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ABSTRACT 

 

The lungs are constantly exposed to microbial pathogens and environmental 

stimuli that can trigger time-limited defense responses, generalized persistent 

inflammatory response or no response at all.  Exposure history has a profound influence 

on the nature and level of immune reactivity in the lungs.  To date, there is little data on 

the immediate and long-term changes that take place in the lungs as a consequence of 

infection.  The work presented here used the Nippostrongylus brasiliensis (Nb) mouse 

model of human hookworm infection to test the hypothesis that nematode infections 

cause an alteration of the pulmonary environment that in turn dampens subsequent 

reactivity to allergen. The transient lung phase of Nb was exploited to generate 

pulmonary inflammation and histological, immunohistocytochemical, flow cytometric 

and transcriptional analyses were used to evaluate the immediate and persistent molecular 

and cellular changes in the lungs.  The innate responses to Nb were characterized by a 

dramatic and immediate increase in the transcription of the Th2 cytokine IL-13 and a 

transformation of alveolar macrophages to the alternatively activated phenotype 

(AAAMs).  The modified immunological status of the lungs persisted weeks after the 

parasite was expelled from the host and included an increase in constitutive transcription 

of both Th1 and Th2 cytokines, the number of AAAMs and airway resistance. Thirty-six 

days post-infection, lungs were challenged against house dust mite allergen to test the 

functional consequences of these sustained immunological changes. Nb-infected lungs 

had a significantly altered transcription profile, a decrease in perivascular eosinophilia 

and a dampened airway hyperresponsiveness compared to the uninfected controls.  In 
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addition, an in vitro culture model of AAAM formation was developed and characterized 

to determine that Nb is unable to directly induce the AAAM phenotype, but requires an 

intermediate cell type to trigger the transformation. Previously unrecognized AAAM 

markers (Cish, Igf1, Flt1 and Dtr/Hbegf) were identified in addition to the currently 

recognized ones (Arg1, Fizz1/Retnla, Ym1/Chi3l3, Ym2/Chi3l4 and Mrc1/CD206). 

These results document that a helminth infection induces persistent and significant 

changes to the immunological environment of the lung. Exploiting naturally induced 

suppressive mechanisms in a clinical setting might provide new tools for controlling 

asthma and allergies. 
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 The purpose of this body of work was to better understand the cellular and 

molecular events surrounding the changes in pulmonary immunity that correlate with 

helminth infection in humans. We have characterized a distinctive pulmonary cell type 

resulting from helminth infection and defined the molecular basis for dampened 

responsiveness to allergic challenge in post-infected lungs. To provide a working baseline 

of knowledge before discussing these findings, this chapter will orient the reader by 

outlining the fundamentals of helminth infections, asthma and allergy, the hygiene 

hypothesis and alternative macrophages. The conclusion of this chapter includes an 

overview of the experiments and hypotheses that have served as a structure for this 

research.  

 

Helminth Infections 

 

Background 

The term “Helminth” comes from the Greek word “helmins” which translates as 

“worm.” There are three phylogenetically distinct groups of helminths: Trematodes, 

Cestodes and Nematodes. Trematodes (flukes) and Cestodes (tapeworms) belong to 

different classes within the phylum Platyhelminthes, and Nematodes (roundworms) 

belong to the phylum Nematoda. All Trematodes and Cestodes are parasitic, needing a 

host to fulfill their nutritional requirements and reproduce. While many species within 

Nematoda are free-living, the most medically important nematodes are those parasitic 

species that are soil-transmitted – the geohelminths.  Nematodes are large multicellular 
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organisms that typically contain complex digestive, musculature, nervous and 

reproductive systems encased in a tough, collagen-based outer cuticle [1]. Nematodes 

often display sexual dimorphism, with female worms being much larger and males often 

having a curved posterior tail with copulatory spicules and a bursa [2]. Depending on the 

species, gravid females are capable of producing between 20 and 200,000 eggs daily, 

making their transmission potential an important public health factor. The three major 

soil-transmitted helminths (STH) in humans are the common roundworm (Ascaris 

lumbricoides), the whipworm (Trichuris trichiura) and the hookworms (Necator 

americanus, Ancylostoma duodenale). These organisms collectively infect at least one 

fourth of the world’s population [3] and are responsible for tremendous amounts of 

morbidity and disability adjusted life-years (DALYs), in addition to the social stigmas 

often associated with infection.  

 

Public Health Importance and Epidemiology of Helminths 

In 1999, The World Health Organization (WHO) estimated that the combination 

of STH infections and Schistosomiasis added up to 40% of the total tropical disease 

burden [4]. Global estimates vary, but the general consensus is that over 1.2 billion 

people are infected with roundworms, whipworms and/or hookworms [3, 5]. The 

majority of these infections are in developing countries from tropical and subtropical 

regions. This includes Latin America, the Caribbean, sub-Saharan Africa, Northern 

Africa, the Middle East, South Asia, East Asia and the Pacific Islands (Figure 1.1). 
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Figure 1.1 

Global Distribution of Soil-transmitted Helminth Infections.  

World Health Organization Estimates 1999 

Source: http://www.who.int/wormcontrol/statistics/geographical/en/index.html 

 

 

One unfortunate aspect of STH infections is the disproportionate number of poor 

that are affected in developing countries. It has been shown that socio-economic status, 

clean water supply and sanitation are key determinates of infection rates [6]. There is a 

downward spiral related to STH infection, resulting in low birth weight babies, decreased 

performances in school-aged children and loss of work in adults. While inexpensive drug 

treatments are available, a better understanding of the biological, immunological and 

molecular events surrounding helminth infections are necessary to better control these 

preventable and devastating diseases. 
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Hookworms  

Hookworms are estimated 

to infect 740 million people 

globally [7]. Only two species, 

Necator americanus and 

Ancylostoma duodenale, are known 

to infect humans. There are 

numerous animal hookworm 

species that have identical life 

cycles to their human counterparts, 

making them very attractive 

research models. Some animal 

species of hookworms (Ancylostoma braziliense, A. caninum, A. ceylanicum) infect 

humans and can cause cutaneous larval migrans or creeping eruption, a dermatological 

condition that is often accompanied by fever, irritability, abdominal pain, cough, 

shortness of breath and wheezing.  The parasitic hookworms infecting humans have a 

lifespan of 3-10 years (N. americanus) or 1-3 years (A. duodenale) in the definitive host 

[8]. 

There is an interesting difference in the prevalence of hookworm infection versus 

roundworms and whipworms when broken down by age (Figure 1.2). Although they are 

all considered to be soil-transmitted, these three species differ by their route of entry into 

the human host. Hookworms are skin penetrators, requiring the host to be mobile in order 

to interact with the infective forms in the environment. This requirement for mobility, 

 
Figure 1.2 

Prevalence of STH Infections According to Age.  

Hookworm infections are less frequent in the youngest 

populations due to their route of infection. Adapted from 

Hotez, P.J., et al., Hookworm Infection. N Engl J Med, 

2004. 351(8): p. 799-807 
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along with other factors, leads to an increasing prevalence in older individuals. Ascaris 

and Trichuris infections, on the other hand, are initiated via ingestion of embryonated 

eggs contained in contaminated soil, partially explaining the higher prevalence of these 

two infections in the younger age groups. Intervention strategies for eliminating 

hookworm infection would thus need to include foot covering that is not necessary in the 

other STH infections.  

 

General Hookworm Life Cycle: Obligate Pulmonary Migration  

Hookworm species have a free-living phase as well as a parasitic phase during 

their life cycle (Figure 1.3). Elliptical eggs, which have thin colorless shells around 40 x 

60 m in size, are passed in the feces of an infected host as 16-20 cell embryos. Within 

24-48 hours the eggs will hatch to release second stage rhabditiform larvae (L2), and 

after a week in the soil the larvae molt into third stage infective filariform larvae (L3). L3 

worms will climb to the highest environmental area in order to quest for a host. As the 

infective larvae do not eat, they will need to find a definitive host within a few weeks or 

they will exhaust their food stores and die [2].  

L3 infective stage larvae are able to penetrate the skin of a host within minutes of 

contact. They then make their way through the epidermis and into the loose subcutaneous 

connective tissue where they enter blood vessels that carry them through the heart and to 

the lungs within 12 hours of penetration. The next step is particularly interesting, and 

much less studied than the intestinal phase of infection. Larvae spend a brief period of 

time (12-36 hours) in the alveolar spaces of the lungs where they molt into L4 stage 

larvae [9]. This pre-intestinal phase generates an immune response that is hypothesized to 
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have a dramatic impact on the host’s subsequent interactions in the lung [10].  

Obligate lung phases are found as a feature in the life cycle of other nematode 

species such as Ascaris, Trichinella, Schistosoma, and Toxocara [10] adding to the 

evolutionary and immunological intrigue of this developmental enigma. The lung plays 

an important role in host-parasite interactions either by providing a location to molt 

during the life cycle (Necator, Ancylostoma, Ascaris, Toxocara) or by providing a 

permanent residence for the parasite (Paragonimus, Metastrongylus) [11-13]. Filarial 

worms (Wuchereria, Brugia, Litomosoides) have a microfilaria stage that sequester in the 

lungs and cause pulmonary tropical eosinophilia [14-16]. This poorly defined aspect of 

the hookworm’s life cycle is the focus of the data presented in this work in order to 

provide a better understanding of the molecular and cellular events surrounding it. 

After L3 worms molt in the lung, 4
th
 stage larvae will break into airway spaces 

and make their way up the bronchi and trachea to the epiglottis where they are then 

swallowed into the digestive tract. Migration stops at the proximal small intestine where 

worms molt one last time into the adult stage and attach to the mucosal wall of the gut 

lumen. As adults feed on a host’s blood supply, there is a resulting anemia and protein 

loss in the host [17]. This can be particularly devastating in the child host where growth 

can be stunted and mental capacity diminished. Mature adults will reproduce in the small 

intestine with female worms producing thousands of eggs daily [7].  
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Figure 1.3 

Hookworm Life Cycle.  

Larvae in the soil molt to become infectious L3 stage filariform larvae and penetrate the skin of a 

human host. After traveling through the circulation to the lungs, migrating larvae will molt, crawl up 

the bronchi and trachea and be swallowed into the intestine. Larvae then molt a final time into the 

adult stage, attach to the proximal small intestinal mucosa to feed, reproduce and shed eggs.  

Adapted Hotez, P.J., et al., Hookworm infection. N Engl J Med, 2004. 351(8): p. 799-807. 

 

Host Immune Responses to Helminths 

Mosmann et al., in 1986, first differentiated two major subsets of CD4+ helper T 

cells based on the types of cytokines they secrete – T helper 1 (Th1) cells that 

predominantly secrete IL-2/IFN-  and T helper 2 (Th2) cells that produce mainly IL-
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4/IL-5 [18]. Over the past twenty years much work has been done to characterize these 

subsets of helper T cells.  In its most basic form, the Th1/Th2 paradigm states that IL-12 

influences naïve CD4+ Th0 cells to differentiate into IFN-  producing Th1 cells and IL-4 

generates IL-4, IL-5 and IL-13 producing Th2 T cells. Cytokines secreted by these helper 

T cells are very potent and an overall balance must exist between Th1 and Th2 responses 

to maintain a disease-free status. In the event of excessive Th1 responses, autoimmunity 

often occurs and in those situations where prolonged and excessive Th2 responses are 

elaborated, allergic pathologies are seen.  

Helminth infections induce a strongly polarized Th2 response, showing high 

expression of IL-4, IL-5 and IL-13. Other hallmarks of helminth infections are the 

increased levels of total and antigen-specific IgE, high eosinophilia and mast cell 

degranulation [19-21]. The immune response to certain helminths has also been 

characterized as a “modified Th2” response due to the production of IL-10 and 

generation of regulatory T cells [22]. Th2 cytokines play a powerful role in helminth 

immunity [23]. Expulsion of helminths from the intestine is primarily through an IL-13, 

IL-4r , STAT-6 mediated Th2 response [24-26].  This necessity for IL-13 in resolving 

helminth infections has been speculated to be a driving force in the evolutionary 

development of Th2 responses that use IL-13 [27].  

IL-4 and IL-5 are important in directing B cells to produce IgE [28], and IL-5 is 

the key cytokine in eosinophil responsiveness in both helminth infection [29-31] as well 

as allergic asthma [32].  Eosinophils are the key effector cells in combating helminth 

infections. They do this through antibody-dependent cellular cytotoxicity (ADCC) or 

complement-mediated release of their cytoplasmic granule proteins or reactive oxygen 
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intermediates [30]. Blocking eosinophils during a helminth infection causes a reversal of 

protective immunity and extension of infection [33], showing their importance as an 

effector cell. Eosinophils are a significant source of Th2 cytokines during helminth 

infections [34], an aspect of their innate immunity that will be important in later 

discussions. Additional background on eosinophils follows in the “immunology of the 

allergic response” section. 

 

Allergy, Asthma and Lung Remodeling 

 

Asthma is a chronic inflammatory disease of the airways typified by 

hyperresponsiveness (AHR) and recurrent inflammation resulting in airway obstruction.  

Allergic asthma is the type experienced by 80% of asthmatics [35]. In the two decades 

between 1985-2005 the prevalence of asthma has almost doubled in the United States, 

now affecting ~10% of the population [35]. This high prevalence in the United States is 

comparable to rates in other developed nations and is considerably higher than the levels 

in developing regions. There are multiple reasons for this disparity.  The short time 

period over which this increase in the prevalence has taken place suggests that 

environmental factors and not intrinsic factors, such as genetics, are playing a key role.  

However, this does not mean population genetics are not playing a role as well. Like 

other immune responses, Th2 immunity is under genetic control [36, 37], thus genetics 

could influence the severity of clinical manifestations between populations. Some key 

genetic determinants that have been implicated in asthma and allergy include 
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polymorphisms in the genes encoding cytotoxic T lymphocyte–associated 4 (CTLA4), 

the high-affinity IgE receptor, IL-4 receptor alpha (IL-4RA) and CCR5 (reviewed in 

[38]).  

While genetics are important, it is becoming clear that other factors are driving 

the changes in prevalence of allergic asthma. Environmental influences including the 

history of infection in a host, which are thought to be important influences on the 

epidemiology of asthma, will be addressed in this chapter. After a discussion of the 

relevant immunology involved in asthma and allergies, the topic of lung remodeling will 

be covered in this section. 

 

Immunology of the Allergic / Asthmatic Response:  

Type I (Immediate) Hypersensitivity 

Allergic responses develop from a two-step process (Figure 1.4). First, IgE 

antibodies need to be formed in response to antigen exposure. Environmental antigens 

such as ragweed, pollen and dust mite products are generally innocuous, yet certain 

individuals mount a robust allergen-specific IgE response when exposed [39].  This 

process is called sensitization and people who generate IgE-mediated responses to 

environmental allergens are called “atopic” [28, 40]. The second step in immediate 

hypersensitivity is characterized by early and late-phase reactions.  

Immediate (early-phase) reactions occur within minutes of secondary exposure to 

an allergen. Antigen-specific IgE is crosslinked by an allergen on the surface of an 

effector cell, often the resident mast cell [28]. If the effector cells reside in dermal areas, 

a wheal and flare reaction occurs [41]. If these effector cells reside in the airways, 
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downstream clinical manifestations such as a difficulty in breathing, runny nose and 

watering eyes are produced.  

The late-phase reaction occurs 2-4 hours after exposure to an allergen and is 

characterized by the accumulation of inflammatory leukocytes including Th2 cells, 

neutrophils, eosinophils and basophils [41, 42]. Inflammation usually peaks around 24 

hours after exposure, but once activated effector cells are established in the airways, a 

chronic state of pulmonary constriction, goblet cell hyperplasia, mucus secretion and 

tissue repair and remodeling can lead to irreversible damage [28].  

 

 
Figure 1.4 

Immunology of the Allergic Response  

Environmental allergens are processed by antigen presenting cells (APC) that in conjunction with 

Th2 cells induce B cells to become IgE producing plasma cells. This step is called sensitization.  

Subsequent exposure to the same allergen results in IgE mediated inflammatory allergic responses 

in the airways. Infiltrating eosinophils and mast cells are triggered to degranulate, their 

cytoplasmic contents having powerful effector functions that result in airway hyperresponsiveness 

and mucous production. This new allergic and asthmatic environment of the lung biases the 

population of CD4 T cells toward the Th2 phenotype. 
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The downstream effects of IgE, effector cells, cytokines and chemokines taken 

together drives the allergic response. A more in-depth discussion of some of cells and 

molecules important in immediate hypersensitivity will now follow. 

Mast cells 

Mast cells are the tissue-dwelling effector cells of immediate hypersensitivity 

reactions [41].  Allergen-induced IgE activates submucosal mast cells in the lower 

airways of the lung, releasing numerous soluble mediators that are generally pre-formed 

in cytoplasmic granules. These include leukotrienes, prostaglandin D2, histamine, 

proteases and cytokines [43]. A mouse challenge model with Dermatophagoides farinae 

showed that induction of allergic airway inflammation was via a mast cell-dependant 

mechanism, both in vitro (P815 mast cell line) and in vivo (BALB/c mouse) [44], 

illustrating the importance of this cell in releasing effector molecules. Mast cells have 

also been shown to influence airway remodeling in asthmatics, as released mediators 

such as histamines and trypases stimulate fibroblast growth and collagen production [45]. 

Eosinophils 

The eosinophil was first observed by Wharton Jones in 1846 [46], but was not 

fully defined until 1879 when Paul Ehrlich showed the cell’s affinity for the acidic dye 

eosin to stain intracellular granules [47]. In 1913 Herrick noted increased eosinophils in 

the peripheral blood were common to both asthmatic patients and those infected with 

Ascaris [48]. Human eosinophils express three receptors for IgE: the high-affinity 

receptor Fc RI, the low-affinity receptor Fc RII (CD23) [49, 50], and Mac-2 [51] 

showing that there are multiple pathways by which IgE can trigger activation. Other 
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routes of activation include complement receptors and IL-5. The molecules released by 

eosinophils include a variety of cytokines (including IL-2, IL-4, IL-5, IL-6, IL-10, IFN- , 

IL-12), eosinophil specific mediators (including major basic protein, eosinophil cationic 

protein, eosinophil derived neurotoxin) and lipid mediators (leukotrienes, prostaglandins, 

platelet activating factor) (reviewed in [52]). Eosinophils have thus been identified as one 

of the key effector cells in both allergic responses and helminth infection.   

Basophils 

 Basophils are blood granulocytes that have functional and structural similarities to 

mast cells [41].  In addition to enhancing Th2 responses through early IL-4 secretion [53, 

54], basophils have also been shown to be important mediators of asthmatic and allergic 

responses on their own [55]. Besides IL-4 and IL-13, basophils produce a wide variety of 

immunomodulatory mediators such as histamines, prostaglandin D2, leukotrienes and 

platelet-activating factor [45]. The downstream effects of these mediators include 

increasing vascular permeability, bronchoconstriction, chemotaxis and activation of 

leukocytes- all of which are important in immediate hypersensitivity reactions. Basophils 

express the high affinity IgE receptor (Fc RI) on their surface and are very susceptible to 

IL-3 stimulation [56]. During the late-phase of immediate hypersensitivity reactions as 

well as during infection with the rodent helminth Nippostrongylus brasiliensis, basophil 

numbers are drastically increased showing their importance in the Th2 immune response 

[57]. 
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Cytokines 

Antigen-induced airway hyperresponsiveness (AHR) is primarily mediated 

through the Th2 cytokines IL-4, IL-5 and IL-13 [40]. IL-4 has been shown to increase 

mucous production through goblet cell hyperplasia and activation [58], cause B cells to 

class switch and produce IgE [59], and even recruit eosinophils [60], although IL-5 is the 

predominant cytokine for the latter.  IL-13 is important in the lung as a mediator of 

allergic asthma through its ability to regulate eosinophilic inflammation, goblet cell 

hyperplasia, mucous secretion and AHR [61]. The effects of IL-4 and IL-13 are mediated 

via a STAT-6 signaling pathway, and human asthmatics show an elevated level of STAT-

6 in the airway epithelium [42]. IL-5 is the primary factor in eosinophil differentiation, 

activation and survival, and hence is a primary candidate for the development of AHR 

[62]. The primary source of Th2 cytokines during chronic allergic asthma is from CD4+ 

Th2 cells [63], although eosinophils, basophils and mast cells have been shown to not 

only produce IL-4 and IL-13, but also store pre-formed transcripts of them [64]. Both IL-

4 and IL-13 signal through the IL-4RA chain [65], showing the functional overlap of 

these cytokines through the shared subunit receptor component. IL-4R  is found on 

macrophages, and will be discussed later as the primary activator of alternative 

macrophages. 

Cytokines such as IL-10 are also known mediators of regulation. IL-10 blocks IL-

12/IFN-  production, expression of co-stimulatory molecules and chemokine secretion in 

antigen presenting cells (reviewed in [66]).   Cytokine receptors are another way in 

which these potent mediators can be regulated. IL-13R  is a decoy receptor that binds to 
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IL-13, but does not involve intracellular signaling [67]. Since both IL-4 and IL-13 signal 

through the IL-4R  chain, using a soluble form of IL-4R  would block the signaling 

cascade for both IL-4 and IL-13 [68].  

Chemokines 

Chemokines are small inducible chemoattractant proteins that stimulate the 

trafficking and activation of cells, especially phagocytic cells and lymphocytes.  In the 

context of allergic asthma, the chemokines produced by innate cells induce an influx of 

lymphocytes and granulocytes such as eosinophils, basophils and mast cells [69]. CCL17 

(thymus and activation-regulated chemokine or TARC) and CCL22 (macrophage-derived 

chemokine or MDC) are chemotactic factors for Th2 T cells and bind chemokine receptor 

(CCR) 4 [70, 71]. CCL11 (eotaxin), MIP-1  and CCL5 (RANTES) have been shown to 

recruit cells that express CCR3, including eosinophils, basophils, mast cells and Th2 T 

cells [72, 73].  Chemokine receptors are 7-transmembrane -helical proteins that are 

coupled to intracellular GTP-binding proteins [41]. These receptors are expressed on 

leukocytes, and when bound, initiate chemotaxis of those cells to a target area.  The 

induction of these chemokines and their receptors is a hallmark of the asthmatic lung and 

serves to perpetuate the inflammatory reaction to allergen. 

 

Lung Remodeling 

 A majority of the surface area of the lung is composed of a delicate lattice work 

of epithelial cells, vascular endothelial cells and extracellular matrix (ECM) proteins 

arranged to facilitate gas exchange.  Lung remodeling is an important consequence of 
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chronic allergic responses and is also involved in resolving the mechanical damage that 

results from helminthic pulmonary migration. The chronic changes that result from 

allergic inflammation include an increase in overall bronchial wall thickness, increases in 

airway fibrosis and smooth muscle mass, abnormalities in the ECM, and increased 

vascularity [42]. The dramatic physical changes in the lung during airway remodeling 

may explain the severity of AHR in asthma. Some of the mechanisms involved in airway 

remodeling will be discussed. 

Airway remodeling is a process involving inflammatory cells, resident cells 

(epithelial cells, fibroblasts) and extra-cellular matrix (ECM) proteins [74]. Thickening of 

the lamina reticularis (just below the basement membrane) of the epithelium in the large 

bronchi occurs with deposition of interstitial collagens I, III and V.  The consequence of 

this thickening has been linked to reduced airway distensibility and increased airflow 

limitation in asthma [75]. Collagen deposition is controlled by a family of proteases 

known as matrix metalloproteinases (MMPs) that degrade collagen [42]. This process is 

counter-balanced by the tissue inhibitors of matrix metalloproteinases (TIMPs). MMPs 

are also important in inflammation, angiogenesis, and cell-cell signaling [76]. Alveolar 

macrophages from asthmatic lungs produce large amounts of MMP-9 and TIMP-1. IL-13 

over expressing mice show increased levels of MMP-2, MMP-9, MMP -12, MMP -13 

and MMP -14. Mice deficient in MMP-9 or MMP-12 show decreased inflammation, but 

similar mucous production [42].  

Transforming growth factor-ß (TGF-ß) is the most potent known profibrotic 

cytokine, and is made by many cells in the lungs including macrophages, eosinophils, 

leukocytes, fibroblasts and epithelial cells [77]. TGF-ß can induce fibroblast and smooth 
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muscle proliferation, enhance ECM production and is increased in asthmatics. It was 

recently shown that blocking levels of TGF-ß1 in the lung decreased lung fibrosis and 

pathology [78]. One mechanism for the induction of TGF-ß1 production is through a IL-

13-triggered, plasmin/MMP-9 pathway, offering one explanation for the role of MMP-9 

in asthma [42] as well as underscoring the importance of IL-13. 

 

The Hygiene Hypothesis 

 

In 1989 David Strachan first proposed that smaller family sizes and lack of 

exposure to pathogens early in life created a greater susceptibility to asthma and allergy 

[79].  He suggested that the use of vaccines, antibiotics and the general cleanliness found 

in developed countries was pressuring the immune system to overreact to innocuous 

environmental allergens.  Examining the “hygiene hypothesis” in light of the regulatory 

and counter-regulatory tenets of the Th1/Th2 paradigm, it was speculated that a general 

decrease in exposure to Th1-producing pathogens was leading to disregulation of Th2 

responses and increased allergy (Figure 1.5).   
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Figure 1.5 

Balancing the Immune Response in the Hygiene Hypothesis 

CD4+ helper T cells can be divided into multiple subsets. The two primary categories are termed 

Th1 and Th2. Th1 responses are characterized by production of IL-2, IL-12 and IFN- , which in 

excess will result in autoimmunity. Th2 responses are typified by the production of IL-4, IL-5 

and IL-13 and an surplus of those cytokines will lead to asthma and allergies. There needs to be a 

balance maintained between these populations of helper T cells as shown by the even scale. In 

this paradigm, the hygiene hypothesis is visualized by a lighter load of microbial responses that 

shifts the balance towards the Th2 side, resulting in allergies. 

 

Over the past two decades epidemiologists, medical professionals and bench 

scientists have attempted to provide a mechanistic explanation for the hygiene 

hypothesis. Quantifying the number of PubMed references to the “hygiene hypothesis” 

by year (Figure 1.6), there has been a dramatic increase in citations over the last 5 years 

showing a heightened interest in this hypothesis. Research has not been limited to 

hygiene and asthmatic responses, as others have been interested in the effect that 

helminths have on minimizing gastrointestinal problems such as inflammatory bowel 

(Crohn’s) disease [80].  As an example of this interest, Pritchard and colleagues at the 

University of Nottingham have taken this so far as to infect themselves and other 

volunteers with low doses of hookworms in order to cure themselves of asthma and 

Crohn’s disease [81]. While this extreme application of the hygiene hypothesis is not the 

norm, examining the potential of parasite-derived factors in creating a cure for allergies is 

worthy of investigation.  
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Figure 1.6 

National Library of Medicine Database References to the Hygiene Hypothesis by Year.  

(* Indicates projected numbers for 2006 based on the first ten months of the year.) 

 

 

Epidemiological and Clinical Support of the Hygiene Hypothesis 

Compared to developing nations, industrialized areas have significantly higher 

rates of asthma and allergy - a situation outlined in the International Study of Asthma and 

Allergies in Childhood (ISAAC) report released in 1998. This document states that 

allergies were most common in industrialized countries and relatively rare in developing 

countries (20-60 fold higher in comparison) [82]. The inverse correlation just discussed 

for developing nations regarding STH infection status and levels of allergies exists in the 

opposite direction for industrialized nations, with less than a 1% prevalence of helminth 

infection yet 10-15% of the population [83] having asthma. These numbers define a 
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direct epidemiological connection between STH and allergies but are not a biological 

explanation of this phenomenon. Documentation of the hygiene hypothesis can be found 

in numerous works from multiple regions all over the developing world [84-90]. A few 

examples of these findings will follow.   

Studies performed in the Gambia and Ethiopia showed an inverse association 

between atopy and intestinal helminth infection [91, 92]. In the Gambia, only 7% of 

atopic subjects had an STH infection as compared to 13% of non-atopic individuals (as 

measured by fecal egg counts). In Ethiopia, subjects were positive for elevated levels of 

anti-house dust mite (HDM) IgE regardless of their infection status with Ascaris or 

Necator, however those subjects that were diagnosed as asthmatic did show lower levels 

of infection. It would appear that helminth-infected individuals are not excused from the 

IgE sensitization process that occurs upon contact with environmental allergens. 

However, helminth infected individuals do appear to be protected from the downstream 

clinical manifestations of allergic response such as mast cell degranulation and 

inflammation [93].  

Evaluation of Gabonese school children with Schistosomiasis showed higher 

serum levels of IL-10 and lower reactivity in dust mite allergen skin prick tests [85]. 

When children from the same region were given anti-helminthic medications, they 

became highly reactive to dust mite allergen [94], showing the direct effect of helminth 

infection on atopy. Similar results were found in Venezuelan children.  Areas of low 

socio-economic status that were endemic for helminths showed low allergic reactivity 

compared to urban areas with high socio-economic status. As demonstrated in Africa, 

anti-helminthic treatment resulted in increased allergic reactivity [95]. 
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The Helminth Paradox and Regulatory Networks 

 

The immunological similarity of responses to helminth infections and allergens 

combined with their inverse prevalence was initially viewed as the “helminth paradox.”  

The helminth paradox was predicated on the presumption that all Th2 responses are 

controlled through a common mechanism, thus it was unclear how one strong Th2 

response could influence a second Th2 response.  An increased appreciation of the 

cellular and molecular mechanisms that regulate immune responses has provided us with 

an explanation for the helminth paradox that extends beyond the simplified Th1/Th2 

counterbalance. This revised perspective includes endogenous immune mechanisms and 

how parasitic infections are able to guide a host’s immune response in a more regulatory 

fashion [96]. This section will describe what is currently understood about the regulatory 

networks created by parasitic helminths, specifically the control of inflammation by 

STHs. 

 

Parasite-Driven Immunoregulation 

Suppressive pulmonary environments would serve to benefit the parasite by 

limiting inflammatory responses needed to clear infection and benefit the host by 

suppressing allergic responses to environmental allergens. Instead of the Th1/Th2 

paradigm shift, recent data suggests that what is most likely occurring is a regulatory 

network driven by T regulatory cells (Tregs) keeping excessive Th1 or Th2 responses 

from occurring (Figure 1.7). 
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Figure 1.7 

Regulatory Network Hypothesis.  

Populations of regulatory T cells exist that produce the cytokines IL-10 and TGF-ß. These 

cells serve to suppress excessive Th1 or Th2 responses, keeping autoimmunity and allergy 

under control. 

 

Tregs are a population of cells originally identified as suppressor T cells and 

represent about 5-10% of CD4+ T cells [97]. These cells have been shown to limit or 

even prevent Th2 mediated allergic airway inflammation through direct contact or via the 

cytokines IL-10 and TGF-ß [98]. It would be evolutionarily favorable for a parasite to 

initiate an immune response that generates more Tregs, as it would extend the length of 

time in a host, and this seems to be the case from previous studies [99]. Interestingly, 

removing the parasite from the equation causes a reversal of protective immunity and 

restoration of Th1/Th2 cell responses, as was seem in Schistosoma infection after drug 

cure [100]. The majority of research on Tregs and allergic dampening has been in gut-

dwelling nematodes during the intestinal phase of their life cycle. There are also studies 

that show tissue-dwelling nematode pathogens such as Brugia malayi and Litomosoides 

sigmodontis can dampen immune responses through inducing a regulatory network, 
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showing that this phenomenon is not strictly related to enteric helminths even though 

they are the most commonly studied model [101, 102].  

 

Soil-transmitted Helminths and Inflammation Dampening 

STHs provide a very interesting and clinically relevant model for examining 

regulatory networks and their dampening effect on allergies.  It is interesting to note that 

even helminths that do not have an obligate migratory pathway through the lungs such as 

Heligmosomoides polygyrus also induce a dampened asthmatic response [103]. Those 

nematodes that do display pulmonary migration have a very rapid and transient passage 

through the lungs with the main location of their infection in the gut lumen, and yet still 

are able to maintain remote suppression against non-infectious particulates in the lung. H. 

polygyrus-induced remote suppression of allergic airway inflammation been correlated 

with regulatory T cells in the lung as a result of infection [99], but there has been no 

research into the upstream events that trigger this population of cells.  

The modified Th2 responses generated by helminth infection has previously been 

shown to decrease allergen-induced airway inflammation in a mouse model with 

Strongyloides and ovalibumin [104]. Wohlleben et al. [105] also showed that infection 

with N. brasiliensis decreased airway inflammation to ovalbumin in an IL-10-dependent 

manner. What these studies did not show are the upstream events leading to the 

development of regulatory networks responsible for the downstream limitation of clinical 

allergic responses. Alternatively activated macrophages are often overlooked as a 

contributor towards the development of a regulatory network even though they typically 

outnumber granulocytes found in parasitic cellular infiltrates [106]. An overview of what 
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is currently known about AAMs will be discussed next. 

 

Alternatively Activated Macrophages  

 

Many cells, including lymphocytes, dendritic cells and macrophages, are capable 

of following different genetically programmed pathways resulting in varied phenotypes. 

Subpopulations of macrophages exist with different effector functions that are initiated 

based on the nature and duration of the triggering stimulus. Macrophages that are 

stimulated through their IFN  receptor in the presence of microbial pathogens such as 

lipopolysaccharide (LPS) have been shown to develop into classically activated 

macrophages (CAMs). In the presence of IL-4 and/or IL-13, macrophages develop into 

alternatively activated macrophages (AAMs). CAMs are more antimicrobial in their 

functionality whereas AAMs play important roles in anti-inflammation, regulation and 

subsequent repair / remodeling of tissues [107]. While the generalities of spleen- and 

peritoneaum-derived macrophage activation and differentiation into AAMs and CAMs 

have been described, little is known about where alveolar macrophages fit into these 

categories. 

 

Macrophage Activation 

Macrophages are classically activated through ligation of their IFN-  receptor and 

subsequent exposure to a microbial trigger such as lipolysaccharide (LPS) [108]. Stein et 

al. [107] were the first to describe an alternative pathway of macrophage activation in 
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1992 using IL-4 as a stimulus.  Since 1992, multiple pathways of alternative activation 

have been shown. The primary pathway uses IL-4 or IL-13 signaling through IL-4R  or 

IL-13R  [107]. AAMs have also been shown to be activated by IL-10 / glucocorticoides 

[109], thioredoxin peroxidase (TPx) [110] and recently the TGF-ß family cytokine 

Activin A [111].  The main sources of IL-4 and IL-13 used in AAM activation are not 

well defined, and neither are the initial stimuli for inducing the production of these 

cytokines. The traditional sources of these cytokines include adaptive cells CD4+ Th2 

cells and innate cells such as eosinophils, mast cells and basophils [64, 108].  Regulation 

of IL-4 expression at the chromatin level is performed by GATA-3 [112], although innate 

cells have been shown to store pre-formed transcripts allowing rapid production of IL-4 

and IL-13 during innate immune responses. This ability to rapidly produce transcripts for 

IL-4 and IL-13 is most likely because these elements are closely juxtaposed in the 

nucleus in a poised chromatin conformation [113]. 

 

Surface Markers and Primary Products of AAMs  

 The alternative phenotype of macrophages is characterized by up-regulated 

surface expression of mannose receptors [107, 108], MHC II [108], Galactose-type C 

lectins mMGL1 [114], mMGL2 [114, 115], ß-glucan receptor, scavenger receptors 

MARCO and CD163 (haptoglobin) [116], and triggering receptor expressed on myeloid 

cells 2 (TREM-2) [117]. AAMs synthesize a variety of specific molecules with 

immunomodulatory characteristics. These include FIZZ1, a resistin-like secreted protein, 

and YM1/YM2, chitinase-like lectin molecules. YM1, also known as eosinophil 

chemotactic factor L (ECF-L) [118], has been shown to compose up to 10% of the total 
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transcripts in murine AAMs [119]. FIZZ1, YM1 and YM2 are strongly induced in AAMs 

both in vivo and in vitro, and are the most prominently expressed genes in nematode 

induced AAMs [108, 120]. Several matrix metalloproteinases are also secreted by AAMs, 

including MMP-1 and MMP-9 [108], which are involved with disrupting and rebuilding 

the ECM. Anti-inflammatory cytokines IL-10 and TGFß [121] as well as chemokines 

CCL22 (MDC), CCL17 (TARC) and CCL18 (MIP-4) also are produced by AAMs [73, 

122]. MDC and TARC attract CCR4+ T cells, amplifying the Th2 immune response 

[109, 123] in allergic and anti-parasitic settings. Recently it has been demonstrated that 

IL-21 is able to amplify the activation of alternative macrophages by increasing the 

surface expression of IL-4R  and IL-13R  [124].  

 

Macrophage Metabolism of L-arginine  

L-arginine is classified as a semi-essential amino acid in mammals whose fate is 

determined via two enzymatic pathways in macrophages [125]. CAMs metabolize L-

arginine into nitric oxide (NO) through inducible NO synthase (iNOS) [126, 127] (Figure 

1.8). NO, oxygen and nitrogen radicals can all elicit extremely effective antibacterial and 

antifungal activities during the innate immune response [128]. AAMs process L-arginine 

using the enzyme arginase (Arg1) to generate L-ornithine, eventually enhancing 

fibroblast proliferation and collagen production via downstream polyamine and proline 

molecules [129] (Figure 1.8). This key difference in how macrophages metabolize L-

arginine is useful in classifying macrophages as classical or alternatively activated, as 

downstream analysis of cells that have high levels of Arg1 are considered AAMs. L-

arginine processing is a perfect example of a cell’s ability to adapt metabolically to 
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conditional needs, with CAMs needing the antimicrobial NO products and AAMs 

needing tools to help it repair and remodel tissues. 

 

 

 
 

Figure 1.8 

Metabolism of L-arginine in Macrophages 

L-arginine can be metabolized in three ways within macrophages. Classically activated 

macrophages (red arrows) activated by IFN  and are characterized by the presence of  

iNOS. Alternatively activated macrophages (green arrows) are activated by IL-4 and/or IL-

13 and are characterized by the presence of arginase. Abbreviations: ADC, arginine 

decarboxylase; iNOS, inducible NO synthase; IFN, interferon; IL, interleukin; LOHA, L-

hydroxy-arginine; NO, nitric oxide; OAT, ornithine aminotransferase; ODC, ornithine 

decarboxylase; TNF, tumour necrosis factor. Adapted from Noel, W., G. Raes, G. 

Hassanzadeh Ghassabeh, P. De Baetselier, and A. Beschin. 2004. Alternatively Activated 

Macrophages During Parasite Infections. Trends Parasitol 20:126-133. 
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Functionality of AAMs  

Alternatively activated macrophages play an important role in both host immune 

defense and subsequent repair / remodeling of tissues. Their participation in combating 

both allergic lung disease as well as pulmonary helminthic infections falls inside a 

modified Th2 paradigm of immune response. After signaling through IL-4R  or IL-13R  

[65], immune responses and wound repair activities are initiated through the arginase 

pathway. Previous microarray analysis of ovalbumin induced asthma displayed elevation 

of intracellular arginase, showing this allergic response to be using the alternative 

pathway [130]. Nematode infections have been shown to elicit an IL-4-dependant 

induction of alternative macrophages that function as contact-dependant immune 

regulatory cells capable of dampening the proliferation and effector mechanisms of 

lymphocytes [131]. AAMs produce factors involved in tissue remodeling (TIMPs, 

fibronectin, TGF-ß) as well as promoting angiogenesis and wound repair during acute 

and chronic phases of disease [121, 132]. AAMs have anti-inflammatory properties, 

enhance antigen uptake and processing as well as supporting tissue remodeling and 

healing [116]. Understanding the role that AAMs play in tissue repair and anti-

inflammatory control could be of great importance in discovering a way to control 

chronic pulmonary diseases. 

 

Alveolar Macrophages as Homeostatic Alternatively Activated Cells  

Alveolar macrophages (AMs) are the unique, resident, tissue dwelling 

macrophages of the lungs and are the first cellular line of defense in lung mucosal 



 30 

immunity. AMs phagocytize and process microbial and particulate pathogens on 

respiratory surfaces, making them important in the innate airway defenses [133]. 

Alveolar macrophages also help modulate lung reactivity after initial immune responses 

occur, showing their participation in acquired immunity as well [134]. They express high 

levels of pathogen recognition receptors (PRRs) such as mannose receptors, scavenger 

receptor A and ß-glucan receptor [108]. Recent literature has shown that alveolar 

macrophages are rapidly converted into the alternative phenotype, or alternatively 

activated alveolar macrophages (AAAMs) via viral pathogens [135], multiple helminth 

parasites [136, 137] and even non-infectious environmental agents [138]. Maintaining 

homeostasis in the lungs is tremendously important, as excessive inflammatory responses 

would be detrimental to long-term host survival. Inflammatory responses in the lung are 

known to generate surfactant proteins SP-A and SP-D [139] as a defense mechanism. 

AAAMs may be cleaning up excess surfactant released in the lung and presenting it via 

CD1 to trigger Tregs in the lung, one example of the homeostatic function of AAAMs. 

The contribution of AAAMs in maintaining a controlled environment in the lungs is 

hypothesized to be a crucial mechanism that needs further study. 

 

Thesis Overview 

 

The overall goal of the work presented here is to define the cellular and molecular 

changes associated with a parasitic helminth infection in order to gain insight into 

mechanisms that can be exploited to control or eliminate pulmonary disease. The specific 
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focus of this thesis project is to better understand the immune responses induced by 

nematode migration in the lung, how these nematodes alter the environment in the lung, 

and the resultant effect of those pulmonary changes on reactivity to a subsequent 

challenge with allergen. This section will address the model systems used as well as a 

brief introduction to DNA microarray analysis. The last portion will outline more 

specifically the goals and specific aims of this work. 

 

The Nippostrongylus brasiliensis Animal Model  

The work in the thesis uses the rodent parasite Nippostrongylus brasiliensis (Nb), 

a natural hookworm of the rat that has been strain adapted to the mouse for experimental 

purposes [23]. N. brasiliensis has been shown to have similar infection and expulsion 

kinetics at the infective dose of 500 L3 larvae in multiple strains of mice including 

CBA/J, BALB/c, C3H/HeJ, A/J and C57BL/6 [140]. Nb has a very similar life cycle 

(Figure 1.9) to its human counterparts Necator americanus and Ancylostoma duodenale. 

This includes skin penetration as the natural route of infection, a short (18-36 hour) 

developmental phase in the lungs, which commences approximately 12 hours after 

infection, and adults living in the small intestine.  Infective L3 stage larvae molt once in 

the lungs and again in the gut as they reach the L5, reproductively competent, adult stage. 

Our studies used the mouse-adapted strain of N. brasiliensis available at the United States 

Department of Agriculture. Infective L3 stage larvae suspended in sterile PBS were 

injected subcutaneously (SC) in order to mimic the natural course of infection. Healthy 

adult BALB/c mice expelled adult worms from the small intestine without assistance 

within two weeks of infection in an immune-mediated response [25].  
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Figure 1.9 

Life Cycle of Nippostrongylus brasiliensis.  

Larvae are injected subcutaneously and travel to the small intestine via a complex 

migratory pathway through the circulatory, pulmonary and digestive systems. Worms 

achieve patency with egg production by 6-7 days PI. Healthy BALB/c mice will expel the 

worms by 11 days PI. 

 

The robust Th2 primary immune response to infection makes Nb an excellent 

model for studying helminth immunology and allergic responses in a mouse model [24]. 

These responses are characterized by the induction of Th2 CD4+ T cells, an increase in 

the numbers of eosinophils, basophils and mast cells, goblet cell hyperplasia and IgE 

production by B cells [102, 141].  The main cytokines produced during Nb infection are 

IL-4, IL-5, IL-10 and IL-13 [142]. In order to study the differences between innate and 
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adaptive immune responses to helminth infection and subsequent allergic responses, both 

wild-type (WT) and severe combined immune deficient (SCID) mice were used. These 

SCIDs were of the DNA PKcs
-/-

 strain on a BALB/c background, and hence had no 

functional B or T cells yet maintained a fully functional innate immune system [143].  

SCID mice do not self-resolve infections with N. brasiliensis (Figure 1.9) due to the lack 

of Th2 cytokines, but normal WT mice self resolve their infection by day 11 post-

infection. 

 

Using a Microarray Approach to Gene Expression Analysis 

In 1970 Francis Crick published a seminal paper in the journal Nature titled the 

“Central Dogma of Molecular Biology” in which he outlined the residue-by-residue 

transfer of genetic information as going  

DNA  RNA  PROTEIN [144] (Figure 1.10). 

This flow of genetic information has been the 

foundation on which science has operated since 

that time. DNA contains the template from which 

any protein can eventually be expressed, and 

when a gene is activated to make that protein it 

must flow through an RNA intermediate. This 

concept has been used to assess the activity of 

cells on a small scale using techniques such as 

Northern blotting, but the ability to evaluate the 

entire transcriptome (entire set of messenger RNAs) of a cell would have to wait on 

 

 
Figure 1.10 

Central Dogma of Molecular Biology 

DNA is primarily transcribed into RNA 

and then translated into protein (solid 

lines) as the most common way that 

genetic information is taken from 

chromosomes to functional molecules. 

Alternate pathways exist as shown by 

dotted lines. Adapted from Crick, F. 

1970. Central Dogma of Molecular 

Biology. Nature 227:561-563. 
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important technical advances.   

Kary Mullis and his polymerase chain reaction (PCR) technique revolutionized 

the molecular biology field in 1985 by making it possible to amplify a fragment of DNA 

millions of times in a single afternoon [145]. By reverse-transcribing RNA in a cell into 

complementary DNA (cDNA) using a virus-derived reverse transcriptase (RT) and then 

amplifying this cDNA with a bacteria-derived, heat-stable DNA polymerase, it is 

possible to deduce a cell’s activation status by studying its transcriptional profile. While 

it is true that some of those transcripts may be regulated at the translation stage and never 

made into proteins, examining the transcriptional activity of a cell is an accepted 

approach to gain insights into the regulation of gene expression.  

Where RT-PCR facilitates the detailed analysis of the transcriptional dynamics of 

one to a few genes, DNA microarray technology makes looking at the entire 

transcriptome a reality. This massively parallel technique involves placing tens of 

thousands of DNA probes onto the surface of a slide or silicon chip and then adding a 

cocktail of fluorescently tagged and fragmented cDNAs from a cellular sample. Once 

hybridization has completed, a laser based detection system can determine if the target 

gene is being expressed by the intensity of the fluorescent reaction on the chip. 

It is important to recognize the limitations of DNA microarray analysis to prevent 

over-applying the results. As mentioned earlier, transcription is only the first step in 

protein expression. Many checks and balances are in place to allow or deny the 

translation and processing to produce functional proteins, and DNA microarrays cannot 

account for this. Also, DNA microarrays are relying on the generation of cDNA from 

messenger RNA  (mRNA), which is a relatively unstable molecule.  mRNAs are 
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programmed for degradation, and their half-lives are variable [146], so the possibility 

exists that certain active genes will be overlooked due to missing transcripts.  The 

application and usefulness of DNA microarrays in biological analysis hence need to be 

regarded as a starting point, not a finish line. Getting a glimpse of the entire 

transcriptome of a cellular population in one shot is undeniably appealing, but further 

validation and examination are necessary in order to prove biological significance.  
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Goals and Specific Aims 

Specific Aim I:  

Characterize the Innate Immune Response to Helminth Infections  

While it is well documented that vertebrate hosts display strongly polarized Th2 

responses to helminth parasites (Ascaris, hookworms, etc.), there have been no 

comprehensive accounts of the pulmonary innate immune responses that come into play 

during this early window of infection. As early events are likely to profoundly influence 

subsequent adaptive immune responses, the primary objective of this specific aim was to 

characterize the innate immune response to Nippostrongylus brasiliensis (Nb) infection in 

the lungs using multiple approaches that included histology, flow cytometry and 

transcriptional analysis employing whole genome DNA microarray technology and real 

time RT PCR.  The experimental design employed both WT and SCID mice in order to 

dissect out innate immune responses from intact mice. The hypotheses entering these 

experiments was that Nb larval migration through the lungs would induce innate immune 

responses, the character of which would exert an influence on the development and 

maintenance of regulatory mechanisms.   
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Specific Aim II:  

Alteration of the Pulmonary Environment by Nematode Migration  

After characterizing the innate immune responses in the lung to the migration of 

nematode larvae, the next step was to examine if infection resulted in a fundamental 

alteration in the immunological environment of the lung. Numerous epidemiological 

studies have shown an inverse correlation between helminth infection and allergy, but a 

profile of the altered lung to account for this does not exist.  The approach taken 

employed the Nb model of infection followed by histochemical, flow cytometry and 

whole genome DNA microarray technology plus real time RT-PCR transcriptional 

analyses of whole lungs and macrophages isolated from the lungs. Additionally, an 

assessment of pulmonary function by methacholine challenge was performed to judge the 

overall in vivo airway responsiveness. It was hypothesized that a new immunological 

baseline was created in the lung as a result of the innate immune responses and the repair 

and remodeling activities induced by the parasite.  
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Specific Aim III:  

Impact of the Altered Environment on Allergen Challenge  

Previous studies have demonstrated that helminth infections modify subsequent 

inflammatory responses (reviewed in [102, 147]). Once the new environment in the lung 

was defined, the subsequent impact of that altered environment on allergen challenge was 

studied. In order to assess the responsiveness of the altered lung, a standard allergen 

sensitization and challenge protocol was followed in naïve or previously infected mice. 

While this type of study had previously been performed under similar conditions, the 

experimental outcomes were very endpoint-specific and failed to offer global or 

mechanistic explanations for their results. To address the question of why helminth 

infections may offer immunoprotection against allergy, a more comprehensive approach 

was used to define pathways that were either turned on or off in the process. These were 

primarily evaluated using whole genome DNA microarray transcriptional analysis of 

whole lungs. Standard histological techniques combined with blinded quantification were 

used to examine differences in cellular infiltration in the lungs as well as evaluating 

overall responses to allergen challenge.  Lastly, mice were sedated and intubated for 

whole body assessment of pulmonary function by challenging their airways with 

methacholine. Hypotheses tested in this specific aim were that the helminth-altered lung 

would be less responsive to allergen challenge due to activation of unique transcriptional 

pathways, and that this suppression would manifest itself in the form of reduced 

eosinophilia and AHR. 
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Specific Aim IV:  

An in vitro Model for Alternatively Activated Alveolar Macrophages  

Performing in vivo studies in intact mice provides an extremely representative 

model to study systemic immune responses. One advantage to using a mouse model is the 

ability to examine whole body physiological changes to stimulus or infection. A useful 

complement to any animal model is an in vitro system that allows fine tuned mechanistic 

experiments.  As the pulmonary environment has been the focus of this research, finding 

an alveolar macrophage system that can be manipulated in tissue culture was the goal of 

this research section.  The goal of the work presented in this section was to establish and 

characterize an alveolar macrophage culture system in which the cells could be induced 

to take on classical or alternatively activated phenotypes. It was hypothesized that IL-4 

and/or infective Nb larvae could be used to alternatively activate alveolar macrophages 

that would have a transcriptional profile identical to the alternatively activated cells 

formed in the lungs as a consequence of nematode infection. Techniques used in this 

specific aim included transcriptional analysis (gene array, real time RT-PCR), protein 

analysis (flow cytometry, western blot) and cytology. 
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Abstract 

 

While it is well established that infection with the rodent hookworm 

Nippostrongylus brasilinesis (Nb) induces a strongly polarized Th2 immune response, 

little is know about the innate host-parasite interactions that lead to the development of 

this robust Th2 immunity.  We exploited the transient pulmonary phase of Nb 

development to study the innate immune responses induced by this helminth parasite in 

wild type (WT) and severe-combined immune deficient (SCID) BALB/c mice.  

Histological analysis demonstrated that the cellular infiltrates caused by Nb transit 

through the lungs were quickly resolved in WT mice but not in SCID mice.  Microarray-

based gene expression analysis demonstrated that there was a rapid induction of genes 

encoding molecules that participate in innate immunity and in repair/remodeling during 

days 2-4 post-infection in the lungs of WT and SCID mice.  Of particular note was the 

rapid upregulation in both WT and SCID mice of the genes encoding YM1, FIZZ1 and 

Arg1 indicating a role for alternatively activated macrophages (AAMs) in pulmonary 

innate immunity.  Immunohistochemistry revealed that nearly all alveolar macrophages 

became YM-1-producing AAMs as early as day 2 post-infection.  While the innate 

responses induced during the lung phase of Nb infection were similar in complexity and 

magnitude in WT and SCID mice, only mice with functional T cells were capable of 

maintaining elevated levels of gene expression beyond the innate window of reactivity.  

The induction of alternatively activated alveolar macrophages (AAAMs) could be 

important for dampening the level of inflammation in the lungs and contribute to the 
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long-term decrease in pulmonary inflammation that has been associated with helminth 

infections. 

 

Introduction  

 

The cells and molecules that comprise the innate immune responses are the first 

line of defense against invading pathogenic organisms.  In addition, innate immune 

mechanisms are important for the elimination of the myriad of non-pathogenic substances 

to which we are continuously exposed.  In those circumstances in which the effector 

mechanisms of the innate response are not sufficient to fully eliminate a pathogen 

challenge, the same cells and molecules function to efficiently activate the antigen-

specific adaptive arm of the immune response.  In recent years, it has become clear that 

different modes of activation of innate immunity have a profound influence on the 

magnitude and the nature of subsequent adaptive responses [148-150].   

Parasitic nematodes are among the strongest natural inducers of polarized Th2 

immune responses [19-21].  Infection of mice with the intestinal nematode parasite, 

Nippostrongylus brasilinesis (Nb), has been used extensively to study the regulation of 

IgE synthesis [151] and Th2 immunity in general [24, 152].  Despite the long-standing 

use of Nb as a model, little is known about the innate immune responses that precede the 

induction of a highly polarized adaptive Th2 response to Nb challenge.  Indeed, there is 

only limited data on the dynamic interplay between helminth antigens and the receptors 

of the innate immune system of mammals [153-156].  Given the exceedingly high 
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prevalence of helminth infections in human and animal populations [17, 157] and the 

recent appreciation that helminth infections influence subsequent responses to other 

pathogens [158], environmental antigens [99] and vaccines [159, 160], defining the 

innate-mediated responses induced by helminth parasites will provide a basis for 

understanding the down-stream cellular and molecular events that lead to highly 

regulated immune responses. 

In addition to being a tested model for the study of Th2 immune responses, N. 

brasiliensis infection in mice serves as a model for human hookworm infections with 

Necator americanus and Ancylostoma duodenale.  Human and rodent hookworms, as 

well as a number of other helminth species of public health importance, migrate through 

the lungs of the host during larval development.  This obligate pulmonary phase of the 

life cycle typically occurs within a few hours after infection and lasts only about a day 

before the worms migrate to the intestine where they develop into adults.  The 

significance of this transient migration through the lungs to the physiology of the parasite 

is not clear.  However, one of the consequences of this brief exposure on the host is a 

substantive, prolonged alteration of the immunological status of the lung. For example, 

the level of allergen-induced pulmonary inflammation was significantly reduced in mice 

that were previously infected Nb compared to non-infected controls [161].  The results 

derived from the Nb-mouse model are consistent with the inverse correlations made in 

human populations between helminth infection and the prevalence of allergic asthma [96, 

102]. 

To gain insight into the mechanisms underlying parasite-induced alterations in 

immunological responsiveness, we examined the lung phase of Nb development in wild 
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type (WT) and severe-combined immune deficient (SCID) mice.  SCID mice were 

employed to study innate responses in an environment devoid of the major cellular 

mechanism necessary to mount an adaptive immune response.  Nb induced a rapid and 

robust innate immune response in the lungs of both WT and SCID mice.  Expression 

profiling showed that both strains of mice transcribed a similar subset of genes during the 

innate response to Nb infection. Of particular note was the strong expression of genes 

associated with alternatively activated macrophages – ym1, fizz1 and arg 1.  The presence 

of AAM in the lungs of both WT and SCID animals was confirmed by 

immunohistocytochemistry.  Although the initial responses to Nb were similar in 

complexity and magnitude in the lungs of WT and SCID mice, only WT mice were 

capable of maintaining elevated levels of gene expression beyond the innate window of 

reactivity.  These results provide novel insights into the cellular and molecular basis for 

infection-induced modulation of pulmonary immune reactivity. 

 

 

Materials & Methods  

 

Animals and Infection 

6-8 week old male wild-type (WT) and severe combined immune-deficient 

(SCID) mice on a BALB/c background were obtained from the National Cancer Institute 

at Frederick, MD.  Mice were housed in barrier filter top cages, given food and water ad 

libitum and kept on a 12-hour light/dark cycle.  Infectious third-stage N. brasiliensis 
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larvae were harvested from a fecal culture via a Baermann apparatus, washed in PBS and 

counted.  Mice were infected subcutaneously with 500 larvae.  All experimental 

procedures described in this paper were performed under the approval of the Johns 

Hopkins University Animal Care and Use Committee in accordance with the guidelines 

set out by the National Research Council’s Guide for the Care and Use of Laboratory 

Animals. 

 

Histology 

Lung Inflations: Animals were anesthetized with 300 mg/kg of Avertin (2,2,2 

Tribromoethanol) administered intraperitoneally.  Pericardium and trachea were exposed 

by dissection.  A lateral incision was made through the trachea and a 19 gauge flat tipped 

needle was inserted and tied off.  Inflation of the lungs was performed slowly over 2 

minutes with 0.8 ml of zinc buffered formalin fixative (Z-fix) (Anatech Ltd., Battle 

Creek, MI).  Trachea was then tied off and the lungs were removed from the pericardial 

cavity and incubated in a 40-fold volume of Z-fix.   

Histological preparation:  Inflated and fixed lungs were embedded in paraffin 

and sagital 10 m sections were obtained from four different levels of the lung.  Sections 

were stained with hematoxylin and eosin (H&E) or with periodic acid Schiff (PAS) plus 

hematoxylin counterstain.  

Immunohistochemistry:  Sections were stained for alveolar macrophages using 

biotinylated Griffonia (Bandeiraea) Simplicifolia Lectin 1 (GSL I; 10 g/ml; Vector 

Laboratories, Burlingame, CA) followed by incubation with alkaline phosphatase-

conjugated Streptavidin (1:200) (Vector Laboratories) and Liquid Permanent Red 
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Chromogen (LPR; DAKO USA, Carpinteria, CA).  YM1 staining was performed using 

affinity purified goat anti-mouse YM1 (1 g/ml; R&D Systems, Minneapolis, MN).  Anti-

YM1 was detected using a biotinylated rabbit anti-goat IgG (Vector Laboratories), 

peroxidase strepavidin and 3,3’ Diaminobenzidine (DAB) (Vector Laboratories).  For 

dual fluorescence staining of macrophages, YM1 was resolved with Fluorescein/Avidin 

DCS (Vector Laboratories) and, after an Avidin/Biotin blocking step (Vector 

Laboratories), GSL I binding was detected with Texas Red/Avidin DCS.  Stained 

sections were mounted in Vectashield containing 4'-6-Diamidino-2-phenylindole (DAPI) 

(Vector Laboratories). 

Enumeration: The values from three WT and three SCID animals at 0, 2, 4, 8 and 

12 days post-infection were used to evaluate the changes in alveolar macrophage and 

AAM numbers. The GSL I-positive and YM1-positive cells were counted in each of six 

contiguous lung histological fields (10X magnification; 974 mm
2
/field) and the mean cell 

number per field was calculated. Statistical significance was determined using a two-

tailed paired Student’s t-Test. 

Light microscopy and imaging: Lung sections were examined using a Nikon Eclipse 

E800 light microscope (Nikon Inc., Melville, NY) and images were acquired using a 

SPOT RT CCD imager and software (Diagnostic Instruments Inc., Sterling Heights, MI). 

   

Gene Expression Analysis 

Total RNA Extraction:  Lungs were harvested, flash frozen in liquid nitrogen and 

stored at -80
˚
C. Lungs were homogenized in 2 ml Trizol (Invitrogen, Carlsbad, CA) and 1 

ml of homogenate was processed for RNA isolation according to the manufacturer’s 
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(Invitrogen) protocol with minor modifications including the use of glycogen at 10 μg/ml 

as a carrier for an overnight isopropanol precipitation and increasing centrifugation times to 

15 minutes.  RNA pellets were resuspended in nuclease-free water. RNA quality was 

determined by RNA Nano LabChip analysis on an Agilent Bioanalyzer 2100 (Agilent, Palo 

Alto, CA).  An RNeasy total RNA cleanup protocol (Qiagen) was performed followed by 

spectrophotometric assessment of RNA concentration.  The lungs from three animals were 

independently processed for each treatment group and each time point. 

Affymetrix GeneChip Protocols: Processing of templates and hybridization for the 

Mouse 430 2.0 array GeneChip (Affymetrix Inc, Santa Clara, CA) was in accordance 

with methods described in the Affymetrix GeneChip Expression Analysis Technical 

Manual, Revision Three, as previously described [162].  Following hybridization, the 

GeneChips were washed and stained in an automated fluidics station (Affymetrix FS450) 

and then assessed using the GCS3000 laser scanner (Affymetrix) at an emission 

wavelength of 570 nm at 2.5 μm resolution.  Intensity of hybridization for each probe 

pair was computed by GCOS 1.2 software (Affymetrix). (For more detailed methods, 

please refer to the website of the Malaria Research Institute Gene Array Core Facility 

(MRI-GACF) at the Johns Hopkins Bloomberg School of Public Health 

http://jhmmi.jhsph.edu) 

Data Analysis:  Affymetrix CEL file data was preprocessed for use with the probe 

level GeneChip Robust Multi-Array Analysis (GC-RMA) [163] option in GeneSpring 7 

Software (Agilent Technologies).  Initial filtering by probe intensity for raw levels above 

150 in at least 2 out of 12 conditions resulted in a list of 12,036 genes that were then used 

as the basis for selecting differentially regulated genes.  Raw intensity values ranged from 
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150 to 46,037.  

Data Deposit: The data discussed in this publication have been deposited in the 

NCBI Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo) and are 

accessible through GEO Series Accession Number GSE3414.  

 

Real-Time RT PCR 

From each treatment group and time point, 1 g of lung RNA was reverse 

transcribed using the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen) 

using an oligo(dT) primer.  Resultant cDNAs were amplified for real-time detection with 

fluorogenic-labeled probes in assays specific for each target gene. Quantitative real-time 

RT-PCR was performed using Applied Biosystems 7500 real-time PCR system, 

TaqMan® Gene Expression Assays-on-demand (AOD) and TaqMan Universal Master 

Mix (Applied Biosystems, Foster City, CA). The following assays (Applied Biosystems 

product numbers) were used: YM1 (Mm00657889_mH), YM2 (Mm00840870_m1), 

FIZZ1 (Mm00445109_m1), ARG1 (Mm00475988_m1), IL-4 (Mm00445259_m1), IL-13 

(Mm00434204_m1), TNF (Mm00443258_m1), IL-1  (Mm00434228_m1), IL-10 

(Mm00439616_m1), TGF-  (Mm00441724_m1), IL-6 (Mm00446190_m1), IFN 1 

(Mm00439546_s1), IFN (Mm00801778_m1) and IFN 2(Mm00833961_s1). Reactions 

were performed using 1 l of cDNA in a 25 l sample volume and the following thermal 

cycler profile: 50˚C for 2 minutes, 10 minute denaturation at 95˚C, 50 cycles of 15 

seconds denaturation at 95˚C then 1 minute extension at 60˚C. Analysis was performed 

using the 7500 system SDS software package (Applied Biosystems). 
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Results  

 

Nippostrongylus in the lung 

After subcutaneous infection, Nb infective-stage larvae entered the general 

circulation and were carried to the lungs.  Between 24-48 hours after infection, the larvae 

penetrated alveolar capillaries and transiently took up residence in the alveolar space 

(Fig. 2.1I).  In both WT and SCID BALB/c mice, focal damage to the alveolar capillaries 

resulted in hemorrhage into the air space (Fig. 2.1C-D).  By day 4 PI, the larvae had 

exited the lungs and entered the small intestine where they molted to adults and the 

females released eggs for 3-5 days prior to being expelled from the gut via an immune-

mediated mechanism (data not shown) [25].  Nb were not expelled from the intestine of 

the SCID mice, as CD4+ T cells are required for resolution of infection [25, 164].   

At day 4 PI (24-36 hours after the larvae have exited the lungs) the hemorrhage 

was largely resolved in WT mice and there was evidence of a modest influx of 

mononuclear cells (Fig. 2.1E).  In contrast, hemorrhage in the lungs from SCID animals 

persisted and the mononuclear cell infiltrate was elevated compared to WT at days 4 and 

8 PI (Fig. 2.1E-H).  In addition to the changes in the parenchyma of the lung, the 

presence of Nb larvae induced epithelial cell and goblet cell hyperplasia (Fig. 2.1C-H 

inserts and J).  The hyperplasia was largely resolved in WT lungs by day 8 PI (Fig. 2.1G), 

but persisted in the SCID mice (Fig. 2.1H). 
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Figure 2.1  

Histological analysis of the lungs from WT and SCID mice during Nippostrongylus 

brasiliensis infection.   

Mice were infected subcutaneously with 500 infectious third stage larvae.  Lungs at days 0, 2, 4 

and 8 PI for WT (panels A, C, E, G) and SCID (panels B, D, F, H) mice were inflated with 

fixative, processed for paraffin embedding and mid-lung sections were produced and stained 

with H&E.  Main images were recoded at 10X.  Inserts show details of bronchial epithelium 

(100X) from the same section. Panel I - L4 N. brasiliensis larvae (arrows) migrating through the 

lung of a WT animal at day 2 PI (20x).  Panel J - Mucus-containing goblet cells (arrows) in the 

bronchial epithelium from a WT mouse at day 4 PI (stained with PAS, 40x). 
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Nb larvae induce similar innate responses in the lungs of SCID and WT mice 

A gene expression profiling approach was used to study the innate immune 

response in the lungs during the pulmonary phase of Nb infection in WT and SCID 

BALB/c mice.  Lungs from infected animals were removed at days 0, 2, 3, 4, 8 and 12 PI 

and processed for gene expression analysis.  Of special interest were genes that were 

significantly up-regulated between days 0 through 4 of infection corresponding to the 

period where innate immune responses are dominant. A comparison of the expression 

profiles in uninfected WT and SCID BALB/c mice showed that just under 7% of the 

~11,500 genes expressed in the lungs were differentially transcribed in the two strains 

(data not shown).  WT mice differentially transcribed genes associated with adaptive 

immunity (B and T cell related genes), which were predictably absent in SCID mice.  

Based on these similarities in expressions profiles, gene expression data from Nb-infected 

WT and SCID mice were normalized to the expression levels in strain-matched 

uninfected lungs.  

On day 2 of infection, the newly arrived Nb larvae induced at least a 2-fold 

increase in the transcription of 148 and 112 genes in the lungs of WT and SCID mice, 

respectively, when compared to the expression profiles of the strain-matched non-

infected controls (Fig. 2.2A).  Approximately 35% of the Nb-induced genes were 

common to both WT and SCID lungs at day 2 (Fig. 2.2A).  On days 3 and 4 of infection, 

an additional 69 and 115 genes were up-regulated in WT and SCID animals, respectively, 

of which 22% were common to both strains.  Of the total of 309 different genes whose 

transcription was significantly augmented by Nb at days 2-4 of infection in both WT and 

SCID mice, approximately one fourth (76) could be ascribed a direct role in innate 
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immunity as defined by GO slims annotation (Appendix 1) and 58% (44) of these were 

induced in both WT and SCID mice.  Among the genes up-regulated in the lungs of WT 

(217) and SCID (227) animals on days 2, 3 and 4 of infection (Figs. 2.2B and 2.2C), 72 

(33%) and 54 (24%), respectively, had significantly enhanced transcription at all three 

time points.  Over the course of infection, the percentage of genes concomitantly 

increased in WT and SCID lungs peaked at 44% at day 4 PI and dropped to under 5% at 

day 12 PI (Fig 2.2A).  By day 12 PI, only 14 genes were significantly up-regulated in the 

lungs of SCID mice whereas WT mice maintained an elevated transcription of 78 genes 

(Fig. 2.2A, Appendix 2).  Thus, while both WT and SCID mice are capable of rapidly 

initiating an innate immune response to the migration of Nb larvae in the lungs, only WT 

BALB/c animals are capable of sustaining the response.  
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Figure 2.2 

Global summary of differentially regulated genes during infection with Nippostrongylus 

brasiliensis in WT and SCID mice.  

Panel A - The number of genes with a significant change in expression in the lungs of WT and 

SCID mice at days 2, 3, 4, 8 and 12 after infection with Nippostrongylus brasiliensis.  Also 

shown are the total number of individual (non-redundant) genes that significantly changed at 

each time point as well as the number of genes that changed in both WT and SCID mice 

(common).  Changes in expression are measured in comparison to strain-matched uninfected 

control lungs. The percentage of the genes expressed by both WT and SCID mice at each time 

point is indicated.  A list of the non-redundant genes for each time point can be found in 

Appendix 2.  Panel B and C - Venn diagrams depicting the number of up-regulated genes what 

were unique and common at days 2, 3 and 4 PI in the lungs from SCID and WT mice.  The 

percentage of genes common to all three time points are indicated. 
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With a focus on genes encoding proteins with the potential to participate in innate 

immune responses, 70 genes had significantly enhanced transcription for at least one time 

point during the first 4 days of infection in WT or SCID lungs (Fig. 2.3, Tables 2.1 and 

Appendix 3). In general, the Nb-induced genes showed comparable trends of 

upregulation in WT and SCID mice (Figs. 2.3 and 2.4, Table 2.1) during the innate 

window of immune response.  In the lungs of SCID mice, many of these genes dropped 

back to baseline levels after day 4 PI (Figs. 2.3 and 2.4, Table 2.1).  In contrast, the 

transcription of most of these genes was maintained or increased in WT mice through day 

12 PI.  

Genes encoding proteins associated with allergen-induced Th2 responses in the 

lungs, such as TFF-2 [165], SPRR-2 [166] and Gob-5 [167], were also found to be up-

regulated in the lungs of Nb-infected WT and SCID mice (Table 2.1).  Of particular note, 

transcription of gob-5 was significantly elevated through day 12 PI in the lungs of WT 

animals whereas gob-5 expression was robust but limited to the innate window in the 

lungs of SCID mice.  Expression of the genes encoding the IL-13- and STAT6-dependent 

small proline-rich protein (SPRR-2a) [166] and trefoil factor-2 (TFF-2) [165] were 

largely restricted to the lungs from WT animals at 8-12 days PI suggesting that these 

genes might be under control of adaptive immune mechanisms.    
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Table 2.1 

Early and late changes in expression levels of representative genes in the lungs of WT and 

SCID mice after Nippostrongylus brasiliensis infection as measured by gene array analysis.  

Relative expression was based on log10-normalized GeneChip® (Affymetrix) data that was 

preprocessed using GC-RMA and compared to the levels in uninfected lungs. Values represent 

the mean of the expression values from the lungs of six animals for each time window. KEY: 

FC>10 = (++++), FC 4-9.99=(+++), FC 2-3.99=(++), FC 1.5-1.99=(+) and FC<1.5=(-). FC = 

fold change. Expression that did not meet the minimum fluorescence intensity threshold of 150 

is indicated by (*). 
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Figure 2.3 

A self-organizing map of genes that were differentially expressed in the lungs of WT and 

SCID mice at days 2, 4 and 12 post-Nippostrongylus brasiliensis infection.   

The map is based on 220 genes identified using K-means clustering for genes with statistically 

significant changes (p>0.01) in transcription at days 2 and 4 PI (i.e. during the innate immune 

response).  Upregulation is indicated by shades of red, downregulation by shades of blue and no 

change by shades of yellow.  The abbreviations used are fully annotated in Appendix 3. 
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The hypothesis that helminths have evolved mechanisms of evading host defense 

by suppressing inflammatory responses has been discussed in previous studies [96, 102]. 

The results of our array experiments suggest that downregulation is not a major 

mechanism during the innate immune response, and helminth-mediated 

immunomodulation is confined to adaptive immunity. Of the 277 genes that were down-

regulated more than two-fold at any given time point in either WT or SCID mice, less 

than 7% had an immune-associated function (data not shown).  

 

Nb Larvae Induces Repair and Remodeling in the Lung 

The innate inflammatory response induced by larval migration initiated 

transcription of genes encoding molecules key to lung repair and remodeling including 

elastin, procollagen, matrix metalloprotease (MMP12) and cysteine protease (Cathepsin 

K) and extracellular matrix proteins (fibronectin and tenascin C) (Fig. 2.3, Table 2.1).  In 

addition, the transcription of the TIMP1 (tissue inhibitor of metalloprotease 1) gene was 

also significantly up-regulated, which presumably played a role in limiting the action of 

MMP12 in the lungs [42].  While expression of these genes were induced to comparable 

levels in the lungs from both WT and SCID mice during the first 4 days of infection, only 

WT animals were capable of maintaining an elevated level of expression.  The results 

indicate that lymphocytes play a key role in the regulation of a sustained repair process in 

the lung 
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Cytokines and Chemokines 

IL-4 and IL-13 are key cytokines in the induction and promotion of Th2 immune 

responses [152].  During the innate immune response to Nb in the lungs of WT mice, the 

transcription of the genes encoding IL-4 and IL-13 were variable until day 4 PI (Fig. 

2.4B).  Between days 4 and 12 PI the expression of both cytokines remained significantly 

elevated compared to uninfected controls (IL-4 p<0.01, IL-13 p<0.05).  Interestingly, in 

Nb-infected SCID mice, transcription of IL-13 was significantly enhanced (p<0.05) 

throughout the study (days 2-12 PI) whereas transcription of IL-4 was repressed during 

the innate phase of the response to Nb infection (Fig. 2.4B).   

Expression of IFN  was modestly elevated at days 2 and 12 PI in WT animals but was 

down-regulated during the innate window in SCID mice (Fig. 2.4D).  Consistent with this 

lack of expression, genes regulated by type I interferons were not among the up-regulated 

genes in the gene array data from SCID animals (data not shown).  The proinflammatory 

cytokines IL-1, IL-6 and TNF are components of the innate response to pathogen 

challenge [148].  Transcription of IL-1 and IL-6 was rapidly induced as Nb larvae entered 

the lungs of both WT and SCID mice, but only IL-6 expression remained significantly 

(p<0.05) elevated beyond day 4 PI (Fig 2.4C) in both strains of mice.  Expression of the 

gene encoding TNF in the lungs WT and SCID animals was similar to uninfected control 

levels throughout the course of Nb infection. 

IL-10 and TGF  play important roles in the regulation of the magnitude and the 

scope of inflammatory responses, including responses in the lungs [99].  IL-10 gene 

expression was elevated during the innate response to Nb in both WT and SCID mice and 

this upregulation persisted through day 12 PI (Fig 2.4B).  In contrast, TGF  transcription 
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was not increased at any time during Nb infection in WT and SCID animals (Fig. 2.4B).   

Expression of genes encoding the chemokines CCL8, CCL9, CCL11, CCL17 and 

CXCL1 and CXCL13 were significantly elevated in both SCID and WT lungs during the 

innate immune response to Nb infection (Figure 2.3 and Table 2.1).  Only WT animals 

maintained elevated transcription levels of these chemokines beyond the innate response 

to Nb.  It is interesting to note that the lungs of Nb-infected animals had no significant 

infiltration of neutrophils or eosinophils (data not shown) despite significantly elevated 

transcription of the genes encoding CCL8 and CCL11. 

 

Nb Induces Genes Associated with Alternatively Activated Macrophages 

Previous studies have demonstrated the presence of alternatively activated 

macrophages (AAMs) in the context of the strong Th2 cytokine environment produced 

during nematode infections [131, 168].  AAMs have been shown to synthesize a 

distinctive set of gene products that include the resistin-like secreted protein (FIZZ1), a 

chitinase-like lectin (YM1), arginase (ARG1) and the mannose receptor C1 (Mrc1) [108, 

115, 138, 169].  Transcription of the AAM-associated genes ym1, fizz1 and mrc1 was 

significantly enhanced in the lungs of both WT and SCID animals during the innate 

responses against Nb as measured by both micro array (Fig. 2.3, Table 2.1) and 

confirmed by real time RT-PCR (p<0.05) (Fig. 2.4A).  The levels of transcription for 

most AAM-associated genes were comparable in WT and SCID lungs during the first 4 

days of infection (Fig. 2.4A).  In the lungs from SCID animals, the transcription levels 

dropped significantly between days 4 and 12 PI while cells in the lungs from Nb-infected 

WT animals maintained or increased transcription levels (Table 2.1; Fig. 2.4A). In 
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contrast to the dramatic increase in fizz1 expression, there was no increase in the 

expression of related molecule fizz2 (Appendix 3). 

The results of the PCR analyses indicated that the overall level of transcription of 

arg1 was low in the lungs prior to and after Nb infection, but there was an increase in 

expression during the innate response in both WT and SCID animals (Fig. 2.4A).  The 

expression profile of ym1 reported here confirms the observations made by Nair et al 

[168] that ym1 was induced as early as 24 hours and as late as 15 days post-Nb infection.  

The gene array results demonstrated that the gene encoding YM2, a highly related 

paralogue of YM1, was also enhanced in both WT and SCID lungs in response to Nb 

infection (Table 2.1).  Because of the degree of sequence identity between ym1 and ym2, 

the transcription of ym2 was validated by a ym2-specific primer-probe set in real time RT 

PCR (Fig. 2.4A).  This finding is in contrast to a previous report that Nb induces only 

ym1 expression in the lung [168], but is consistent with the co-expression of ym1 and ym2 

in the lung after allergen challenge [170, 171].  The gene encoding another member of 

the chitinase family, the murine orthologue of the acidic mammalian chitinase (AMCase) 

[172], also showed enhanced expression in the lungs of Nb-infected animals as early as 

day 2 PI (Table 2.1).  This confirms a previous report of Nb-induced expression of 

murine AMCase in the lungs at day 6 PI [168].  The functional significance of this 

coordinated production of three members of the chitinase family of proteins during the 

innate response to Nb infection is not clear but suggests that they may play a role in lung 

homeostasis after acute injury. 
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Figure 2.4 

Real time RT-PCR analysis of the changes in gene expression in the lungs of WT and 

SCID mice after Nippostrongylus brasiliensis infection.   

The changes in the relative expression levels of the genes encoding (Panel A) YM1, YM2, 

FIZZ1, ARG1, (Panel B) IL-4, IL-13, IL-10, TGFb, (Panel C) IL-1, IL-6, TNF, (Panel D) IFNg, 

IFNa2 and IFNb1 are shown for days at days 0, 2, 3, 4, 8 and 12 PI.  Relative expression was 

indexed to the expression of each gene in uninfected lungs (day 0).  Each point represents the 

mean expression levels from 5 mice.  Statistical significances are detailed in the paper body 

text.  Shaded area in each graph designates the period of the innate immune response. 
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Nb Infection Induces Alternatively Activated Alveolar Macrophages 

The expression profiling results predicted that Nb infection induced a dramatic 

increase in the number of AAMs in the lungs.  An immunohistocytochemical approach 

was utilized to determine the dynamics of AAMs in the lungs of WT and SCID mice.  

Alveolar macrophages were identified in histological sections by their ability to bind 

GSL I, a lectin that binds selectively to -galactose residues on the surface of alveolar 

macrophages [173, 174] (Fig. 2.5A). All GSL I
+
 alveolar macrophages were also F4/80

+
 

(data not shown).  AAMs were identified by their co-expression of YM1 and GSL I (Fig. 

2.5A).  All YM1
+
 cells were also GSL I

+
.  YM1 appeared to be localized predominantly 

in perinuclear cytoplasmic vesicles (Fig. 2.5A).  

By day 4 PI, there was a significant increase in the number of GSL I
+
 alveolar 

macrophages in both WT and SCID mice and these elevated levels were maintained 

through day 12 PI (Fig. 2.5C).  From a low number in uninfected animals, there were 

rapid and significant increases in the YM1
+
 AAMs in WT and SCID mice at day 2 PI 

(Fig. 2.5C).  As observed for the GSL I
+
 cells at day 2 PI, there was a statistically 

significant increase (p<0.01) in the number of YM1
+
 AAMs found in SCID lungs 

compared to lungs from WT mice.  The YM1
+
 AAMs were uniformly distributed 

throughout the parenchyma of the lung (Fig. 2.5B) in both strains of mice.  In WT 

animals, the YM1
+
 AAM numbers increased further at day 4 PI and were maintained at 

elevated levels through day 12 PI.  In contrast, YM1
+
 AAM levels in the lungs of SCID 

mice decreased significantly (p<0.01) by day 12 PI from the peak at day 4 PI.  The drop 

in AAM numbers in the lungs of SCID mice paralleled the decrease observed in the 
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transcription of AAM-associated genes (Fig. 2.4A).  After infection, >90% of the GSL I
+
 

cells were also YM1
+
 suggesting that the alveolar macrophages had adapted the AAM 

phenotype.  The differences in the proportion of these alternatively activated alveolar 

macrophages (AAAM) in WT and SCID animals beyond day 4 PI parallels the decrease 

in ym1 transcription and indicate that adaptive immune responses are responsible for 

persistence of the AAAM phenotype in the lungs.  
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Figure 2.5  

(Legend on following page) 
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Figure 2.5.   

Nippostrongylus brasiliensis induces alternatively activated alveolar macrophages in the lungs of 

WT and SCID mice.   

Panel A – Co-localization of GSL I and YM1 to alveolar macrophages.  Lung tissue sections from WT 

and SCID mice at day 2 PI were incubated with the biotiynlated lectin GSL I followed by a goat anti-

mouse YM1.  GSL I was detected with reagents conjugated to Texas Red and YM1 binding was 

resolved with a fluorescein-conjugated reagent (see Methods section for details).  Stained sections were 

mounted in DAPI-containing mounting medium and images for each stain were recorded by 

fluorescence microscopy at 100X magnification.  Images were acquired and merged using a SPOT 

CCD and software.  Panel B – Distribution of YM1+ alternatively activated alveolar macrophages in 

the lungs of WT and SCID mice at day 4 PI.  Lung tissue sections were immunostained with anti-YM1 

and antibody binding was detected using the chromogen 3,3’ diaminobenzidine (DAB and 

counterstained with H&E.  YM1+ cells in the lung parenchyma and in the large airways are indicated 

with arrow heads.  Images were recorded at 10X magnification.  Panel C – Changes in the numbers of 

GSL I+ alveolar macrophages and YM1+ alternatively activated alveolar macrophages in the lungs of 

WT and SCID mice at days 2, 4, 8 and 12 PI.  The GSL I+ and YM1+ cells were counted in each of six 

contiguous histological fields (10X; 974 mm2/field) from the lungs from three WT and three SCID 

animals at each time point.  The means of the number of positive cells were calculated and statistical 

significance was determined using a two-tailed paired Student’s t-Test. * = p<0.05, ** = p<0.01.    

 

 

Discussion  

 

Nippostrongylus larvae induced an immediate, robust innate immune response in 

the lungs from both WT and immunodeficient BALB/c mice.  The cellular and molecular 

events that trigger this strong innate immune response are not known.  Whereas the 

receptors and the signaling pathways that trigger innate immune responses against a 

number of viral, bacterial, fungal and protozoan pathogens have been identified [175], the 

receptors that are important for innate recognition of most helminth infections are still not 

clear.  Recent results suggest that glycans and double-stranded RNA from helminth 

parasites can activate Toll-like receptors [153, 155, 176], but the role this activation plays 

in shaping the adaptive immune response and in resistance to infection is yet to be 
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defined.  The response to Nb in the rodent lung offers a model system to test the role of 

innate immune receptors in responses to parasitic nematodes.   

 A number of major parasitic helminths of humans such as hookworms, Ascaris 

and Schistosoma, have a transient residency in the lungs as part of their life cycles.  

Typically this takes place early in the life cycle when the parasite is a relatively small 

larvae and the stay in the lungs is of short duration.  Presumably, this obligate 

developmental phase in the lungs provides an advantage to the parasite, but at this time 

the nature of this advantage is not clear.  It is possible that the larvae receive host-derived 

developmental signals in the lung environment.  It is also possible that the acute 

inflammation induced in the pulmonary environment by the parasite modifies or 

‘conditions’ the immunological environment in a way that confers a survival advantage 

for the subsequent developmental stages.  The parasites could be exploiting the inherent 

mechanisms in place in the lung to regulate inflammation [177, 178].  The regulatory 

mechanisms initiated in the lung might modulate the magnitude and the quality of 

subsequent immune responses against the parasite.  In support of this idea are reports that 

a helminth infection modifies the immune responses to a number of pathogen and non-

pathogen challenges [99, 102, 179, 180].  Indeed, pathogen-induced counter regulatory 

mechanisms in the lungs are a basic tenet of the hygiene hypothesis [181, 182].   

To our knowledge this is the first report on the histopathology of the lung phase 

of Nb infection in mice.  In WT BALB/c mice, there was a remarkably rapid resolution of 

mechanical damage and inflammation caused by Nb larvae migrating through the 

pulmonary environment (Fig. 2.1).  Within hours of the larvae exiting the lungs, the 

hemorrhage and inflammatory infiltrate were largely resolved and by day 8 PI the 
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histological appearance of the parenchyma of the lung and the large airways was nearly 

indistinguishable from uninfected controls (see inserts in Fig. 2.1).  This rapid resolution 

took place in the context of cytokines IL-4 and IL-13 that have been demonstrated to 

mediate inflammation, epithelial cell hyperplasia and mucus production in the lung 

(reviewed in [183]).  In contrast, the larvae-induced inflammation in the lungs of SCID 

animals persisted through day 8 PI with significant levels of cellular infiltrate evident 

throughout the lung (Fig. 2.1H).  The mechanistic basis for this difference in the ability to 

resolve pulmonary inflammation between WT and SCID animals is not clear but 

presumably reflects a defect in lymphocyte-mediated homeostatic mechanisms in the 

SCID animals. 

Comparing the expression profiles from the lungs of infected WT and SCID mice 

provided an opportunity to study the complexities of the immediate innate immune 

response to Nb larvae, to characterize the transition between innate and adaptive immune 

mechanism and to infer the role of T cells in sustaining responses initiated by the innate 

immune system.  Although there were differences, the dynamics and magnitude of the 

transcriptional and cellular responses in the lungs from WT and SCID mice associated 

with innate immune responses were similar during the first four days of infection.  In the 

SCID mice, there was a rapid decay in many of the Nb-induced cellular and 

transcriptional responses after day 4 PI (Table 2.1, Fig. 2.5C), however, transcription of a 

few genes such as IL-10 and IL-13 (Fig. 2.4) as well as the number of alveolar 

macrophages (Fig. 2.5B) remained elevated.  In contrast, a significant percentage of the 

transcriptional and cellular responses initiated during the innate phase were maintained or 

enhanced in the lungs of WT mice.  The results underscore a complex regulation of 
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inflammation in the lungs with certain aspects under control of T cells while other facets 

are regulated in a T cell-independent fashion.     

One of the most marked transcriptional changes observed in both WT and SCID 

animals was the immediate upregulation of the genes associated with AAM, ym1, ym2, 

fizz1 and arg1.  Resident macrophages in different tissues adapt to their local 

environments based on interactions with secreted factors, surface signals from 

neighboring cells and the nature the extracellular matrix.  Once established in the tissues, 

macrophages can be activated in a variety of ways.  Classical macrophage activation 

occurs through stimulation from lymphocyte-derived IFN  and is key for the 

development of effective cell-mediated immune responses against intracellular pathogens 

[184].  An alternative pathway of macrophage activation has also been defined that is 

mediated by IL-4 and/or IL-13 [108].  IL-4/IL-13 activation of macrophages upregulates 

the mannose receptor [185], class II MHC and CD80/CD86 [186] on their surface.  It is 

generally considered that AAMs function in debris scavenging, tissue remodeling, wound 

healing and the promotion of Th2 immune responses [107, 108, 187].  It has also been 

demonstrated that AAMs inhibit T cell proliferation [131, 188].  The mechanisms 

through which AAMs carry out these functions are not clear.  However, AAMs secrete a 

characteristic set of molecules, including YM1[189], FIZZ1 and arginase [190] that are 

likely to contribute to the function of these cells.   

YM1 is a member of a family of proteins that share sequence similarity to 

chitinases from lower organisms [191].  Transcripts encoding YM1 can represent over 

10% of the total nematode-induced AAM mRNA [189].  YM1 has the ability to bind to 

chitin and related glycan structures [192], but its apparent lack of demonstrable chitinase 
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activity makes its role as an effector molecule unclear.  YM1 might play a defensive role 

by binding chitin-containing pathogens such as fungi for subsequent recognition by 

immune cells.  Through its ability to bind to the extracellular matrix, YM1 might also 

mediate cellular trafficking that promotes wound healing and matrix repair – one of the 

proposed functions of AAMs [129, 193].   

The functional significance of FIZZ 1 is also yet to be defined.  FIZZ 1 (found in 

inflammatory zone I; also called Resistin-like molecule ) was initially described as a 

product found in the broncho alveolar lavage fluid of mice challenged with allergen that 

was capable of inhibiting nerve growth factor in vitro [194].  Subsequently it has been 

demonstrated that FIZZ 1 is produced by macrophages in response to stimulation by IL-4 

[120, 168, 189].  FIZZ1, like YM1, has been implicated in regulating the deposition of 

extracellular matrix in the lungs [195], thus linking these two molecules to a role in 

pulmonary repair and remodeling.  Also consistent with the previous report, we observed 

only a minor increase in the transcription of fizz2 in the lungs after Nb infection 

(Appendix 2).  fizz2 appears to be preferentially expressed in the intestine [168, 196]. 

The balance between iNOS and arginase 1 is a central feature in the development of 

functionally distinct macrophage populations.  iNOS and arginase 1 compete for L-arginine 

to catalyze the production of NO/L-citrulline or urea/L-ornithine, respectively.  IL-4/IL-13 

stimulates the production of arginase 1 and inhibits iNOS while IFN  inhibits arginase and 

promotes iNOS production [129, 197].  In the Th2 environment induced by Nb infection,  

there was no increase in the expression iNOS (data not shown).  Like YM1 and FIZZ1, 

arginase 1 is associated with repair and remodeling of tissues, specifically with collagen 

deposition and fibrogenesis [190].  

 



 70 

Previous studies have shown that the induction of AAM-associated genes is 

dependent on IL-4 or IL-13 [108, 169, 188].  The timing of the response in WT mice and 

the presence of the response in SCID mice indicate that T cells were not the source of 

these Th2 cytokines.  The most likely source for this rapid production of IL-4 and IL-13 

in the lungs are granulocytic cells - eosinophils, mast cells or basophils [64, 198].  

Eosinophils, mast cells and basophils have the capability of uncoupling transcription and 

translation of IL-4 and IL-13.  These cells have been shown to constitutively transcribe 

IL-4 and IL-13 to form a reservoir of transcripts that can be mobilized for immediate 

cytokine production upon stimulation [64].  Once activated, these cells can then continue 

to transcribe and produce IL-4 and IL-13.  This ability to maintain cytokine synthesis 

after activation might explain the sustained production of IL-13 in the lungs of SCID 

animals (Fig. 2.4B).  The significant increase in the transcription IL-4 and IL-13 in WT 

lungs after day 4 PI is presumably due to T cell-mediated adaptive responses.   

The dynamics of IL-4 and IL-13 transcription differed significantly in WT and 

SCID lungs after Nb infection (Fig. 2.4B).  In the lungs from SCID animals, there was an 

immediate and selective upregulation of IL-13 transcription after Nb infection that was 

not seen in WT animals.  The cellular and molecular basis for this differential regulation 

between IL-13 and IL-4 is not clear (Fig. 2.4B), but is likely to reflect fundamental 

differences between WT and SCID animals in the numbers and activation status of the 

cells in lung that respond to innate signals.  The cellular infiltrate induced by Nb at days 2 

and 4 PI, measured by bronchial alveolar lavage, was dominated by macrophages with 

only minor increases in eosinophil and neutrophil numbers (data not shown).  The lack of 

significant changes in the transcription levels of eosinophil- and mast cell-associated 
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genes in the expression profiling of Nb-infected animals (data not shown) also indicated 

there was no major influx of these cells into the lungs.  Recently, it has been 

demonstrated that basophils are a major source of IL-4 and that the number of IL-4-

producing basophils in the lungs are increased ~50-fold by Nb infection [57].  This 

increase in basophil levels is T cell-dependent.  It is possible that the lack of IL-4 

production in the lungs of SCID mice reflects the defect in T cell-mediated recruitment of 

basophils to the lungs.  The major immediate cellular source of IL-13 in SCID lungs is 

yet to be determined. 

AAMs have been shown to be induced outside the lung by other nematode 

infections [131, 168, 188, 191] as well as by digenetic trematodes [110, 199, 200], 

cestodes [201, 202] and protozoa [120, 203].  The IL-4-dependent AAMs induced in the 

peritoneal or pleural cavities by the filarial nematodes Brugia malayi and Litomosoides 

sigmodontis, respectively, exerted a profound, contact-dependent anti-proliferative effect 

on a range of different cell types, including antigen-specific T cells [131, 188, 204].  

Consistent with these previous observations, the AAAMs from Nb-infected animals 

express class II MHC, readily took up large amounts of antigen, but suppressed antigen-

specific T cell proliferation (data not shown). The mechanism through which AAMs 

suppress cell proliferation has not been defined.  AAAMs could reflect a homeostatic 

mechanism in the lungs that functions to suppress inflammation after certain antigenic 

challenges, especially those that induce strong Th2 responses.   

One of the complicating factors in assessing the innate response to Nb is the 

inability to discriminate between the responses to parasite somatic and secreted antigens 
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and the response induced by the focal mechanical damage caused by larval migration 

through the lungs.  While it is not possible to evaluate the relative contribution of these 

two facets of larval invasion with the experimental design presented here, a survey of 

reports on the immediate transcriptional responses associated with chemical- or 

ventilator-induced acute lung injury show significant differences in the gene expression 

profiles from that induced by Nb infection [205-207]. While there are expected overlaps 

in the expression of genes involved in protection against oxidant injury, cell proliferation 

and extracellular matrix repair, there is a notable lack of expression of genes associated 

with a Th2 response and AAM activation in the lungs of mice undergoing acute lung 

injury.  Further experiments are required to determine the relative roles of parasite 

antigens and mechanical disruption to the signature expression profile induced by Nb 

infection. 

Immunohistochemical analysis of lungs from uninfected animals showed that 

YM1 was constitutively produced at modest but detectible levels by a subset of the GSL 

1
+
 alveolar macrophages (also F4/80

+
), which is consistent with a previous report of YM1 

production in the lungs of adult mice [191].  This constitutive production of YM1 in the 

lungs was supported by the intensity values of the transcriptional data (Appendix 4).  In 

addition, genes encoding other AAM-associated molecules, such as FIZZ1, MRC1 and 

AMCase, but not Arg1, were also expressed in non-inflamed lungs (Appendix 4).  These 

observations suggest that ~15% of the cells typically referred to as alveolar macrophages 

are AAAMs (Fig, 2.5C).  It is possible that the proportion might even be higher.  One 

interpretation of the rapid conversion of the lungs from an environment that is populated 

with macrophages which are predominantly GSL 1
+
/YM 1

-
 to an environment that is 
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dominated by GSL 1
+
/YM 1

+
 cells is that the alveolar macrophages were directly 

converted to the AAAM phenotype as part of the innate response to Nb.  It is interesting 

to speculate that alveolar macrophages are incipient AAAMs that require innate or 

adaptive signals to fully mature. Like AAM, alveolar macrophages are commonly 

characterized as anti-inflammatory and have been shown to participate tissue repair and 

remodeling [208].  It is also possible that there is a rapid efflux and influx of cells into the 

lungs and that a majority of the cells that enter the lungs are AAM.  Additional work is 

needed to define the trafficking of macrophages into and out of the lungs during 

inflammation and how the dynamics of trafficking influences macrophage populations. 
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Chapter 3  

HELMINTH INFECTION INDUCES A PERSISTENTLY ALTERED 

PULMONARY ENVIRONMENT 
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Abstract 

 

Previous work described the innate and adaptive immune responses immediately 

following pulmonary migration of Nippostrongylus brasiliensis (Nb) larvae. In order to 

understand the sustained changes to the pulmonary environment, we examined the lungs 

of BALB/c mice 36 days post-infection. Histological examination of post-infection lungs 

showed disruption of the alveolar architecture consistent with the mechanical damage that 

occurs during migration, peribronchiolar mononuclear infiltration and the presence of 

heavily pigmented macrophages. When assessing the pulmonary function of the lungs, it 

was noted that parasitized lungs had statistically higher airway resistance.  

Transcriptional analysis of whole lungs demonstrated that Nb infection resulted in 

significant and persistent changes to the immunological environment of the lung that was 

maintained through day 36 post-infection. These changes were characterized by a 

sustained increase in levels of genes associated with lung remodeling, as well as the 

transcription of both Th1 (IFN- , IL-12) and Th2 (IL-4, IL-13, IL-5, IL-21 and 

CCL11/Eotaxin) cytokines.  In addition, alveolar macrophages displayed an alternatively 

activated phenotype, with upregulation of the genes encoding YM1, YM2, FIZZ1 and 

Arg1 and an increase of expression of Mrc1 and Class II MHC on their surface.  The 

steady-state levels of alveolar macrophages in general, and of alternatively activated 

alveolar macrophages in particular, increased significantly as a result of Nb infection.   

Together, these results provide insight into the extensive modifications found in the lung 

as a result of pulmonary migration by helminth parasites. 
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Introduction  

 

Infections that are generally non-pulmonary in nature yet are capable of 

modulating immunological reactivity in the lungs are quite interesting.  Although several 

major human helminth infections establish the chronic phase of their life cycle in extra-

pulmonary sites such as the gastrointestinal tract (Ascaris lumbricoides, Necator 

americanus and Ancylostoma duodenale) [19] or in the hepatic vasculature (Schistosoma 

sp.) [199], the larval forms of all of these parasites have an obligate but transient (1-4 

day) association with the lungs of the host [10]. While the role this lung phase plays in 

the developmental biology of the parasite remains to be defined, it is possible that the 

innate and adaptive immune responses induced against the larvae results in a persistent 

regulatory environment that influences subsequent immune responses in the lungs.   

Previous work has focused mainly on the intestinal phase of nematode infections, 

and although clinical outcomes such as tropical pulmonary eosinophilia [16] have been 

documented, little research exists on the lung phase of infection.  To study the long-term 

changes in the lungs caused by helminth infection, we employed a mouse model of 

human hookworm infection.  The rodent hookworm Nippostrongylus brasiliensis (Nb) 

has been used extensively to study the regulation of IgE synthesis [151] and Th2 

immunity in general, as it is one of the strongest natural inducers of a polarized Th2 

immune response [19-21].  The life cycle of Nb parallels that of its human counterparts 

N. americanus and A. duodenale.  Briefly, infectious L3 larvae penetrate the skin, enter 

the circulation and within hours arrive in the lungs where they reside for 18-24 hours.  

After molting, larvae migrate from alveoli, up the trachea, are swallowed, develop into 
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adult nematodes in the small intestine where they attach, feed and reproduce.  Healthy 

BALB/c mice expel Nb 10-11 days post-infection (PI) through an IL-13/STAT6-

dependant mechanism [25].  Almost immediately upon entry into the lungs, the larvae 

induce a strong innate immune response characterized by rapid production of IL-4 and 

IL-13 and alternative activation of alveolar macrophages [136].  Although the structural 

damage and inflammation quickly resolve, a number of the cellular and molecular 

changes induced by the transient presence of larvae endure through day 12 PI [136].  It is 

possible that these sustained responses reflect a permanent change to the immunological 

status of the lungs.  

In these studies, we investigated the persistent molecular, cellular and physical 

changes to the pulmonary environment brought about by infection with Nb and how these 

changes impact subsequent immune responses in the lungs.  Approximately five weeks 

post-Nb infection, the cytokine environment of the lung was significantly altered with an 

increased production of both Th1 and Th2 cytokines.  The altered cytokine environment 

was accompanied by a significant increase in the number of alveolar macrophages that 

had taken on the alternatively activated phenotype. Additionally, there was an increase in 

the amount of resistance in the large airways. Characterizing the altered pulmonary 

environment through histological, molecular and physiological techniques provides broad 

insight into how helminths are able to manipulate a host’s subsequent responses to 

microbes and allergens in the lung. 
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Materials & Methods  

 

Animal Model 

Helminth Infection: Male BALB/cJ mice, 6-8 weeks of age, were obtained from 

The Jackson Laboratory (Bar Harbor, ME).  Mice were serologically negative for 53 

bacterial, viral, fungal and parasitic agents as tested by Jax surveillance and sentinel 

monitoring through Johns Hopkins University. All experimental procedures described in 

this paper were performed under the approval of the Johns Hopkins University Animal 

Care and Use Committee in accordance with the guidelines set out by the Institute of 

Laboratory Animal Resources 1996 Guide for the Care and Use of Laboratory Animals.  

Mice were housed in filter top microisolator cages, provided food and water ad libitum 

and kept on a 14-hour light, 10-hour dark cycle.  Infectious third-stage Nippostrongylus 

brasiliensis (Nb) larvae were harvested from a fecal culture via a Baermann apparatus, 

washed multiple times in PBS and counted.  Groups of 5 mice were infected 

subcutaneously with 500 larvae; control mice were age-matched, untreated and processed 

at the same time as their infected counterparts. 

Anesthesia and Euthanasia: Prior to tissue harvest or the histological preparation 

of the lungs, mice were anesthetized with 300 mg/kg of Avertin (2,2,2 Tribromoethanol) 

administered intraperitoneally. Euthanasia was performed by an overdose of Avertin. 

 

Histology 

Histological preparation:  Lungs, inflated and fixed as outlined previously [136], 
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were embedded in paraffin and sagittal, 5 m sections were obtained from four different 

levels of the lung.  Sections were stained with hematoxylin and eosin (H&E) or with 

periodic acid-Schiff (PAS) method [209] to identify mucus-producing goblet cells.  

Selected sections were stained with Prussian blue to confirm the presence of Ferric 

(Fe+3) ion consistent with presence of hemosiderin [209].  

Immunohistochemistry YM1 staining was performed using affinity purified goat 

anti-mouse YM1 (1 g/ml; R&D Systems, Minneapolis, MN).  Anti-YM1 was detected 

using a biotinylated rabbit anti-goat IgG (Vector Laboratories), peroxidase strepavidin 

and 3,3’ Diaminobenzidine (DAB) (Vector Laboratories). YM1-positive cells were 

counted in each of six contiguous lung histological fields (10X magnification; 974 

mm
2
/field) and the mean cell number per field was calculated. For dual fluorescence 

staining of macrophages, YM1 was resolved with Fluorescein/Avidin DCS (Vector 

Laboratories) and, after an Avidin/Biotin blocking step (Vector Laboratories), anti-

CD11c (eBioscience, San Diego, CA) binding was detected with Texas Red/Avidin DCS.  

Stained sections were mounted in Vectashield containing 4'-6-Diamidino-2-phenylindole 

(DAPI) (Vector Laboratories) and examined using Nikon Eclipse series microscopes 

(Nikon Inc., Melville, NY) equipped with a Spot Flex CCD camera (Diagnostic 

Instruments Inc., Sterling Heights, MI).  

 

Gene Expression Analysis 

Total RNA Extraction:  Lungs were harvested, flash frozen in liquid nitrogen and 

stored at -80
˚
C.  Lung RNA was isolated as outlined by Reece et al. [136].  RNA quality 

was determined by RNA Nano LabChip analysis on an Agilent Bioanalyzer 2100 (Agilent, 
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Palo Alto, CA).  An RNeasy total RNA cleanup protocol (Qiagen) was performed followed 

by spectrophotometric assessment of RNA concentration.  The lungs from three animals 

were independently processed for each treatment group and each time point. 

Affymetrix GeneChip Protocols: Processing of templates and hybridization for the 

Mouse 430 2.0 array GeneChip (Affymetrix Inc, Santa Clara, CA) was in accordance 

with methods described in the Affymetrix GeneChip Expression Analysis Technical 

Manual, Revision Three, as previously described [162].  Following hybridization, the 

GeneChips were washed and stained in an automated fluidics station (Affymetrix FS450) 

and then assessed using the GCS3000 laser scanner (Affymetrix) at an emission 

wavelength of 570 nm at 2.5 m resolution.  Intensity of hybridization for each probe 

pair was computed by GCOS 1.2 software (Affymetrix). (For more detailed methods, 

please refer to the website of the Malaria Research Institute Gene Array Core Facility 

(MRI-GACF) at the Johns Hopkins Bloomberg School of Public Health 

http://jhmmi.jhsph.edu) 

Data Analysis:  Affymetrix CEL file data was preprocessed for use with the probe 

level GeneChip Robust Multi-Array Analysis (GC-RMA) [163] option in GeneSpring 7 

Software (Agilent Technologies). The data discussed in this publication have been 

deposited in the NCBI Gene Expression Omnibus (GEO, 

http://www.ncbi.nlm.nih.gov/geo) and are accessible through GEO Series accession 

number GSE5555 (Held for public release until July 4, 2007). Initial filtering by probe 

intensity for raw levels above 150 in at least 1 out of 16 conditions resulted in a list of 

14,159 genes that were then used as the basis for selecting differentially regulated genes.  

Raw intensity values ranged from 150 to 51,838. 
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Real Time RT-PCR: From each treatment group and time point, 1 g of lung RNA 

was reverse transcribed using the SuperScript First-Strand Synthesis System for RT-PCR 

(Invitrogen) using an oligo(dT) primer.  Resultant cDNAs were amplified for real-time 

detection with fluorogenic-labeled probes in assays specific for each target gene. 

Quantitative real-time RT-PCR was performed using Applied Biosystems 7500 Real 

Time PCR system, TaqMan® Gene Expression Assays-on-demand (AOD) and TaqMan 

Universal Master Mix (Applied Biosystems, Foster City, CA). The following assays 

(Applied Biosystems product numbers) were used: Arg1 (Mm00475988_m1), CD11c 

(Mm00498698_m1), FIZZ1 (Mm00445109_m1), IFN  (Mm00801778_m1), IL-10 

(Mm00438616_m1), IL-12a (Mm00434165_m1), IL-13 (Mm00434204_m1), IL-17a 

(Mm00439619_m1), IL-1ß (Mm00434228_m1), IL-21 (Mm00517640_m1), IL-4 

(Mm00445259_m1), IL-5 (Mm00439646_m1), IL-6 (Mm00446190_m1), Mrc1 

(Mm00485148_m1), TGFß (Mm00441724_m1), Ym1 (Mm00657889_mH), Ym2 

(Mm00840870_m1).  Reactions were performed using 1 l of cDNA in a 25 l sample 

volume and the following thermal cycler profile: 50˚C for 2 minutes, 10 minute 

denaturation at 95˚C, 50 cycles of 15 seconds denaturation at 95˚C then 1 minute 

extension at 60˚C. Analysis was performed using the 7500 system SDS software package 

(Applied Biosystems). 

 

Lung Monocyte Preparations 

Lung Digestions: Animals were deeply anesthetized by overdose and 

tracheotomized followed by a bronchial alveolar lavage 3x with 1 ml of room 

temperature PBS.  Lungs were infused with 10 ml of room temperature PBS, removed 
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and suspended in 5 ml of 1 mg/ml Collagenase type II (Gibco, Carlsbad, CA) with 30 

μg/ml DNase I (Roche, Indianapolis, IN) in RPMI 1640 (Gibco). Tissue was minced 

thoroughly, incubated at 37˚C for 30 minutes, then forced through a 3 ml transfer pipette 

10 times.  A collagenase/DNase solution (3 ml) was added and samples were incubated 

for an additional 15 minutes at 37˚C.  Resulting suspensions were manually homogenized 

using a syringe plunger and passed through a 100 m Nylon cell strainer (BD Falcon, 

Franklin Lakes, NJ). Cell suspensions were spun for 3 minutes at 1500 g (4˚C) and 

pellets were resuspended in 5 ml of ACK lysing buffer (Quality Biological Inc., 

Gaithersburg, MD) for 5 minutes at room temperature.  Suspensions were then passed 

through a fresh cell strainer and cells were washed twice in FACS staining buffer (PBS, 

2% heat inactivated FCS).  

CDllc+ Cell Isolation:  Lung-derived cells were suspended in 200 l of staining 

buffer containing Fc Block (BD Pharmingen, San Deigo, CA) and incubated on ice for 5 

minutes.  The cells were incubated with APC-conjugated anti-CD11c (Miltenyi Biotec, 

Auburn, CA) for 30 minutes on ice and then washed twice with staining buffer.  The cells 

were resuspended 50 μl of BD IMag-DM anti-APC particle solution (BD Pharmingen) 

and incubated on ice for 30 minutes.  CD11c isolation was performed according to 

manufacturer’s protocol using the BD IMag™ Cell Separation System (BD Pharmingen).  

 

FACS Staining and Detection:  

Surface Phenotyping: Cell counts were performed on a standard hemacytometer 

with dead cells excluded by Trypan Blue Stain (Gibco).  Cells were incubated with anti-

MHCII-PE (eBioscience), anti-CD206-PE (Serotec, Raleigh, NC) or anti-F4/80 plus 2˚ 
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PE (Abcam, Cambridge, MA) in FACS staining buffer for 30 minutes on ice in the dark.  

Data were acquired by running samples on a FACS Calibur flow cytometer using cell 

quest software (BD Biosciences, Mountainview, CA).  Data were analyzed using FloJo 

software (Tree Star, Inc., Ashland, OR).  

 

In Vivo Pulmonary Function Measurement 

Mice were deeply anesthetized IP with a mixture of 70 mg/kg Ketamine and 14 

mg/kg Xylazine (both from Phoenix Pharm., St. Joseph, MO).  The trachea was exposed 

by dissection and cannulated using a 19 gauge blunt needle.  Animals were ventilated 

with a FlexiVent (Scireq, Montreal, PQ) at a rate of 150/minute with a delivered tidal 

volume of 8 ml/kg and a positive end expiratory pressure of 3 cmH2O.  To eliminate 

measurement noise associated with small respiratory efforts, deeply anesthetized mice 

were paralyzed with 1 mg/kg succinylcholine (Hospira Inc., Lake Forest, IL) IP.  

Respiratory resistance and elastance were calculated during a two second sinusoidal 

oscillation controlled by the FlexiVent 5 software.  Measurements were made at baseline 

and during cumulative aerosolized methacholine (Sigma, St. Louis, MO) dose response 

curves, continuing until resistance doubled [210]. The methacholine doses were delivered 

into the inspiratory line, each for a 10 second period using an Aeroneb Pro micropump 

ultrasonic nebulizer (Nektar Therapeutics, Mountain View, CA).   Measurements of 

resistance were expressed in absolute terms (cmH2O/ml/second), and as a percent of the 

baseline values. 
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Statistical Analyses 

In vivo pulmonary function measurement of dose responses to methacholine were 

analyzed using a two-way ANOVA with variables of infection status and methacholine 

dose. All other data was analyzed using a two-tailed student's T-test for pairwise 

comparisons of infected and uninfected animals. Differences were considered statistically 

significant if P<0.05. 

 

Results  

 

Nippostrongylus brasiliensis induces persistent changes in the lung  

The results of our previous studies demonstrated that Nb-induced innate and 

adaptive responses in the lung mediate significant short-term molecular and cellular 

changes.  In order to characterize long-term cellular and molecular changes that result 

from the transient presence of Nippostrongylus in the lungs, we compared the phenotypic 

and immunological status of the lungs 36 days PI (34-35 days after the larvae exit the 

lungs and 25-26 days after the adults are naturally expelled from the intestine).  Nb 

infection caused a notable disruption of the alveolar architecture of the lungs resulting in 

emphysema-like changes (Fig. 3.1A, B).  Although the perivascular inflammation that 

was visible in the first 72 hours PI ([136] and data not shown) had resolved, areas of 

peribronchiolar mononuclear infiltration were still evident 36 days PI (Fig. 3.1D).  In 

contrast to the lungs from non-infected animals (Fig. 3.1E), the lungs from Nb-infected 

animals contained conspicuous, heavily pigmented macrophages (Fig. 3.1F).  The cells 
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stained with Prussian Blue indicating that a component of the pigmented material was 

hemosiderin (data not shown).  At earlier time points these pigmented cells were 

prominent in the vicinity of Nb larvae and or migration tracts.  At later time points, these 

cells were fewer in number and were primarily in or around more proximal airways 

(bronchioles). Approximately 10-20% of the bronchiolar epithelial cells were goblet cells 

at 36 days PI (Fig. 3.1H), which was significantly more numerous than the 1-2% 

observed in non-infected controls (Fig. 3.1G), but below the >30% present at 4 days PI 

(data not shown). 
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Figure 3.1 

Cellular and structural changes in the lungs 36 days post-infection with Nippostrongylus 

brasiliensis.   

Light microscopy of the lung parenchyma in uninfected (Panel A) and Nb-infected (Panel B, 

day 36 PI) BALB/c mice illustrating the structural changes that result from parasite migration 

through the lungs (10x magnification, H&E stain).  Also evident at 36 days PI was 

peribronchial infiltration (Panels C & D, 40x magnification, H&E stain), the presence of 

enlarged alveolar macrophages containing pigmented granules (Panels E and F, 100x 

magnification, H&E stain) and an increase in the number of goblet cells (Panel H, 60x 

magnification, PAS stain). 
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To quantify the immunological difference between infected and uninfected lungs 

36 days post-Nb infection, real time RT-PCR was used to measure the steady-state 

expression levels of selected cytokines. The constitutive expression levels of the Th2 

cytokines IL-4, IL-5 and IL-13 were significantly elevated in the lungs from Nb-infected 

animals compared to that of non-infected controls (Fig. 3.2).  Interestingly, the baseline 

transcription levels of the Th1 cytokines IFN ,  IL-12 and IL-6 were also elevated in the 

lungs from Nb-infected mice.  Although expression levels of IL-1ß were elevated in Nb-

infected mice, the increase was not statistically different from control mice.  Expression 

levels of the regulatory cytokines IL-10 and TGFß and the pro-inflammatory cytokine IL-

17 [211] were not elevated as a consequence of Nb infection.  In contrast, IL-21 and 

eotaxin/CCL11 transcription (Fig. 3.2) was significantly elevated after Nb infection 

compared to non-infected control lungs. The histological, cellular and transcriptional 

changes demonstrate that the brief exposure to hookworm larvae affects persistent and 

substantive changes to the immunological status of the lungs. 
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Figure 3.2 

Pulmonary migration of Nippostrongylus brasiliensis induces an altered cytokine 

environment in the lung.  

Lungs were harvested and snap-frozen in liquid nitrogen from mice 36 days PI, RNA was 

extracted using Trizol and first strand DNA was synthesized. Real time RT-PCR analysis of 

whole lungs for Th1, Th2 and regulatory cytokines, as well as eotaxin (CCL11) and IL-21 is 

shown. Bars represent the mean levels from five mice ± SEM, *=p<0.05, **=p<0.01.  

 

In vivo assessment of the differences in pulmonary function between infected and 

uninfected lungs was performed using anesthetized, paralyzed and intubated mice on a 

ventilator. Responses to methacholine challenge were recorded as measurements of 
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airway resistance. At 36 days PI, Nb-infected animals showed a statistically higher 

baseline resistance (p=0.0006; Fig. 3.3A) and the amount of methacholine necessary to 

double the baseline resistance in Nb-infected mice was ~4-fold lower than that required 

for the airways of uninfected control mice (p=0.008; Fig. 3.3B). Correspondingly, dose 

responses to methacholine were significantly higher in parasitized lungs (Fig. 3.3C), 

presumably reflecting long-term Nb-induced alterations to the responsiveness of the large 

airways. 
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Figure 3.3 

N. brasiliensis increases pulmonary resistance in the altered lung environment.  

Groups of six mice were intubated and placed on a ventilator in order to assess their pulmonary 

function in vivo. Before further manipulations, baseline resistance was calculated and expressed 

as cm H2O.s/ml (Panel A). Methacholine was then added for 10 seconds by nebulizer directly 

into the intake of the ventilator and corresponding airway resistance was measured. The dose of 

methacholine required to double baseline resistance is shown as the doubling dose (Panel B). 

Dose responses to methacholine were normalized to a baseline resistance of 100; error bars 

represent SEM. Panels A and B were analyzed using a two-tailed student’s T-test, Panel C was 

analyzed using a two-way ANOVA with *** = P<0.001. 

 

 



 91 

Nb infection alters the baseline of gene expression in the lung 

  In order to gain a more comprehensive picture of the overall effect of helminth 

infection on the immunological status of the lung 36 days PI, microarray technology was 

employed to characterize expression profiles in the lungs from infected and control 

animals.  Roughly 120 genes were significantly (p<0.05) differentially expressed in the 

lungs at day 36 PI compared to the lungs from age-matched controls (Table 3.1, 

Appendix 5).  There was a significant sustained increase in a number of genes associated 

with lung remodeling, which is presumably a consequence of the mechanical damage 

caused by the Nb larvae (Fig. 3.1). The idea that there is a persistent increase in the 

activation status or number of macrophages in the post-infection lung is supported by an 

increase in the expression of a number of genes that encode molecules important for 

macrophage function and regulation including Class II MHC, CD11c, PPAR gamma, 

Mac-1 and eosinophil-associated ribonuclease (Ear2) [212, 213].  Notably, there was a 

significant up-regulation of genes associated with alternatively activated macrophages 

(AAMs) - fizz1, ym1 and ym2 - which were validated by real time RT PCR (Fig. 3.4).  

Two additional genes typically associated with AAMs, arginase 1 (arg1) and the 

mannose receptor 1 (mrc1, CD206), while not significantly elevated in the microarray 

results, were significantly up-regulated in real time RT-PCR analysis (Fig. 3.4).  An 

increase in expression of MRP-1/ccl6 and MCP-2/ccl8 in the lungs 36 days PI might play 

a role in regulating monocyte/macrophage trafficking in the lungs (Table 3.1, Appendix 

5). 
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Table 3.1 

Nippostrongylus brasiliensis alters baseline gene expression in the lungs of BALB/c mice 36 

days post-infection as measured by whole genome microchip array analysis.  

Relative gene expression fold change (FC) was measured by Log10 differences between age-

matched controls and mice examined 36 days after Nb infection. Affymetrix gene chips were 

pre-processed using GC-RMA and minimum probe fluorescence intensity threshold was set at 

150. Data was generated two-tailed paired student’s t-test comparing infected and uninfected 

mice with a minimum FC of 2 and significance p< 0.05. A full list of the 121 differentially 

expressed genes can be found in Appendix 5. Values represent the means of three animals. 

KEY: FC of >10, ++++; FC 4-9.99, +++; FC 2-3.99, ++. Abbreviations: fam, family; assoc, 

associated; Mac, macrophage; MHC, major histocompatability complex; B2M, beta-2-

microglobulin; MRP, macrophage inflammatory protein (MIP)-related protein; MCP, monocyte 

chemotactic protein; MMP, matrix metalloproteinase. 
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Figure 3.4 

Alveolar macrophages show sustained transcription of alternative activation genes.  

Real time RT-PCR was used to measure the transcript levels of the genes encoding the AAM-

associated proteins Arg1, Ym1, Ym2, Fizz1, CD11c, and CD206 in RNA isolated from whole 

lungs of uninfected control and day 36 PI (Nb+) BALB/c mice. Each bar represents the mean of 

five mice ± SEM. 

 

 

Nb induces a long-term increase in CD11c
+ 

YM1
+
 Alternatively Activated Alveolar 

Macrophages (AAAMs) 

 The large number of macrophage-associated genes up-regulated in day 36 PI 

lungs along with the enhanced expression of the genes encoding YM1, YM2, FIZZ1 and 

ARG1 predicted an elevation in the number of alternatively activated macrophages.  In 

the lungs, alveolar macrophages are CD11c+, F4/80+ cells (Fig. 3.5F; [214]).  The 

increase in CD11c mRNA shown by microarray (Table 3.1) was confirmed by RT-PCR 

(p=0.001, Fig. 3.4), flow cytometry (Fig. 3.5D-F) and immunohistochemistry (Fig. 3.5C).  

Essentially all of the YM1+ AAAMs seen in the lung at days zero and 36 PI also stained 
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positive for CD11c (Fig. 3.5C).  In uninfected controls ~5% of the CD11c+ cells were 

YM1+ while in day 36 PI lungs over 75% of the CD11c+ cells were YM1+ AAAMs 

(data not shown).  Histological quantification of YM1+ AAAMs revealed a significant 

(p<0.0001) increase in the number of these cells 36 days PI (Fig. 3.5B).  The YM1+ 

AAAMs were distributed evenly throughout the parenchyma of the lung (Fig. 3.5A). 

The CD11c+ AAAMs were isolated from collagenase-digested lungs and their 

surface phenotype was analyzed by flow cytometry.  Consistent with the transcriptional 

data, helminth infection increased the expression of class II MHC and the mannose 

receptor C type lectin 1 (Mrc1/CD206) (Fig. 3.5E).  In addition, over 90% of the isolated 

CD11c+ AAAMs were positive for F4/80 expression (Fig. 3.5F).  The cellular and 

molecular changes seen at day 36 PI show that pulmonary migration by Nb induces a 

persistent population of AAAMs in the lung. 
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Figure 3.5 

The N. brasiliensis-altered pulmonary environment is characterized by a sustained 

increase in CD11c+ alternatively activated alveolar macrophages.  

Panel A - Lung tissue sections were immunostained with anti-YM1 and antibody binding was 

detected using the chromogen 3,3’ diaminobenzidine (DAB and counterstained with H&E.  

YM1+ cells are shown with arrowheads.  10x magnification.  Panel B - Quantification of YM1 

expressing cells was calculated from six contiguous fields in triplicate mice and expressed as 

the number of cells per unit area.  Panel C - Co-localization of CD11c (Texas Red) and YM1 

(fluorescein) in alveolar macrophages from Nb-infected animals.  Nuclei were stained with 

DAPI and images were acquired using a SPOT CCD camera and software.  Cells were 

visualized at 100x magnification. Panel D – FLOW analysis was used to measure the number of 

CD11c+ cells in whole-lung digests of uninfected and day 36 PI mice (see Methods). Panel E – 

FLOW analysis of the changes in MHC class II and CD206 (Mrc1) expression on the surface of 

CD11c+ cells isolated from the lungs of control and day 36 PI mice. Panel F – FLOW analysis 

of F4/80 expression on the CD11c+ cells from the lungs of day 36 PI mice.  The FLOW results 

are representative of the results from five animals per group. 



 96 

Discussion  

 

Helminth infections are of tremendous public health importance as they affect 

nearly a quarter of the global population and are a major cause of morbidity and loss of 

disability-adjusted life years [215].  Several animal models of human parasitism with 

helminths appear to faithfully reproduce the life cycle and the immunobiology of 

infection [24]. The rodent hookworm Nippostrongylus brasiliensis has been used for 

decades to study the immunology of nematode infections [216], however the majority of 

studies focus on intestinal responses and overlook the important lung phase preceding the 

parasite’s stay in the gut. Our previous work characterized the innate immune responses 

to Nb infection through day 12 of infection and identified alternatively activated alveolar 

macrophages as being a novel cell that is heavily induced as a result of infection [136]. 

This study was performed to assess any long-term or permanent changes in the lung as a 

result of helminth migration. 

The increased levels of both Th1 and Th2 cytokines in the day 36 PI lung were an 

unexpected and interesting result.  Helminth infections initiate robust Th2 immune 

responses [217], yet it appears that a Th1 response is also activated in the long term - 

possibly as a counterbalance to blunt the potentially deleterious aspects of Th2 

polarization. The increase in Th1 cytokines to balance Th2 anti-helminth activity may 

explain the lack of regulatory cytokines TGF-ß and IL-10 in the lung. The absence of 

TGF-ß and IL-10 was surprising, especially considering the massive increase in AAAMs 

in the lung. Alternative macrophages are known for their ability to produce TGF-ß and 

IL-10 [108], however these regulatory cytokines may be unnecessary due to the increased 
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Th1 cytokines already balancing the Th2 environment. The end result is a lung 

environment that displays increased Th1 and Th2 transcripts and a large population of 

AAAMs. 

There are other check and balance systems brought into play in the helminth-

modified lung where increased levels of mediators and their counter-regulatory molecules 

are generated. For example, where eotaxin is significantly upregulated, so is IL-21 which 

has been shown to decrease antigen-induced eosinophil recruitment into the airways of 

mice [218]. IL-21 has also recently been shown to act as an enhancer for polarizing 

macrophages to develop into a highly functional alternatively activated phenotype 

through the upregulation of IL-4R  [124], illustrating one of the pathways activated in 

building these increased populations of AAAMs. The increase in IL-21 from undetectable 

levels pre-infection to being strongly transcribed indicates a potentially pivotal role for 

this cytokine that merits further investigation. 

In characterizing the newly modified environment of the lung, major differences 

in remodeling activities became apparent in addition to the altered immune responses 

observed. Ongoing repair of the physical damage caused by larval migration presumably 

accounts for the upregulation of genes encoding repair and remodeling molecules in the 

lungs of post-infection animals (Table 3.1). The transcription of these genes is likely 

stimulated by the population of AAAMs in the lung, as these cells have been implicated 

in repair and remodeling activities [108]. Alternative macrophages process L-arginine 

using the enzyme arginase to generate L-ornithine, a pathway that ends in the 

downstream production of polyamine and proline molecules [219]. Polyamines and 

prolines enhance fibroblast proliferation and collagen production [129], tying in the 
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AAAMs observed with a mechanistic explanation for the large number of repair and 

remodeling genes observed in the whole genome transcriptional analysis of the post-

infection lungs. 

With the altered balance of cytokines, increased alternative macrophage 

populations and repair / remodeling activities, it was not surprising to see that airway 

hyperresponsiveness was elevated in the post-infection lung.  Nb-infected mice did not 

show any observable difficulty in breathing and displayed normal behavioral activities, 

yet were much more sensitive to methacholine challenge than their uninfected littermates. 

This seemingly asymptomatic hyperresponsiveness of the lungs as a result of infection is  

in conflict with expected results, as challenge studies in helminth infected mice indicate 

dampened allergen-induced airway responses [99]. This is an area of future study that 

will be addressed in Chapter 4. 

Infection with N. brasiliensis is known to recruit both innate and adaptive cells 

that secrete IL-4/IL-13 including eosinophils, basophils and CD4+ Th2 cells [220]. More 

recently, CD1d restricted natural killer T cells have also been shown to be a potentially 

significant source of IL-4 and IL-13 [221, 222]. Our work has verified that all of these 

cell types are increased in number during Nb infection (unpublished data) and are likely 

key contributors to the rapid induction of IL-4/IL-13 dependently activated alternative 

alveolar macrophages seen in the lung. Alternative macrophages are suppressive via IL-

10 production as well as contact dependant mechanisms [131], and may induce 

regulatory T cell populations. The large number of AAAMs in the post-infection lung and 

the induction of a regulatory environment as observed by Th1/ Th2 balancing are key 

results that define the helminth-modified pulmonary environment. 



 99 

A number of genes related to immunoglobulin synthesis were highly increased in 

the post-infection lung, including genes encoding light chains, heavy chains for IgG1 and 

IgM, the joining chain and polymeric Ig receptor (Appendix 5). AAMs are speculated to 

be one of the antigen presenting cells that can play a role in converting T cells in to IL-10 

producing regulatory T cells.  IL-10 has been shown to be one of the factors that induces 

B cells to isotype switch into IgG1 producing plasma cells [22]. IL-21 also directly 

inhibits the production of IgE by inhibiting the germline transcription of C , which 

encodes the constant region of IgE [223]. Helminth infection may thus induce 

populations of B cells that are IgG1 secreting as opposed to IgE secreting, showing a 

significant way in which pulmonary environment is changed after larval migration. 

The data presented in this chapter documents increases in Th1 and Th2 cytokines, 

persistent changes in the population of AAAMs, an elevated constitutive production of 

IL-21 and increased airway hyperresponsiveness in the lungs of post-Nb infected mice. 

As AAMs generated from other tissue sites are known to exert anti-inflammatory and 

regulatory effect [102], it is hypothesized that these helminth-induced alternatively 

activated alveolar macrophages play a key role in the development and maintenance of a 

pulmonary environment that dampens subsequent inflammatory responses. In the next 

chapter, mice at day 36 PI will be sensitized and challenged with an allergen to determine 

if these changes do indeed track with modulated airway reactivity.  In addition, 

expression analysis will be used to define the alterations in the nature and magnitude of 

the response to allergen that result from this altered immunological baseline.  
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Chapter 4  

THE HELMINTH-ALTERED PULMONARY ENVIRONMENT 

DAMPENS ALLERGEN-INDUCED EOSINOPHILIA AND AIRWAY 

HYPERRESPONSIVENESS 
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Abstract 

 

Results of epidemiological and laboratory studies suggest that there is an inverse 

correlation between helminth infection and the incidence and intensity of allergic asthma. 

Our previous work characterized the immunological changes in the lung ensuing from the 

pulmonary migration of a helminth. The altered environment included significant 

increases in both Th1 and Th2 cytokines, sustained populations of alternatively activated 

alveolar macrophages, upregulation of repair and remodeling genes and an increase in 

airway hyperresponsiveness.  To study the basis for the epidemiological observations that 

a helminth infection is protective against allergen challenge, a mouse hookworm model 

was used to study molecular, cellular and physical changes in the lungs.  BALB/c mice 

were infected with the rodent hookworm Nippostrongylus brasiliensis (Nb) and 

subsequently sensitized and challenged with the house dust mite (HDM) 

Dermatophagoides pteronyssinus. HDM-challenged, Nb-infected mice (NbHDM) 

showed a reduced allergic phenotype, with significantly lower fold change increases of 

Th1 and Th2 cytokines, Eotaxin/CCL11, IL-17 and IL-6. Histological examination of 

lungs revealed a significant decrease in eosinophilia in the perivascular regions of 

NbHDM mice. Interestingly, although the Nb-altered lung showed an increased baseline 

airway hyperresponsiveness, pulmonary function testing showed that Nb-infected mice 

were able to dampen airway hyperresponsiveness to allergen challenge. This is the first 

study to characterize the gene expression seen in helminth immune modulation of the 

allergic response as well as quantifying the resulting dampened lung phenotype.  
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Introduction  

 

In recent decades, the incidence and prevalence of allergy and asthma have 

increased dramatically in industrialized nations with no comparable increase in 

developing regions of the world [90, 91, 224, 225].  Although a number of factors have 

been proposed to explain this difference in disease prevalence in developed and 

developing regions - vaccination rates, differential exposure to certain environmental and 

pathogenic microorganisms, antibiotic usage, general levels of hygiene [182] - there 

appears to be a particularly strong negative correlation between helminth infection and 

allergy [79, 181].  At first examination, this negative relationship appears paradoxical in 

that the pathogenesis of both helminth infection and allergic asthma is mediated by a Th2 

biased immune response that shares the characteristics of IL-4, IL-5 and IL-13 production 

by T cells, eosinophilia and increased production of IgE [20, 22, 181].  Results from 

studies using animal models have provided at least a partial resolution to this paradox by 

demonstrating that established helminth infections are capable of establishing an 

immunoregulatory environment that can significantly modulate pulmonary inflammation 

and allergic disease [99, 226].  An important cellular component of this helminth-induced 

regulatory environment appears to be CD4+ CD25+ T regulatory (Treg) cells that 

function through an IL-10-independent mechanism [99].  With establishing a role for 

Treg cells in modulating allergic asthma, questions arise concerning the nature of the 

cellular and molecular changes in the lungs that result in the induction and the 

maintenance of this highly regulated environment.  

Nippostrongylus brasiliensis (Nb) is a rodent hookworm often used in studying 
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Th2 responses to helminth infection [140]. Alternatively activated alveolar macrophages 

(AAAMs) dominate the pulmonary environment after infection with Nb, with a rapid 

induction (Chapter 2) that is sustained at least five weeks post-infection (Chapter 3). In 

addition to exhibiting anti-inflammatory and dampening properties themselves, AAAMs 

are thought to be important in generating regulatory T cell populations that are 

suppressive in the lungs [102].  To examine the effect of the Nb-altered lung on allergen 

challenge, a BALB/c model was used. Mouse models of asthma and allergy share similar 

manifestations of pathology as compared to humans, making them a useful tool [40]. This 

is characterized by airway hyperreactivity, eosinophilic inflammation and excess mucus 

secretion in the bronchial epithelium [182, 227, 228]. The house dust mite (HDM) 

Dermatophagoides pteronyssinus (Der P) was used as an experimental allergen. Der p is 

considered a “natural allergen” and is used because of its intrinsic ability to stimulate the 

innate immune system, most likely due to its proteolytic activity [43].  The immediate 

hypersensitivity to HDM was assessed using quantitative histology, real time RT-PCR, 

whole genome microarray transcriptional analyses and in vivo pulmonary function 

testing. 

The altered cytokine and cellular environment in the post-Nb mice resulted in a 

dramatic reduction in the immunological responsiveness of the lungs after sensitization 

and challenge with an allergen.  The lungs of mice with prior exposure to Nb had a 

significant reduction in eosinophil infiltration and goblet cell formation after allergen 

challenge. The results of gene expression analysis demonstrated that, compared with 

uninfected animals, there was a significant difference in the magnitude and the nature of 

the genes expressed in the lungs of post-Nb.  Of particular note was that the post-Nb mice 
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down-regulated twice as many genes after allergen challenge.  Pulmonary function tests 

on the lungs of Nb-infected mice showed a reduced airway hyperresponsiveness as well. 

This work represents a detailed account of the molecular and cellular changes that take 

place in the lungs as a consequence of a helminth infection in altering responses to 

environmental antigens.  

 

Materials & Methods  

 

Animal Model 

Helminth Infection: Male BALB/cJ mice, 6-8 weeks of age, were obtained from 

The Jackson Laboratory (Bar Harbor, ME).  Mice were serologically negative for 53 

bacterial, viral, fungal and parasitic agents as tested by Jax surveillance and sentinel 

monitoring through Johns Hopkins University. All experimental procedures described in 

this paper were performed under the approval of the Johns Hopkins University Animal 

Care and Use Committee in accordance with the guidelines set out by the Institute of 

Laboratory Animal Resources 1996 Guide for the Care and Use of Laboratory Animals.  

Mice were housed in filter top microisolator cages, provided food and water ad libitum 

and kept on a 14-hour light, 10-hour dark cycle.  Infectious third-stage Nippostrongylus 

brasiliensis (Nb) larvae were harvested from a fecal culture via a Baermann apparatus, 

washed multiple times in PBS and counted.  Groups of 5 mice were infected 

subcutaneously with 500 larvae, control mice were untreated.   

Allergen Sensitization and Challenge: All mice were sensitized with two 
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intraperitoneal injections of 75 AU of house dust mite  (HDM) Dermatophagoides 

pteronyssinus allergen extract (Greer, Lenoir, NC) bound to 1 mg of Imject Aluminum 

hydroxide (Pierce, Rockford, IL) on days 21 and 25 post-Nb infection. Alum adjuvant 

was used as allergens require priming remote from the lung in order to overcome airway 

tolerogenic mechanisms that would otherwise stop allergic responses to inhaled antigen 

alone in the mouse model [229].  Challenge doses of 50 AU HDM in 50 l PBS were 

administered intranasally on days 35 and 36 post-Nb infection to anesthetized 

(isofluorane; Abbott Laboratories, North Chicago, IL) animals, control mice were 

challenged with 50 L PBS alone. 

Anesthesia and Euthanasia: Prior to tissue harvest or histological preparation of 

lungs, mice were anesthetized with 300 mg/kg of Avertin (2,2,2 Tribromoethanol) 

administered intraperitoneally. Euthanasia was performed by an overdose of Avertin. 

 

Histology 

Histological preparation:  Lungs, inflated and fixed as outlined previously [136], 

were embedded in paraffin and sagittal 5 m sections were obtained from four different 

levels of the lung.  Sections were stained with hematoxylin and eosin (H&E) or with 

periodic acid-Schiff (PAS) method [209] to identify mucus-producing goblet cells.  

Selected sections were stained with Prussian blue to confirm the presence of Ferric 

(Fe+3) ion consistent with hemosiderin pigment [209].  

Histological Scoring System: Lung sections were scored for inflammation using 

the following scale: Eosinophils and Neutrophils: 0 = none, 1 = minor component of 

perivascular inflammation (<50% of cells), 2 = major component of perivascular 
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inflammation (>50% of cells). Goblet Cells: 0 = none, 1 = scattered single or small 

groups of goblet cells, 2 = >30% of columnar epithelial cells were goblet cells. 

Pigmented macrophages: 0 = none, 1 = macrophages lightly pigmented, 2 = macrophages 

heavily pigmented.  Three independent sections were evaluated for each of three animals 

for each treatment group and statistical significance was determined using a two-tailed 

paired Student’s t-Test. 

 

Gene Expression Analysis 

Total RNA Extraction:  Lungs were harvested, flash frozen in liquid nitrogen and 

stored at -80
˚
C.  Lung RNA was isolated as outlined by Reece et al. [136].  RNA quality 

was determined by RNA Nano LabChip analysis on an Agilent Bioanalyzer 2100 (Agilent, 

Palo Alto, CA).  An RNeasy total RNA cleanup protocol (Qiagen) was performed followed 

by spectrophotometric assessment of RNA concentration.  The lungs from three animals 

were independently processed for each treatment group and each time point. 

Affymetrix GeneChip Protocols: Processing of templates and hybridization for the 

Mouse 430 2.0 array GeneChip (Affymetrix Inc, Santa Clara, CA) was in accordance 

with methods described in the Affymetrix GeneChip Expression Analysis Technical 

Manual, Revision Three, as previously described [162].  Following hybridization, the 

GeneChips were washed and stained in an automated fluidics station (Affymetrix FS450) 

and then assessed using the GCS3000 laser scanner (Affymetrix) at an emission 

wavelength of 570 nm at 2.5 m resolution.  Intensity of hybridization for each probe 

pair was computed by GCOS 1.2 software (Affymetrix). (For more detailed methods, 

please refer to the website of the Malaria Research Institute Gene Array Core Facility 
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(MRI-GACF) at the Johns Hopkins Bloomberg School of Public Health 

http://jhmmi.jhsph.edu) 

Data Analysis:  Affymetrix CEL file data was preprocessed for use with the probe 

level GeneChip Robust Multi-Array Analysis (GC-RMA) [163] option in GeneSpring 7 

Software (Agilent Technologies). The data discussed in this publication have been 

deposited in the NCBI Gene Expression Omnibus (GEO, 

http://www.ncbi.nlm.nih.gov/geo) and are accessible through GEO Series accession 

number GSE5555 (Held for public release until July 4, 2007). Initial filtering by probe 

intensity for raw levels above 150 in at least 1 out of 16 conditions resulted in a list of 

14,159 genes that were then used as the basis for selecting differentially regulated genes.  

Raw intensity values ranged from 150 to 51,838. For the purposes of baseline 

comparisons, uninfected mice were compared to age-matched, uninfected controls and 

infected mice were compared to age-matched mice 36 days post-infection. 

Real Time RT-PCR: From each treatment group and time point, 1 g of lung RNA 

was reverse transcribed using the SuperScript First-Strand Synthesis System for RT-PCR 

(Invitrogen) using an oligo(dT) primer.  Resultant cDNAs were amplified for real-time 

detection with fluorogenic-labeled probes in assays specific for each target gene. 

Quantitative real-time RT-PCR was performed using Applied Biosystems 7500 Real 

Time PCR system, TaqMan® Gene Expression Assays-on-demand (AOD) and TaqMan 

Universal Master Mix (Applied Biosystems, Foster City, CA). The following assays 

(Applied Biosystems product numbers) were used: Arg1 (Mm00475988_m1), CD11c 

(Mm00498698_m1), FIZZ1 (Mm00445109_m1), IFN  (Mm00801778_m1), IL-10 

(Mm00438616_m1), IL-12a (Mm00434165_m1), IL-13 (Mm00434204_m1), IL-17a 
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(Mm00439619_m1), IL-1ß (Mm00434228_m1), IL-21 (Mm00517640_m1), IL-4 

(Mm00445259_m1), IL-5 (Mm00439646_m1), IL-6 (Mm00446190_m1), iNOS 

(Mm00440485_m1), Mrc1 (Mm00485148_m1), TGFß (Mm00441724_m1), Ym1 

(Mm00657889_mH), Ym2 (Mm00840870_m1).  Reactions were performed using 1 l of 

cDNA in a 25 l sample volume and the following thermal cycler profile: 50˚C for 2 

minutes, 10 minute denaturation at 95˚C, 50 cycles of 15 seconds denaturation at 95˚C 

then 1 minute extension at 60˚C. Analysis was performed using the 7500 system SDS 

software package (Applied Biosystems). 

 

In Vivo Pulmonary Function Measurement 

Mice were deeply anesthetized IP with a mixture of 70 mg/kg Ketamine and 14 

mg/kg Xylazine (both from Phoenix Pharm., St. Joseph, MO).  The trachea was exposed 

by dissection and cannulated using a 19 gauge blunt needle.  Animals were ventilated 

with a FlexiVent (Scireq, Montreal, PQ) at a rate of 150/min with a delivered tidal 

volume of 8 ml/kg and a positive end expiratory pressure of 3 cmH2O.  To eliminate 

measurement noise associated with small respiratory efforts, deeply anesthetized mice 

were paralyzed with 1 mg/kg succinylcholine (Hospira Inc., Lake Forest, IL) IP.  

Respiratory resistance and elastance were calculated during a two second sinusoidal 

oscillation controlled by the FlexiVent 5 software.  Measurements were made at baseline 

and during cumulative aerosolized methacholine (Sigma, St. Louis, MO) dose response 

curves, continuing until resistance doubled [210]. The methacholine doses were delivered 

into the inspiratory line, each for a 10 s period using an Aeroneb Pro micropump 

ultrasonic nebulizer (Nektar Therapeutics, Mountain View, CA).   Measurements of 
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resistance were expressed in absolute terms (cmH2O/ml/s), and as a percent of the 

baseline values. 

 

Statistical Analyses 

Microarray data, histological quantifications and real time RT-PCR data were 

analyzed using two-way ANOVAs with variables of treatment group and time. In vivo 

pulmonary function measurement of dose response to methacholine was analyzed using a 

two-way ANOVA with variables of infection status and methacholine dose. Differences 

in baseline resistance and doubling dose of methacholine were calculated using one-way 

ANOVAs. Significant interactions were further analyzed using Bonferroni post testing 

for pairwise multiple comparisons.  Differences were considered statistically significant 

if P<0.05. 

 

Results  

 

Nb-altered lung environment results in reduced allergen-induced inflammation  

  To determine if the change in immunological status of the lungs caused by 

hookworm infection had the capacity to modulate responses to a subsequent challenge, 

day 36 PI mice were sensitized and challenged with a clinically relevant allergen, house 

dust mite (HDM) antigen.  Lungs from 5 mice were collected 6, 24 and 72 hours after 

secondary HDM challenge (Fig. 4.1) and processed either for histology or RNA 

extraction.  The histological sections were scored for eosinophils, goblet cells, pigmented 
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macrophages and neutrophils (Fig. 4.3). Pulmonary challenge of HDM-sensitized and 

challenged BALB/c mice resulted in a rapid and dramatic increase in eosinophil 

infiltration and goblet cell hyperplasia (Figs. 4.2 and 4.3) as previously reported [230].  

At 24 and 72 hours after HDM challenge, the lungs from the animals with a history of 

hookworm infection had significantly lower levels of eosinophil infiltration in 

perivascular regions (Fig. 4.2A-F; Fig. 4.3).  At 72 hours, although the lungs from the 

NbHDM mice maintained lower levels of perivascular eosinophils, the differences 

between HDM and NbHDM were no longer statistically significantly different (Fig. 4.3).  

In contrast to eosinophils, at 6 hours after allergen challenge, the large airways from the 

NbHDM mice had significantly elevated levels of goblet cells compared to the airways 

from HDM animals (Fig. 4.2A-F; Fig. 4.3). It is notable that PBS challenge also induced 

a significant increase in goblet cells in Nb-infected animals compared to the non-infected 

controls (Fig. 4.2G,J; Fig. 4.3).  This increase in goblet cells could reflect the constitutive 

increase in IL-4 and IL-13 expression in these animals (Fig. 3.2).  Goblet cell numbers 

increased in both NbHDM and HDM lungs at 24 hours post-challenge to equivalent 

levels and remained elevated through 72 hours (Fig. 4.2B, C, E, F; Fig. 4.3).  Only the 

lungs from Nb-infected mice contained significant levels of pigmented macrophages 

(Fig. 4.2E; Fig. 4.3).  Neutrophil infiltration into the lungs was minimal after allergen 

challenge and hookworm infection did not appear to influence this response (Fig. 4.3).  
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Figure 4.1 

Schedule for sensitization and challenge of uninfected or Nb-infected BALB/c mice.  

BALB/c mice were split into two groups of which half were infected with N. brasiliensis. All 

mice were sensitized to Dermatophagoides pteronyssinus (Der p/HDM) by two intraperitoneal 

injections of 75AU allergen bound to 1mg of alum given 4 days apart. Nb-infected mice were 

then challenged twice one day apart with either HDM (NbHDM group) or PBS (NbPBS group) 

and uninfected mice were also challenged with either HDM or PBS. Whole lungs were 

collected for either histology or transcriptional analysis at 6, 24 and 72hrs after the second 

challenge. Groups contained 5 mice each. 
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Figure 4.2 

N. brasilensis infection dampens allergen-induced inflammation.  

Panels A-L - Lungs were harvested, fixed and sectioned for histological examination at 6, 24 or 

72 hours after the second challenge dose of HDM or PBS.  Upper portions of Panels A-L were 

stained with H&E, lower parts were stained with PAS and both were photographed under 60x 

magnification.  HDM, uninfected mice sensitized and challenged with Der p; NbHDM, day 36 

PI mice sensitized and challenged with Der p; PBS; uninfected mice exposed to PBS; NbPBS, 

day 36 PI mice exposed to PBS. 
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Figure 4.3 

Quantification of the cellular infiltrates in Nb-infected and uninfected animals after 

allergen challenge.   

Mice were sacrificed at 6, 24 or 72 hours after challenge with allergen (Der p) and the lungs 

were carefully inflated with fixative. Paraffin embedded sections were stained with either H&E 

or PAS and examined under a light microscope.  Scoring was performed under blinded 

conditions for the number of perivascular eosinophils, goblet cells, pigmented macrophages and 

neutrophils from multiple sections for each of three mice per treatment group.  Scoring was on a 

0-2 scale. For eosinophils and neutrophils, 0 = none, 1 = minor component of perivascular 

inflammation (<50% of cells) and 2 = major component of perivascular inflammation (>50% of 

cells).  For goblet cells 0 = none, 1 = scattered single or small groups of goblets and 2 = >30% 

of columnar epithelial cells are goblets.  For pigmented macrophages, 0 = none, 1 = 

macrophages lightly pigmented and 2 = macrophages heavily pigmented. Statistical 

significance of *=P<0.05, **=P<0.01, ***=P<0.001 was determined by two-way ANOVA.  
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Altered gene expression in response to allergen challenge  

 Lungs from 6, 24 and 72 hours post-HDM challenge were evaluated by 

microarray-based gene expression analysis (see methods for details). When the dynamics 

of gene expression at all three time points are taken into consideration, the total numbers 

of genes significantly up-regulated in the lungs for at least one time point from HDM and 

NbHDM mice were virtually identical (486 vs. 480) (Fig. 4.4A, B).  However, 

examination of the specific genes that were up-regulated revealed that only ~20% (n = 

99) were common to both the HDM and the NbHDM gene lists (Fig. 4.4A).  In contrast, 

lungs from NbHDM mice significantly down-regulated over twice the number of genes 

that were down-regulated in the lungs of the HDM-only mice (Fig. 4.4C).  While 25% of 

the 226 genes significantly down-regulated in HDM lungs were common to NbHDM, 

only ~12% of the 464 genes significantly down-regulated in NbHDM lungs were in 

common with the HDM expression profile. Thus, Nb-induced modulation of the 

immunological status of the lungs results in a dramatic change in the nature of the 

response to allergen challenge.   

Utilizing a simplified gene ontology classification system, the genes differentially 

expressed in HDM- and NbHDM-challenged lungs were grouped into functional 

categories (Fig. 4.4B, D; Appendix 6).  Approximately 30% of the genes significantly up-

regulated in the HDM lungs were associated with immune reactivity including 

immunoglobulin, MHC, cytokines and chemokines.  In contrast, only about 10% of the 

genes up-regulated in the NbHDM lungs were immunity-associated.  Conversely, 

significantly more immunity-associated genes were down-regulated in the NbHDM lungs 

compared to the HDM lungs (Fig. 4.4D).  This general trend for more genes to be up-
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regulated in HDM lungs and more genes to be down-regulated in NbHDM lungs was 

maintained for the other functional categories except for genes encoding proteins 

predicted to bind to nucleic acids (Fig. 4.4B, D; Appendix 6).  

 

 

 

Figure 4.4 

Nippostrongylus brasiliensis modifies global gene responses to allergen challenge.  

Venn diagrams showing the total numbers of genes up-regulated (Panel A) and down-regulated 

(Panel C) at 6, 24 and 72 hrs post-allergen (Der p) challenge in the lungs from NbHDM and 

HDM mice. A simplified gene ontology breakdown of those 867 up-regulated genes (Panel B) 

and 632 down-regulated genes (Panel D) in the lungs from NbHDM and HDM mice. 

 

Closer examination of the immune function genes significantly up-regulated in 

HDM mice and either down-regulated or unchanged in NbHDM mice (p<0.05) revealed 

surface markers and functional genes specific to granulocytes, lymphocytes and antigen 

presenting cells. A number of genes encoding antimicrobial effector proteins were up-

regulated, including those involved in the complement pathway (C1q, Cfb), granzyme A, 

ribonucleases (ear2, ear3) and calgranulins A and B (Table 4.1, Appendix 7).  
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Mice that were previously infected with Nb failed to transcribe over a dozen 

surface molecules that were robustly expressed in the lungs of HDM animals at all three 

time points post-challenge (Table 4.1, Appendix 7).  Decreased expression of Fc R1  

subunit dampens responsiveness to allergen challenge, as the gamma subunit of the IgE 

receptor has a critical role in bringing the Fc R to the cell surface [231]. Fc R1 is 

expressed on mast cells and basophils and is a key molecule in regulating 

hypersensitivity reactions [232].  Other receptors that were up-regulated in only HDM 

mice included multiple colony stimulating factors such as those for macrophages (csf1r), 

granulocyte-macrophages (csf2rb1) and granulocytes (csf3r) and well as the mannose 

binding receptor (mrc1). The suppressed transcription of these surface molecules in the 

NbHDM mice could contribute to the mechanism that results in a significant decrease in 

the pulmonalry reactivity in these animals.  

HDM challenge up-regulated a number of pro-inflammatory cytokines and 

chemokines, including IL-1ß, CCL5/RANTES, secretoglobin (Scgb3a) and lymphotoxin 

beta (ltb/LTbeta) (Table 4.1, Appendix 7), that were not expressed in lungs of NbHDM 

mice. The TNF family cytokine LT beta is expressed by lymphocytes and antigen 

presenting cells and is important in the formation of lymphoid follicles [233] as well as 

enhancing immune responses by promoting antigen presentation [234]. The difference in 

the levels of LT beta could account for the disparity in the number of solitary B cell foci 

observed between HDM and NbHDM lungs (data not shown) and for the significantly 

enhanced transcription of immunoglobulin-related genes (igh-5, igh-6, igj, igl-v1, pigr3) 

(Table 4.1, Appendix 7) in the lungs of HDM animals. 
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Table 4.1 

Timecourse evaluation of immune function gene suppression after allergen challenge in the 

lungs of mice previously infected with Nb.  

Affymetrix GeneChips were used to analyze whole lung responses to allergen challenge. Data was 

preprocessed using GC-RMA and fold change (FC) values were generated by Log10 expression 

differences as compared to baseline values. NbHDM mice were compared back to 36 dpi mice and the 

HDM mice were compared to age matched controls. Values represent the means of three mice per 

group.  Fold changes were only used if a minimum probe fluorescence intensity threshold of 150 was 

reached; those that did not are noted with an x.  Key: FC of >10, ++++; FC 4-9.99, +++; FC 2-3.99, ++; 

FC 1.5-1.99, +; FC 1.49-0.67, nc; FC 0.66-0.5, -; FC 0.49-0.25, --. Abbreviations: Cfb, complement 

factor b; Ag, antigen; DC, dendritic cell; ITIM, Immunoreceptor tyrosine-based inhibition motif; CSF, 

colony stimulating factor; Ig, immunoglobulin; nc, no change. 

 



 118 

A real time RT-PCR approach was used to validate the relative increases in the 

transcription of genes encoding cytokines and chemokines (Fig. 4.5).  At 6 and 24 hours 

post-allergen challenge, fold increases in the transcription of the genes encoding the Th2 

cytokines IL-4, IL-5, IL-13 and the chemokine CCL11 (eotaxin) were significantly 

higher in HDM lungs compared to the lungs from NbHDM mice.  The differences in the 

expression of these cytokines in the HDM and NbHDM lungs were maintained through 

72 hours post-challenge, but the differences were no longer statistically significant.  

NbHDM mice significantly down-regulated the expression of Th1 cytokines IL-12, IFN , 

and IL-1ß (Fig. 4.5), whereas HDM mice showed 2-4-fold increases in these Th1 pro-

inflammatory molecules. Nb-infected mice showed only a modest increase in IL-21 

transcription at 24 hours post-HDM (Fig. 4.5) over their elevated baseline expression 

(Fig. 3.2).  While there was a dramatic increase in the relative expression of IL-21 in the 

lungs of both groups that had not been infected with Nb (Fig. 4.5), the magnitude of this 

increase was driven by the exceedingly low baseline levels of IL-21 transcription in the 

control animals.  The lungs from NbHDM mice showed slightly higher total levels of IL-

21 transcription at both 6 and 24 hours post-challenge as compared with HDM mice (data 

not shown).  
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Figure 4.5 

N. brasiliensis-altered lung shows dampened immune responses after allergen challenge.  

Real time RT-PCR was used to measure gene expression in the whole lungs removed from 

control or Nb-infected mice 6, 24 or 72 hours post-challenge with either Der p or PBS. Fold 

change calculations for the Nb-infected groups were made based on the gene expression levels 

at day 36 PI.  Fold change calculations for the uninfected groups utilized expression levels of 

age-matched maintained in parallel with the infected groups.  Points represent the mean 

expression levels of 5 mice/group/time point.  Error bars represent the SEM.  Statistical 

comparisons were generated by a two-way ANOVA followed by Bonferroni posttesting. 

Comparison of HDM vs. NbHDM shown by *=P<0.05, **=P<0.01, ***P<0.001; HDM vs. 

PBS shown by †=P<0.05, ††=P<0.01, †††P<0.001; PBS vs. NbPBS shown by §=P<0.05. 
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Diminished airway hyperresponsiveness to allergen is seen in the helminth-modified 

pulmonary environment 

 To further assess the in vivo relevance of the cellular and molecular changes 

detailed in the lungs of Nb-infected mice to overall airway responsiveness, we tested 

pulmonary function after methacholine challenge in PBS (control), NbHDM and HDM 

mice at 24 hours post-allergy challenge. All mice were previously sensitized to HDM as 

described in Fig. 4.1. Examining the baseline (no methacholine) resistance in the lung 

showed that NbHDM mice were almost identical to the PBS-challenged control mice, 

whereas HDM mice had an elevated baseline resistance (p = 0.026) (Fig. 4.6A).  The 

mean dose of methacholine necessary for doubling airway resistance in HDM mice was 

about half that of PBS control animals and only ~25% the dose needed for NbHDM (p = 

0.025) (Fig. 4.6B). NbHDM mice maintained significantly lower airway resistance to 

methacholine throughout the dose-response window, falling lower than both the HDM 

challenged mice and the PBS control mice (Fig. 4.6C).  Thus, although Nb infection 

resulted in heightened baseline airway reactivity (Fig. 3.3), there was a dramatic 

reduction in the level of airway responsiveness in Nb-infected animals after a secondary 

challenge with HDM.   
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Figure 4.6 

Allergen-induced airway responsiveness is altered by a previous N. brasiliensis infection.   

Nb-infected and control BALB/c mice were sensitized and challenged to Der p as outlined in 

the Methods section and Figure 4.1.  24 hours after the second challenge, mice were sedated, 

intubated and placed on a ventilator to test their responsiveness to methacholine (MCh). Groups 

of six mice were used. Panel A - Baseline resistance in the lung before MCh challenge 

expressed as cm H2O.s/ml.  Panel B - Dose of MCh required to double the baseline resistance 

in the lungs.  Panel C - Dose response curve after incremental 1/2 log10 increases in MCh 

challenge. MCh was added for 10 seconds by nebulizer directly into the intake of the ventilator. 

Responses were normalized to a baseline resistance of 100.  Error bars represent SEM. Two-

way ANOVA analysis followed by Bonferroni post testing shown by **=p<0.01. 

 



 122 

Discussion  

 

Soil-transmitted helminths infect approximately 25% of the global population [6], 

with the highest concentrations seen in developing countries. The immunology of 

nematode infections has been extensively studied for over half a century [216, 235]. 

More recently, activation as well as suppression of immune responses [102, 236, 237] has 

been examined. One interesting aspect of helminth infections is the inverse relationship 

between epidemiologies of infection and allergic disease. The indirect immunological 

impact of nematodes on allergic responses has yet to be fully characterized molecularly 

in the lung, and mechanisms remain to be conclusively determined. Our studies provided 

biological evidence of the impact the rodent hookworm N. brasiliensis had on 

macrophage populations and effector cell reactivity to house dust mite allergen. We also 

propose that the mechanism involves an increased population of alveolar macrophages 

that are alternatively activated. Our work is the first to use a full genome microarray 

approach coupled with quantitative histopathological analysis to examine how helminths 

can alter the allergic response.  

A number of studies have used animal models to address the mechanistic issues 

that underlie the inverse relationship between the epidemiologies of helminth infection 

and allergic disease in human populations [99, 105, 238] and the immunological 

observations that preexisting helminth infections alters the magnitude and character of 

the immune responses to other pathogens and to vaccination [239-241]. Work by Wang et 

al. showed that an infection with Strongyloides stercoralis suppressed subsequent 

pulmonary allergic responses to ovalbumin [242]. Following these studies, Wohlleben et 
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al. used N. brasiliensis and ovalbumin to show that helminth infection controlled allergen 

specific Th2 responses which decreased eosinophils and eotaxin levels [226]. 

Schistosoma egg antigen [243] has also been proven to generate populations of regulatory 

T cells that can suppress allergic responses. Work by Wilson et al in 2005 was one of the 

first to attach a mechanism to the earlier background observations of allergic suppression. 

They identified the ability of adoptively transferred CD25+ regulatory T cells to 

downregulate allergen-induced lung pathology [99]. In order to develop regulatory T 

cells, upstream events need to occur. We believe that innate immune responses to 

helminth infections that have been shown to induce AAAMs [136] are the driving force 

in creating a suppressive environment.  

Chapters 2 and 3 showed substantial changes to the environment of the lung as a 

result of helminth migration. Recent work by Mangan et al. showed that helminth-

induced populations of B cells were one of the mechanisms by which allergen-induced 

airway hyperresponsiveness was reduced in Schistosoma infected animals [244]. In our 

model, a similar connection could be made regarding immunoglobulins and helminth 

infection. The Nb-altered lung showed numerous sustained responses including a 

persistent population of AAAMs (Fig 3.5). Alternative macrophages are speculated to be 

one of the players converting T cells into IL-10 producing regulatory T cells, which can 

trigger B cells to isotype switch into IgG1 producing plasma cells [22]. AAAMs and/or 

Tregs may be responsible for the elevated trend in IL-10 transcription (Fig 3.2), 

illustrating a pathway that for the increased transcription of general immunoglobulin as 

well as IgG1 heavy chain genes (Appendix 5). IL-21 also directly inhibits the production 

of IgE by inhibiting the germline transcription of C , which encodes the constant region 
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of IgE [223]. These observations collectively demonstrate that the Nb-altered lung may 

be using the same pathway observed in Mangan’s Schistosoma studies for reducing 

allergic responses.  

Eosinophils are prominent effector cells in triggering multiple aspects of 

experimental asthma [49]. Although eosinophils are a hallmark of the immune response 

to parasites and allergens, they have been shown to be immunoregulated by parasitic 

extracts as well [245]. Our data shows a dramatic and statistically significant decrease in 

the numbers of eosinophils present in the perivascular infiltration of NbHDM challenged 

mice. Eosinophils have been shown to communicate with mast cells in an IgE 

independent manner to trigger the release of proinflammatory molecules and perpetuate 

allergic inflammation [246]. Mast cells generate and release numerous mediators of AHR 

and the Th2 asthmatic response including leukotrienes, prostaglandin D2, histamine, 

proteases and cytokines [43, 44]. Specifically, mast cells release histamine following 

exposure to eosinophil products such as major basic protein (MBP), eosinophil cationic 

protein (ECP) and eosinophil peroxidase (EPO) [247, 248]. The ability of Nb to control 

eosinophil migration to the lung and subsequently diminish the chronic inflammation 

induced by mast cell degranulation is one way by which airway hyperresponsiveness is 

dampened. Increased levels of IL-21 observed in the post-infection lung help account for 

this, as IL-21 has been shown to decrease antigen-induced eosinophil recruitment into the 

airways of mice [218]. 

Our previous results showed a generalized increase in both immune status (Fig. 

3.2) and baseline airway resistance (Fig. 3.3) after infection but before allergen challenge 

in the lungs of Nb mice. Interestingly, when those mice are sensitized and challenged to 
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house dust mite allergen, their cytokine reactivity is controlled (Fig. 4.5) and their airway 

hyperresponsiveness is drastically diminished (Fig. 4.6A-C). Increases in Th1, Th2 and 

IL-21 cytokines, persistent populations of AAAMs and up-regulated transcription of the 

IgG1 heavy chain show these mechanisms as some of the ways in which helminths alter 

the environment in the lung to decrease subsequent allergic responses. Future work needs 

to explore further the connection between AAAMs and the subsequent regulatory 

environment that is established in the lung following helminth migration. The excessive 

population increase of AAAMs (Figs. 3.4 and 3.5) combined with their proven capacity 

as homeostatic regulators [131] seems to be the link that is missing in better 

understanding how nematodes can modulate responses to allergen. 
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Chapter 5  

AN IN VITRO MODEL FOR ANALYZING THE GENERATION AND 

FUNCTION OF ALTERNATIVELY ACTIVATED ALVEOLAR 

MACROPHAGES 
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Abstract 

 

Breathing air into our lungs is a requirement for life. This seemingly crude 

method of gas exchange also exposes a tremendously large surface area of mucosal space 

to foreign organisms and particulate matter with each breath. Alveolar macrophages 

(AMs), the tissue dwelling monocytes of the lungs, are the first to encounter the 

menagerie of items that pass the mechanical barriers of the nose and throat. AMs must be 

able to mount an effective immune response against invading pathogens as well as 

maintain homeostasis in the lungs to avoid excessive inflammatory responses.  In vivo 

data suggests that AMs can take on different phenotypes depending on the conditions of 

simulation.  Limited progress has been made in defining the mechanisms responsible for 

these phenotypic issues largely due to logistical difficulties in isolating a sufficient 

number of cells from the lungs that have not been activated by the isolation protocol.  To 

circumvent these logistical issues, an in vitro cell culture model was developed to study 

AM biology with specific emphasis on the generation of alternatively activated alveolar 

macrophages (AAAMs).  Utilizing the BALB/c AM cell line MH-S it was determined 

that LPS could be used to generate classically activated AMs (CAAMs) and that IL-4 was 

effective in producing AAAMs.  We examined the full transcriptome of AAAMs and 

CAAMs using microarray technology in an attempt to confirm previously described 

AAAM expression patterns and to identify new molecules associated with AM 

phenotypic change.  AAAMs up-regulated an entirely distinct group of transcripts 

including genes encoding Arg1, Ym1 and a number of repair and remodeling genes 
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whereas CAAMs up-regulated proinflammatory cytokines such as IL-1, IL-6 and IL-12.  

Both cell phenotypes up-regulated PDL-1/CD274. Exposure to Nippostrongylus 

brasiliensis larvae did not stimulate AMs directly to take on the AAAM phenotype, 

however, in the presence of eosinophils, MH-S cells were triggered to adopt an 

alternative phenotype characterized by the expression of the genes encoding Arg1, Ym1 

and Fizz1. 

 

Introduction 

 

Alveolar macrophages (AMs) comprise the first cellular line of defense in lung 

mucosal immunity, phagocytizing and processing microbial and particulate pathogens on 

respiratory surfaces [133].  AMs ingest foreign matter through a variety of surface 

receptors including Fc, complement, mannose and scavenger types [249]. This wide 

range of specificities makes the AM a highly versatile surveyor of the pulmonary 

landscape.  AMs have long been characterized as anti-inflammatory in nature largely 

through their role in dampening effector T cell functions to prevent excessive 

inflammatory responses [250].  The inherent anti-inflammatory nature of AMs [251] is in 

contrast to the proinflammatory macrophages found in the peritoneal cavity or spleen 

[252].  

There are subpopulations of macrophages with different effector functions based 

on differential activation of surface receptors by pathogen stimulus. Macrophages that are 

stimulated through their IFN-  receptor in the presence of certain pathogen-derived 
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molecules such as lipopolysaccharide (LPS) have been shown to develop into classically 

activated macrophages (CAMs).  The enhanced antimicrobial activity of CAMs is in part 

due to their ability to metabolize L-arginine into nitric oxide (NO) through inducible NO 

synthase (iNOS) [126, 127]. NO, oxygen and nitrogen radicals can all elicit extremely 

effective antibacterial and antifungal activities during the innate immune response [128].  

In the presence of IL-4 and/or IL-13, macrophages develop into an alternative 

phenotype [108], characterized by the surface expression of mannose receptor [107, 108], 

MHC II [108], Galactose-type C lectins mMGL1 [114], mMGL2 [114, 115], ß-glucan 

receptor and scavenger receptors MARCO and CD163 (haptoglobin) [116], and TREM-2 

(triggering receptor expressed on myeloid cells, 2) [117]. These alternatively activated 

macrophages (AAMs) play an important role in host immune defense and 

repair/remodeling of tissues [107].  AAMs process L-aginine, through an alternate 

pathway, using the enzyme arginase 1 (Arg1) to generate L-ornithine, eventually 

enhancing fibroblast proliferation and collagen production via downstream production of 

polyamine and proline molecules [129].  While early observations by Munder et al. 

showed the capacity of bone-marrow derived macrophages to differentiate into iNOS-

producing or arginase-producing cells based on the nature of the stimulus [197], to date,  

there are limited data demonstrating the phenotypic plasticity of alveolar macrophages. 

In 1989, Herscowitz et al. [253] created a BALB/c mouse cell line designated 

“MH-S” by SV40 transforming alveolar macrophages acquired from bronchoalveolar 

lavage.  MH-S cells were proven to be excellent targets for classical activation showing 

an efficient production of iNOS after stimulation with LPS [254].  The Herscowitz group 

published accounts of heterogeneity in the MH-S cell line speculating that these AMs 
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could develop into different subsets based on the variety of pathological situations 

confronted in the lung [255]. About a decade before this, it was shown that AMs isolated 

from rat lungs were also varied in function, and that this was dependant upon the mode of 

activation [256]. These differences in activation-based function and appearance may be 

attributed to the now recognized phenotypes of classical and alternative activation.  

In order to better understand the biological functions of alternatively activated 

alveolar macrophages (AAAMs) and classically activated alveolar macrophages 

(CAAMs), we used the MH-S cell line to develop an in vitro model system. Full genome 

expression analysis was employed to characterize the molecular signature of MH-S cells 

stimulated with IL-4 or LPS.  It was demonstrated that helminth larvae, which are able to 

stimulate massive production of AAAMs in vivo, require an intermediate cell type to 

trigger this phenotype in vitro. To our knowledge, this work is the first to characterize the 

developmental plasticity of AMs into AAAMs or CAAMs using cytokine, microbial and 

parasitic stimuli. These findings represent a new tool to carry out molecular and cellular 

studies to better define the role of AAAMs in regulating the mucosal microenvironment 

of the lung during host-pathogen interactions. 
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Materials & Methods  

 

Cell Lines and Parasites 

Raw 264.7 mouse macrophages (TIB-71; American Type Culture Collection 

(ATCC), Manassas, VA) are an Abelson murine leukemia virus transformed cell line 

derived from BALB/c mice. Cells were maintained in Dulbecco's modified Eagle's 

medium with 4 mM L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate and 4.5 

g/L glucose (ATCC) supplemented with 10% fetal bovine serum (ATCC) at 37˚C and 5% 

CO2. MH-S BALB/c alveolar mouse macrophages (CRL-2019; ATCC) are a transformed 

cell line derived from primary AMs that maintain the morphological and functional 

features of normal murine macrophages [253]. Cells were maintained in RPMI 1640 

medium with 2 mM L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate and 4.5 

g/L glucose (ATCC) supplemented with 10% fetal bovine serum (ATCC) at 37˚C and 5% 

CO2. For experiments using Raw 264.7 or MH-S macrophages alone, triplicate groups of 

10
6
 cells were plated on 6 well plates 18 hr before experimental manipulations. Cells 

were stimulated with 50 ng/ml IL-4 (BD Pharmingen, San Deigo, CA) or 1 g/ml LPS 

(Sigma, St. Louis, MO). 

Eosinophils were isolated from the peripheral blood of IL-5 transgenic mice that 

constitutively overexpressed an extra copy of the IL-5 gene under regulation of the CD3  

promoter [257]. These transgenic mice (line NJ.1638, developed by Nancy & Jamie Lee 

at the Mayo Clinic, Scottsdale, AZ [258] and obtained through Andrea Keane-Myers at 

the National Institute of Allergy & Infectious Diseases, Rockville, MD) have circulating 

eosinophilia levels that are 1000-fold higher than normal basal levels, resulting in 
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approximately 2x10
5 

eosinophils/ml of blood. Whole blood was removed via cardiac 

puncture into heparin-coated tubes, then placed in a 30-fold volume of Percoll E (9% 

HBSS, 1% 1M Hepes, 3% 0.1N HCL, 60% Percoll) (GE Healthcare, Piscataway, NJ) and 

spun at 2800 rpm for 45 min at 4˚C.  The buffy coat layer was extracted and placed into 

1x PBS containing 2% fetal bovine serum (FBS; ATCC) and spun at 1500 rpm for 3 min 

at 4˚C. The pellet was then resuspended in ACK lysing buffer (Biosource, Rockville, 

MD) to remove red blood cells.  In order to prevent cellular activation, a negative 

selection process was used to enrich the eosinophils.  Cells were suspended in MACS 

buffer (0.4% 0.5M EDTA, 2% BSA in 1x PBS) containing APC-conjugated antibodies 

that recognized B220, Thy1 and Ter119 (eBioscience, San Diego, CA) and incubated for 

20 min in the dark. Cells were pelleted and resuspended in 50 l of anti-APC iMag beads 

for 30 min to magnetically remove B cells, T cells and erythrocytes.  The preparation 

enriched for eosinophils was suspended in RPMI 1640 medium with 2 mM L-glutamine 

(ATCC) supplemented with 10% fetal bovine serum (ATCC) and the cells were counted 

using a hemacytometer. 

Infectious third-stage Nippostrongylus brasiliensis larvae were harvested from a 

fecal culture via a Baermann apparatus. Worms were washed five times with RPMI 1640 

containing 2% gentamicin sulphate (Invitrogen, Carlsbad, CA) and 2% penicillin-

streptomycin (Invitrogen).  Each wash lasted 30 min as worms were allowed to settle via 

gravity. After the final wash, larvae were resuspended in RPMI 1640 and counted.  

 

Transwell Experiments 

For experiments using MH-S AMs, NJ.1638 eosinophils and N. brasiliensis 
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larvae, a transwell system was used (Corning, Acton, MA). Triplicate groups of 10
6
 MH-

S cells were plated on the lower level of 6 well transwell plates 18 hr before experimental 

manipulations. 10
6
 Eosinophils and 10

3
 larvae were added gently into the transwell and 

allowed to incubate at 37˚C with 5% CO2 for 12 hr.  In order to visualize eosinophil-

worm interactions, an aliquot of the transwell layer containing 10
5
 eosinophils and 100 

larvae was resuspended in 1ml sterile PBS, placed in cytospin funnels (Fisher Health 

Care, Houston, TX) and spun onto glass slides for 6 min at 1000 rpm using a Shandon 

Cytospin 3 (Thermo Fisher Scientific, Waltham, MA).  The cytospin preparations were 

stained with 10% Accustain Modified Giemsa (Sigma) and examined using a Nikon 

Eclipse E800 light microscope (Nikon Inc., Melville, NY). Images were acquired using a 

SPOT RT CCD imager and software (Diagnostic Instruments Inc., Sterling Heights, MI). 

The remaining eosinophils and the lower chamber MH-S macrophages were processed 

for RNA extraction. Control conditions included unstimulated eosinophils in a transwell 

as well as MH-S cells in media alone. 

 

Gene Expression Analysis 

(i) Total RNA Extraction:  Cells were washed once with PBS, collected in Trizol 

(Invitrogen) and stored at -80
˚
C until RNA was extracted.  Total RNA was isolated as 

outlined by Reece et al. [136].  RNA quality was determined by RNA Nano LabChip 

analysis on an Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA).  An RNeasy total RNA 

cleanup protocol (Qiagen) was performed followed by spectrophotometric assessment of 

RNA concentration.   

(ii) Affymetrix GeneChip Protocols: Processing of templates and hybridization for 
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the Mouse 430 2.0 Array GeneChip (Affymetrix Inc, Santa Clara, CA) was in accordance 

with methods described in the Affymetrix GeneChip Expression Analysis Technical 

Manual, Revision Three, as previously described [162].  Following hybridization, the 

GeneChips were washed and stained in an automated fluidics station (Affymetrix FS450) 

and then assessed using the GCS3000 laser scanner (Affymetrix) at an emission 

wavelength of 570 nm at 2.5 m resolution.  Intensity of hybridization for each probe 

pair was computed by GCOS 1.2 software (Affymetrix). (For more detailed methods, 

please refer to the website of the Malaria Research Institute Gene Array Core Facility 

(MRI-GACF) at the Johns Hopkins Bloomberg School of Public Health 

http://jhmmi.jhsph.edu) 

(iii) Data Analysis:  Affymetrix CEL file data was preprocessed with the probe 

level GeneChip Robust Multi-Array Analysis (GC-RMA) [163] option in GeneSpring 7 

Software (Agilent Technologies). The data discussed in this publication have been 

deposited in the NCBI Gene Expression Omnibus (GEO, 

http://www.ncbi.nlm.nih.gov/geo) and are accessible through GEO Series accession 

number GSE6785 (Held for public release until October 31, 2007). Gene ontology 

analysis was performed using the National Institute of Allergy and Infectious Disease 

Database for Annotation, Visualization and Integrated Discovery (DAVID) functional 

annotation tool [259].  

(iv) Real Time RT-PCR: From each treatment group and time point, 1 g of RNA 

was reverse transcribed using the SuperScript First-Strand Synthesis System for RT-PCR 

(Invitrogen) using an oligo(dT) primer.  Resultant cDNAs were amplified for real-time 

detection with fluorogenic-labeled probes in assays specific for each target gene. 
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Quantitative real-time RT-PCR was performed using Applied Biosystems 7500 Real 

Time PCR system, TaqMan® Gene Expression Assays-on-demand (AOD) and TaqMan 

Universal Master Mix (Applied Biosystems, Foster City, CA). The following assays 

(Applied Biosystems product numbers) were used: Arg1 (Mm00475988_m1), FIZZ1 

(Mm00445109_m1), GAPDH (Mm99999915_g1), IL-1ß (Mm00434228_m1), IL-6 

(Mm00446190_m1), iNOS (Mm00440485_m1), Mrc1 (Mm00485148_m1), Ym1 

(Mm00657889_mH), Ym2 (Mm00840870_m1).  Reactions were performed using 1 l of 

cDNA in a 25 l sample volume and the following thermal cycler profile: 50˚C for 2 

minutes, 10 minute denaturation at 95˚C, 50 cycles of 15 seconds denaturation at 95˚C 

then 1 minute extension at 60˚C. Analysis was performed using the 7500 system SDS 

software package (Applied Biosystems). 

 

Western Blotting 

Total protein was collected from the organic fraction obtained during Trizol 

fractionation. Samples were added 1:1 to Laemmli sample buffer containing 2-

mercaptoethanol (BioRad, Hercules, CA) and boiled at 95˚C for 5 min to solubilize and 

reduce the proteins. One-dimensional gel electrophoresis was run under denaturing 

conditions on a 10-20% Tris-HCL polyacrylamide gel at 200v for 60 min in tris-glycine 

SDS buffer (BioRad).  The separated proteins were transferred to a 0.45 m 

nitrocellulose membrane (BioRad) in tris-glycine at 100 volts for 55 min.  After blocking, 

the membrane was probed using primary antibodies against YM1 (R&D Systems, 

Minneapolis, MN) or ß-Actin (AbCam, Cambridge, MA). Primary antibody binding was 

detected using species-specific, horseradish peroxidase-tagged secondary antibodies 
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(Pierce, Rockford, IL) followed by visualization using an ECL substrate (GE Healthcare). 

Signal was detected using an LAS-1000 phosphoimager (Fujifilm Life Science, 

Stamford, CT) and recorded using ImageGauge software (Fujifilm Life Science). 

 

Statistical Analyses 

Microarray data were analyzed using a one-way ANOVA with the variable of 

treatment condition. Differences were considered statistically significant if P<0.05. 

 

 

Results  

 

Raw 264.7 Macrophages Display Negligible Cellular Activation 

Raw 264.7 macrophages were initially chosen as the cell line for attempting to 

differentiate AAAMs and CAAMs. These cells are extremely common in the literature 

and have been used as a model macrophage cell line for in vitro manipulations since 1977 

[260] including for the production of AAMs [110]. Raw 264.7 macrophages (10
6
) were 

plated overnight and then challenged with IL-4, LPS, Nippostrongylus brasiliensis (Nb) 

L3 larvae or the excretory-secretory product of Nb, in addition to control well with media 

alone.  After 2, 4, 6, 12, 24 or 72 hr, macrophages were collected in Trizol for RNA 

extraction and protein analysis. None of the test conditions employed in this study 

yielded detectable transcripts for AAM (Arg1, Ym1, Ym2, Fizz1) or CAM genes (iNOS, 

IL-1, IL-6) (data not shown).  Raw 264.7 cells consistently yielded negative results over 
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multiple experiments using a range of concentrations of the activators. Additionally, no 

detectable Ym1 protein was found in either the supernatant or the cellular extracts of Raw 

264.7 macrophages as determined by immunostaining of Western blots (data not shown). 

Recent success in using MH-S cells activated by LPS [254] led us to try these 

cells as a model system. As our research is focused on pulmonary immunology, finding 

an AM cell line was more applicable although less common than the Raw 264.7 cell line. 

  

MH-S Alveolar Macrophages Show Phenotypic Plasticity 

To assess the capacity of MH-S cells to develop into either AAAMs or CAAMs, 

cells were pulsed with either IL-4 or LPS, respectively. Control conditions of media 

alone were used as a baseline for comparison. Transcriptional activity for a panel of 

alternative and classical genes were then used to assess the phenotypic status of the cells.  

IL-4 preferentially stimulated the transcription of the genes encoding Arg1, Ym1, Ym2, 

Fizz1 and Mrc1 (Fig. 5.1A), and LPS stimulated the expression of genes encoding for 

iNOS, IL-1ß and IL-6 (Fig. 5.1A). Ym1, a chitinase-like lectin molecule, is also known 

as eosinophil chemotactic factor L (ECF-L) [118] and has been shown to compose up to 

10% of the total transcripts in AAMs [119]. A closer look at the kinetics of ym1 

expression in IL-4 stimulated MH-S cells showed the presence of this transcript as early 

as 2 hr post-treatment and ym1 transcription remained elevated through 24 hr post-IL-4 

treatment (Fig. 5.1B). Ym1 protein was also identified at 6 hr post-IL-4 stimulation in 

MH-S cell extracts by immunostaining Western blots (Fig. 5.1C).  These results illustrate 

the plasticity of MH-S cells in readily adopting either the classical or alternative 

phenotype based on triggering stimulus. AAAM induction was rapid and stable, as 
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indicated by the transcription of ym1 (Fig. 5.1B). In order to characterize the functional 

differences between CAAMs and AAAMs on a larger scale, whole genome DNA 

microarray analysis was performed. 
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Figure 5.1 

Phenotypic changes in MH-S alveolar macrophages after IL-4 or LPS stimulation.  

10
6 

MH-S Alveolar macrophages were plated overnight and then challenged with either IL-4 as 

a Th2 stimulus or LPS as microbial Th1 activator. CON (control) group remained untreated 

with media alone for baseline comparisons. 12 hr after challenge, cells were harvested and 

processed for RNA to synthesize cDNA as well for and protein extraction. Panel A: Real-time 

RT-PCR was run on a panel of genes for alternative activation (Arg1, Ym1, Ym2, Fizz1, Mrc1) 

and classical activation (iNOS, IL-1ß, IL-6) plus the housekeeping gene GAPDH. Panel B: 

Timecourse showing the kinetic response of Ym1 production after IL-4 stimulation. Panel C: 

Western blot on nitrocellulose 6 hr post challenge using primary antibodies for Ym1 protein 

followed by horseradish peroxidase conjugated secondary antibodies and visualized using ECL 

substrate. ß-actin is shown as a loading control. Replicates of 3 samples per group are shown ± 

SEM, representative of multiple experiments. 
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Transcriptional Comparison of MH-S Generated AAAMs and CAAMs 

An analysis of the differences in the transcriptional responses between 

alternatively (IL-4) and classically (LPS) activated of MH-S AMs was done using 

Affymetrix GeneChip® microarray technology. Samples from control (untreated), IL-4- 

and LPS-stimulated MH-S cells were collected 12 hr after treatment and processed for 

microarray with real time RT-PCR validation. GC-RMA preprocessed data was analyzed 

using a 1-way ANOVA analysis to find genes that differed based on their treatment with 

IL-4 or LPS. Genes were then filtered to exclude any that showed less than a 1.5-fold 

increase or less than a 2-fold decrease in expression.  Using these criteria, 94 and 352 

genes were found to be up-regulated in the IL-4 and LPS-treated MH-S cells (Fig. 5.2A, 

Appendix 8 for the complete list of genes).  

Prominent among the genes that were highly up-regulated by IL-4 were all the 

major genes encoding molecules associated with alternative activation of macrophages, 

including Arg1, Mrc1/CD206, Ym1/Chi3l3, Ym2/Chi3l4 and Fizz1/Retnla (Fig. 5.1A, 

5.2A), which classifies these cells as AAAMs.  Genes that were significantly up-

regulated in consort with the AAM-associated transcripts included genes encoding 

proteins involved in growth and remodeling such as Igf1 (insulin-like growth factor 1), 

Flt1 (vascular endothelial growth factor receptor) and Dtr/Hbegf (heparin-binding EGF-

like growth factor) (Fig. 5.1A). LPS induced a very different gene profile, with IL-6, IL-

1  and IL-1 , Csf2/GM-CSF, iNOS/Nos2 and IL-12 being among the transcripts most 

highly expressed (Fig. 5.2A). These genes are the key molecular markers for classical 

activation of macrophages, defining this population of cells as CAAMs.  LPS-triggered 
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CAAMs also up-regulated the genes encoding proinflammatory mediators such as TNF , 

MMP9 (matrix metalloproteinase 9), CXCL2/Mip2 and Fpr-rs2 (the low-affinity receptor 

to N-formyl-methionyl peptides) (Fig. 5.2A) consistent with their functionality as anti-

bacterial effector cells.  

Twenty-three genes were up-regulated in both IL-4 and LPS-treated cells (Fig. 

5.2A). Of the common genes, the highest co-expression was in Pdcd1lg1 (programmed 

cell death ligand 1; PDL-1/CD274) with a fold change of 4.9 in both groups. This 

molecule is thought to downregulate T cell activation and effector functions, as shown by 

its suppressive activity in alternative macrophages [261] as well as being highly 

expressed on the surface of classically activated macrophages [262]. IL-1ß fell into the 

co-expressed category because of its 2.7-fold increase in expression after IL-4 treatment, 

but this expression is minimal compared to the 134-fold increase in the LPS-treated 

CAAMs. Other genes that were modestly up-regulated in AAAMs but robustly up-

regulated in CAAMs included MMPs 12 and 13, Ptgs2 (prostaglandin-endoperoxide 

synthase 2) and AV244175 (98% identity of its 528 nucleotides to Slc7a2, a permease 

involved in the transport of the cationic amino acids arginine, lysine and ornithine). 

Collectively, the genes up-regulated by both IL-4 and LPS appear to fall into lung 

homeostasis categories, fitting closer to the profile of AAAMs while showing some of the 

self-controlling mechanisms of CAAMs. An additional homeostatic gene, Ch25h, was 

co-expressed in AAAMs and CAAAMs (Fig. 5.2A).  Ch25h uses cholesterol to catalyze 

the formation of 25-hydroxycholesterol, a molecule shown to be anti-inflammatory in 

irritant and allergic contact dermatitis models [263]. 

Stimulation of MH-S cells with IL-4 selectively down-regulated a limited number 
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of genes (10) compared to LPS stimulation (124) (Fig. 5.2B). All 6 of the annotated 

genes that were significantly down-regulated by IL-4 treatment were significantly up-

regulated by LPS treatment. No significant trends were discernable from the assortment 

of genes down-regulated in the CAAMs. 
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Figure 5.2 

Transcriptional profiles of alternatively and classically activated alveolar macrophages. 

See panel B for figure legend. 
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Figure 5.2  

Transcriptional profiles of alternatively and classically activated alveolar 

macrophages (continued).  

MH-S alveolar macrophages were challenged with either IL-4, LPS or media alone and 

harvested 12 hr later. Whole genome microarray analysis was performed using 

Affymetrix GeneChips followed by GC-RMA preprocessing and 1-way ANOVA 

statistical analysis. Genes with a p<0.05 were then examined for overlapping expression 

using Venn diagrams. Panel A: Fold changes of the top 25 genes up-regulated within 

each Venn subset. Panel B: down-regulated genes. Fold changes represent differences as 

compared to untreated control cells in media alone. 
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 The molecular functions of genes identified in Fig. 5.2 were grouped into gene 

ontology (GO) categories using the Visualization and Integrated Discovery (DAVID) 

functional annotation tool [259] available at http://david.abcc.ncifcrf.gov. The very 

different activation and effector functions of AAAMs and CAAMs were reflected in the 

dichotomy of ontological classifications. Signaling through the IL-4R resulted in the 

upregulation of 4 times the number of signal transduction-associated genes compared to 

LPS signaling through TLR4/CD14/MD1 (Fig. 5.3A). CAAMs up-regulated 9 times 

more cellular process genes (iNOS, IFN R2, proteosome26s for example) than 

AAAMs did, presumably as a result of internalizing and processing lipopolysaccharide. 

Over 50% of the genes up-regulated in both AAAMs and CAAMs displayed binding 

functions, half of which were related to protein binding (or, related to protein-protein 

interactions of cell surface receptors) (Fig. 5.3A), underscoring the enhanced phagocytic 

capacity of these macrophages. Of the down-regulated genes, only LPS-stimulated 

CAAMs are presented (Fig. 5.4B) as the 10 genes down-regulated from IL-4 treatment 

did not group into informative clusters.  

Comparing the expression levels of the top 50 up-regulated genes from IL-4 (Fig. 

5.3C) or LPS stimulated MH-S cells (Fig. 5.3D) with the expression levels of the same 

genes from the alternate treatment demonstrates the exclusive nature of the early 

transcriptional profiles of AAAM and CAAM. With very few exceptions, the genes that 

have enhanced expression in response to IL-4 are either unchanged or down-regulated in 

LPS-treated cells and vice-versa, as displayed by the trends seen in Fig. 5.3C-D.   
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Figure 5.3 

Differential gene expression between AAAMs and CAAMs, two functionally different subsets of 

alveolar macrophages.  

The transcriptional activities of MH-S cells after 12 hr of stimulation with either IL-4 (AAAMs) or 

LPS (CAAMs) were categorized by their gene ontology classifications within the biological process 

and molecular function groupings. Panel A: Up-regulated genes, panel B: down-regulated genes. Gene 

lists of the top 50 genes expressed in response to IL-4 or LPS were generated and expression levels 

compared. Panel C: Genes up-regulated by IL-4 and their corresponding expression in LPS treated 

cells. Panel D: Top 50 genes up-regulated by LPS and their corresponding expression in IL-4 treated 

cells.  

 

 The transcriptional analyses performed on IL-4-induced AAAMs and LPS-

induced CAAMs clearly outlined the differences between these two populations of cells. 

In general, genes associated with anti-inflammation, repair and remodeling were up-

regulated in the AAAMs where CAAMs focused on internalization of LPS and 

transitioning to anti-microbial NO producing effector cells. The next goal was to see if 

nematode larvae could induce the alternative activation of out MH-S macrophages as was 

previously seen in alveolar macrophages in vivo. 
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AAAMs Require an Intermediate Cell for Activation by Helminth Larvae 

Previous studies showed that AMs are rapidly induced to take on the AAAM 

phenotype by Nb larvae as they migrate through the lungs of mice [136]. We attempted to 

reproduce this phenomenon using our in vitro system with MH-S alveolar macrophages. 

We hypothesized that the parasite may produce a molecule(s) that serves as a ligand for a 

receptor on the surface of the AM to directly induce the AAAM phenotype. Using a 

transwell system, 10
6
 macrophages were plated in the bottom chamber and 100-1000 L3 

stage Nb (the stage of Nb that enters the lung) were placed in the upper chamber. The 

porous membrane between worm and macrophage allowed full passage of media plus any 

soluble mediators released by the larvae.  A 12-hour exposure to either 100 or 1000 Nb 

L3s resulted in no detectable increase in the transcription of genes associated with the 

AAAM phenotype - arg1, ym1, ym2, fizz1 and mrc1 – where IL-4 under the same 

conditions induced all of these genes (Fig. 5.4).  It is important to note that the Nb larvae 

were alive and highly motile over the entire incubation period.  Neither IL-4 nor Nb 

induced the transcription of the IL-10 gene.  A variety of conditions and concentrations 

were tried, yet none elicited any effect on the AMs, including the removal of the 

transwell for direct cell to worm contact (data not shown).  
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Figure 5.4 

Transcriptional analyses of AAM genes in MH-S alveolar macrophages exposed to 

nematode larvae.  

10
6 

MH-S cells were plated overnight and then exposed to IL-4, LPS or Nippostrongylus 

brasiliensis (Nb) infectious third-stage (L3) larvae. Low dose of Nb = 100 L3, high dose = 1000 

L3. Larvae were suspended in a transwell above MH-S cells to allow full transfer of media 

without cellular contact between worm and macrophage. 12 hr after exposure, cells were 

harvested for RNA and the transcription levels of the genes encoding Arg1, Ym1, Ym2, Fizz1, 

Mrc1 and IL-10 were tested using real time RT-PCR.  Each bar represents the mean (± SEM) of 

triplicate measurements. Results are representative of multiple experiments. 

 

Because neither Nb excretory-secretory product (NES) nor Nb surface-associated 

molecules were able to directly induce the AAAM phenotype in the MH-S cells, we 

hypothesized that an intermediate cell was needed to trigger AAAM activation (Fig. 

5.5A). When choosing an intermediate cell type, eosinophils seemed a logical choice due 

to their importance in helminth infections and lung immunity [30, 52, 264].  Eosinophils 

have also been shown previously to be innate sources of IL-4 and IL-13, as these cells 

store preformed transcripts of these cytokines and are able to produce and release the 

protein very quickly [64].  Eosinophils are one of the least common cells found in the 
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peripheral blood of normal mice, so in order to obtain the number of eosinophils needed, 

the IL-5 transgenic NJ.1638 mouse was used. The T cells from the IL-5 transgenic mice 

constitutively produce this cytokine from a copy of the IL-5 gene under control of the 

promoter for CD3 ,  which results in a constant elevation in eosinophils in the peripheral 

blood [257]. Peripheral blood was collected, separated by a percoll gradient and then 

lymphocytes and erythrocytes were removed by positive selection using magnetic beads. 

This left a large negative fraction of cells with multi-lobed nuclei and granular 

cytoplasms consistent with eosinophils (Fig. 5.5B). When placed in contact with 

infectious L3 N. brasiliensis, the eosinophils attached tightly to the worm’s cuticle (Fig. 

5.5C). Eosinophil morphology appeared to show degranulation and only a nucleus 

remained visible on many of the cells that were attached.  Associated with eosinophils 

that had degranulated, the cuticle of the larvae was raised and locally deformed as if the 

eosinphil granule contents had damaged the surface covering of the worm.  This 

observation is consistent with previous reports of the ability of eosinophils to cause 

alterations to the epicuticle and cuticle of nematodes [265, 266].  
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Figure 5.5 

Eosinophils interact with the surface of infectious helminth larvae.  

Panel A: N. brasiliensis does not directly trigger the conversion of alveolar macrophages to 

AAAMs but may do so through an intermediate cell type. Eosinophils were isolated from the 

peripheral blood of IL-5 overexpressing mice (see materials and methods). Panel B: Giemsa 

stained cytospin viewed at 100x of the negative fraction containing eosinophils after isolation 

protocol. Panel C: Exposure of eosinophils to infectious L3 larvae results in tight binding of the 

eosinophil to the cuticle of the worm. The majority of eosinophils appear to have released their 

granular cytoplasmic contents. Cytospins were stained in Giemsa and viewed at 100x.  

 

To determine if the products released by eosinophils would trigger AMs to adopt 

an alternative phenotype, we added purified NJ.1638-derived eosinophils to Nb larvae in 

the upper chamber of the transwell system (Fig. 5.6A).  RNA from the MH-S cells in the 

bottom of the transwell system were extracted and cDNA were synthesized for real time 

RT-PCR analysis of the alveolar macrophage’s transcriptional activity. After 12 hr of 
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exposure, transcription of arg1, ym1 and fizz1 was significantly up-regulated in the wells 

containing eosinophils plus Nb L3s (Fig 5.6B). These markers classify the MH-S AMs as 

being converted to AAAMs through products released by the eosinophils. While the level 

of arg1 transcription was significantly lower than the IL-4 control, the expression level of 

fizz1 in the wells exposed to Nb plus eosinophils nearly twice that seen for the IL-4 

control (Fig 5.6B).  Consistent with previous observations, Nb L3 alone did not induce 

the AAAM-associated transcripts. Multiple attempts were made to collect and isolate 

RNA from the eosinophils to evaluate their transcriptional activity, but none were 

successful. Eosinophils are very short-lived cells, and removing them for experimental 

manipulations likely reduces their longevity even more. This minimal life span coupled 

with the instability of RNA accounts for the failure to isolate eosinophil RNA.  
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Figure 5.6 

Eosinophils are an intermediate cell type that can trigger alternative activation of alveolar 

macrophages.  

Using a transwell system, MH-S alveolar macrophages were plated overnight and then exposed 

to 1000 L3 N. brasiliensis larvae with or without eosinophils in the upper transwell (Panel A). 

IL-4, LPS and eosinophils alone were used as controls. After 12 hr MH-S transcription of the 

AAM genes Arg1, Ym1 and Fizz1 was analyzed using real-time RT-PCR (Panel B). Results are 

the means of triplicate samples ± SEM. 
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Discussion  

 

The ability to develop from a resting state to an activated effector state is a 

hallmark of several important immune cells including lymphocytes, dendritic cells and 

macrophages.  The human body encounters a massive variety of pathogens and abiotic 

stimuli, especially on the key mucosal surfaces of the lung and the gut.  In order to 

combat potentially harmful invaders as well as control innocuous challenges, 

macrophages have evolved different effector pathways based on the nature, complexity 

and duration of activation signals.  Classically activated macrophages are innate cells that 

can respond to microorganisms quickly and effectively. Alternatively activated 

macrophages are more involved with regulation, repair and remodeling activities and 

follow an anti-inflammatory, homeostatic pathway as opposed to the “seek and destroy” 

style of the classically activated macrophage. A third type of macrophage has been 

described as well, designated the Type II activated macrophage.  Type II macrophages 

have been generated from bone-marrow progenitor cells via ligation of Fc  receptors on 

their surface in the presence of antigen mediate a Th2-dominant response from T cells 

[267]. It is not currently known if this phenotype can be generated from alveolar 

macrophages. The multiple pathways of activation and responses that macrophages are 

capable of demonstrate their complexity and importance in the immune response. 

Classically activated macrophages are crucial in battling infectious 

microorganisms such as bacteria and viruses. CAMs have the ability to generate potent 

reactive nitrogen and oxygen radicals as well as nitric oxide. These molecules are able to 

specifically target bacterial cell walls [128], bacterial DNA [268] and viral RNA [269]. 
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Our data showed a strong upregulation of iNOS, an enzyme that is essential for the 

production of NO from L-arginine after stimulation with LPS. CAAMs do not operate 

exclusively through pathway upregulation, as evidenced by the large number of 

transcripts that these cells down-regulated in response to LPS. Reduced transcription of 

genes such as the one that encodes CCL24/Eotaxin2, indicates that  CAAM’s are 

typically not participants in Th2 responses.   

One molecule that has not been traditionally associated with macrophages is Fpr-

rs2/Fpr2, the low-affinity receptor to N-formyl-methionyl peptides [270] which are 

powerful chemotactic factors for neutrophils [271]. This receptor has been reported on 

microglial cells [272],  neutrophils and dendritic cells [271], but not previously on 

activated macrophages. Although microglial cells are derived from the same myeloid 

progenitor cell as activated macrophages, embryonically they migrate to the central 

nervous system and are considered a distinct cell type [41]. We found fpr2 to be up-

regulated over 20-fold after LPS stimulation in our CAAMs (Fig. 5.2A), a novel 

discovery showing an additional way that CAAMs participate in the proinflammatory 

antimicrobial process.  CAAMs showed a 2.4-fold upregulation of the costimulatory 

molecule CD80, but no significant differences in MHC expression. CAAMs are usually 

considered to be competent antigen presenting cells, but perhaps additional stimulus such 

as IFN-  is needed in addition to LPS. 

AAMs have been previously shown to act as anti-inflammatory cells triggered 

during Th2 responses [236] and help generate a regulatory environment in the lung that is 

still being defined. Our data confirms the previous observations that arg1, fizz1, ym1, 

ym2 and mrc1 are associated with alternative activation. We also discovered transcripts 
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that have not previously been associated with AAMs, but follow in line with the effector 

functions assigned to these cells. The 13.6-fold upregulation of cish (cytokine inducible 

SH2-containing protein) is an example of one of these novel proteins. Cish is an anti-

inflammatory SOCS (suppressor of cytokine signaling) protein that functions by 

inhibiting signal transducer and activator of transcription 5 (STAT5). The 

proinflammatory properties of STAT5 outside of the macrophage include participation in 

IgE mediated mast cell function [273], mast cell proliferation and development [274] as 

well as its participation in lymphocyte proliferation during asthmatic / allergic responses 

[275, 276]. Within the AAAM, Cish may decrease responsiveness to IFN-  stimulation, 

by limiting the production of inflammatory mediators such as TNF , or through another 

previously undocumented way of controlling airway inflammation. AAAMs also showed 

a 1.6-fold increase in the transcription of the Fc RII receptor which contains an 

immunoreceptor tyrosine-based inhibitory motif in its cytoplasmic region [277] 

(Appendix 8).  This shows a similarity between AAAMs and Type II macrophages, 

further supporting the notion that AAAMs may be a hybrid subpopulation of their own 

and distinct from other macrophages previously described as well as documenting 

another suppressive method of their functionality. 

AAAMs contribute to wound repair and remodeling activities [116, 132] 

primarily through their use of Arg1 in the metabolism of L-arginine that results in 

downstream generation of prolines and polyamines [125]. Previously unrecognized genes 

that are transcribed by AAAMs and assist in the repair and remodeling of lungs include 

Igf1 (insulin-like growth factor 1), Flt1 (vascular endothelial growth factor receptor) and 

Dtr/Hbegf (heparin-binding EGF-like growth factor).  Collectively these growth factors 
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and receptors work in concert with the downstream products of L-arginine metabolism 

helping the AAAM maintain homeostasis in the lungs. The pulmonary migration of 

nematodes causes significant mechanical damage in the lungs and additionally generates 

large numbers of AAAMs [136]. Identifying these additional transcripts of alternative 

activation allows more substantial characterization of these cells as anti-inflammatory, 

repair and remodeling cells in the lung. 

Our previous work demonstrated that macrophages in the lungs of both wild-type 

and SCID BALB/c mice have a baseline status that is slightly shifted towards the 

alternative phenotype, as evidenced by their low level constitutive production of Ym1 

[136].  Given the anti-inflammatory character of AAMs, this skewing is logical.  

Harmless environmental antigens are constantly bombarding the mucosal surface of the 

lung and reacting to everything would be highly detrimental to the host. Perhaps the low 

level constitutive production of Ym1 is also an evolutionary artifact of the helminth 

infections that were endemic in ancestral humans. The host production of Ym1 

(originally described as an eosinophil chemotactic factor) and CCL12 (chemokine is 

produced before eotaxin and is strongly able to recruit eosinophils [278]) suggests a link 

between AAAMs and eosinophils. Eosinophils also are excellent innate sources of IL-4 

and IL-13, feeding back into the alternative activation loop.  The initial results derived 

from the MH-S culture system suggest that, in vivo, the rapid switch from AM to AAAM 

induced by nematodes require eosinophils (or some other host cell) to produce a soluble 

factor(s). A strong positive feedback loop probably exists between alveolar macrophages, 

eosinophils (or other innate granulocytes) and parasites. The rapid influx of eosinophils 

and alternative activation of macrophages during parasitic infection is an orchestrated 
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host response that is potentially desired by the parasite to generate AAAMs in the lung 

and create a dampened host environment allowing the helminth to molt and move along 

with less immunological distraction. 

AAAMs express Ym1, Ym2 and AMCase (acidic mammalian chitinase) at very 

high levels in the lung during allergic and parasitic responses. Ym1 is the best described 

of these proteins, with putative functions of directly binding incoming pathogens, 

assisting in extracellular matrix deposition [192] and recruitment of eosinophils [118]. 

Ym1/Ym2/AMCase are members of a family of proteins that have homology to the 

chitinases of lower organisms, but have no enzymatic activity [168, 172]. Chitin is the 

second most abundant organic compound in nature, found in the exoskeletons of insects, 

in the cell walls of some fungi, molds and yeasts [279] and in the egg shells of nematodes 

[280]. Chitinases are thought to play a role in host defense against chitinous human 

pathogens [281], a function exemplified by AAAM expression of Ym1/Ym2/AMCase by 

AAAMs in the lung during allergic and parasitic responses.  

The exact pathway through which eosinophil-derived products triggered 

alternative activation of our MH-S cells remains to be elucidated. The most obvious 

choice would be through IL-4 and/or IL-13 production, but these cells also release a 

myriad of other molecules that could trigger alternative activation. Some of the mediators 

secreted by eosinophils upon activation include eosinophil peroxidase, major basic 

protein, eosinophil cationic protein, eosinophil-derived neurotoxin, macrophage 

inflammatory protein-1alpha, leukotrienes and an array of cytokines (reviewed in [49]). 

There currently are no references to specific eosinophil products stimulating alternative 

activation of macrophages, making this a prime area for future studies.  In addition to 
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eosinophils, other cells that are found in the lung could be responsible for triggering 

AAAMs in vivo. These include granulocytes such as basophils and mast cells or 

lymphocytes such as CD4+ Th2 cells. These cells are all known to release both IL-4 and 

IL-13, either of which can trigger alternative activation. The recently described cytokine 

IL-21 has also been implicated in amplifying the alternative activation of macrophages 

[124] and is another area for future studies. 

 The understanding of alveolar macrophage immunology is just beginning. The 

importance of these cells in the lung is undisputed and characterizing their 

subpopulations will be of great benefit to both basic and medical science. It is our hope 

that within the unknown boundaries of AAAM biology will lay the key to harnessing its 

ability to suppress harmful immune responses. Armed with that knowledge, scientists 

may be able to find a way to reduce everything from allergies to autoimmunity. 
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Helminth-Induced Changes In Pulmonary Immunity 

 

The work presented in this dissertation contributes to the body of knowledge 

regarding the molecular and cellular determinants of innate and adaptive pulmonary 

immune responses to helminth infection and the subsequent impact this immunity has on 

allergic challenge. The results presented here are the first to define the innate immune 

responses to the migratory phase of a helminth parasite through the lungs. Additionally, a 

novel in vitro model is presented that will facilitate defining specific molecular aspects of 

the development and function of alternatively activated macrophages and their 

contributions to the control of pulmonary inflammation.  

 

What are the early immune responses in the lungs to Nippostrongylus brasiliensis? 

Although N. brasiliensis has been used extensively as a rodent model of helminth 

infection, there is very little immunological information available concerning the 

pulmonary phase of its life cycle. This rat parasite, which was mouse-adapted by 

Wescott et al. in 1966 [282], has been used for almost three decades as the model Th2-

inducing parasitic infection as well as a reasonable laboratory model for human hookworm 

infections. In the BALB/c mouse, 56% of the input larvae are recoverable from the lungs 

on day 2 post-infection and 43% are recoverable from the intestine on day 8 post-

infection [140]. This shows that a large number of parasites are efficiently migrating 

through the lungs, the majority of which survive and become adults in the gut. 
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Investigators have largely overlooked the immunological responses that result from the 

rapid passage of helminth larvae through the lungs, so characterizing these activities was 

the primary goal of this work. 

When analyzing the innate immune response data, the most dramatic elevation in 

gene expression was seen in transcripts associated with alternatively activated 

macrophages; arg1, ym1, ym2, fizz1 and mrc1 were all highly expressed in whole lung 

samples (Fig. 2.4, Table 2.1). Previous work has shown that FIZZ1, YM1 and YM2 and 

ARG1 are the most prominently expressed genes in AAMs during nematode infections 

[108, 120]. AAMs process L-arginine using the enzyme arginase (ARG1) [129] which is 

now recognized as one of the most definitive markers for alternative activation [121]. 

This work confirms these previous observations concerning nematode-induced AAM 

gene expression, as well as shows YM2 expression in the lung as a result of helminth 

infection. YM2 was previously only associated with the gut [168] in the context of 

helminth infection, but was shown in the bronchoalveolar lavage of allergy-induced mice 

[170].  The significance of YM2 expression in the lungs is not clear. 

Previous work has described AAMs outside of the lung – including the peritoneal 

cavity, plural cavity, bone marrow and peripheral blood – induced by many different 

parasites including nematodes [131, 168, 188, 191], digenetic trematodes [110, 199, 200], 

cestodes [201, 202] and protozoa [120, 203]. Although some studies did show YM1 and 

FIZZ1 expression in the lungs [168], there was never an explicit connection made with 

the cell type secreting these molecules. The data presented in Chapter 2 is the first 

account describing a unique cell type, the alternatively activated alveolar macrophage 
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(AAAM) and contributes to the growing field of macrophage biology by characterizing 

the alternatively activated macrophage in the lung. The constitutive expression of YM1 in 

the lung was described previously [191], and confirmed here by using 

immunocytohistochemistry to show that AAAMs are producing this molecule (Fig. 2.5), 

and that approximately 15% of resting AMs appear to be alternatively activated from 

their YM1 expression.  This constitutive presence of AAAM in the lungs is probably due 

to the day-to-day environmental exposures of aerosolized antigens derived from food and 

bedding.  If this is the case, then maintaining animals under stringent air quality standards 

would result in a significant reduction in the baseline levels of YM1-producing AAAMs 

in the lungs. 

The source of the dramatic increase in numbers of AAAMs resulting from Nb 

migration could be conversion of resident AMs or an influx of new macrophages that 

adopt the alternative phenotype.  The rapidity with which the AMs take on the 

alternatively activated phenotype after Nb exposure favors the hypothesis that the 

resident cells are changing phenotype, but rapid immigration of cells into the lungs 

cannot be excluded.  Trafficking studies to determine the source of these macrophages 

would be important in future work. 

An interesting aspect of the AAAMs discovered in the lung is related to their 

activation. The most common alternative activation pathway described is through IL-4 

and/or IL-13 signaling through the IL-4r  chain and STAT6 [108]. The rapid induction 

of AAAMs during helminth infection raises the question about the source of these Th2 

cytokines, as the WT response was too rapid for CD4+ T cells and SCID mice, which 

lack T cells altogether, showed substantial IL-13 levels 2 days post-infection (Fig. 2.4). 
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While the possibility exists that there are pathogen associated molecular patterns 

(PAMPs) either on or secreted by the worm capable of triggering AAAM activation 

without Th2 cytokines, our in vitro data suggests that this direct interactions between 

worms and macrophages do not occur. An innate cellular source of Th2 cytokines is 

highly likely, as eosinophils, basophils and mast cells (Fig. 6.1) have been shown to not 

only produce IL-4 and IL-13, but also to store pre-formed transcripts of these cytokines 

[64]. When we added eosinophils to our in vitro system with Nb, AAAMs were 

generated. The exact stimulus responsible for this activation remains to be determined 

and is a goal for future studies. Additionally, the cellular source of IL-13 found 2 days 

post-infection in SCID mice is another area requiring more work. 

 



 164 

 
 

Figure 6.1 

Cellular Sources of IL-4 and IL-13.  

The traditional source of Th1 and Th2 cytokines lies within the adaptive immune response and 

CD4+ T cells. There are innate sources of Th2 cytokines as well, as granulocytes such as mast 

cells, eosinophils and basophils have been shown to produce IL-4, IL-5 and IL-13. 

 

 

Inflammation in the lungs is regulated in part by dendritic cells [283], but alveolar 

macrophages seem to be the local cells most responsible for maintaining homeostasis 

[284]. Resolution of inflammation in WT verses SCID mice after Nb pulmonary 

migration appears to be T cell mediated, as shown from histological examination of the 

lungs (Fig. 2.1A-H). SCID mice failed to clear the inflammatory cells and residual 

erythrocytes present 8 days post-infection (Fig. 2.1H). The causative relationship 

between a lack of lymphocytes and failure to clear inflammation is an area that requires 

further exploration. The lack of chemokines or cytokines may be a factor, but the 

complexities of the whole lung organ system create a broad range of possible 
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mechanisms. The comparative impact of the helminth itself and/or its excretory-secretory 

products versus the focal mechanical damage caused by pulmonary migration is another 

area that needs study. 

 

Who regulates the pulmonary regulators? 

Recent literature has identified CD4+CD25+ regulatory T cells (Tregs) as one of 

the mechanisms responsible, at least in part, for generating a regulatory environment in 

pulmonary [285-288] and intestinal [289-291] inflammation.   While there is little dispute 

that Tregs have the capacity to downregulate allergic responses [97-99, 161, 292], an 

important step occurring before their contribution has yet to be defined. What regulates 

the regulators?  The large population of AAAMs that ensues within hours of contact with 

migratory larvae are hypothesized to set the stage for a suppressive environment in the 

lung directly [131] as well by inducing Tregs [96, 102]. The functional capabilities of 

AAAMs are numerous and quite diverse. Their central role in the lungs can be visualized 

as a compass, with arms pointing the AAAM in the right direction to maintain pulmonary 

homeostasis (Fig. 6.2). These arms include contact-mediated suppression, repair and 

remodeling of airways, recruitment of eosinophils for anti-helminth responses and 

generating regulatory T cell populations.  
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Figure 6.2 

Alternatively Activated Alveolar Macrophages: Center of the Regulatory Compass 

Guiding the Lungs.  

AAAMs function in the lung as regulatory, repair and remodeling cells. Lymphocyte and 

eosinophil chemotaxis contribute to anti-helminthic activities as well as providing a positive 

feedback loop of IL-4 and IL-13 for additional AAAM activation. The intracellular processing 

of L-arginine by Arg1 provides polyamines and prolines, generates collagen and helps to repair 

and remodel airways. Production of IL-10 pushes naïve CD4 T cells towards a regulatory 

phenotype, or combined with IL-4 can shift T cells towards a modified Th2 type. T regs are 

proven to create dampened immune responses in the lungs, and modified Th2 cells display anti-

inflammatory properties by isotype switching immunoglobulins away from the epsilon heavy 

chain. AAAMs have also been shown to elicit contact mediated suppression, acting as 

homeostatic regulators in the controlled environment of the lung.  

 

 

 AAAMs control excessive inflammatory responses and keep the pulmonary 

environment healthy during and after exposure to a helminth infection. The intracellular 

Arg1 pathway of L-arginine processing shows the importance of these cells in repairing 

the damage generated by the large extracellular helminths as they passage through the 
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lungs. Our data from infection through the allergic response shows dramatic increases in 

Arg1 levels (Fig. 2.4) in the lung, indicative of the metabolism of L-arginine that results 

in prolines and polyamines needed for repair and remodeling [108]. The depletion of L-

arginine from the surrounding lung environment via Arg1 production by AAAMs may 

also be a mechanism by which these cells regulate the lung in a suppressive way [219]. 

Macrophages, in the presence of IL-4 and IL-13, have been shown to upregulate a 

cationic amino acid transporter in addition to Arg1 that is able to move L-arginine from 

extracellular space into the cells where it is metabolized [293]. This depletion of 

extracellular L-arginine has been shown to induce a suppressive phenotype in T cells 

[294]. Other functional aspects of AAAMs will be discussed later in this chapter. 

 A side note that should be addressed is how an allergic response and a helminth 

response can both trigger Th2-induced AAAM development, yet only helminth-induced 

AAAMs appear to be protective. Why are subsequent responses to allergen exposure not 

regulated by allergen-induced AAAMs? One explanation of this conundrum is that 

different subtypes of AAAMs exist. Depending on the quantity of stimulus, length of 

exposure and/or the intrinsic properties of the antigen in question, unique subclasses of 

alternative macrophages might be activated.  It is possible that parasite-induced AAAMs 

trigger more anti-inflammatory activities than allergen-induced AAAMs, an interesting 

evolutionary phenomenon that is important for future studies.  

The large populations of AAAMs induced by Nb migration were sustained 12 

days post-infection (Fig. 2.5) and left open the possibility that these infection-induced 

changes in the cellular status of the lung had become a permanent feature. There is no 

documentation of the long-term immunological changes that result in the lung from 
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helminth migration, and this seemed to be a logical next step in evaluating the post-

infection pulmonary environment. 

 

What are the long-term immunological changes resulting from larval migration 

through the lungs? 

Chapter two provided an examination of the innate (days 0-4) and early adaptive 

(days 4-12) immune responses in the lung as a result of infection with Nippostrongylus 

brasiliensis. A question that resulted from this work was the sustainability of these 

immune responses and if the environment of the lung was permanently altered. In order 

to investigate this, lungs of mice were studied 36 days post-infection (25 days post-

expulsion and ~32 days post-egression from the lungs). 

Because Nb induces a strongly polarized adaptive immune response, it was 

hypothesized that the modified lung environment would have a Th2 and/or regulatory 

bias as a result of the helminth infection. Interestingly, the cytokine profile of the lung 

showed a balanced increase in both Th1 and Th2 cytokines and no statistical difference in 

the prototypical regulatory cytokines IL-10 and TGF-ß (Fig. 3.2). One possible 

explanation for the lack of IL-10 or TGF-ß transcription is that the steady-state increases 

in both Th1 and Th2 cytokines are already counterbalancing themselves, therefore not  

requiring additional  regulatory measures. Another possible explanation is that in this 

situation transcription and translation are uncoupled events.  This possibility cannot be 

addressed here as protein levels were not ascertained in the lungs, but transcription 

without translation has been observed in other studies [295]. This is an area of future 

work that would be enhanced by using the recently described bicistronic IL-4 reporter 
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mice, which are able to show transcription levels of cytokines that are preformed and 

differentiate those levels from their transcribed protein product [296]. 

The change in the baseline immunological status of the lungs nearly three weeks 

post-infection was carefully dissected through whole genome DNA microarray analysis 

(Table 3.1). Not surprisingly, the lungs of mice showed increases in repair and 

remodeling genes, chemokines and a variety of macrophage-related genes. Although the 

immune status of the lungs was dampened, repair and remodeling activities were still 

present as a result of the damage inflicted by the large extracellular helminth’s migration. 

Unexpectedly, the AAAMs induced immediately post-infection (Chapter 2) persisted 

through to day 36 post-infection and were evident by transcriptional analysis, flow 

cytometry and immunohistochemistry (Figs. 3.4, 3.5). Increased and sustained 

populations of AAAMs in the lung would guide this mucosal environment towards a 

dampened phenotype, providing one explanation of how helminth infections are 

negatively correlated with asthma and allergy. A more in-depth discussion of these 

ramifications will follow. 

This work also documents the AAAM population as being CD11c+ in addition to 

F4/80+ (Fig. 3.5). This is important as CD11c is traditionally associated with dendritic 

cells [297], but in the unique environment of the lung, macrophages also are CD11c+. 

Combining the fact that AAAMs are CD11c+ and that dendritic cells can be generated 

from both lymphoid and myeloid progenitor cells [298], it is possible that AAAMs are a 

unique hybrid cell in the lung that shares characteristics of both dendritic cells and 

macrophages. Further characterization of the AAAM via surface marker phenotyping and 

examining its functionality will help to categorize this novel lung cell.  
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Examination of the lungs 36 days post-infection also revealed the presence of IL-

21, a cytokine that is not detectable in control lungs (Fig. 3.2). IL-21 may have an 

important role in the dampening of pulmonary inflammation. Future work using IL-21 

and/or IL-21R knockout mice would be an excellent way to examine this, especially in 

light of the recent observation that IL-21 enhanced the production of AAMs [124].  The 

hypothesized mechanism for the action of IL-21 is through the induction of IL4R  and 

IL-13R  on macrophages.  IL-21R was also shown to be important for development of 

Th2 responses to both Nippostrongylus brasiliensis and Heligomosomoides polygyrus, 

but not for production of the Th1 responses to Leishmania major or autoimmune 

myocarditis [299]. Determining the dynamics among AAAMs, IL-21, IL-4 and IL-13 are 

areas of future research that will enhance our understanding of the mechanisms of Th2 

regulation in the lungs 

 

Regulation from afar - How does Heligomosomoides polygyrus modulate pulmonary 

inflammation? 

As noted earlier, there is an impressive number of helminth parasite species that 

have incorporated a short-term residence in the lungs as an obligate phase of their life 

cycle.  In addition, a number of other helminth and non-helminth species preferentially 

inhabit the lungs during infection.  For example, certain species of filarial parasites 

exhibit a diurnal periodicity that is characterized by an absence of the larval forms from 

the peripheral circulation during the day as they become sequestered in host tissues.  The 

main site of sequestration is the lungs [14-16].  Likewise, a main organ of sequestration 

of blood-stage malaria parasites is in the lungs [300, 301].  Given this direct contact with 
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the lung environment, one can logically speculate that the parasite induces cellular and/or 

molecular changes that could have a regulatory component.  However, it is considerably 

more difficult to understand a mechanistic basis of the observations that a strictly enteric 

helminth like Heligomosomoides polygyrus can stimulate Th2 responses in the lung [302] 

and even mediate dampened asthmatic responses in the lung [103].  

A recent study has identified populations of H. polygyrus-induced regulatory T 

cells as the mediators of the major percentage of the suppression of allergen-provoked 

airway inflammation in H. polygyrus infected animals [99].  These results raise a number 

of important questions. First, what is the nature of the Tregs and what do they recognize?  

The Tregs identified by Wilson and colleagues [99] were CD4+CD25+ and Foxp3+ cells, 

defining these cells as natural Tregs [97]. Considering that lipid molecules are the 

dominant component of the epicuticle of a helminth [303], one possible mechanism by 

which Tregs are generated by helminths in the lung is through CD1 presentation of lipid 

molecules on the surface of antigen presenting cells [304]. There are at least two possible 

ways this could happen; lipids from intestinal helminths could travel from the gut to the 

lung for processing by AMs, or macrophages in the gut could travel to the lung, 

generating Tregs.  Unpublished data from the Scott Lab show an increase in the 

expression of CD1d in CD11c+ cells isolated from the lungs of mice 36 days post-Nb 

infection, confirming a link between CD1 lipid presentation and helminth infection and a 

possible mechanism for Treg development (Siracusa et al., unpublished data). 

A second question raised by these observations is whether an intestine-based 

infection with H. polygyrus can elicit distant changes in the lungs such as developing 

increased populations of AAAMs.  It would be interesting to look at the altered 
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environment of the lung after H. polygyrus infection and compare it to that after Nb 

infection. As the strictly enteric nematode seems to confer the same protection against 

allergy and asthma as the pulmonary migrating helminth, one would speculate that a 

similar population of AAAMs exists and that the cytokine environment would show the 

same baseline shift. 

In addition to dampening pulmonary allergies, helminth infections are being 

exploited for their ability to induce immune suppression in numerous other applications.  

In Australia, at the Townsville Hospital, clinicians are intentionally infecting human 

volunteers with the human hookworm Necator americanus to limit Crohn’s disease, and 

initial results indicate that there may be some validity to this approach [305]. Another 

group infected Crohn’s disease patients with the pig whipworm, Trichuris suis with 

similar anti-inflammatory results [306].  In a mouse model, intestinal helminths have also 

been shown to provide protection against peanut food allergy [238]. Finding a way to 

induce a persistent AAAM population in the lung without administering a helminth 

infection would be a novel approach to limiting allergies. Most medically associated anti-

allergy therapies focus on limiting the clinical manifestations of effector cell 

degranulation, yet bypass the sources of the problem. Specific mechanisms for the 

helminth-induced dampening of allergic responses we observed in the lung will be 

discussed in the next sections. 

 

What is the significance of the changes in airway resistance in Nb-infected mice? 

It is a complex task to define the biological mechanisms explaining the 

epidemiological observations [85, 91-94] that the occurrence of helminth infections is 
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inversely correlated with the prevalence of asthma and allergies. This inverse correlation 

has also been shown previously in murine models [97-99, 101, 102].  To confirm that our 

Nb-altered environment would also dampen reactivity to allergen, BALB/c mice were 

infected and then sensitized / challenged to house dust mite allergen (Fig 4.1). One of the 

most dramatic examples of the modified responses in Nb-altered lungs to allergen 

challenge was seen in the pulmonary function test (Fig. 4.6).  The pulmonary function 

test provided an in vivo demonstration that the cellular and molecular changes described 

in Chapters 3 and 4 truly had a dampening effect on house dust mite allergen 

sensitization and challenge. NbHDM mice showed baseline airway resistance very 

similar to control mice and much lower than HDM mice. The doubling dose of 

methacholine for NbHDM mice was nearly four times that for HDM mice, showing the 

dampening of AHR in these animals. This is quite interesting, as the lungs of Nb-infected 

mice without allergen sensitization and challenge showed a higher baseline resistance 

characterized by a significantly lower doubling dose of methacholine (Fig. 3.3). Taking 

into consideration the increased AHR and increased Th1 and Th2 cytokine expression in 

the Nb-altered lung, it seemed counterintuitive that this more reactive pulmonary 

environment displayed a decrease in allergic and asthmatic responses (Chapter 4). Some 

of the cellular and molecular changes triggered in the lung by Nb and responsible for 

dampening allergen-induced hyperresponsiveness will be discussed next. 
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How are immune responses to allergen modulated in the Nb-altered lung 

environment?  

This work is the first to report the presence of heavily pigmented alveolar 

macrophages in the alveolar space of Nb infected animals (Fig. 4.2D, upper panel). 

Staining of these cells with Prussian Blue indicated that a component of the pigmented 

material was hemosiderin (data not shown), presumably a result of their clearing the red 

blood cells associated with hemorrhage pursuant to the mechanical damage caused by the 

Nb larvae as they migrated in and out of the lungs (Fig. 2.1C).  These granular cells have 

been observed in the lungs of Nb-infected mice by day 8 and as far as 100 days post-

infection (data not shown) and are the focus of intense research by others in the Scott 

Lab.  One interesting observation concerning these cells is that their cytoplasmic contents 

also contain surfactant components SP-A and SP-D. When microorganisms enter the 

lung, part of the inflammatory response is to create surfactant proteins [139] that capture 

and coat the invaders in an effort to eliminate them.  Pulmonary migration of helminths 

also generates inflammatory responses triggering surfactant secretion, and the AAAMs 

may be cleaning up excess surfactant released in the lung, presenting it by CD1 and 

triggering Tregs in a newly developed suppressive environment.  

Quantification of cellular infiltrates from histological sections showed that mice 

previously infected with Nb followed by challenge with HDM (NbHDM mice) had 

significantly less perivascular eosinophil infiltration (Figs. 4.2, 4.3) consistent with 

previous reports [105]. The mechanisms for suppressing eosinophil recruitment in the 

lungs of NbHDM mice remain to be fully elucidated. One possible mechanism apparent 

from the expression data is that production of IL-21 in the post-infection lungs might be 
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playing a role in the regulation of eosinophilia. This cytokine has no basal expression in 

uninfected mice, however 36 days post-infection IL-21 is constitutively transcribed in the 

lung (Fig 3.2). IL-21, a largely T cell-derived cytokine, has been shown to enhance 

alternative macrophage polarization [124] and decrease antigen-induced eosinophil 

recruitment into the airways of mice [218]. The chain of AAAMs stimulating T cells to 

produce IL-21 (which in turn feeds back on the AAAM) provides one explanation for the 

diminished eosinophil-related airway hyperresponsiveness seen in NbHDM mice. IL-21 

also blocks germline transcription of the constant region of IgE [223], and reducing levels 

of IgE could also contribute to the diminished allergic responses found in NbHDM mice.  

Previous studies of dampened airway responses in helminth-infected animals 

were not comprehensive in defining the pulmonary changes causing this protection. This 

work adds full genome microarray analysis in parallel with histology and pulmonary 

function testing to the bronchoalveolar lavage analyses and histological analyses [99, 

105, 307, 308] of previous studies. Global assessment using gene arrays and real time 

RT-PCR of NbHDM lungs versus HDM lungs shows a drastically modified pulmonary 

response to allergen (Figs. 4.4, 4.5; Table 4.1). While nearly 500 genes were up-regulated 

by both NbHDM and HDM mice, only ~20% of those genes were in common (Fig. 4.4). 

Real time RT-PCR showed statistically lower fold change increases in Th1 (IL-12, IL-6, 

IFN- ) and Th2 (IL-4, IL-5, IL-13) cytokines in the lungs of NbHDM mice. Microarray 

analysis showed Nb-induced decreases in proinflammatory cytokines and chemokines 

(lymphotoxin, IL-1ß, CCL5), granuolocyte products (ribonuclesases, granzymes, 

calgranulins) and lymphocyte responses (immunoglobulins, T cell receptors). This 

detailed description of the suppressive environment in the lung generated by helminth 
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migration is an important contribution to this field of research. 

 

Can AAAMs be generated and characterized in vitro? 

Chapters 2, 3 and 4 demonstrated that infection with Nb generated a large 

population of AAAMs in the BALB/c mouse. The goal of Chapter 5 was to develop and 

validate an in vitro model of AAAMs to look more closely at these cells on a molecular 

level.  Initial work with Raw264.7 macrophages was unsuccessful, however subsequent 

use of MH-S AMs worked quite well in generating both the alternative and classically 

activated phenotypes of alveolar macrophages (Fig. 5.1). Previous work with the MH-S 

AM cell line showed that LPS in the presence of IFN-  could trigger CAAMs that 

efficiently produced iNOS [254]. There was no documentation of alternative activation of 

MH-S cells prior to this work. When the traditional stimulus of AAMs (IL-4) [108] was 

applied to MH-S cells, they readily adopted the alternative phenotype within two hours as 

identified by the transcription of ym1, ym2, arg1, fizz1 and mrc1 (Fig. 5.1).  

Gene array analysis of the differences between MH-S CAAMs and AAAMs 

defined very unique transcriptional profiles of these cells (Figs. 5.2, 5.3). CAAMs up-

regulated genes associated with antimicrobial processes and AAAMs with repair and 

remodeling. Global gene expression analysis identified new molecules for both groups 

that were previously unassociated with AAMs or CAMs (Fig. 5.2A). Fpr-rs2/Fpr2, the 

low-affinity receptor to N-formyl-methionyl peptides [270] was previously reported on 

microglial cells [272], neutrophils and dendritic cells [271], but not on activated 

macrophages. Microglial cells are derived from the same myeloid progenitor cell as 
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activated macrophages, but, during embryogenesis, they migrate to the central nervous 

system and are considered a distinct cell type [41]. Three genes previously unassociated 

with AAAMs were identified, including Igf1 (insulin-like growth factor 1), Flt1 (vascular 

endothelial growth factor receptor) and Dtr/Hbegf (heparin-binding EGF-like growth 

factor). These molecules are all associated with repair and remodeling, fitting the profile 

of alternative activation. An additional novel product of AAAMs discovered was Cish 

(cytokine inducible SH2-containing protein), an anti-inflammatory suppressor of 

cytokine signaling protein.  

In order for the AAAMs generated in the in vitro culture system to have 

maximum utility in molecular and functional studies they should be as identical as 

possible to the AAAMs found in the lung. Although the results of the phenotypic and 

expression analysis suggested that the IL-4-induced MH-S AAMs were similar to the 

whole-lung profiles of AAAMs generated in vivo by the parasite, it was determined that 

more direct comparisons were required in order to confirm the degree of similarity.  In 

collaboration with Mark Siracusa, a colleague in the Scott lab, an experiment was 

designed to directly compare the transcriptional profiles of AAAMs isolated at 4 days 

post-Nb infection with the profile from MH-S AAAMs generated through IL-4 

stimulation in vitro.  Unfortunately, the method used to isolate cells from the lungs – an 

anti-CD11c magnetic bead protocol – resulted in a population that was not sufficiently 

enriched in AAAMs to effectively carry out the necessary comparative analysis.  

Additional cell isolation strategies will be used in an attempt to obtain a sufficiently 

enriched population of in vivo-generated AAAMs.  
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Are Nippostrongylus brasiliensis larvae capable of triggering in vitro AAAMs? 

With the ability to generate MH-S AAAMs by exogenous cytokine stimulus, the 

capacity of Nb larvae to trigger alternative activation was tested. It was discovered that 

Nb larvae required an intermediate cell to trigger AAAM activation and that eosinophils 

worked in that role (Figs. 5.5, 5.6). Helminth-eosinophil interaction is capable of 

stimulating the AAAM phenotype as our data showed; however exactly how this occurs 

is an area of future work. Judith Allen’s research group at the University of Edinburgh 

showed in 2001 that alternative macrophage production of Ym1/ECF-L (eosinophil 

chemotactic factor) was required for eosinophil recruitment during parasitic infection 

with Brugia malayi [309], and that Ym1 can compose up to 10% of the total transcripts 

within an AAM [119]. This same group also showed that Brugia parasites secrete a 

mimic of macrophage migration inhibitory factor 1 that is able to stimulate Ym1-based 

macrophage recruitment of eosinophils [309]. The eosinophil is the main granulocyte 

designed to fight parasitic infections, and is one of the most important cells during the 

allergic response. In addition to the massive proinflammatory effects that eosinophils 

have on their own, they have also been shown to stimulate histamine release from mast 

cells and basophils [246, 247] thus magnifying the allergic response. Once the parasite 

has been cleared from the lungs, our data shows that there is diminished eosinophil 

response to house dust mite (HDM) allergen even with an increased population of 

AAAMs in NbHDM mice. This disconnect between primary recruitment of eosinophils 

during infection and limitation of eosinophil number during allergic challenge is 

interesting and shows that there are many pathways involved for recruitment and 

suppression in the lung.  Presumably, recruiting eosinophils is important for the host to 
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clear infection; however, excluding eosinophils during allergic response would be 

beneficial to the parasite and the host. The dampened, regulatory environment in the 

lungs generated post-infection may be limiting allergen-induced eosinophil infiltration by 

generating sustained levels of IL-21, which is known to limit eosinophil chemotaxis.  

Other granulocytes such as basophils and mast cells are also important cellular 

source of Th2 cytokines that could alternatively activate macrophages. Basophils have 

been shown to be a primary source of IL-4 generated in Nb infection and accumulate in 

tissues including the lung after infection [57], and mast cells have been shown to be one 

of the major cellular components of Th2 cytokine producing lung granulomas after Nb 

infection [307]. It remains to be seen which non-lymphocytic cell is the dominant source 

of IL-4 and IL-13 found in the post-infection lung. This work has demonstrated 

eosinophils as being capable of interacting with Nb larvae to trigger alternative 

macrophage activation, but does not exclude the possibility of these other granulocytes as 

contributing to this innate activation in the lung and is an area for future research. 
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What roles do AAAMs undertake in modulating responses to allergen? 

The mechanistic explanations for dampened airway reactivity to allergen outlined 

in Chapters 3 and 4 are summarized in Figure 6.3: 

 
 

Figure 6.3 

Helminth-induced Regulatory Environment in the Lung.  

Helminths that have an obligate lung phase in their life cycle generate a large population of 

AAAMs. The interaction between innate cells such as eosinophils and nematode parasites 

creates a Th2 cytokine milieu of IL-4 and IL-13 capable of converting alveolar macrophages 

into an alternative phenotype. These nematode-elicited AAAMs serve to dampen 

responsiveness to allergen by isotype switching IgE to IgG1 and generating a population of 

regulatory T cells that can shift the overall immune response away from a Th2 inflammatory 

environment. AAAMs and their products are also able to repair and remodel the airways, 

helping to recover from larval migration and minimizing asthmatic responses at the same time.  
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The generalized response of AAAMs is twofold: (1) suppression or regulation of 

proinflammatory Th2 allergic responses and (2) repair / remodeling of the lungs to 

maintain homeostasis. Nematode migration creates a modified lung environment filled 

with AAAMs and Tregs [102] that are instrumental in building a regulatory environment 

that is less reactive to subsequent challenge with allergen. Helminth interactions with an 

innate cell such as an eosinophil triggers the release of Th2 cytokines (IL-4, IL-13 and 

possibly others) that are able to activate alveolar macrophages into an alternative 

phenotype. This upstream event is hypothesized here to be crucial in developing a 

regulatory environment. The primary products of AAAMs (Arg1, Ym1, Fizz1) have all 

been shown to be important in the repair and remodeling of airways, an event necessary 

after the large helminth larvae migrate through the lungs. AAAMs are able to maintain 

the balance of Th1 / Th2 cells by influencing naïve CD4+ cells to become regulatory T 

cells [102].  Production of IL-10 by Tregs helps to promote B cell production of IgG1 as 

opposed to IgE [310, 311], an additional way that downstream events are shifted away 

from an allergic phenotype and towards one of normal airways. The collective activities 

of AAAMs are therefore crucial in the dampening of airway hyperresponsiveness 

observed in after Nb infection (Fig. 4.6.). 
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Conclusion 

 

The results presented in this dissertation project clearly demonstrate a significant 

phenotypic shift to and a long-term presence of AAAMs in the lungs of Nb-infected mice 

and confirms the reduction in allergen-associated eosinophilia and airway 

hyperresponsiveness that has been reported previously. It remains to be shown that these 

AAAMs are directly responsible for the dampened allergic phenotype seen in our murine 

model. In order to confirm the link between AAAMs and reduced AHR, studies need to 

be done that deplete or inactivate AAAMs in lungs infected by Nb and then sensitized 

and challenged to allergen. If removing the population of AAAMs restores the allergic 

response, this would confirm the link between AAAMs and the dampened regulatory 

environment. There are technical limitations to the number of AMs that can be removed 

from the lungs, but with intratracheal instillation of liposome-encapsuled dichloro-

methylene-diphosphonate, 70% depletion is theoretically possible [312, 313]. This 

method shows specificity for AMs, leaving populations of NK cells and dendritic cells 

intact. In addition to subtracting AAAMs from the lungs, the converse study should also 

be performed where AAAMs are added back into the lungs of naïve mice. These studies 

would confirm that AAAMs are at least partially inducing the protective phenotype seen 

during allergic challenge.  Establishing the MH-S AAAM model system in cells that 

came from bronchoalveolar lavage of BALB/c mice will allow the adoptive transfer of 

these cells into naïve mice. These future experiments would be a valuable counterpart to 

the depletion studies. 
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The big question is how to trigger more AAAMs in the lungs while avoiding Th2 

pathologies that would result from instilling IL-4 or IL-13 into the lungs. L-arginine is a 

nonessential amino acid whose metabolism of which has been shown to be one of the 

important differentiators of classical or alternative macrophage phenotype. Some have 

speculated that adding L-arginine to the diet could be beneficial, but only if Arg1 

becomes involved in its metabolism and not iNOS [314]. Essentially what is needed is 

alternative activation in the lungs similar to that resulting from helminth migration, but 

without the worms. 

Using parasite-derived factors has been shown to be useful in limiting allergic 

responses without actually giving parasitic infections. It was recently shown that mice 

given Ascaris pseudocoelomic fluid were then less responsive to ragweed allergen [315]. 

This may be a useful path to exploit. The Food and Drug Administration would likely not 

approve of giving direct parasite products, however finding their antigenic determinants 

and reproducing them might work.  A chemically based drug that could be delivered via 

an inhaler and trigger an increased population of AAAMs that reduces allergies would be 

a fantastic replacement to the arsenal of antihistamines currently on drug store shelves. 

The present work adds to our basic understanding of the regulatory network 

generated by helminths that dampens allergic responses in the lung. Treating the clinical 

manifestations of allergies is like throwing a wet towel on a fire - it usually gets the job 

done but does not address the root of the problem. Instead of quenching the fires, we need 

to find a way to prevent them from starting. Global sanitation, vaccination and antibiotic 

use will only continue to grow, as will the incidence of allergic disease unless we find a 

way to control it.  
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Appendix 1 

Genes associated with innate immune function up-regulated at days 0-4 post infection with 

Nippostrongylus brasiliensis in WT and SCID Mice. 
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Appendix 2 

Genes up-regulated at least 2-fold in both WT and SCID mice by organized by days post-

infection with Nippostrongylus brasiliensis. 
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Appendix 2 (Continued) 
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Appendix 3 

Detailed list of genes shown in Figure 2.3 (A self-organizing map of genes that were 

differentially expressed in the lungs of WT and SCID mice at days 2, 4 and 12 post-

Nippostrongylus brasiliensis infection) 
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Appendix 3 (Continued) 
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Appendix 3 (Continued) 
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Appendix 4 

Average raw fluorescence intensity values for AAAM related genes in the lungs of WT and 

SCID mice infected with Nippostrongylus brasiliensis. 
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Appendix 5 

Nippostrongylus brasiliensis alters baseline gene expression in the lung 36 days post-infection. 
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Appendix 5 (Continued) 
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Appendix 6 

Detailed listing of simplified gene ontology classifications derived from differentially regulated 

genes comparing uninfected and Nb-infected mice after HDM allergen challenge.  
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Appendix 7 

House dust mite challenge elicits specific gene expression in uninfected mice that is controlled in 

Nb-infected mice 
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Appendix 7 (Continued) 
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Appendix 7 (Continued) 
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Appendix 7 (Continued) 
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Appendix 7 (Continued) 
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Appendix 8 

Full list of Affymetrix microarray data comparing gene expression for IL-4-stimulated AAAMs 

and LPS-stimulated CAAMs generated in the MH-S cell line. 
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Appendix 8 (Continued) 
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Appendix 8 (Continued) 
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Appendix 8 (Continued) 
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Appendix 8 (Continued) 
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Appendix 8 (Continued) 
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Appendix 8 (Continued) 
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Appendix 8 (Continued) 
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