokines such as IFNγ 
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or TNFα, or pathogenic bacteria.
138, 139, 140

 All of the data point toward the modulation of 

MLCK as the key to control epithelial permeability. It will be of great interest to examine 

MLCK expression level in the setting of nematode infection and determine whether it 

contributes to the change in epithelial permeability. 

Interstitial cells of Cajal 

 Interstitial cells of Cajal (ICC) were first described by Spanish Nobel Laureate 

Santiago Ramon y Cajal as cells that are located between the nerve endings and smooth 

muscle cells in the GI tract, hence the name “interstitial”.  ICC have the same origin as 

smooth muscle cells as both are differentiated from common mesenchymal cells.
141, 142

 

ICCs, unlike smooth muscle cells, lack contractile elements but contain large numbers of 

mitochondria, an abundance of endoplasmic reticulum and distinct sets of channels in 

their membrane. ICC have a thin cytoplasm with dendritic cell-like processes protruding 

out of the cell body.
143

 The number of ICC is only 5% of cells present in the muscularis 

externa
144

, however, they are critical for the motor activity of the GI tract. ICC are 

capable of transducing effector signals from enteric motor neurons as well as generating 

intrinsic electrical rhythmicity in a pacemaker-like fashion.
145

 Considering the 

importance of ICC, it is appropriate to speculate that they may play a role in smooth 

muscle hyper-contractility induced by nematode infection. Exploring the immune-

regulation of ICC will be an intriguing future project as a follow-up of the current study. 

Neutrophil elastase   

 The current project demonstrated a link between neutrophil elastase and nematode 

infection, which induces primarily Th2-associated pathophysiology. Unfortunately, the 

data was over-shadowed by helicobacter infection in the ELA
-/- 

mice. As one could 
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imagine, the Th1 response present in the GI tract of afflicted mice would influence the 

subsequent Th2 responses induced by nematode infection. As a remedy, groups of ELA
-/-

 

mice have been treated with antibiotics to eliminate the bacteria. Another set of WT mice 

has been infected with helicobacter by transferring beddings from the cages of positive 

ELA
-/- 

mice. Since helicobacter primarily infects the lower intestinal tract, it is possible 

that the infection is local and does not interfere with Nb and Hb infection, of which the 

primary pathology is observed in the duodenum and jejunum.  

 Neutrophil elastase is a major component of neutrophil extracellular traps (NETs), 

which is one of the mechanisms neutrophils use to immobilize and eliminate bacteria. As 

described in chapter 4, neutrophils are necessary for suppressing localized Th1 responses 

in nematode infection by killing bacteria associated with the invading nematodes.
74

  

Without neutrophil elastase, it is quite plausible that there is an impaired neutrophil 

activity which leads to a delayed clearance of these bacteria. It is important to note that 

neutrophil infiltration still occurs as shown in the histology slides. The idea that IL-

13/STAT-6 regulates the expression of neutrophil elastase, which in turn influences the 

bactericidal property of NETs, is fascinating and should be explored further. 

 Neutrophil elastase, on the other hand, is shown to process IL-33 into bioactive 

form.
132

 Activated IL-33 is known to act on type 2 innate lymphoid cells (ILC2) by 

signaling through its receptor ST2.
146

 IL-33 is critical in the initiation of type 2 immune 

responses since administration of this cytokine resulted in eosinophilia, IgE class 

switching, production of classical type 2 cytokines, and changes in mucus production in 

the lung and gastrointestinal tract.
146, 147

 Therefore, it will be interesting to examine the 
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level of activated IL-33 in the ELA
-/-

 mice, and whether it plays a role in the delayed 

expulsion of enteric nematodes.  
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