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ABSTRACT 
 
Title of Dissertation: Characterization and Function of the Inflammatory 

Response to Infection by a Gastrointestinal Nematode 
Parasite: New Insights into Protective Th2 
Responses. 

 

Name: Robert McCullough Anthony, Molecular and Cell 
Biology Graduate Program, USUHS, Bethesda, MD 
20814 

 

Dissertation Directed by: William C. Gause, Ph.D., Senior Associate Dean of 
Research, Professor of Medicine, Director of Center 
for Host Defense and Inflammation, UMDNJ, Newark, 
NJ 07101 (current address).  Professor, Department 
of Microbiology and Immunology, USUHS, Bethesda, 
MD 20814 

 

Effective immune responses to infectious diseases involve recognition of 

invading pathogens and result in appropriate primary and secondary reactions 

mediating host protection.  Although these responses against many bacteria and 

viruses have been characterized extensively, Th2 effector mechanisms leading 

to host-protection remain elusive.  Using an infectious model employing a natural 

murine gastrointestinal nematode parasite, Heligmosomoides polygyrus, we 

characterized the immune cell infiltrate surrounding invasive larval parasites in 

the small intestinal muscosa and submucosa (host:parasite interface) during 

early stages of a secondary infection.  A primary is chronic, with established adult 

parasites detectable up to four months post infection, where as the parasites are 

naturally cleared from the intestinal lumen by 14 days follow challenge.  This 

distinction between primary and secondary H. polygyrus infections allows a clear 
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readout of protective immunity, making this infectious model useful for examining 

protective secondary Th2 responses.  

A distinct and highly reproducible leukocyte architecture developed by the 

fourth day post challenge, which included Gr1+ neutrophils amassing adjacent to 

the parasite, and CD4+ T cells, CD11c+ dendritic cells, and MBP-1+ eosinophils 

surrounding the parasite in the lamina propria.  Additionally, laser capture 

microdissected (LCM) samples from the host:parasite interface featured 

upregulated Th2 cytokine mRNAs relative to untreated intestinal tissue.  This 

localized inflammatory response differed during primary infection, as CD4+ T 

cells did not infiltrate the host:parasite interface, and there were no increases in 

cytokine expression.  These findings were extended to show that the peripheral 

inflammation during the memory Th2 response at the host:parasite interface is 

essential for host-protection leading to worm expulsion.  Memory CD4+ T cells 

that express Th2 cytokines rapidly accumulate around the invading parasite in 

the intestinal submucosa, and induce the alternative activation of macrophages 

(IL-4Rhi, CD206+, arginase-1+, Fizz1+, Ym1+, iNOS-).   

Alternatively activated macrophages metabolize the amino acid, arginine, 

by the enzyme arginase-1, which is essential for their differentiation and effector 

functions.  Through intervention experiments, our findings demonstrate that 

macrophages and arginase contribute to the natural clearance of a secondary H. 

polygyrus infection.  These observations provide new insights into mechanisms 

of host-protection mediated by Th2 responses, and establish a novel, protective 

role for alternatively activated macrophages. 
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Dissertation Introduction 

Background and Significance 

 Infectious diseases are caused by diverse types of pathogens, including 

bacteria, viruses, fungi, and parasites1.  Of these pathogens, parasites are the 

most highly evolved, as these organisms are eukaryotic and often developed 

complicated life cycles frequently involving multiple environmental niches and 

hosts2.  Infectious parasites are responsible for a wide range of human diseases, 

including Leishmanisis, Malaria, Schistosomaisis, Giardia, and Ascariasis,  

although most morbidity and mortality caused by these infection types occurs in 

the third world1,2.   

Parasitic helminths are large, extracellular, bilateral worms, ranging from 

1mm to 1 meter in length, and possess rudimentary nervous and excretory 

systems, but no circulatory systems3.  These parasites are further characterized 

by their body shape: nematodes (including Ascaris sp., Trichuris sp.,) are round 

worms, trematodes (Schistosoma sp.) have leaf-shaped bodies, and cestodes 

(Taenia sp., Diphyllobothrium sp.) are flat and ribbon shaped tapeworms3.  

 With more than two billion of the world’s population infected with parasitic 

helminths4, understanding the mechanisms of host defense against these 

organisms is compelling.  While infection by these pathogens is generally not 

fatal, they are associated with high rates of morbidity, with chronic infections 

often leading to anemia and malnourishment4.  Children in the developing world 

are most affected, exhibiting the most detrimental responses to these infections, 
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which has prompted the World Health Organization in 1993 to rank intestinal 

helminths as the main cause of disease burden in school-aged children4. 

Westernized countries have been able to control these infections through 

primary health care programs and effective public sanitation, but third world 

nations lack resources for such programs resulting in endemic and intractable 

gastrointestinal parasitism5-7.  Therefore, immunotherapeutic approaches may 

provide the most feasible method to controlling these types of infection, which 

mandates a greater understanding of the immune response elicited against these 

parasitic worms.   

 Additional interest in the mechanisms and cellular populations involved in 

immune responses elicited by these parasites has stemmed from the “hygiene 

hypothesis.”  Over the last 20 years in Westernized nations, the incidences of 

allergic, asthmatic, and autoimmune diseases have steadily increased8,9.  In 

contrast, diseases of this sort are rarely seen in the third world.  To explain this 

trend, the hygiene hypothesis10,11 was put forth, which postulates that growing up 

in an environment that is too clean leads to the development of an under-

stimulated immune system, which consequently responds inappropriately to 

innocuous antigens including ragweed, animal dander, pollen, self, etc. 

 This hypothesis has been extended beyond merely being too clean, to 

living in areas devoid of parasitic helminthes and consequentially not being 

exposed to these pathogens 12-14.  The epidemiology of helminth infections 

follows the inverse relationship outlined by the hygiene hypotheses: they are 
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endemic in the third world, and effectively nonexistent in Western countries 

where allergy, asthma, and autoimmune disease are prevalent. 

Additionally, a rapidly growing body of literature supports the ability of 

helminth infections to down-modulate immune responses15-20.  School children in 

Gabon that were infected with schistosome parasites were found to be less likely 

to develop contact dermatitis to dust mite allergens than uninfected children, and 

anti-helminthic treatment resulted in an increased likelihood of developing 

contact dust mite allergen induced dermatitis21.  Taking this observation to the 

clinic, researchers at the University of Iowa effectively treated sufferers of 

inflammatory bowel disease (IBD) by orally administering pig whipworms 

(Trichuris suis)22.  This parasite is capable of only a transitory infection in 

humans, and its administration lead to a temporary reduction in the symptoms of 

IBD.  While there is tremendous potential in these observations and in the 

immunoregulatory potential of helminthes, a potential concern that arises 

pertains to the ability of helminth-infected individuals to develop appropriate 

immune responses to vaccines against other infectious pathogens.  An 

underlying helminth infection might effect the development of immunity to 

malarial, HIV, or Tuberculosis vaccines, as these target populations reside in 

helminth-endemic regions23.   

Much of our understanding of the immune responses elicited by helminth 

parasite infections stems from studies of allergic and asthmatic diseases; all are 

polarized Th2 responses, but atopic diseases target inappropriate or innocuous 

antigens24-29.  Sensitization with allergens leads to the production of IgE by B 
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cells; this antibody isotype can bind receptors on the surface of tissue-residing 

mast cells30,31.  Upon re-exposure, allergen-specific IgEs on the surface of mast 

cells are cross-linked, resulting in mast cell activation and degranulation leading 

to the release of soluble mediators, including histamines, leukotrienes, and 

prostaglandins, which are responsible for acute allergy, and in extreme cases, 

anaphylactic shock32-34.  Recent studies have begun to uncover the individual 

roles of type 2 cytokines in asthma and have assigned an essential role to IL-4 in 

the generation of primary Th2 responses to allergens, whereas both IL-4 and IL-

13 play a role in mediating airway hyperresponsiveness, mucus hypersecretion, 

and subepithelial fibrosis35.  Insights into the mechanisms leading to asthmatic 

attacks and allergies have resulted in many treatments for these diseases, 

including anti-histamines, anti-leukotrienes, anti-IL-5 (to partially block 

eosinophilia), and immunotherapies to downmodulate the allergen-specific Th2 

response 32,36,37.   

Thus, understanding the mechanisms of protective Th2 responses will be 

beneficial for many reasons; it may lead to the development of vaccines for 

gastrointestinal parasites, as well as shed light on novel immunoregulatory 

mechanisms to treat diseases of inappropriate immune responses which include 

allergy, asthma, and autoimmune diseases, as well as some harmful 

inflammatory reactions to viral and bacterial infections.  

The Immune System 

The immune system is essential for controlling infectious diseases and 

cancer in the mammalian host.  All leukocytes, or white blood cells, are derived 
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from a common bone marrow stem cell precursor33,38.  Typically characterized as 

two subsystems, the immune system contains both innate and adaptive 

systems33,39.  The adaptive immune system is further categorized as humoral 

and cell-mediated, which consists of B cells which produce antibodies, and 

cytotoxic and helper T cells, respectively1,33. 

The innate immune system is defined by the inability to recognize specific 

antigens, and comprises macrophages (MΦs), dendritic cells (DCs) neutrophils, 

eosinophils, mast cells, basophils, and cytotoxic natural killer cells33,40.  While 

these cell types have distinct effector functions and roles in immunity, they are all 

found throughout the body or circulation and rapidly accumulate at sites of 

inflammation33. 

The cells of the adaptive immune system, or lymphocytes, express 

antigen-specific receptors which allow the recognition of specific peptides and 

provides the mammalian host with the ability to differentiate between distinct 

antigens33,40.  The receptors expressed by T and B cells are generated by tightly 

controlled mutations in the genes encoding the receptors, allowing an essentially 

infinite number of different receptors41-43.  T cells which undergo thymic selection 

express αβ TCRs and have been extensively characterized41-43.  Less is 

understood about T cells that express TCR composed of γσ chains, which have 

effector functions bridging innate and adaptive systems by recognizing non-

peptide antigens, including lipids, self-antigens, and potentially presenting 

antigen on MHC II molecules44.  αβ T cells are subdivided into two classes: CD8+ 
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or CD4+, which recognize antigen complexed with MHC I or MHC II molecules, 

respectively45.   

All nucleated cells in the body express MHC I molecules, and therefore all 

can present antigens to CD8+ T cells.  Cytotoxic CD8+ T cells are important for 

killing of cells infected with intracellular pathogens.  MHC II molecule expression 

is generally restricted to professional antigen presenting cells (APCs), which are 

DCs, MΦs, and B cells.  These APCs have phagocytic and opsonizing abilities 

that allow them to present peptide antigens to CD4+ T cells, who in turn direct or 

orchestrating an immune response.  More recently, populations of regulatory T 

cells have been described, which down-modulate immune responses to a variety 

of antigens46-49.  They are thought to prevent harmful or inappropriate responses, 

including autoimmune disease, asthma, and allergy.  Some regulatory subsets 

are identified by the expression of the transcription factor forkhead box protein 3 

(FoxP3)50,51, which belongs to the FOX family of protein transcription factors 

sharing a DNA-binding motif of 80 to 100 amino acids, known as forkhead box. 

B cells also express antigen specific receptors (BCRs) on their surface, in 

the form of IgD molecules.  The BCR allows B cells to recognize and opsonize 

antigens, which are then presented on MHC II molecules.  Activated effector 

CD4+ T cells that recognize the antigen presented by B cells can induce isotype 

class-switching in B cells, a mechanism by which B cells produce distinct 

antibody types.  Antibodies are secreted into the circulation and extracellular 

space, and can bind and neutralize infectious agents33.  Also, a number of innate 

cells express specific Fc receptors, which bind the isotype-determining portion of 



 7

the antibodies, allowing innate cells the ability to recognize specific antigens via 

the antibodies on their surface. 

Natural killer cells (NK cells) also express receptors for recognition of 

virally infected cells and play a role in killing infected and cancerous cells52,53.  

Naïve T and B cells, which have not encountered the specific antigen their 

receptors recognize, reside in secondary lymphoid organs, including the spleen, 

lymph nodes, and Peyer’s patches33.  Typical lymphoid morphology features 

distinct zones or areas where resting T or B cells reside (fig. 1). 

 

Figure 1.  The anatomy of a lymph node33.  T and B cells reside in distinct 
zones within a node.  Antigens are brought into a lymph node by DCs or the 
lymphatics themselves in the case of soluble antigens via the afferent lymphatic 
vessel and presented to T cells in the T cell zone.   

 
DCs reside throughout the body, continually phagocyzing antigens.  In the 

presence of bacteria or viruses, DCs are activated through receptors recognizing 

pathogen associated molecular patterns (PAMPs) including Toll Like Receptors 

(TLR), which recognize bacterial and viral motifs.  This activation of DCs leads to 
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reduced phagocytic ability, and enhanced expression of antigen-loaded MHC II 

molecules, costimulatory molecules, and lymph node homing receptors.  The 

combined upregulation of these molecules allows the activated DCs to traffic to 

the closest “draining” lymph node and interact with naïve T cells33,54.  Soluble 

antigens can also be carried to lymph nodes by the lymphatics, where they are 

phagocytosed, and presented to T cells by lymph node resident DCs54,55.   

T cells become activated following appropriate stimulation from DCs, 

which, in general, involves recognition of appropriate antigen presented on the 

MHC molecule and a secondary costimulatory signal (via CD80 and CD86) 

through the co-receptor CD2856,57 (fig. 2).  These molecules are upregulated by 

DCs upon activation, and provide a primary, antigen-specific signal through MHC 

II-TCR interactions, and a secondary positive signal through CD80/86 and CD28, 

leading to T cell activation.  In the absence of a secondary signal, T cells can 

become anergic, non-responsive, or regulatory.  Therefore, this “two signal 

hypothesis” is considered to be a protective mechanism against the development 

of inappropriate immune responses (as in principle, only pathogen-activated DCs 

should upregulate CD80 and CD86 expression)50,58.  Activated CD4+ T cells go 

on to direct other cell types to elicit specific effector functions, including inducing 

class-switching in B cells to produce appropriate antibody isotypes, and activate 

macrophages. 
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Figure 2.  The two-signal hypothesis of T cell activation.  Naïve T cells are 
activated upon TCR recognition of MHC loaded with appropriate antigens (signal 
1) and signaling through CD28 following recognition of B7 (CD80 and CD86) 
molecules on APCs {Janeway, 2001 #32}.   
 
Effector CD4+ T Cells  

 Upon appropriate signaling involving antigen recognition and 

costimulation, naïve CD4+ T cells become activated and differentiate into at least 

two distinct effector phenotypes, defined by their cytokine expression profiles59.  

Th1 responses are initiated by DCs that are stimulated through TLRs, which 

recognize patterns associated with bacterial and viral pathogens (PAMPs) and 

express the cytokine IL-12, which drives differentiation of naïve CD4+ T cells into 

Th1 effector cells60,61.  The prototypic cytokine produced by Th1 cells is IFN-γ.  

Additionally, Th1 cells induce class switching in B cells to make the antibody 

isotype IgG2a, and upregulate iNOS expression by macrophages essential for 

killing intracellular pathogens (fig. 3).  Polarization towards a type 1 response is 

very effective at clearing bacterial and viral infections, and intracellular parasites 

including Leishmania sp. and malarial parasites 62-64. 
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At present, it is unknown what signals dendritic cells to drive the 

development of naïve CD4+ T cells into Th2 cells62,65.  The prototypic cytokines 

produced by Th2 cells are IL-4 and IL-13 (fig. 2)33,59,66.  These effector cells 

induce class switching in B cells to make the antibody isotypes IgE and IgG1, 

trigger eosinophila through IL-5 production, and upregulate arginase-1 

expression by macrophages leading to proline and polyamine production67-69.  

This response type is very effective at clearing large, extracellular worm 

parasites, and is also responsible for the symptoms associated with allergy and 

asthma70. 

 

Figure 3. T helper adaptive immune responses.  The presence of Toll Like 
Receptor ligands will activate dendritic cells, resulting in increased MHC II 
expression, B7-1 and B7-2 upregulation and IL-12 production.  This will drive 
CD4+ T cell differentiation to a Th1 effector cell type.  These cells make IFN-
gamma, and invoke an immune response featuring inflammatory populations of 
macrophages, neutrophils, cytotoxic CD8+ T cells, natural killer cells, and induce 
class switching in B cells to produce IgG2a antibodies.  Helminth parasites and 
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allergens result in the generation of Th2 effector cells, which make IL-4 and IL-
13, triggering a response including activation of eosinophils, mast cells, 
basophils, and IgE production by B cells.  
 
Memory T cell Development and Populations  

Upon clearance of the antigen, a large proportion (~90%) of effector T 

cells undergo apoptosis; however, a small number of these cells persist and 

differentiate into memory cells, which reside throughout the body for long 

periods, and are able to respond quickly to subsequent challenges with the same 

antigen (fig. 4)71-73.   

 

Figure 4. The generation of immunological memory.  During primary immune 
responses, there is a massive clonaltypic expansion of effector T cells.  Upon 
clearance of antigen, ~90% of these effector T cells enter apoptosis and die.  The 
remaining cells make up the precursors of the memory T cell pool. 
 

 Because several models exist for their study in vivo and their effector 

cytotoxic function is easily quantified, the development and function of memory 

CD8+ T cells is much better understood than memory CD4+ T cells.  Two distinct 

CD8+ memory cell populations have been described in humans and mice. 

Central memory cells reside in secondary lymphoid organs, are identified based 
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on their expression of the lymph node homing receptors CCR7 and CD62L 

(CCR7+ CD62Lhigh), and are thought to be a less polarized, longer-term memory 

population74,75.  In contrast, effector memory cells do not express lymph node 

homing receptors (CCR7- CD62Llow) are found in non-lymphoid tissue (liver, 

lungs, and skin), and are described as a more easily activated and polarized 

population74,76,77. 

 While memory CD4+ T cells have been detected throughout the body, their 

differentiation during the primary response into central and effector memory cell 

populations remains unclear72.  It has been postulated that there are distinctions 

between memory cells developing from Th1 and Th2 lineages, including events 

leading to the development of effector cells into memory cells and the 

maintenance of these different memory populations78,79.  Most likely, resting 

memory Th2 cells develop during a polarized type 2 primary response, and exist 

in that polarized state, as the addition of exogenous IL-12 during nematode 

parasite challenge has no effect on the ensuing memory Th2 response80.   

Regulatory T cells   
 
 While the immune system is a potent mediator against invading 

pathogens, it has developed numerous mechanisms to down-modulate 

responses, thereby preventing harmful inflammation.  A failure in these inhibitory 

mechanisms is often harmful to the host, and can lead to the development of 

inappropriate immune responses, some of which include autoimmune disease, 

allergies, and asthma.  Of particular interest in recent years are regulatory T 

cells, which have been broadly categorized into three classes: thymus-derived 
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naturally occurring CD25+ CD4+ T cells, and two induced populations, anergic 

and tolerized regulatory cells50.  Anergic cells develop in the absence of a 

secondary co-stimulatory signal, and tolerized cells result from oral tolerance, 

low-dose antigen, or are primed by inhibitory dendritic cells50.  While these 

populations are difficult to distinguish in vivo, the transcription factor FoxP3 is 

considered the best indicator of certain regulatory T cell subtypes.  Other 

regulatory cell markers, including CD25 and CTLA-4 are also expressed by 

activated effector T cells, making these markers useful only in untreated mice. 

 A number of studies in both humans and mice have demonstrated the 

immunoregulatory potential of helminth infections.  Clinical studies have shown 

infection or administration of helminthes leads to the reduced inflammation in 

patients suffering from IBD and contact dermitis.  These studies suggest a 

potential mechanism behind the hygiene hypothesis, where regulatory T cells 

induced by helminth infections can inhibit unrelated immune responses.  It is 

possible that this induction of regulatory T cells also explains why infections of 

these types are often chronic, as the presence of regulatory T cells may inhibit an 

effective response.   

The Th2 Response 

In the presence of helminth parasites and allergens, naïve CD4+ T cells 

differentiate into Th2 cells.  These effector cells make the cytokines IL-4, IL-13, 

IL-9, and IL-5 among others81,82.  A growing body of literature has documented a 

number of other leukocytes that also adopt a type 2 activation state following 

exposure to Th2 cytokines produced by Th2 cells; B cells undergo class 
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switching to make the antibody isotypes IgE and IgG1; dendritic cells thought to 

initiate type 2 responses are termed DC2; and additional macrophage effector 

types have been described including alternatively activated macrophages and 

type II macrophages, which express high levels are arginase-1 or the 

immumosuppressive cytokine IL-10, respectively83-87. 

Some effector mechanisms associated with type 2 responses have been 

described thoroughly.  Following the production of IgE by B cells (fig. 5a), the Fc 

(fragment crystalizable) region of the IgE molecule binds high affinity FcεR on 

mast cells and basophils (fig. 5b), allowing the antigen binding portion of the 

molecule to point outward, away from the mast cell or basophil33,88.  Thus, the 

stage is set for the prototypic acute type 1 immediate hypersensitivity response, 

where re-exposure to antigen induces cross-linking of the IgE molecules on the 

surface of the mast cell (fig. 5c), leading to mast cell activation, degranulation, 

and the release of soluble mediators in the surrounding environment (fig. 5d).  

These factors include leukotrienes, prostaglandins, and histamine, which cause 

vasodilation, smooth muscle contractions, and the recruitment of eosinophils and 

memory Th2 cells to the site (fig. 5e).  This response is generally associated with 

a deleterious acute atopic allergic response.  Recent studies have suggested the 

Th2 cytokines IL-4 and IL-13 are essential in allergic airway responses directly 

binding receptors on airway tissues itself, and can directly induce mucus 

secretion in the absence of IL-4, IL-5 and mast cells35. 
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Figure 5.  The mechanisms of acute and chronic allergic responses.  a.  Th2 
responses lead to the production of IgE antibody isotypes by B cells.  b.  The Fc 
portion of IgE binds surface FcεRI on the surface of tissue residing mast cells.  c.  
Upon re-exposure to the allergen, IgE molecules on the surface of mast cells are 
cross-linked, activating the mast cells leading to their degranulation (d), and  
release of prostaglandins, leukotrienes, and histamine.  This causes immediate 
vasodilation, and the smooth muscle contraction associated with acute allergic 
reactions.  e.  Additionally, Th2 cells and eosinophils are recruited to the site of 
degranulation leading to swelling, and itching, typically of chronic allergies. f.  
Upon challenge, IL- 4 and IL-13 production by Th2 effector cells can also lead to 
airway hyperresponsiveness, and increased mucous secretion. 
 
 Th2 responses are induced following infection by gastrointestinal 

helminthes, and this response type is effective at expelling large, extracellular 

worm parasites89-91.  However, the mechanisms leading to expulsion have largely 

been elusive92.  Perhaps the best studied effector mechanisms are the changes 

induced by IL-4 and IL-13 on the smooth muscle of the gut, which increase 
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contractility and luminal fluid secretion, both proposed to make the intestinal 

lumen an inhospitable environment for gastrointestinal parasites93-96.  Because 

CD4+ T cell depletion during nematode infection blocks IL-4 and IL-13 

production, these cells are thought to be the primary producers of these 

cytokines97,98.   

An Infectious Th2 Memory Model 

 The gastrointestinal trichostrongylid nematode Heligmosomodes 

polygyrus, is a natural parasite of mice, and triggers a highly polarized Th2 

response in the draining mesenteric lymph node82,90 (fig. 7).  The use of a natural 

murine helminth is advantageous because this nematode evolved along with its 

mammalian host, and thus both host and parasite affected each other’s 

development, resulting in a symbiotic relationship that closely mimics natural 

parasites of humans99. 

Mice are infected through oral ingestion of third stage larvae (fig. 6a), and 

the parasites travel to the small intestine, and invade the duodenum to take 

residence in the muscularis by day 3 post infection(fig. 6b)100.  The larvae 

undergo two molts over the next five days, and by day 8 migrate to the gut lumen 

as sexually mature adults101.  The adult worms mate in the lumen, and excrete 

eggs which are passed along with feces101.  In the soil, the eggs hatch, and 

develop into the infectious L3 stage over two weeks101. 
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Figure 6.  The life cycle of H. polygyrus.  Following oral infection (a), H. 
polygyrus L3 larvae migrate to the small intestine, where they invade the 
epithelium and submucosa and take up residence in the muscularis (1b).  The 
parasites undergo two molts there, and enter into the gut lumen as adults eight 
days post infection.  The luminal female adult parasites excrete eggs, which are 
passed along with feces.  The eggs hatch in the soil, and develop into the 
infectious L3 larvae over the next 14 days.  Infection in naïve mice of all 
backgrounds results in a chronic luminal infection, with adult parasites teeming in 
the intestinal luminal by 14 days post infection, which can be cleared by the 
administration of an antihelminthic drug.  A subsequent infection of primed and 
drug treated mice results in the clearance of parasites from the intestinal lumen 
by 14 days post infection. 
 
There is a striking difference in the ensuing immune response to H. polygyrus, 

depending on whether the infection results from a primary or secondary 

inoculation.  The former generates a chronic infection, cleared only by the 

administration of an anti-helminthic drug98,101,102.  However, secondary infections 

after experimentally induced worm expulsion are naturally cleared from the 
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mouse after two weeks.  The clearance is dependant upon IL-4 production: IL-4 

deficient mice fail to expulse H. polygyrus upon challenge, while administration of 

the cytokine to infected SCID mice results in parasite clearance97,103.  IL-4 

production during a secondary response is abrogated upon depletion of CD4+ T 

cells, which indicates a role of memory CD4+ Th2 cells in worm expulsion.  This 

distinction between primary and memory responses makes this infectious model 

one of the few functional CD4+ T cell peripheral memory responses readily 

studied. 

 

Figure 7.  Infection with H. polygyrus triggers a highly polarized Th2 response, in 
all backgrounds strains of mice examined.  Following oral inoculation, CD4+ T 
cells differentiate into Th2 effector cells, producing IL-4 and IL-13.  IL-5 
production leads to eosinophilia, and IL-4 and IL-13 induce physiological 
changes on the small intestine, including increased luminal fluid secretion and 
gut contractility, which are thought to make the intestinal lumen inhospitable to 
the invading adult parasites62. 
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Alternatively Activated Macrophages 

 Macrophages (MΦ) are phagocytic cells that reside throughout the body, 

and along with neutrophils are thought to be among the first responders to 

insulting microbes33.  While these cells are conventionally defined as professional 

antigen presenting cells, their primary function is now thought to be as 

phagocytic effector cells capable of delivering a toxic intracellular respiratory 

burst of nitric oxide (NO) against phagocytosed pathogens104.  Upon activation 

via Toll Like Receptor (TLR) stimulation (including TLR-4 by LPS) or exposure to 

IFN-γ from T cells, MΦ’s upregulate the enzyme Inducible Nitric Oxide Synthase 

(iNOS) which converts L-arginine ultimately to NO and citrulline (fig. 8)105.  This 

reaction is essential for a protective response against a number of intracellular 

pathogens, including Listeria monocytogenes, Salmonella sp., and Leishmania 

sp106-109.    

 However, an additional activated phenotype has recently been identified in 

macrophages, which downregulates type 1 inflammatory responses and 

promotes type 2 inflammatory responses83,104,110-113.  Macrophages exposed to 

Th2 cytokines express the enzyme arginase-1, which out-competes iNOS for 

their common substate L-arginine114.  L-Arginine is converted to L-ornithine, 

which is further catabolized to proline by ornithine amino transferase (OAT) and 

polyamines by ornithine decarboxylase (ODC). 
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Figure 8.  L-Arginine catabolism by macrophages.  Upon exposure to type 1 
inflammatory cytokines, macrophages upregulate the enzyme iNOS, which 
converts L-arginine to L-hydroxy-arginine (LOHA); LOHA is then converted by 
iNOS into NO and citrulline.  LOHA inhibits arginase-1.  In the presence of type 2 
inflammatory cytokines, the enzyme arginase-1 is expressed, which has a higher 
affinity for L-arginine, and therefore out competes iNOS for the common 
substrate.  Arginase-1 converts L-arginine into L-ornithine, which is further 
converted into proline by ornithine aminotransferase (OAT) and polyamines by 
ornithine decarboxylase (ODC). 
 

 Alternatively activated macrophages have been identified in a number of 

type 2 responses, including the hepatic fibrosis associated with Schistosomiasis, 

pulmonary inflammation of asthma, and mouse filariasis115-117.  These cells 

recruit fibroblasts and produce the collagen precursor, proline, resulting in 

fibrosis necessary for tissue repair.  This fibrosis becomes life-threatening in the 

case of Schistosome hepatic granulomas116,118-121.  The production of polyamines 

is essential for cellular proliferation, as these amines aid in DNA-protein 

interactions required for DNA replication122.  A number of characteristic genes 

have been associated with these cells, many of which are chitinases and 
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chitinase-like, including Ym1 and 2, Fizz1 and 2, and Acidic Mammalian 

Chitinase (AMCase)117.  The high expression of genes of this type suggested 

these MΦs may play a role in anti-helminth responses; however, no protective 

role has been assigned.   

 These MΦs adopt the alternative phenotype following exposure to type 2 

cytokines, specifically IL-4 and IL-13104,113,123.  Thus, they express the IL-4 

receptor (IL-4R).  Following exposure to type 2 cytokines, AAMΦ upregulate 

surface expression of the macrophage mannose receptor (CD206), which is 

therefore considered a useful marker for this activation state112,124.  Two IL-4R’s 

exist in humans and mice; the IL-4Rα, which couples with either the common 

gamma chain or the IL-13Rα1 to form a type 1 or type 2 receptor, capable of 

binding IL-4 or both IL-4 and IL-13, respectively (fig. 9)125-127.  Both receptors 

signal through the common adaptor protein, STAT6.  A number of bone marrow 

derived populations (including T cells, B cells, eosinophils, mast cells, basophils, 

DCs, and MФs), and non-bone marrow derived cells (including smooth muscle 

tissue and goblet cells) express IL-4 receptors and are therefore responsive to 

type 2 cytokines93,96,128.  Exposure to IL-4 or IL-13 promotes the development of 

Th2 cells and class-switching to IgE in B cells, activates mast cells and 

eosinophils, and upregulates arginase-1 expression in DCs and MФs; goblet 

cells secrete increased amounts of mucous, and smooth muscle contractility 

intensifies upon stimulation through the IL-4 receptor91,93,96.   
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Figure 9.  The proposed structures of the IL-4 receptors.  The IL-4Rα couples 
with either the common γ chain or the IL-13Rα1 to form a type 1 or type 2 IL-4R.  
IL-13Rα2 is thought to be a soluble decoy receptor, binding excess IL-13 to 
dampen the cytokines potential detrimental effects. 
 
Specific goals of this study 

 Little is know about protective Th2 responses and the mechanisms by 

which gastrointestinal helminths are expelled from the mammalian intestinal tract 

have remained elusive.  Using an infectious model which elicits a natural 

protective immunity to a nematode parasite, we set out to define the role of 

memory Th2 cells in this response.  The studies outlined herein identified early 

events in this response as essential for maximal host-protection.  Initially, CD4+ T 

cells were depleted at distinct intervals during challenge, to examine when CD4+ 

T cell dependent immune events occurred during infection.  These depletion 

experiments showed CD4+ T cells were required during the first seven days of 

challenge, as mice depleted of these cells at later stages (days 7, 9, or 11 post 

infection) of the response retained their ability to expel the parasites, suggesting 
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events leading to eventual worm expulsion were set in place during the first 7 

days of the memory response.  These findings were extended using a Baermann 

apparatus to recover larvae in the intestinal tissue at days 4 and 7 post infection, 

as the developing parasites had difficulty migrating out of the tissue during a 

secondary response compared to those recovered during a primary infection129.   

Our initial studies showed the immune response during the first 7 days of 

infection were essential for host-protection, when larval parasites develop in the 

small intestinal submucosa, and therefore the host:parasite interface was 

examined.  Four days after challenge, a characteristic and highly reproducible 

immune cell architecture was identified at the host:parasite interface, with Gr1+ 

neutrophils accumulating immediately adjacent to the parasite, memory CD4+ T 

cells accumulating in a region surrounding the parasite and neutrophils, and Th2 

cytokine mRNA detected in a CD4+ T cell dependent fashion78,130,131.  LCM 

preformed in combination with fluorescent immunohistochemistry allowed the 

dissection Gr1+, CD4+, and Gr1- CD4- cells from this microenvironment, and 

demonstrated that both Gr1+ and CD4+ populations expressed high levels of IL-4 

and IL-13 mRNA relative to untreated Peyer’s patches.  These findings were 

extended further by the development of a novel approach to detect IL-4 protein in 

situ, which showed that the accumulating CD4+ T cells were associated with IL-4 

protein at the host:parasite interface, strongly indicating this population was the 

main producer of the prototypical type 2 cytokine.  F4/80+ macrophages 

accumulating around the parasite during challenge expressed high levels of IL-

4Rα and the macrophage mannose receptor (CD206), consistent with an 
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alternatively activated phenotype (IL-4Rhi CD206+).   Microdissection of the 

F4/80+ cells from the host:parasite interface confirmed their alternatively 

activated phenotype, as these cells featured high arginase-1, Fizz1, Ym1 and 

AMCase-1 mRNA, and undetectable iNOS. Adoptive transfer of memory CD4+ T 

cells into STAT6 deficient (-/-) recipient mice failed to induce alternative 

macrophage activation, as did depletion of CD4+ T cells at the time of infection; 

taken together, these results indicated that the macrophages accumulating at the 

host:parasite inteface were becoming alternatively activated by type 2 cytokine 

producing CD4+ T cells.  

These AAMФs were then shown to be essential effector cells of the 

protective immune response against H. polygyrus challenge in corroborative 

intervention experiments.  Selective depletion of these cells using clodronate 

liposomes and inhibition of their effector function by an arginase inhibitor 

abrogated the protective response, indicating that these cells are essential 

effectors in this anti-helminth response.  These studies provide a new model for 

protective Th2 responses, where memory Th2 cells rapidly accumulate and 

express IL-4 and drive the alternative activation of macrophages.  This work 

provides new insights into mechanisms of expulsion of gastrointestinal parasites, 

and identifies macrophages as important effector cells in protective Th2 

responses, providing a possible explanation for the evolution of their alternatively 

activated state.   
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Dissertation Discussion and Summary 

 A greater understanding of the immune response elicited by helminth 

parasites is important for a number of reasons: it may identify novel protective 

mechanisms or cell populations that can be targeted for vaccines against this 

important group of pathogens; it may illuminate regulatory mechanisms that 

could be exploited to control the inappropriate responses of allergic, asthmatic, or 

autoimmune disease; it may elucidate therapies to control aberrant, and 

potentially detrimental inflammatory responses triggered by bacterial or viral 

infections.  Despite these wide-reaching implications, little is known about the 

host-defense mechanisms that lead to expulsion of these parasites.   

The work presented in this dissertation employed an infectious 

gastrointestinal nematode model to examine protective Th2 immune responses.   

H. polygyrus, a natural murine parasite, establishes a chronic infection in naïve 

mice, while a challenge infection is naturally and rapidly cleared by the host.  

This distinction between primary and secondary responses provides an easy 

readout of functional immunity based on parasite and egg burdens.  Initial 

experiments showed that the first 7 days of the secondary response were 

essential for expulsion of the parasites and prompted further analysis of the early 

events occurring during challenge infection.  A localized inflammatory response 

was identified surrounding the parasite during these early invasive stages, which 

was distinct from a primary response, and featured CD4+ T cells surrounding the 

parasite as early as 4 days post infection, and localized expression of Th2 

cytokine mRNA.  Further characterization of this polarized type 2 inflammatory 
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response identified CD4+ T cells as the predominant producers of IL-4 protein at 

the host:parasite interface, and infiltrating MФs as the primary responders to 

these cytokines.  Accumulating MФs adopted an alternatively activated 

phenotype (IL-4Rhi CD206+ arginase-1+ Fizz1+ Ym1+ iNOS-) that was dependent 

on CD4+ T cells and IL-4R signaling, which demonstrates that the MФs were in 

fact responding to the T cell derived cytokines expressed at the host:parasite 

interface.  A number of intervention experiments, where macrophages were 

either depleted or inhibited during challenge infections, resulted in the blockade 

of protective immunity as characterized by high parasite burdens at day 14 and 

enhanced larval recovery at days 4 and 7 post infection.  These studies implicate 

alternatively activated macrophages as essential effector cells in this protective 

Th2 response, and mucosal inflammation as a novel protective mechanism 

against gastrointestinal parasites. 

Discussion of results 

Early immune events are important for protection against H. polygyrus 
challenge 
 

Our efforts focused on immune mechanisms elicited against the invasive 

phase of H. polygyrus infection.  Depletion of CD4+ T cells at day 0 post 

challenge, and to a lesser extent on day 7-post challenge, inhibited the protective 

memory response, while CD4+ cell depletion at later stages of challenge (on day 

9 or 11 post infection) had little effect on day 14 adult worm and egg burdens.  

These results suggested the first 7 days of the immune response were essential 

for maximal worm expulsion.  During this time, the parasite larvae reside in the 
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intestinal submucosa, which suggested the protective immune response may be 

targeting invasive larvae.   

There has been little evidence suggesting that responses directed against 

invasive larval stages of H. polygyrus are important for host-

protection89,91,94,95,103.  Studies have demonstrated that termination of primary 

infections during larval stages has no effect on the development of protective 

immunity to challenge infections.  By administering the anti-helminthic agent 

ivermectin as early as four days post primary infection, investigators showed 

mice were able to effectively clear a challenge infection132,133.  It is possible that 

there are common antigens expressed by larval and adult stages, thereby 

providing a potential explanation for this observation: mice from these studies 

might have been exposed to the protective antigen despite the premature 

termination of the infection, ultimately resulting in development of protective 

memory T cells.  Regardless, these findings clearly show host exposure to adult 

worms is not required for the development of protective immunity against H. 

polygyrus.  

To confirm that early events during the invasive stage of infection were 

essential to the secondary response for host-protection, larval recovery at days 4 

and 7 were assessed following primary and secondary infections using a 

Baermann apparatus.  High numbers of larvae were recovered from primary 

infected intestines, while in comparison significantly fewer larvae were collected 

from challenged intestines at both intervals.  These findings prompted further 
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evaluation of the early events in the secondary response, focusing on the 

inflammatory reaction surrounding invasive larvae.   

Analysis of the host:parasite interface following H. polygyrus challenge 

A distinct immune cell architecture surrounds the invading larvae 4 days 

following secondary infection, with Gr1+ neutrophils accumulating adjacent to the 

parasites in the muscularis, and CD4+ T cells surrounding the parasite, 

accumulating along the muscularis border in the lamina propria.  The CD4+ T 

cells express IL-4 and IL-13 mRNA, are associated with IL-4 protein, and their 

depletion ablates type 2 cytokine expression at the host:parasite interface; taken 

together, these results suggest CD4+ T cells are the primary producers of Th2 

cytokines in the microenvironment surrounding the parasite.  A number of IL-4 

producing non-lymphocytes have been described, including eosinophils, 

basophils, and mast cells134-136; however, of these cell types, only eosinophils 

were detected at the host:parasite interface, and our analysis strongly suggests 

that CD4+ T cells are the primary producers of type 2 cytokines in this 

microenvironment.  Neutrophils and MФs are often considered to be the first 

leukocyte responders at a sight of type 1 inflammation33.  Therefore, the 

populations accumulating around the parasite by day 4-post infection have been 

previously implicated in early responses to infection; however, their role in type 2 

inflammation remains undefined. 

The MФs gathering at the host:H. polygyrus interface were determined to 

be the principal responders to these cytokines; these cells expressed high levels 

of the IL-4Rα, and adopted an alternatively activated phenotype (IL-4Rhi CD206+ 
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arginase-1+ Fizz1+ Ym1+ iNOS-) in a stat6-dependent manner, indicating 

signaling through the IL-4 receptor was required for the development of this 

phenotype.  The accumulation of MФs at the host:parasite interface has been 

extensively reported in a number of infectious diseases, including during 

Myocobacterium tuberculosis infection137,138.  This respiratory pathogen induces 

a potent Th1 response, characterized by high levels of IL-12, IFN-γ, and TGF-β, 

leading to iNOS induction by MФs.   

Examination of diseases mediated by intracellular pathogens have 

elucidated an essential, protective role for MФs, activated through exposure to 

IFN-γ from T cells leading to the production of bactericidal NO.  Infections with 

Salmonella typhimurium, Listeria monocytogenes, and Leishmania sp. all require 

IFN-γ activation of MФs for host protection63,106-109,139-141; these pathogens have 

acquired mechanisms to evade the lysosomal pathway, and require super oxide 

bursts to control infection.  Closely mirroring this model of MФ activation, our 

studies show that during the type 2 responses, cytokine-producing Th2 cells also 

activate MФs that accumulate at the site of infection; however, although the cell 

populations are similar, the activated phenotype and effector functions are quite 

different from those seen in a type 1 response.   

Macrophages are essential effector cells during protective secondary 

responses to H. polygyrus. 

Roles for MФs in Th2 responses are beginning to be understood, as 

AAMФs have only been described recently.  In schistosomaisis, MФs play an 

important role in host survival; the initial infection by these parasites triggers a 
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Th1 response directed against the larvae and adult stages142.  As the parasites 

mature and produce eggs, the immune response repolarizes, and a Th2 

response develops that targets the parasite eggs142.  AAMФs are important in the 

down-modulation of the initial Th1 response: blockade of the development of 

AAMФs results in intense type 1 inflammation, hepatic and intestinal pathology, 

and death110.  However, H. polygyrus infection triggers a highly polarized Th2 

response, with no detectable IL-12 or IFN-γ, and thus it is unlikely AAMФs are 

playing a similar role in this response90. 

Our studies showed that AAMФs were essential effector cells in our 

infectious model, as their selective depletion (by administration of clodronate 

liposomes) and inhibition (using an arginase inhibitor, BEC) blocked adult 

parasite expulsion 14 days post challenge; additionally, both of these 

interventions enhanced larval migration out of the small intestinal tissue at 4 and 

7 days post infection compared to challenged controls.  These are the first 

studies to show that arginase can be protective in infectious diseases; studies 

examining infection with the intracellular parasite Leishmania major convincingly 

show that arginase expression is harmful to the host, preventing killing of the 

parasite leading to propagation of disease109.  A protective role of arginase has 

been described in non-infectious immune responses, by its ability to inhibit or 

downmodulate inappropriate type 1 inflammation in an IBD model143.   

To demonstrate the larval parasites themselves were under duress in the 

intestinal tissue, tissue sections taken 7 days following primary and secondary 

infections were stained for cytochrome oxidase activity, an indicator of aerobic 
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metabolism and oxidative stress144-148.  Interestingly, parasites from the 

challenge infection stained darkly for cytochrome oxidase, compared to those in 

a primary infection.  Treatment with the arginase inhibitor, BEC, markedly 

reduced cytochrome oxidase staining.  Taken together, these findings indicate 

that AAMФs were causing a cellular stress response in the invading larvae, and 

support a novel model of protective Th2 inflammatory responses (fig. 8), where 

accumulating memory CD4+ T cell expressing Th2 cytokines induce the 

alternative activation of MФs, which in turn trigger a stress response in invading 

parasites in an arginase-dependent manner, ultimately contributing to worm 

expulsion.  This model of inflammation has many parallels to models of Th1 

inflammation, where CD4+ T cell are recruited to the sight of infection following 

neutrophils and macrophages, and T cell derived cytokines direct inflammatory 

populations to mediate appropriate immunity (fig. 10).   

 
Figure 10.  A model of Th2 protective inflammation against H. polygyrus.  
Accumulating memory Th2 cells expressing IL-4 and IL-13 alternatively activate 
macrophages, which in turn contribute to parasite expulsion. 
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A number of hallmark or characteristic genes have been described for 

AAMФs that are chitinases or chitinase-like genes, including Ym1, Fizz1, and 

AMCase112,117.  F4/80+ cells dissected from the host:parasite interface 4 days 

after challenge by IF-LCM highly upregulated these genes, while expressing no 

detectable iNOS mRNA, further confirming that these accumulating 

macrophages were alternatively activated.  This characteristic expression of 

chitinases and chitinase-like genes suggests a potential effector mechanism, as 

some helminth parasites feature a chitin cuticle that might be degraded by 

chitinases expressed by AAMФs115.  However, this is an unlikely protective 

mechanism against H. polygyrus, because chitin is expressed only in the non-

infectious parasite eggs, and not by the invasive larvae.  Our studies show an 

important aspect of the protective immune response is directed against the 

invasive stages of the infection149.   

AAMФs have been described in a non-infectious Th2 response as key 

mediators of asthmatic inflammation in the lung, actively recruiting eosinophils 

and T cells to that mucosal site115,150.  MФs from human asthmatic lung biopsies 

upregulated AMCase mRNA; additionally, neutralizing antibodies to the murine 

AMCase protein inhibited asthmatic inflammation in a mouse model of asthma115.  

Other studies have described a recruitment role for AAMФs, where Ym1 acted as 

a chemotactic agent for eosinophils in a Brugia malayi model151.   Initial studies 

of protective Th2 responses to H. polygyrus challenge highlighted the importance 

of CD4+ T cells and Th2 cytokines, as depletion of CD4+ T cells or inhibition of 

the IL-4R by administration of a blocking antibody resulted in blockage of 
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protection97,98,103.  The Th2 cytokines IL-4 and IL-13 have overlapping functions, 

are expressed in similar patterns, and signal through the type 2 IL-4 receptor 

(although only IL-4 signals through the type 1 receptor) (figure 7 of 

introduction)126.  These similarities make deciphering the individual functions of 

IL-4 and IL-13 difficult.  In the case of H. polygyrus, IL-4 was cited as the primary 

protective cytokine when IL-4-/- mice were found to be unable to clear secondary 

infections, and as the administration of exogenous IL-4 to immunocompromised 

mice resulted in the clearance of infection97.  These studies, and others, highlight 

the principle that IL-4 and IL-13 have distinct functions in vivo97,103. 

 To elucidate the roles of IL-4 and IL-13 in protection, studies have focused 

on their ability to alter gut physiology90,91,93-96.  These cytokines increase luminal 

fluid secretion and gut contractility, which have been proposed to make the gut 

lumen an inhospitable environment to the lumen-dwelling adult parasites.  

Studies have convincingly shown these changes can be induced in a stat6-

dependent manner, thereby implicating signaling through the IL-4R, and 

suggesting Th2 cytokines directly affect the smooth muscle of the intestines to 

induce increased contractility and intestinal goblet cells to increase luminal fluid 

production.  On going studies (by Fred Finkelman, Terez Shea-Donohue and 

others) are teasing out the specific effects of IL-4R signaling on these distinct 

anatomic sites by engineering tissue-specific deletions of the IL-4R.   

More recently, investigators have begun to look beyond the induced 

mechanical changes of the gut to define more clearly protective mechanisms 

against gastrointestinal nematodes.  Using a mouse whipworm model of Trichuris 
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muris, Cliffe et al. 152 showed that resistant mice have accelerated rates of 

intestinal epithelial cell turnover two weeks post infection, and this turnover 

contributes to expulsion of the parasites.  However, it is unlikely similar protective 

mechanisms are employed during resistance to H. polygyrus challenge. T. muris 

partially embeds in the epithelial lining of the colon, leaving its tail extending in 

the gut lumen, and thus occupies a distinct microenvironment and niche90,153.  H. 

polygyrus invades the muscularis region of the small intestines for approximately 

a week, followed by a chronic infection in the lumen of the small intestine, 

thereby making epithelial cell turnover an unlikely mechanism leading to 

expulsion100. 

Alternatively activated macrophages and L-arginine catabolism 

The catabolism of the amino acid L-arginine is essential for macrophage function; 

during a Th1 response, MФs are activated via Toll Like Receptors or through 

exposure to IFN-γ, leading to upregulated expression of iNOS, which converts L-

arginine to L-hydroxy-arginine and finally into citruline and nitric oxide (NO), 

essential for the killing of intracellular pathogens154-156.  Conversely, MФs 

exposed to hallmark Th2 cytokines (IL-4 and IL-13) upregulate arginase-1; this 

enzyme has a higher affinity for L-arginine than iNOS, and therefore out-

competes iNOS for the common substrate105,114,122,154-156.  Arginase-1 converts L-

arginine to L-ornithine and urea; L-ornithine is further processed by two enzymes, 

ornithine decarboxylase (ODC) and ornithine aminotransferase (OAT).  ODC 

converts L-ornithine into polyamines (putrescine, spermidine, and spermine), 

which enhance cellular proliferation by stabilizing DNA-protein interactions157,158.  
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OAT catabolizes L-ornithine into proline and glutamate.  Proline is used by 

fibroblasts to synthesize collagen, assigning a role of AAMФs in tissue repair and 

fibrosis114,116.  Glutamate is further processed into the inhibitory neurotransmitter 

γ-amino butyric acid (GABA)159-161 .   

Regulatory T cells during H. polygyrus infections 

 Infection with H. polygyrus has been shown to induce regulatory T cells; 

CD4+ T cells recovered from the lamina propria of infected mice expressed high 

levels of the inhibitory cytokine IL-1017.  Adoptive transfer of these cells into 

recipient mice with an induced colitis reduced the inflammation in an IL-10 

dependent fashion.  Another study addressed the effect of H. polygyrus infection 

on asthmatic responses, and demonstrated that airway hyperresponsiveness 

was reduced in mice infected with H. polygyrus19.  While it is possible that 

regulatory T cells play a role in the establishment of a chronic primary infection, 

interestingly, these cells do not seem to affect the response to challenge with H. 

polygyrus, which is acutely expelled (Anthony, Urban, and Gause, unpublished 

data).   

 Effector CD4+ T cells circulate systemically following primary infection with 

H. polygyrus, although it is not clear if these cells have regulatory potential162.  

However, it does suggest that systemic regulatory T cells might develop following 

infection with gastrointestinal parasite infection.  The identification of regulatory 

cells, while providing insights into potential treatments for allergy, asthma, and 

autoimmune disease, suggests additional difficulties for the development of 
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vaccines against tropical diseases.  Presently, it is not clear if AAMФ play a role 

in the induction of regulatory T cells during helminth infection. 

Advancements in IL-4 detection  

The prototypic Th2 cytokine IL-4 is essential for the development of Th2 

responses, as it promotes the differentiation of T helper cells into type 2 effector 

cells and inhibits type 1 responses.  The expression of this important cytokine is 

very tightly regulated, and IL-4 is also at very low quantities compared to other 

cytokines (it is expressed 1000-fold lower than its Th1 counterpart, IFN-γ), 

making its detection extremely difficult163.  This technical hurdle has been 

overcome by the use of robust techniques, including real time RT-PCR for 

examination of mRNA levels, and ELISPOT assays and intracellular FACS 

analysis for identification of IL-4 producing cells.  Recent studies have employed 

IL-4 reporter knockin mice, featuring an IL-4 promoter driving the expression of 

GFP to identify IL-4 expressing cells, and have described IL-4 expression by 

basophils and eosinophils, as well circulating T cells134,135,162,164.  However, no 

known function of the IL-4 expression by these populations is known.  Potential 

caveats with these mice are that expression of the GFP may not be similar to IL-

4 protein, or even reflect the cytokine's mRNA levels, as the GFP is processed 

differently by the cell and has a much longer half-life.  An additional shortcoming 

of these techniques is that they require the generation of single cell suspensions 

or whole tissue homogenates, resulting in the loss of immune cell architecture 

within the organ of interest.   
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 Our studies employed two novel methods for the detection of IL-4 in situ, 

IF-LCM coupled with RT-PCR, and immunofluorescent antibody staining.  IF-

LCM allowed the microdissection of specific cell populations identified by 

immunofluorescence within the microenvironment of the host:parasite interface.  

The dissected populations were analyzed by RT-real time PCR, and allowed for 

detection of IL-4 mRNA express within the individual populations.  To examine 

the IL-4 protein expression patterns, we developed a new methodology, where 

two antibodies recognizing distinct epitopes of the IL-4 proteins were used in 

tandem (fig. 11).  These antibodies were conjugated to the same fluorochrome, 

resulting in amplification of the fluorescent IL-4 signal enough to be detected by 

conventional fluorescent microscopy.  

Figure 11.  IL-4 in situ staining.  Antibody pairs (red and blue) conjugated to the 
same fluorochrome (green) amplify the IL-4 signal enough to be detected by 
convention fluorescent microscopy. 
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 These methods identified CD4+ T cells as the primary producers of IL-4 at 

the H. polygyrus host:parasite interface, and have been extended to analysis of 

lymph nodes during Th2 responses, while preserving the structure of the tissue.  

Future Directions 

To further examine the role of L-arginine catabolism during this response, 

we have conducted preliminary experiments using inhibitors of the enzymes 

downstream of arginase-1: OAT and iNOS.  OAT converts L-ornithine into 

proline, essential for collagen production, and glutamate that is further converted 

to glutamine and GABA.  Th2 responses have been implicated in fibrotic disease 

during Schistosomaisis, with IL-13 being a key profibrotic cytokine in the 

development of liver granulomas 116,119,165.  Indeed, collagen was detected at the 

host:H. polygyrus interface , but only at stages after the larvae matured and 

migrated out of the submucosa and into the intestinal lumen.  For this reason, 

collagen deposition itself is an unlikely protective mechanism, but is instead a 

marker for Th2 inflammation mediated by alternatively activated macrophages.  It 

has been proposed that profibrotic actions of macrophages are important in 

wound healing166,167. 

Interestingly, inhibition of OAT by the chemical inhibitor gabaculine 

resulted in blockade of worm expulsion (data not shown).  Thus, it is possible that 

one protective mechanism of AAMФs is through the production of 

neurotransmitters which might act to induce changes in gut physiology; GABA 

has been shown increase intestinal smooth muscle contractility, although there 

are multiple receptors for the neurotransmitter in the gut with distinct 
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properties168.  However, there is emerging evidence for crosstalk between the 

immune and nervous systems169-172.  

ODC converts the amino acid L-ornithine into polyamines, resulting in the 

production of spermidine, putrescine, and spermine160.  The polyamines aid in 

cellular proliferation by stabilizing DNA-protein interactions173-176.  It is possible 

AAMΦs throughout the intestines produce polyamines to aid in the proliferation of 

lymphocytes or intestinal epithelial cells152.  To examine the role of ODC and 

polyamine production in the protective immune response, the selective inhibitor 

α-difluoromethylornithine (DFMO) can be administered in drinking water143,177,178.   

An additional consequence of arginase-1 expression involves iNOS, which 

is traditionally associated with classically activated MФs.  Resting MФs express 

low basal levels of iNOS, and in the absence of intracellular L-arginine (depleted 

by arginase-1), iNOS adopts a reductase function, leading to the generation of 

oxygen and nitrogen radicals114.  Increases in systemic oxygen radicals during 

Th2 responses have been detected during filarial infections, and therefore may 

be an addition mechanism of protection exerted by AAMФs124.  To directly 

examine the interplay of iNOS during the protective response to H. polygyrus 

challenge, we employed the iNOS inhibitor 1400W.  We found little effect on 

resulting parasite burdens 14 days post infection, suggesting iNOS is not 

required for H. polygyrus clearance, which is not entirely surprising, as the 

enzyme is conventionally associated with responses to intracellular pathogens. 

Conclusions 
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 This dissertation has focused on the localized inflammatory response 

during early stages of H. polygyrus challenge, and infection that is acutely 

cleared by the host in a CD4+ T cell and IL-4 dependent fashion.  Memory Th2 

cells accumulating at the host:parasite interface expressed IL-4 and IL-13 mRNA, 

and were associated with IL-4 protein, while infiltrating MФs were found to be the 

primary responders to this localized cytokine production by adopting an 

alternatively activated phenotype (IL-4Rhi CD206+ arg-1+ Fizz1+ Ym1+ iNOS-).  

The early stages of this response were found to be important for host protection, 

based on both CD4+ T cell depletion and larval recovery studies.  Similar results 

were found in both the MФs depletion (via clodronate liposomes) and inhibition 

(by inhibiting arginase), studies both of which resulted in blockade of parasite 

expulsion 14 days post infection and increased larval recoveries at days 4 and 7 

post infection.  Interestingly, in the intervention studies targeting macrophages, 

while adult luminal parasite burdens were significantly increased compared to 

controls, the egg production by these parasites was markedly reduced 

suggesting that additional macrophage-independent protective mechanisms 

remained intact that affected parasite fecundity. 

 The protective inflammatory response to H. polygyrus superficially 

resembles inflammatory responses at the site of infection described in many Th1 

models of infectious disease, where neutrophils and macrophages also rapidly 

accumulate followed by CD4+ T cells.  The T cells then direct the inflammatory 

populations’ activation state and effector functions through the production of 

cytokines.  In the Th2 response, however, the cell populations are quite similar, 
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although their activation state and function are different.  These studies represent 

the first demonstration that AAMФs are critical effector cells during protective Th2 

responses and they assign an evolutionary role to the MФs’ alternatively 

activated state.   
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