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ABSTRACT 

 

 

Allergic airway diseases such as rhinitis, asthma, and chronic rhinosinusitis are responsible 

for causing a huge economic burden on patients and society. Patients suffering from asthma 

often have allergies to pollen, dust mite, and mold. Interestingly, studies have shown that 

there is a correlation between severe asthma and sensitization to fungi including 

Aspergillus, Alternaria, Cladosporium, and Penicillium. This project has been focused on 

studying the innate immunomodulatory activities of the major allergen Alt a 1, from the 

ubiquitous airborne fungus, Alternaria alternata. In several studies, 90-100% of allergic 

patients who are sensitized to Alternaria, have Alt a 1 specific IgE antibodies indicating 

that it is a major and clinically relevant allergen. Although progress has been made over 

the past few decades regarding elucidating the mechanistic underpinnings of allergic 

inflammation, more research needs to be done, especially in regards to innate immunity 

and its role in the sensitization and exacerbation aspects of allergic diseases. Published 

studies have increasingly made it clear that Toll-like receptors (TLRs) are key players in 

innate immunity to several allergens. For example, the dust mite allergen, Der p 2, has been 

shown to mimic the activity of human and mouse MD2 in the presence of LPS to trigger a 

response through TLR4. Bet v 1, an allergen from Birch tree, has been shown to enter and 

be transported through lung epithelium in patient cells. It is hypothesized that transcytosis 

of allergens like Bet v 1 may contribute to sensitization and exacerbation in atopic 

individuals.  This project was focused on two primary aims; (1) Characterize the innate 

immune response of Alt a 1 in human airway epithelial cells, and (2) Identify if and how 

Alt a 1 can enter human airway cells. We found that Alt a 1 was able to stimulate innate 

immune responses in bronchial epithelial cells and this was dependent upon TLR2, TLR4 

and the downstream adaptor proteins MyD88 and TIRAP. We also found in our studies 

that Alt a 1 rapidly enters bronchial epithelial cells. Furthermore, our data suggests that 

endocytosis of Alt a 1 may be partially dependent upon interaction with phosphatidyl-

inositol-3-phosphate (PI-3-P). 
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GENERAL AUDIENCE ABSTRACT 

 

 

Allergic airway diseases such as rhinitis, asthma, and chronic rhinosinusitis are responsible 

for causing a huge economic burden on patients and society. Patients suffering from asthma 

often have allergies to pollen, dust mite, and mold. Interestingly, studies have shown that 

there is a correlation between severe asthma and allergy to several fungal species including 

Aspergillus, Alternaria, Cladosporium, and Penicillium. This project has been focused on 

studying how the allergen, Alt a 1, from the fungus, Alternaria alternata, can cause an 

allergic response in the human airways. In several studies, 90-100% of allergic patients 

who have allergy to Alternaria, have proteins in their bloodstream that specifically 

recognize Alt a 1. This indicates that they are allergic to Alt a 1. Though we know that 

these patients have allergy to Alt a 1, we do not know how this protein causes the 

characteristic symptoms of allergy, such as a runny nose, watery eyes, hives, and breathing 

difficulty. Published studies have increasingly made it clear that molecules on the surface 

of cells that line the airways are important players in the body’s response to allergens.  A 

dust mite allergen, Der p 2, can interact with one such receptor on human cells. The 

receptor may not be the only way that allergens can cause a response. Studies have shown 

that allergens can directly enter human cells. For example, a Birch tree allergen, Bet v 1, 

has been shown to enter human lung cells. This project was focused on two primary aims; 

(1) Identify how human airway cells response to Alt a 1, and (2) Identify if and how Alt a 

1 can enter human airway cells. We found that Alt a 1 was able to cause human airway 

cells to produce several molecules that lead to the characteristic symptoms of allergy, and 

that this response was dependent on a receptor on human airway cells. We also found that 

Alt a 1 rapidly enters human airway cells. 
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Chapter I. Introduction and overview of research 
 

Introduction  
 

Allergic airway diseases such as rhinitis, asthma, and chronic rhinosinusitis (CRS) 

are responsible for causing a huge burden on the economy. Not only are afflicted 

individuals often subjected to a decreased quality of life but they experience lost hours 

from work, recreation, and family. Most patients suffering from asthma are atopic, and 

often have allergies to pollen, dust mite, pets, and mold to name a few. Interestingly, 

several studies have shown that there is a correlation between moderate-severe asthma 

and allergic sensitization to fungi including species found within the Aspergillus, 

Alternaria, Cladosporium, and Penicillium genera1. This project has been focused on 

studying the innate immunomodulatory activities of the major allergen Alt a 1, from the 

ubiquitous airborne fungus, Alternaria alternata. In several studies, 90-100% of allergic 

patients who are sensitized to Alternaria have Alt a 1 specific IgE antibodies indicating 

that it is a major and clinically relevant allergen.  

 

To determine if Alt a 1 possesses innate immune modulating activity, two 

hypotheses/aims were explored in this study: 1) Is Alt a 1 able to enter human airway 

epithelial cells? If the protein enters human airway epithelial cells, then it could be 

possible that this contributes to the immunogenicity of Alternaria, and 2) Alt a 1 

possesses innate immunomodulatory activity. If so, can we mechanistically define and 

alter a cell’s immune response to this allergen? Regardless of if Alt a 1 enters human 
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airway epithelial cells or not, it could possibly still stimulate cells. The protein could do 

this in several ways including if, 1) it possesses enzymatic activity that the cell recognizes 

as harmful, 2) it interacts with membrane bound cellular receptors and/or 3) it carries or 

mimics activity of another immunogenic agent to act in concert with that agent or 

enhances the immune response. 

Specific objectives addressed in this study were: 

1. To determine if fungal allergens, specifically Alt a 1, enter human airway cells 

2. Define mechanistically how Alt a 1 impacts innate immune responses in airway 

epithelial cells 

3. Investigate approaches for dampening the innate immune responses of lung 

epithelial cells exposed to Alt a 1 

 

Background 

Impacts of allergic airway disease 

 

Allergic diseases are prevalent and widespread in the Western world2. Over 10 % 

of the population in industrialized nations such as the United States, Brazil, and 

Australia, have asthma with some regions reporting asthma rates of over 20%2. In 

nations who have a growing industrializing force, such as Mexico, India, as well as China, 

the prevalence of asthma increases at an annual rate3. In total, asthma affects over 300 

million people worldwide. Asthma is often seen associated with allergy. 80% of children 

and 50% of adults with asthma are sensitized to at least one allergen4. In the United 

States, allergic rhinitis affects over 40 million Americans each year5. Worldwide, allergic 

rhinitis may affect more than 500 million people each year6. Allergic fungal sinusitis 

(AFS), often overlooked by the medical community, affects a significant portion of 
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Americans each year7,8. As mentioned previously, comorbidity often exists for allergic 

diseases. For example, 40% of allergic rhinitis patients suffer from asthma while 90% of 

asthma patients suffer from allergic rhinitis5. 

 

Severity of allergic airway disease can vary widely. Patients can suffer from 

simple sneezing to ocular symptoms, sinus pressure, headaches, cough, nocturnal 

waking, and wheezing. The symptoms, some of which may not send them to the 

hospital, result in a burden on the individual. Time is lost from school, work, and family 

causing a decrease in the quality of life9.  In Rhinitis Quality of Life Questionnaires, 

patients typically self-report issues with nasal symptoms, eye problems, emotional 

stresses, and even issues with practical routine activities10. In asthma studies, patients 

are typically affected by night-time awakenings more than once a week. Many patients 

report being affected by their asthmatic symptoms on a daily basis11. 

 

Financially, the economic burden of allergic diseases can run in the billions. In 

sum, asthma costs the United States about $56 billion dollars each year. This cost is 

composed of about 10.5 million lost school days, and 14.2 million lost work days12. 

Individually, patients with asthma had a cost of about $1740 annually. For those who 

have severe exacerbations that may result in hospitalizations, this cost increases to 

nearly $10,000 annually13.  One study reported that allergic rhinitis results in at least an 
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$11.58 billion dollar cost on the economy with a resulting 3.58 million lost work days 

and 2 million lost school days14. 

 

Asthma is one of the most prevalent diseases in children15. In 2005, it was 

estimated that at least 9 million children in the United States had asthma16. It is one of 

the leading causes of missed school days. Children often face the same problems as 

adults when it comes to burden of disease. Headaches, issues with dealing with practical 

problems, and breathing difficulties are only a few of the aspects they contend with 

daily. Death from asthma attacks has been a concern however its rates are decreasing 

slightly17. Hospitalization rates from asthma, however, remain costly and consistent17.  

In 2004, 2.5% of all emergency room visits for children were due to asthma16. In 2013, 

hospital readmissions for children due to asthma were at over 7%18. Understanding the 

factors that cause asthma and lead to hospitalization are vital for helping to decrease 

rates. 

 

Airway inflammation 

 

Allergic diseases such as asthma, rhinitis, and CRS are linked by having an airway 

inflammation component19. Proteins such as proteases and cell wall components from 

fungi (chitin, β-1,3-glucans, mannans), proteins from plant pollens, insect proteins and 

exoskeleton components like chitin, occupational chemicals, small toxic molecules, and 

even pollution in general can serve as triggers of airway inflammation20,21. Upon 
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inhalation of a foreign particle, the particle may be recognized by receptors on antigen 

presenting cells (APC) in the lung epithelium22. APC’s, such as resident dendritic cells, 

will often take up antigens (endocytosis) that gather in the epithelial layer. The APCs 

may process the particles into smaller peptides and present these on MHC class 

receptors on the cell surface. The APCs will then migrate to lymph nodes or remain and 

present these peptides to local T-cells23. Additional cell types that may act as APCs 

include macrophages, which have a primary role of digesting foreign particles, and B-

cells, which have a primary role of initiating the antibody production cascade24,25. 

 

In general, undifferentiated T-helper cells (Th0) can be directed by APCs to 

become T-Helper 1,2, or 17 cells (Th-1,2, or 17) as shown in Figure 1 - 1.  

 

Figure 1 - 1. Classical overview T-helper Cell lineages. Depending on the antigen presented and 
its activity on cell types, naive T Cells can become either Th1 or Th2 cells. Producing different 
cytokines, these can stimulate different immediate and late phase reactions as they recruit 
various inflammatory cell types which produce further cytokines stimulating more responses.22 
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The T-helper response classically goes in two directions, either towards a Th-1 

response or a Th-2 response. The Th-0 to Th-1 maturation and response is typically 

associated with defense against bacteria, viruses, and delayed-type hypersensitivity in 

the context of allergy. This is induced primarily by the production of interferon-gamma 

(IFNγ)26. Induced Th-1 cells will further stimulate more Th-0 to Th-1 cell differentiation 

events leading to a prolonged response. The Th-1 response can also lead to tumor 

growth factor expression (TGFᵦ)22. Th-1 cells stimulate cytotoxic T lymphocyte cells, 

which traditionally induce apoptosis as well as the production of cytokines that 

stimulate further proliferation of the Th-0 to Th-1 cellular differentiation/maturation 

events27. The Th-1 response also leads to immune memory. Immune memory is 

conferred when a small set of Th-1 cells survive after the antigen has been cleared. The 

cells that were activated through this process, no longer needed, undergo apoptosis. 

This specific response is often considered a key point of adaptive immunity. Survival is 

often stimulated by a loss of interaction with cytokines that the Th-1 pathway produces, 

such as IL-228. Additional cytokines that have been shown to lead to Th-0 differentiation 

into Th-1 cells are IL-12, and the transcription factor, signal transducer and activator of 

transcription 4 (STAT4)29. In summary, Th-1 cells lead to and participate in a macrophage 

antigen destruction strategy.  

 

Mediators of inflammation produced from the Th-1 response are IFNγ and IL-13, 

with some evidence supporting the detection of IL-2, IL-3, IL-10, and GM-CSF. The cells 
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recruited by the two major cytokines secrete additional cytokines. IFNγ drives the 

stimulation of Th-1 differential by acting on APCs to produce IL-12. IFNγ also 

downregulates the Th-1 response by enhanced expression of a key chain on IL-12 (B2)30.  

IL-13 has been shown to control the recruitment and survivability of eosinophils31. 

Polymorphisms of the genes encoding IL-13 led to increases in IL-13 expression (a 

substitution at 130(G(n)) though decreased affinity of the receptor for IL-12 and another 

polymorphism in the STAT binding site on the IL-13 promoter influenced IL-13 

expression). These polymorphisms have been shown to lead to an increased risk of 

asthma, indicating that IL-13 is a potentially viable target for airway inflammation 

studies and possibly therapeutic intervention32. 

 

Additional cytokines are implicated in the Th-1 response and may also influence 

allergic inflammation. IL-2 has been shown to assist in the proliferation of T and B-cells. 

Additionally it can lead to the recruitment of natural killer cells (NKT)31. An experiment 

has shown that the lack of IL-2 leads to the development of autoimmune disease as well 

as increased vascular permeability33. IL-3 affects the activation of basophils and 

eosinophils. It promotes the growth of lymphocytes including numerous cells of both 

the innate and adaptive immune response31,34. Transforming growth factor (TGFɑ) is 

another inflammatory mediator that regulates the promotion and migration of mast 

cells35. 
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In terms of airway inflammation, Th-1 cells can often be involved in the 

response.  TGFᵦ when expressed at high levels can lead to uncontrolled cytokine 

production resulting in fibrosis and airway remodeling36. In patients sensitized to dust 

mite allergen, Der p 1 (from Dermatophagoides pteryonyssinus), elevated levels of IFNγ 

and IL-13 have been observed37.  As mentioned previously, IFNγ plays a role in the 

continual stimulation of Th-1 cells while IL-13 is classically more associated with Th-2 

responses as described below30.  

 

Unlike Th-1, allergic inflammation and immunity to larger pathogens such as 

parasites has been classically associated with Th-2 responses and associated pathways 

(Figure 1 - 2). In the airways, inhaled allergens can induce Th-2 sensitization23. Cytokines 

such as IL-4 and IL-10 have been shown to lead to differentiation of Th-0 cells into Th-2 

cells. Additionally, these cytokines lead to an inhibition of the secretion of IFNγ and IL-

12, downregulating the development of Th-1 cells30. In allergic inflammation, allergens 

are processed by APCs and then taken to cells bearing MHC class II receptors 38,39. 

Cytokines that can be expressed by these cell often include IL-4, IL-5, IL-9, IL-13, which 

lead to class switching and synthesis of allergen-specific IgE in some cells types, such as 

B-cells, and the recruitment of granulocytes like eosinophils22,37,40. Uncontrolled 

expression of these cytokines can lead to extensive airway inflammation and 

remodeling, ultimately leading to the development of allergic rhinitis and allergic 

asthma22,41. 
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More specifically, cytokines produced during the Th-2 response promote an IgE 

antibody mediated response in B-cells leading to the stimulation of mast cells, basophils, 

and eosinophils. IL-4 and IL-13 stimulate B-cells to undergo an isotype class switch which 

in turn causes IgE, specific to the allergen presented initially by APC to T cells, to be 

produced. The allergen-specific IgE produced will interact with B-cells, bind to low and 

high affinity receptors (FcεRI and FcεRII) on mast cells and basophils, which will then 

allow for rapid recognition and immune responses.  Upon reexposure to the allergen, 

these responses include inducing mast cell and basophil degranulation and production 

of cytokines and proinflammatory mediators like histamine38,39,42.  IgE production has 

been a target for suppressing the type I hypersensitive response in allergic asthma and 

rhinitis with long term suppression achieved via sequestration with an anti-IgE antibody 

as a clinical therapy43. In summary, IgE production is important as high levels of allergen-

specific IgE antibodies is a key, hallmark feature of allergic disease44. 

 

Elevated levels of IgE can cause the activation and further recruitment of mast 

and other effector cells to the airways. High levels of mast cells are a characteristic 

feature of allergic airway disease22. Mast cell numbers in allergy are controlled by 

cytokines. IL-5 leads to mast cell proliferation while IFNγ inhibits recruitment38. Ligation 

of the high affinity receptor FcεRII on mast cells leads to the synthesis and degranulation 

of proinflammatory mediators and cytokines. Histamines, leukotrienes, prostaglandins, 

and platelet-activating factor are a few of the chemicals released. These mediators 

cause cells in the airways to undergo higher levels of exocytosis. The airways as a whole 
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experience increased vascular permeability, increased mucus secretion, undergo 

vasodilation, or have increased cellular adhesion22,44. Increased adhesion and vascular 

permeability enables more inflammatory cell types to be recruited to the region. 

Degranulation of mast cells, basophils, and eosinophils, as well as the expression of IL-3 

and IL-4 have also been found to enhance this inflammatory response, leading to the 

expression of additional mediators such as Granulocyte-Macrophage Colony Stimulating 

Factor (GM-CSF), Tumor Necrosis Factor (TNFɑ), IL-8, IL-9, and tryptase45. 

 

The Th-2 pathway can lead to a delayed type hypersensitivity response. Taking 

place 6 to 24 hours after antigen inhalation, proinflammatory cytokines released by 

mast cells, such as IL-5 induce the recruitment of eosinophils39. Recruited basophils will 

release cytokines and undergo degranulation46. Basophils are specifically affected by 

GM-CSF, IL-4, IL-5, stem cell factor (SCF), and nerve growth factor (NGF)47. Basophils 

release histamine and tryptase, IL-4, IL-8, and IL-13. These are released in a time 

dependent manner. IL-4 is released within an hour of stimulation, while IL-13 is 

detected four hours later. For both of these Th-2 associated cytokines, their peak 

production time overlaps around 18 – 24 hours after stimulation48. Interestingly, pattern 

recognition receptors (PRR) such as Toll-Like Receptor 2 and 4 (TLR2 and TLR4) can 

mediate the secretion of IL-4 and IL-13 in basophils39. 

 

Eosinophils are an additional player in the Th-2 response. These cells are 

granulocytic cells that are recruited by cytokines and chemokines released by epithelial, 
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dendritic, and mast cells during inflammation. Eosinophils are simulated by IL-5, IL-13, 

and GM-CSF. Secretion of IL-4 by damaged epithelial cells has also led to a recruitment 

of eosinophils49. Eosinophils also act in a time-delayed manner. An increase in 

inflammatory mediators, such as neurotoxin, peroxidase, and cationic proteins have 

been seen six to twelve hours after allergen challenge50. Cytokines released by 

eosinophils include IL-3, IL-4, IL-5, IL-8, and IL-10 further perpetuating the Th-2 

cascade22. Products of eosinophils have harmful effects on airway cells and are thought 

to contribute to damage of the epithelium, fibrosis, and airway remodeling. Eosinophil 

granule proteins such as Major Basic Protein (MBP) increase vascular permeability, alter 

and slow cilial beating, and can destroy membranes as well as smooth muscle cells49. 

Expressing many cellular PRRs including TLR7 and TLR8, eosinophils have the potential 

to be directly activated by any allergen that interacts with these receptors39. 
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Figure 1 - 2. Summary of the Th-2 Response. Upon antigen capture through the epithelium and 
binding to a dendritic cell, dendritic cell, it will be presented to Th-2 cells or Th-0 cells 
differentiating to Th2 cells then releasing IL-4 and IL-13 to drive IgE production via B-cells via the 
high affinity receptor (FcεRII). IgE stimulate mast cells and basophils which produce more IgE, 
bind to high and low affinity receptors (FCεRI) driving more differentiation and antigen 
presentation. Degranulation of the inflammatory cell types stimulates vasodilation, increased 
vascular permeability, and muscle cell contraction44. 

 

During Th-2 response, IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13 can often be detected. 

IL-4 is quite specific to the Th-2 pathway and has been shown to induce IgE isotype 

switching leading to Th-2 differentiation, recruitment of eosinophils, basophils, and T-

cells51. IL-5 has been shown to promote the recruitment and activation of inflammatory 

cell types52. In patients sensitized to airway allergens, IL-6 is able to induce Th-2 cell 

differentiation53. IL-8 is a chemoattractant, capable of mobilizing neutrophils, which 

undergo degranulation and phagocytosis at the site of damage31. IL-9 has been shown to 
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promote the proliferation and differentiation of T-cells and promote B-cell IgE 

production. Furthermore, in patients sensitized to house dust mite (HDM), it has been a 

key cytokine produced by allergic rhinitis patients54.  IL-10 has been shown to inhibit the 

expression of proinflammatory cytokines, inhibit the activation of T-cells, and mediate 

allergen tolerance31. IL-13 has been shown to be a key inflammatory Th-2 cytokine 

leading to a high proliferation of eosinophils ultimately resulting in airway remodeling55. 

 

 

Allergens and the airway epithelium 
 

 

The airway epithelium is covered in a layer of lipoproteins, surfactants produced 

by alveolar and bronchial cells56.  Furthermore, these surfactants trap particles. These 

particles are most often dislodged and mechanically removed from the airways by 

coughing and the beating of cilia. Epithelial cells secrete protease inhibitors that 

decrease the effects of foreign particles that possess enzymatic activity. Lastly, the 

epithelium is sealed by barriers between cells called tight functions. These tight 

junctions prevent pathogens from gaining access to the lower level56.  

 

Allergens that possess proteolytic activity are able to cleave the tight junctions of 

the airway epithelium57,58. For example, HDM proteinase allergen, Der p 1, localizes to 

tight junctions and disrupts them57,58. In response, the airway epithelium increases its 

membrane permeability. Destruction and lessened membrane integrity enable Der p 1 

to traverse the epithelium in as little as one hour57,58. Der p 1 cleaves IgE receptors on B-
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cells and degrades endogenous host proteinase inhibitors. Other HDM allergens, Der p 

3, Der p 6, and Der p 9, are serine peptidases that cleave tight junctions.  These 

allergens interact with protease activated receptor 2 (PAR-2) on epithelial cells, which in 

turn, induces cytokine and chemokine production59. For example, Der p 9 is known to 

induce the expression and secretion of IL-6 and IL-8.  

 

Dendritic cells are another key player in allergic inflammation. Dendritic cells 

recruited to the epithelial layer have been shown to recognize numerous 

glycosylated/mannosylated allergens via the mannose receptor60. Mannose receptor 

deficiency reverses Th-2 cell differentiation in humans60. The loss of mannose on 

allergens that are heavily mannosylated, such as Der p 1, Ara h 2 (Arachis hypogaea, 

peanut allergen), Can f 1 (Canis familiaris, canine allergen), and Bla g 2 (Blattella 

germanica, cockroach allergen), can lead to a reduction in secreted cytokine levels.61 

Interaction with the mannose receptor leads to an internalization of allergens as well as 

IL-5 and IL-13 cytokine release62. Resident, albeit, immature dendritic cells have been 

shown to be able to extend and sample the airways, directly interact with allergens 

regardless of the recruitment paradigm, however, it is unclear if this direct interaction 

induces classical Th-0 to Th-1 or Th-2 differentiation of if they need to migrate to lymph 

nodes to undergo further maturation and interaction with T cells63.  

 

Allergens lacking heavy glycosylation have been studied for their effects on the 

epithelium. Bet v 1 (Betula verrucosa, major birch tree pollen allergen) has been shown 
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to be able to directly enter epithelial cells64. Within a minute of perturbation, Bet v 1 is 

able to be visualized at and within the cytoplasm of human lung epithelial cells as well 

as within intracellular vesicles64. Further, it appeared that Bet v 1 not only entered cells 

but was released deeper into the layer suggesting transcytosis through the epithelial 

cells. In these studies, Bet v 1 entry and possible transcytosis was hypothesized to be 

dependent upon caveolin65,66. 

 

HDM allergen, Der p 2, possesses homology to lymphocyte antigen 96 (further 

referred to as MD2). Der p 2 can bind to lipopolysaccharide (LPS)67. MD2 can present 

LPS to TLR4 on epithelial cells and possibly dendritic cells to stimulate inflammation. This 

mimicry of MD2 enables Der p 2 to stimulate the TLR4 receptor leading to secretion of 

IL-8. Furthermore, Der p 2 enhances the immune response by binding LPS, TLR4, and 

cluster of differentiation 14 (CD14, a co-receptor for MD-2), and MD267. Interestingly, 

Phl p 1 and Phl p 6 (Phelum pretense, Timothy grass pollen allergens), have been shown 

to enter cells, however their mechanism of entry remains unclear68. 

 

 

Alternaria alternata and allergy 

 
 

In an overlay of the countries where rates of asthma are high, fungal allergy has 

been reported extensively69. Alternaria has been clinically associated with respiratory 

disease such as allergic rhinitis and severe asthma, especially in children70–72. In one 

study, adult patients with persistent asthma not resulting in hospitalizations, 17% have 

IgE specific to Alternaria73.  Additional studies with children show incidence of sensitivity 
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to Alternaria to be as high as 50%, however these participants often show sensitivity to 

other fungi as well70. In Spain, reports indicate that the rate of Alternaria allergy can be 

as high as 33% in asthmatics and rhinitis patients74. Studies from Northern Greece have 

similarly reported such a percentage75. In Poland, over 50% of allergic rhinitis patients 

have allergy to Alternaria6. In Chile, over 10% of asthmatic children are sensitized to 

Alternaria 76. In inland regions of Australia, sensitization to Alternaria has been shown to 

be present in over 20% of asthmatic children77. In Korea, of children with allergic rhinitis, 

8.6% show sensitivity to Alternaria78. In a cohort of 4863 patients hospitalized for 

respiratory diseases, 11% were sensitized to at least one fungal extract, and of those 

60% responded specifically to Alternaria alternata extract79.  Allergy to Alternaria 

appears to be more prevalent as distance from the coast increases74. Indications that 

severity of allergic rhinitis symptoms increasing as spore count of Alternaria increases 

exists6. In one study it was found that people sensitized to Alternaria allergens are more 

likely to have asthma than those in the general population71. Alternaria may even play a 

role in increasing severe exacerbations in asthmatics72. Because of the prevalence of 

Alternaria allergy, extract to Alternaria has been suggested to be included in allergy 

tests in Europe and worldwide80. 

 

Studies defining allergy to Alternaria have focused on using fungal extracts. In in 

vitro studies utilizing bronchial epithelial cells from asthmatics it was found that they 

secrete IL-8 when treated with Alternaria extracts81. Alternaria extract was found to 

induce the Th-2 driving epithelial cytokine, TSLP (Thymic Stromal Lymphopoietin), 
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potentially via TLR2 in nasal fibroblasts 82. In Normal Human Bronchial Epithelial (NHBE) 

cells, Alternaria extract induced rapid IL-18 release and cell death83. Several studies have 

been carried out to identify the components of extracts that can specifically induce 

these effects. Extracts contain between 10 to 30 allergens however few extracts have all 

3084. Variable content of extracts could play a role in the varied reporting of immune 

responses in literature. Extracts contain both allergens as well as other proinflammatory 

components. A. alternata allergens include heat shock proteins, enolases, alcohol 

dehydrogenases, and some allergens of unknown function85. Extracts contain cell wall 

components like chitin, enzymatically active phosphates, proteases, esterases, and  β-

glucosidases which can induce a variety of immune responses irrespective of allergy or 

the presence of allergen-specific IgE86. These extracts contain serine proteases which 

induce lung inflammation87. Serine protease activity in Alternaria extracts were found to 

induce IL-33, a potent Th-2 driving cytokine from epithelial cells, potentially being a key 

player in increasing asthma exacerbations88. Indeed, anti-IL-33 antibodies are being 

explored as a therapeutic approach for treating allergic airway disease in the clinic (H. 

Kita, personal communication). Aspartate protease activity found in Alternaria extracts 

activated eosinophils leading to the release of granule proteins89,90. This protease 

activity induced the release of several other cytokines, including IL-6 and IL-891. 

 

Though the use of extracts enabled the elucidation of key immune responses 

from airway cells, it has not allowed for the determination of specific responses due to 

non-protease Alternaria allergens. Different culture and extraction conditions can lead 
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to the variability in response to extracts92,93. Liquid culture conditions and solid phase 

culture conditions can lead to the presence or lack thereof of major allergens such as Alt 

a 194. Additionally, extracts can have widely different allergen content84. Expression of 

fungal allergens can even vary by strain95. While extracts have clearly defined the role 

that proteases may play in the immunogenic response of the airway to the fungi, they 

have not allowed for the determination of the role that allergenic proteins of Alternaria, 

such as Alt a 1, Alt a 3, and Alt a 9, play. The activity of these proteins remains 

unknown85. The repertoire of Alternaria allergens and their clinical relevance is 

discussed in more detail below. 

 

The major Alt a 1 allergen of Alternaria 

 
 

Over 80% of patients sensitized to Alternaria have specific IgE to a protein 

named Alt a 1, indicating that it is a major allergen96,97. Sensitization to Alt a 1 may play 

a role in modulating an effect of being sensitized to multiple fungi98. Surveys examining 

environmental exposure of Alt a 1 have been used to assess risk of workers in several 

occupations for airway problems and allergy99. Studies examining the importance of Alt 

a 1 beyond the scope of its capability of being used in diagnostic procedures for humans 

have not been conducted100. Understanding the molecular basis for the immunogenicity 

of this allergen is of great interest. 

 

Sequence and structural studies have indicated that Alt a 1 is a species-specific 

allergen with no known cross reactivity with other allergens making it challenging to 
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determine its role in allergy. Its protein sequence and β-barrel structure are unique 

among fungal allergens94,101–104.  β-barrel proteins have a variety of structures making it 

difficult to determine the role of Alt a 1. These proteins include membrane proteins, 

RNA binding proteins, lipid binding proteins, and transcriptional regulators103. 

Interestingly, many Alternaria allergens have similar roles, but lack the β-barrel 

structure.  Insights into its function have been hypothesized. Because Alt a 1 localizes to 

the cell wall of spores, it has been predicted to play a role in the stability of the spore105. 

Alternaria spores isolated from school, libraries, and offices have been capable of 

retaining the ability to secrete detectible levels of Alt a 1106.  Alt a 1 is very thermostable 

which could potentially explain its ability to survive in such diverse locations105. The IgE 

epitopes are still viable after treatment at 95°C105.  Many Alternaria spp. are plant 

pathogens and studies have shown that Alt a 1 is expressed during infection107. Recently 

it’s been reported that this protein has the potential to bind quercetin-like flavonol 

molecules of plant origin108. It is unclear where this molecule originates for spores not 

grown on plants. Though the β-barrel plays a role in the binding of proteins such as 

lipocalins to their ligands, the β-barrel interior in Alt a 1 does not appear to have a 

binding cavity for IgE antibodies103.  The interior of the β-barrel, however, does appear 

to be where the flavonol like compound binds to Alt a 1108,109.  For allergy and 

immunology, the IgE antibody binding epitopes for Alt a 1 appear to lie on the outside of 

the β-barrel. When Alt a 1 dimerizes, the epitopes are surface exposed, accessible to the 

IgE antibody, indicating that this structure could play a role in the allergenicity of Alt a 1. 

Dimerization has been suggested to be a requirement for allergy110. However, 
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immunoassays can detect both dimeric and monomeric Alt a 1 indicating that IgE 

antibodies to Alt a 1 may recognize both forms111,112. Though Alt a 1 is not known to play 

a role in rare, invasive infections in humans, it is able to be secreted when the spore 

makes contact with media of physiological pH108. This suggests that within the time a 

spore is inhaled, the protein would be secreted into the airways regardless of 

germination and hyphal growth. Tying together the ligand binding aspects of Alt a 1 and 

the role of the structure of Alt a 1 in allergy would be vital for improving our 

understanding of fungal allergens.  

 

Other Alternaria allergens 

 

The existence of Alt a 2 has been reported however conflicting evidence for its 

allergenicity exists. Reports have indicated that some patients harbor Alt a 2 specific IgE, 

while others report the opposite94. It has been hypothesized that the sequence 

deposited for this protein is of E. coli origin (C. Lawrence, personal communication). Alt 

a 3, a heat shock protein, may be implicated in a cross reactive response with other non-

Alternaria fungal sources85,94,113. In one study, 5 – 14% of patient sera recognized Alt a 3 

indicating that it has some clinical relevance84. IgE to Alt a 4, a disulfide isomerase, is 

detected in 42% of Alternaria sensitized patient sera114. Disulfide isomerases have been 

shown to play a role in chronic features of airway allergy115. Alt a 5 is a ribosomal 

protein, P2, which shows sequence homology to Cladosporium allergen, Cla h 2. It is 

detected in 14% of sensitized patient’s sera84,114. Ribsomomal protein, P2, has been 

shown to induce inflammation in the airways and the skin of allergic patients116. Alt a 6, 
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an enolase, has been shown to be recognized in 22% of Alternaria-sensitized patient 

sera117. Enolases are a conserved group of fungal allergens and many show cross 

reactivity with each other. The enolase Alt a 6 represents another Alternaria allergen 

that is cross-reactive with a Cladosporium allergen. Fungal enolases have been shown to 

be implicated in plasminogen binding. Due to its nature of being able to degrade 

extracellular matrix, this cell surface protein may play a role the invasive nature of 

several fungi in airway disease118.  In one study, 7% of sensitized patient sera recognized 

Alt a 7114. Alt a 7 shows sequence homology to yeast flavodoxin-like protein, YCP4. How 

this plays a role in immunology and allergy remains unclear84. Alt a 8, a mannitol 

dehydrogenase, has been shown to be recognized in 41% of patient sera119. This may 

perhaps be the second most clinically relevant allergen in Alternaria. Interest in this 

protein lies additionally in its high prevalence in Cladosporium allergy in which it is 

recognized in over 50% of Cladosporium-sensitized patients120. Alt a 10 is a minor 

allergen that shares homology to Cladosporium aldehyde dehydrogenase, Cla h 3. 

Though Cla h 3 is a major allergen of Cladosporium, recognized by over 30% of patient 

sera, Alt a 10 is only recognized in 2% of Alternaria allergy subjects114. The role of 

aldehyde dehydrogenase has been explored in the context of cigarette smoking offering 

a protective effect against damage, however its role in fungal allergy appears to be 

unclear121. Alt a 12, another ribosomal protein, has been described however its 

prevalence has not been defined122,123.  Alt a 13 has been shown to be able to bind to 

IgE in patient serum. Studies on patient cells have shown that it is capable of inducing IL-

4 release124. Alt a 13 is a glutathione-S-transferase that shows cross reactivity with other 
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fungi and pollen however an exhaustive search of a database of over 20 Alternaria 

genomes did not reveal its existence suggesting the original reports regarding Alt a 13 

may not be correct (C. Lawrence, personal communication)125. Alt a 14 is a relatively 

recently described allergen that is capable of binding to IgE126. This manganese 

dependent superoxide dismutase is cross-reactive with Aspergillus fumigatus allergen, 

Asp f 6. In Alternaria- sensitized patients, Alt a 14 specific IgE is detected in 7 of 61 

samples127. The newest allergen described for Alternaria, Alt a 15, was recently 

characterized128. This 62.5 kDa serine protease was recognized in 10% of the study 

population. Alt a 15 showed sequence homology to a Curvularia lunata fungal allergen, 

Cur l 4128. 

 

Rationale & Hypothesis 

 
 

The goal of the project is to add new knowledge in regards to the origin and 

immune stimulating activity of allergens. In allergy, the basic question of what makes a 

protein an allergen, is not known. Though insights have been provided such as a genetic 

basis for susceptibility or a hygiene hypothesis, these are generally unable to answer the 

question. We start off with the hypothesis that cells treat proteins and chemicals as 

allergens because the allergen can exert an enzymatic or immune stimulating effect of 

cells, and that this effect may be modulated through an interaction or recognition via 

cell surface receptors. For fungal allergens, evidence for allergens interacting with 

receptors remains lacking. It is known that house dust mite allergens, such as Der p 2, 

interact with TLR4, indicating that exploring a fungal allergen – receptor mediated 



23 
 

interaction deserves investigation. An additional hypothesis that is explored is that an 

allergen is an allergen because it can enter cells and perhaps be transcytosed out of cells 

gaining access to other cell types beyond the epithelium. Timothy grass allergens and 

birch pollen allergens are known to be endocytosed, however the mechanism of entry 

and transcytosis remains undefined. By identifying the importance of Alt a 1 in the 

context of innate immunity we can begin to address both hypotheses. This is explored 

on understanding the role of secreted Alt a 1 in the context of in vitro studies in human 

airway cells. Studies examining the production and purification of Alt a 1, examining the 

localization activity of the secreted protein in an airway cell, and characterizing the 

immune response are described in this dissertation.  

 

In chapter two, I described studies defining the role of Alt a 1 on epithelial 

airway cells. We identified three cytokines that are secreted by human bronchial 

epithelial airway cells upon exposure to Alt a 1, MCP-1, GRO(a/b/g), and IL-8. These 

cytokines play a role in the recruitment of several immune cell types such as monocytes 

and neutrophils. Under continual exposure to an allergen, these cell types can lead to an 

eventual airway remodeling including constant excess mucus production, a tightening of 

airway smooth muscle cells, vasodilation, and cell death. This may perhaps suggest why 

those who have allergy to Alternaria develop asthma. 

 

In chapter 3, I describe studies that identify the role of entry of Alt a 1 in fungal 

innate immunity. To study Alt a 1 directly, we generated recombinant Alt a 1 in both E. 
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coli and in Pichia pastoris. Variant forms of Alt a 1 were generated. These were defined 

as Alt a 1 HIS84- (HIS) [Histidine to Asparagine] and Alt a 1 KQ85 (KQ) [Lysine to 

Glutamine]. Our biochemical studies showed that these variants were structurally like 

Alt a 1 WT. In the case of Alt a 1 WT, we showed that the protein is very thermostable, 

capable of withstanding temperatures above 75°C. The proteins were shown to form a 

dimer matching the observations of other researchers103,129. Lastly we showed Alt a 1 

WT has phosphatase and esterase activity. Interestingly, the variants did not show 

esterase activity. 

 

In chapter 4, I began the process of tying together the role of Alt a 1 and the 

fungus, Alternaria alternata, in the effects on human airway cells. The role of fungal 

extracts and their effects on the human airways has been extensively studied. IL-33 is 

produced by cells in response to serine proteases in extracts. Cell death can result. 

Additional cytokines such as TSLP are induced by interactions of the extracts with TLR2. 

However, the role of Alt a 1 in this context has not been examined.  

 

And finally, in chapter 5, I present a summary of the role of Alt a 1 in innate 

immunity that was described by the project. Briefly Alt a 1 was shown to induce several 

cytokines and chemokines in human airway cells. This response could be decreased by 

using TLR2 and TLR4 antibodies implying that Alt a 1 signaling takes place via membrane 

associated receptor interactions.  Alt a 1 appeared to enter human airway cells. 
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However, blocking its entry did not appear to cause any decrease in immune response, 

implying that the cells responded to our protein regardless of entry. What still needs to 

be determined, however, is a more robust way of blocking entry. If this is accomplished, 

either through mutating Alt a 1, or through a chemical based means of coating the 

cellular membranes, then we could determine the contribution of entry to innate and 

perhaps adaptive immunity.  In chapter 5, I additionally suggest new experiments for 

the next stage of the project. I lastly present the overall relevance of the project to 

allergic inflammation. 
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Chapter II. Innate immune responses induced by the major 
Alternaria allergen, Alt a 1, in bronchial epithelial cells is 
dependent upon Toll-like Receptors 2 and 4 
 

ABSTRACT 

 

Allergens are molecules that elicit a hypersensitive inflammatory response in 

sensitized individuals and are derived from a variety of sources. These sources include 

foods and pets, as well as organisms such as insects, molds, pollen, and bacteria.  For 

sensitized individuals, exposure to these allergens can lead to development of a variety 

of respiratory diseases. These illnesses are all linked by inflammation of the airway 

epithelium. Understanding how allergens induce inflammatory responses can provide 

new clues and targets for understanding and possibly treating allergic diseases.  Alt a 1 

is the most clinically important secreted allergen of the ubiquitous fungus, Alternaria. It 

has been shown to be a major allergen causing IgE-mediated allergic response in 90-

100% of Alternaria-sensitized individuals. In this study, recombinant Alt a 1 was 

produced, purified, labeled, and incubated with BEAS-2B, A549, and NHBE human lung 

epithelial cells. Studies examining the production of major innate immune cytokines, 

such as IL-8, were carried out. Our immunology studies in human airway cells enabled us 

to determine that Alt a 1-induced innate immunity is dependent upon Toll-Like 

Receptors 2 and 4 (TLR2 and TLR4) and the adaptor proteins MyD88 and TIRAP. We 

believe that this is the first, non-protease fungal airway allergen that is shown to 

function through TLR2 and TLR4.  
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Introduction 

 

Besides being a common cause of allergic rhinitis, sensitivity to the airborne 

fungus Alternaria alternata is believed to be a common cause of allergic/atopic asthma. 

Epidemiological studies from locations worldwide indicate that Alternaria sensitivity is 

closely linked with the development of asthma and up to 70 % of mold-allergic patients 

have skin prick test reactivity to Alternaria1–3.  Alternaria sensitivity has been shown to 

not only be a risk factor for asthma, but can also directly lead to the development of 

severe and potentially fatal asthma often more than any other fungus1–5. Additionally, 

Alternaria sensitization has been determined to be one of the most important factors in 

the onset of childhood asthma in the southwest desert regions of the US and other arid 

regions in the world2,6,7. Alternaria spores are ubiquitous, routinely found in 

atmospheric surveys in the United States and in other countries and are the most 

frequently encountered fungal spore type8. Airborne spore counts are often 1,000-fold 

greater than pollen counts, and exposures are often longer in duration. Indeed, it has 

long been speculated that this type of exposure may be partially responsible for both 

the chronic nature and severity of asthma in Alternaria-sensitized individuals9.  Indeed, 

in a recent survey by the National Institute of Environmental Health & Safety (NIEHS) of 

831 homes, containing 2456 individuals, it was found that the prevalence of current 

symptomatic asthma correlated with increasing Alternaria concentrations3.  Higher 

levels of Alternaria antigens in the environment significantly increased odds of having 
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had asthma symptoms during the preceding year, more so than other examined 

antigens. 

 

Although some research has been performed on the physiological and molecular 

identification of Alternaria allergens, only three major and five minor allergenic proteins 

have been described to date10,11. In general, the biological role of these allergens and 

other fungal products in the development of allergy and asthma is poorly understood.  

Other than a few studies demonstrating binding of these allergens to IgE-specific 

antibodies in human sera from patients diagnosed as being Alternaria sensitive, virtually 

nothing is known about how these proteins interact with the host immune system.  

Thus, there is clearly a need to elucidate the role of Alternaria immunoreactive proteins 

and other molecules in the development of asthma from mechanistic perspectives.   

 

Many of the known Alternaria allergens are intracellular proteins with clinically-

relevant homologs being reported in other fungi with known functions such as enolase, 

ribosomal proteins, nuclear transport factor, and aldehyde dehydrogenase to name a 

few11–13. Alt a 1, the major allergen produced by A. alternata, is a relatively small (157 

amino acids) secreted protein with no clear function in fungal metabolism or 

ecology14,15.  Its protein sequence and β-barrel structure is unique among fungal 

allergens with no known cross-reactivity to other allergens16–20. Diagnosis of A. alternata 

sensitization is often hampered by the variability and complexity of fungal extracts, and 

thus simplification of the diagnostic procedures with purified allergens has been 
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investigated. Currently, in some allergy clinics in the U.S., pure Alt a 1 protein is often 

used to assess sensitization in skin prick tests (SPT) in lieu of total fungal extract because 

it produces the same reaction as total antigen extracts in the majority (80-90%) of 

human subjects21–23. Furthermore, Alt a 1, either in its natural or recombinant form, is 

sufficient for a reliable diagnosis of A. alternata sensitization and induces skin prick 

reactivity comparable with that produced by commercially available A. alternata 

extract21,23.  

 

Many Alternaria spp. are plant pathogens and studies have shown that Alt a 1 is 

expressed during infection24. Recently it has been reported that this protein has the 

potential to bind quercetin-like flavonol molecules of plant and fungal origin and may 

enhance virulence on plants through ROS detoxification25.  In a recent study, using 

immunogold labeling and transmission electron microscopy, it was shown that the Alt a 

1 protein is abundant in the cytoplasm, primarily localized in the cell wall of spores and 

secreted during hyphal growth26.  Of potential pathological relevance in both plants and 

in the context of allergic inflammation in humans, Alt a 1 was recently shown to be able 

to be secreted rapidly within minutes of when the spore makes content with media of 

physiologically-relevant pH ranges25. This suggests that within the time a spore is 

inhaled, the Alt a 1 protein could be secreted into the airways regardless of germination 

and/or hyphal growth.  In this study, we investigated and report for the first time the 

potential innate immunostimulatory activities of Alt a 1 in human bronchial epithelial 

cells. We found Alt a 1 has potent cytokine and chemokine inducing activity. Moreover, 
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this activity was found to be dependent upon toll-like receptors (TLR-2 and TLR-4) and 

associated signaling pathways. This study is the very first in regards to defining the 

potential role of a single Alternaria product or protein in innate immunity. Results of 

these studies are discussed. 

 
 

Materials and methods 

 
 

Vector construction and transformation of Pichia pastoris 

 

An Alt a 1 cDNA harboring vector (pGAPZ, Thermo Fisher Scientific, Waltham, 

MA) for expression in Pichia pastoris was provided as a generous gift from Dr. Martin 

Chapman (Indoor Biotechnologies, Charlottesville, VA). Briefly, the pGAPZ-Alt a 1 vector 

contained a 6X poly-histidine tag for purification via immobilized metal ion affinity 

chromatography (IMAC) and allowed for zeocin to be used for seclection. The pGAPZ-Alt 

a 1 plasmid was transformed into P. pastoris GS115 (Thermo Fisher Scientific, Waltham, 

MA) via heat shock and plated on media containing zeocin according to the 

manufacturers protocols (Thermo Fisher Scientific, Waltham, MA). Next, as per the 

manufacturer’s protocols, zeocin-resistant P. pastoris colonies were then screened for 

presence of Alt a 1 using colony-based PCR using forward primer 5’- 

gtctggaagatctccgagttttacggacgcaag - 3’ and the reverse primer 5’ - 

cttgcgtccgtaaaactcggagatcttccagac – 3’. Positive colonies were selected and used for 

downstream expression and production of rAlt a 1 in P. pastoris GS115. 
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Protein expression and purification 

 

The rAlt a 1 protein was expressed in P. pastoris GS115 according to 

manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA) and purification 

followed a typical IMAC protocol (Qiagen Inc., Valencia, CA). Briefly, yeast was grown in 

500 mL yeast extract peptone dextrose broth at 22°C while shaking at 180 RPM. After 60 

hours, the culture media was separated into cells and supernatant by centrifuge at 5000 

x g for ten minutes. The supernatant was then buffer exchanged with 2 L of lysis buffer 

(50 mM NaH2PO4, 500 mM NaCl, 30 mM Imidazole, pH 8.0). After concentrating to 25 

mL, supernatant was then applied to NiNTA resin (Qiagen Inc, Valencia, CA) that had 

been washed and equilibrated in lysis buffer per manufacturer’s protocols. Four column 

volumes of lysis buffer was flowed through the column. Next, five mL elution buffer (50 

mM NaH2PO4, 500 mM NaCl, 50 mM imidazole, pH 8.0) was applied to the column. 

Elution buffer with increasing imidazole concentrations (100, 150, 200 mM, 

respectively) was then applied. rAlt a 1 protein eluted at 200 mM imidazole 

concentration.  

 

Purity was assessed via 15% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). 

As expected, the rAlt a 1 protein appeared to be a heterodimer consisting of 14.4 kDa 

and 17 kDa bands under denaturing conditions. Amicon Ultra Centrifugal Filters MWCO 

10 kDA (Sigma-Aldrich, St. Louis, MO) were used to concentrate proteins, and proteins 

were buffer exchanged with endotoxin-free PBS, pH 7.4 (Thermo Fisher Scientific, 
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Waltham, MA) for downstream endotoxin removal and applications. Approximately 20 

mg/L of rAlt a 1 was typically obtained following purification. 

 

Endotoxin removal and quantification of rAlt a 1 

 

Even though protein was produced in yeast, potential endotoxin contamination 

was removed from purified Alt a 1 using endotoxin removal columns (Detoxi-Gel 

endotoxin removing columns, Thermo Fisher Scientific, Waltham, MA). Briefly, resin was 

equilibrated in 1% sodium deoxycholate followed by 5 volume washes of PBS. 1 mL of 

protein was loaded onto the column and incubated for 1 hr. Protein was eluted by 

addition of endotoxin-free PBS, pH7.4 (Thermo Fisher Scientific, Waltham, MA).  

 

Quantification of endotoxin levels was performed using an Enzyme-linked 

Immunosorbent Assay (ELISA) Kit (Biomatik, Ontario, Canada). Briefly 50 μL of protein 

was assessed following the manufacturer’s protocol. Samples were run in duplicate in 

96 well plate format and were read on a Versa MAX ELISA Microplate Reader (Molecular 

Devices, Sunnyvale, CA) at room temperature. Measurements at OD450 were corrected 

against values obtained at OD570 following the manufacturer’s suggestions. A standard 

curve was generated for each reading and generated using R software. Endotoxin/LPS 

concentration was determined using the standard curve and tabulated in ng/mL of LPS. 

Experiments were performed at least five times/protein preparation. In all experiments, 
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purified rAlt a 1 contained below the detectable limit of endotoxin (<0.01 ng/mL). After 

testing for homogeneity of variances, Tukey’s HSD was performed and adjusted (if 

applicable). 

 

Membrane based cytokine arrays 

 

Human cell culture supernatants were assayed for general secretion of different 

cytokines and chemokines using the RayBio C-Series Human Cytokine Antibody Array C1 

per manufacturer’s protocols (RayBiotech, Norcross, GA). BEAS-2B cells were grown in 

DMEM+1% Pen/Strep/10% FBS. NHBE/DHBE were grown in BEGM media per the 

manufacturer’s protocols (Lonza, Walkersville, MD).  Both incubated at 37°C / 5% CO2. 

Approximately 4 x 106 BEAS-2B (ATCC CRL 9609, Manassas, VA) or 4 x 106 NHBE/DHBE 

(Lonza, Walkersville, MD) cells were starved for 4 hours prior to addition of 50 μg rAlt a 

1 and incubated for 24 hours. Supernatants were collected and used in downstream 

experiments per the manufacturer’s protocols (RayBiotech, Norcross, GA). Briefly, 

membranes were blocked with the blocking buffer and then washed. The membranes 

were then treated with the samples for two hours at RT shaking at 90 RPM. After an 

additional wash, the biotinylated antibody cocktail was used to cover the membranes. 

After a two-hour incubation at RT with shaking at 90 RPM another wash step was 

conducted. Afterwards, the membranes were covered with horse radish peroxidase 

streptavidin concentrate and incubated for two hours at RT with shaking at 90 RPM. The 

membranes were then washed and signals were detected using chemiluminescence. 
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Briefly, membranes were washed with two detection buffers provided by RayBiotech 

(Norcross, Ga) and exposed continuously from 5 seconds to 600 seconds with images 

taken at multiple intervals in between using BioRad Chemi Doc CRS+ System with Image 

Lab Software (BioRad, Berkeley, CA). Images were then exported with no correction or 

image modification. 

 

Enzyme-linked Immunosorbent assays (ELISA) 

 

Enzyme-linked Immunosorbent assays (ELISA) were performed using Human IL-8, 

MCP-1, and GRO (a/b/g) ELISA MAX (Biolegend, San Diego, CA) kits. Supernatants from 

cells treated with rAlt a 1 were examined following the manufacturer’s protocol. 

Samples were run in duplicate in 96 well plate format and were read on a Versa MAX 

ELISA Microplate Reader (Molecular Devices, Sunnyvale, CA) at room temperature. 

Measurements at OD450 were corrected against values obtained at OD570 following the 

manufacturer’s suggestions. A standard curve was generated for each reading and 

generated using R software. Cytokine/chemokine concentrations were determined 

using the standard curve and tabulated in pg/mL. Experiments were performed at least 

five times. After testing for homogeneity of variances, Tukey’s HSD was performed and 

adjusted (if applicable). 
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HEK-293 cells engineered to express TLRs and measurement of NF-κB activity 

 

Human embryonic kidney (HEK) 293-Blue hTLR4 cells expressing TLR4, 

MD2/CD14 co-receptor genes and a secreted embryonic alkaline phosphatase (SEAP) 

reporter gene under control of an IL-12 promoter and HEK-Blue Null 2 cells lacking TLR4 

receptor but expressing the IL-12 promoter and SEAP reporter gene (Invivogen, San 

Diego, CA) were seeded in a 96 well plate. The final volume of culture media was 200 μL 

DMEM+1% Pen/Strep/10% FBS. After 16 hours at 37°C / 5% CO2, the media was 

removed from the cells. Cells were then starved for two hours in 200 μL DMEM+1% 

Pen/Strep. Cells were pretreated with 5 ng/mL ultrapure LPS-RS (Invivogen, San Diego, 

CA), 10 μg/mL Anti-hTLR4-IgG or 10 μg/mL Mouse IgG 1 control antibody (antibodies 

from Invivogen, San Diego, CA)) for one hour. Then cells were then treated with 1 μg 

rAlt a 1. Cells were then incubated at 37°C / 5% CO2 for 24 hours. Afterwards 20 μL of 

the cell supernatant was added to 180 μL QUANTI-Blue reagent (Invivogen, San Diego, 

CA).  After incubation for 3 hours at 37°C the plate was read at 655 nM (VersaMax ELISA 

microplate reader) at RT. After testing for homogeneity of variances, Tukey’s HSD was 

performed and adjusted (if applicable). 

 

HEK 293-Blue hTLR2 cells expressing TLR2 and CD14 co-receptor genes and a 

SEAP reporter gene under control of the IFNβ minimal promoter were seeded in a 96 

well plate, final volume was 200 μL DMEM+1% Pen/Strep/10% FBS. After 16 hours at 

37°C / 5% CO2, the media was removed from the cells. Cells were then starved for two 



52 
 

hours in 200 μL DMEM+1% Pen/Strep. Cells were pretreated with 10 ug/mL Human 

IgA2-Control, 10 μg/mL Anti-hCD14-IgA, and 1 ug/mL Mab-hMD2 (all from (Invivogen, 

San Diego, CA)), for two hours. Then cells were treated with 1 μg rAlt a 1. Cells were 

then incubated at 37°C / 5% CO2, for 24 hours. Afterwards 20 μL of the cell supernatant 

was added to 180 μL QUANTI-Blue reagent (Invivogen, San Diego, CA). After incubation 

for 3 hours at 37°C the plate was read at 655 nM (VersaMax ELISA microplate reader) at 

RT. After testing for homogeneity of variances, Tukey’s HSD was performed and 

adjusted (if applicable). 

 

HEK 293-Blue hTLR5 cells expressing TLR5 gene and a SEAP reporter gene under 

control of an AP-1 promoter were seeded on a 96 well plate. Cells were treated with 100 

ng/mL of FLA-ST Ultrapure (Invivogen, San Diego, CA) or 1 μg rAlt a 1. This purified 

flagellin from Salmonella typhimurium is detected by TLR5 resulting in MyD88 mediated 

Nf-κB activation. Cells were incubated overnight at 37°C / 5% CO2. After incubation, 20 

μL of the cell supernatant was added to 180 μL QUANTI-Blue reagent (Invivogen). After 

incubation for 3 hours at 37°C the plate was read at 655 nM (VersaMax ELISA microplate 

reader) at RT. After testing for homogeneity of variances, Tukey’s HSD was performed 

and adjusted (if applicable). 

 
 

Blocking antibodies in BEAS-2B cells 

 

2.5 x 105 BEAS-2B cells were plated in 1 mL DMEM+1% Pen/Strep/10% FBS. After 

24 hours, 10 μg/mL of either Anti-hTLR2-IgA, 10 μg/mL Anti-hTLR4-IgG, 10 μg/mL 
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Human IgA2-Control, or 10 μg/mL Mouse-IgG1-Control (all from Invivogen, San Diego, 

CA) was added. After two hours, 100 μg rAlt a 1 was added. Cells were then incubated 

for 24 hours at 37°C / 5% CO2. Supernatants were then collected and assayed for 

cytokines via ELISA as described previously. 

 

Gene knockdown using siRNAs in BEAS-2B Cells 

 

3.0 x 105 BEAS-2B cells were seeded and cultured to 70% confluency in 24 well 

plates containing DMEM with 10% FBS. The cells were then transfected with 10 nM of 

either scrambled control, TLR2, TLR4, TIRAP, or MyD88 siRNAs (Santa Cruz 

Biotechnology, Santa Cruz, CA) in serum-free Opti-MEM medium (Invitrogen, Carlsbad, 

CA) using Lipofectamine RNA iMAX Reagent (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s protocols. After 24 hours, cells were treated with either 50 μg rAlt a 1 or 

where appropriate, 5 ng/mL of LPS (Sigma Aldrich, St. Louis, MO). To determine efficacy 

of gene silencing, western blot analysis was performed 24 hours after transfection.  

 

Statistical analysis 

 

Data is expressed as means and standard deviations. Data was tested for 

homogeneity of variances and appropriated analysis of variances tests were performed 

and adjusted accordingly. Downstream analysis of all numerical data utilized R software 
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and packages. Packages used for analyzing data included Coin, Car, Drc, Multcomp, and 

Sandwich27–31. 

Results 
 

Alt a 1 induces innate immune responses in bronchial epithelial cells 

 
 

To initially characterize the innate immune response induced by rAlt a 1 in 

bronchial epithelial cells in vitro, we used human cytokine/chemokine arrays harboring 

antibodies corresponding to 23 target molecules.  Our results showed that Alt a 1 

induced the secretion of several cytokines and chemokines in human bronchial 

epithelial airway cells primarily MCP-1 (CCL2), IL-8, and GRO a/b/g (CXCL1/2/3) (Figure 2 

- 1). Similar results were obtained in experiments using BEAS-2B, NHBE, and DHBE cells. 

 

 
Figure 2 - 1. Cytokine profiling of rAlt a 1 treated cells. 5.0 x 105 BEAS-2B cells were treated 
with 50 μg rAlt a 1 or 50 μL of endotoxin-free, sterile PBS (negative control).  Top Row: Cytokine 
array blot (Left) and corresponding map of targets (Right) derived from cells treated with rAlt a 
1, Bottom: Cytokine array blot (Left) and corresponding map of targets derived from cells 
treated with PBS (Right). Comparisons were made between the two blots and cytokines and 
chemokines highlighted in blue are those that were found to be stronger in cells treated with 
rAlt a 1. 
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Because levels of cytokines and chemokines could only be determined 

qualitatively using the array blots, ELISA assays were next used instead to quantify and 

confirm the levels of secreted cytokines/chemokines, MCP-1 (CCL2), IL-8, and GRO a/b/g 

(CXCL1/2/3). 5.0 x 105 Human BEAS-2B cells were treated with recombinant Alt a 1 for 

24 hours (Figure 2 - 2).  The ELISA results confirmed the cytokine array blots and showed 

that levels of human IL-8, MCP1, and GRO were significantly increased in rAlt a 1 treated 

cells (Figure 2 - 2).  

 

After determining that rAlt a 1 induces the secretion of several innate immune 

cytokines and chemokines, determining if there was a time dependent secretion of 

cytokines was conducted. The goal of this study was two-fold, to identify the time 

dependent secretion of cytokines and chemokines, and to additional identify if 24 hours, 

the time used most often in our epithelial airway cell models, is optimal. Human cells 

were incubated with Alt a 1 for time periods ranging from 15 minutes to 24 hours. 

Significant increases of IL-8 secretion occurred after cells were incubated with Alt a 1 for 

12 hours. It appeared that 24 hours is the time point at which IL-8 secretion is 

maximized in our experimental system (Figure 2 - 3). 
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Figure 2 - 2. Induction of cytokines and chemokines in BEAS-2B cells treated with Alt a 1. 5.0 x 
105 Human BEAS-2B cells were treated with 50 μg rAlt a 1 for 24 hours. Supernatant was 
collected and cytokine/chemokine levels were determined using BIOLEGEND ELISAMAX (MCP-1 
(CCL2), IL-8, and GROa/b/g (CXCL1/2/3)). Data are represented as mean (SD). After testing for 
homogeneity of variances, Tukey’s HSD was performed and adjusted (* p < 0.001).  
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Figure 2 - 3. Temporal aspects of IL-8 induction by Alt a 1. 5.0 x 105 BEAS-2B cells were grown in 
RPMI + FBS + 1% Pen Strep. Cells were starved for six hours prior to induction with rAlt a 1 or 
endotoxin-free sterile PBS. The starve media consisted of RPMI + 1% Pen Strep without FBS. 
Cells were treated with 50 μg rAlt a 1 for the specified time. Supernatants were collected and 
assayed via BIOLEGEND IL-8 ELISAMAX. After testing for homogeneity of variances, Tukey’s HSD 
was performed and adjusted (* p < 0.001). Data are represented as mean (SD). Comparisons 
were made between rAlt a 1 treated and untreated cells (PBS-treated 24 hr control). 

 

We also determined if Alt a 1 induces IL-8 in a dose dependent manner and 

found this to be the case (Figure 2 - 4). We found very strong induction of IL-8 with as 

little as 0.125 μM rAlt a 1 with a maximum induction with 0.5 μM of protein (50 μg of 

rAlt a 1 corresponds to a 0.5 μM concentration). This indicates Alt a 1 is quite potent at 

inducing IL-8 in BEAS-2B cells even at lower concentrations. 
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Figure 2 - 4. Alt a 1 induces IL-8 in a dose-dependent manner. 2.5 x 105 BEAS-2B cells were 
grown in RPMI + FBS + 1% Pen Strep. They were then starved for six hours. The starve media 
was RPMI + 1% Pen Strep. Cells treated with rAlt a 1 for 24 hours. Media was collected and 
assayed via BIOLEGEND IL-8 ELISAMAX. Data are represented as mean (SD). 

 

Alt a 1 induction of innate immune responses is dependent upon TLR signaling 

 
 

To determine the potential role of known pattern recognition receptors such as 

TLRs and associated signaling pathways in Alt a 1-induced innate immune responses in 

bronchial epithelial cells, we initially took a gene knockdown approach. A suite of gene 

specific siRNAs (MyD88, PI-3-K, TIRAP, TLR2, TLR3, TLR4 or scrambled control siRNA 

(scRNA) were transfected into BEAS-2B cells, then treated with rAlt a 1 for 24 hours. 

Supernatants were then collected and assayed for IL-8 levels. These cells showed no 

consistent reduction in IL-8 secretion when PI-3-K and TLR3 were blocked (data not 

shown). In repeated experiments, Alt a 1 treated cells showed decreased IL-8 secretion 

when first incubated with siRNAs corresponding to MyD88, TIRAP, TLR2, and TLR4, 
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compared to scRNA. This indicates that Alt a 1 induced innate immune responses are 

dependent upon these receptors and downstream adaptors (Figure 2 – 5 - 8). 

 
Figure 2 - 5. Alt a 1 induces signaling via TLR2. 3.0 x 104 Human BEAS-2B cells in DMEM + 10% 
FBS were cultured to 70% confluency in 24 well plates. The cells were transfected with 10 nM of 
either scrambled control or TLR2 siRNA in serum-free Opti-MEM medium using Lipofectamine 
RNA iMAX Reagent according to the manufacturer’s protocols. After 24 hours, cells were treated 
with either 50 μg rAlt a 1 or an equivalent volume of PBS. Media was collected and assayed via 
BIOLENGEND IL-8 ELISAMAX. Data are represented as mean (SD). After testing for homogeneity 
of variances, Tukey’s HSD was performed and adjusted (if applicable) (* p < 0.001). 
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Figure 2 - 6. TLR4 is an important player in innate immunity to Alt a 1. 3.0 x 104 Human BEAS-
2B cells in DMEM + 10% FBS were cultured to 70% confluency in 24 well plates. The cells were 
transfected with 10 nM of either scrambled control or TLR4 siRNA in serum-free Opti-MEM 
medium using Lipofectamine RNA iMAX Reagent according to the manufacturer’s protocols. 
After 24 hours, cells were treated with either 50 μg rAlt a 1, 5 ng/mL of LPS or an equivalent 
volume of PBS. Media was collected and assayed via BIOLENGEND IL-8 ELISAMAX. Data are 
represented as mean (SD). After testing for homogeneity of variances, Tukey’s HSD was 
performed and adjusted (if applicable) (* p < 0.001). 
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Figure 2 - 7. TLR-MyD88 dependent signaling is involved in innate immunity to Alt a 1. 3.0 x 104 

Human BEAS-2B cells in DMEM + 10% FBS were cultured to 70% confluency in 24 well plates. 
The cells were transfected with 10 nM of either scrambled control or MyD88 siRNA in serum-
free Opti-MEM medium using Lipofectamine RNA iMAX Reagent according to the 
manufacturer’s protocols. After 24 hours, cells were treated with either 50 μg rAlt a 1, 5 ng/mL 
of LPS or an equivalent volume of PBS. Media was collected and assayed via BIOLENGEND IL-8 
ELISAMAX. Data are represented as mean (SD). After testing for homogeneity of variances, 
Tukey’s HSD was performed and adjusted (if applicable) (* p < 0.001). 
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Figure 2 - 8.  Alt a 1-induced IL-8 is dependent upon TIRAP. 3.0 x 104 Human BEAS-2B cells in 
DMEM + 10% FBS were cultured to 70% confluency in 24 well plates. The cells were transfected 
with 10 nM of either scrambled control or MyD88 siRNA in serum-free Opti-MEM medium using 
Lipofectamine RNA iMAX Reagent according to the manufacturer’s protocols. After 24 hours, 
cells were treated with either 50 μg rAlt a 1, 5 ng/mL of LPS or an equivalent volume of PBS. 
Media was collected and assayed via BIOLENGEND IL-8 ELISAMAX. Data are represented as 
mean (SD). After testing for homogeneity of variances, Tukey’s HSD was performed and adjusted 
(if applicable) (* p < 0.001) 
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Figure 2 - 9. Cytokines and chemokines induced by Alt a 1 are mediated via TLR4. 2.5 x 105 
BEAS-2B cells were grown in RPMI + FPS + 1% Pen Strep. Cells were washed 24 hours before use. 
They were then starved for six hours. The starve media was RPMI + 1% Pen Strep. Some cells 
were pretreated with 10 μg/mL Anti-hTLR4-IgG for one hour, then given 50 μg rAlt a 1. Cells 
incubated for 24 hours. Media was collected and assayed via BIOLENGEND IL-8 ELISAMAX or 
BIOLEGEND MCP-1 (CCL2) ELISAMAX. Data are represented as mean (SD). After testing for 
homogeneity of variances, Tukey’s HSD was performed and adjusted (if applicable) (* p < 0.001).   

 

Next we confirmed the results of our siRNA gene knockdown experiments using 

TLR2 and TLR4 blocking antibodies. In preliminary experiments using TLR4 blocking 

antibodies, results indicated that TLR4 is important for Alt a 1 induction of MCP-1 

(CCL2), IL-8, and GROa/b/g (CXCL1/2/3) (Figure 2 - 9). 
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Most interestingly, MCP-1 induction appeared to be completely dependent upon 

TLR4.  TLR4 blocking antibodies brought MCP-1 down to background untreated control 

levels. IL-8 and GRO were not completely reduced to background levels using TLR4 

blocking antibodies suggesting that Alt a 1 may signal through multiple receptors 

including TLR2 and TLR4 as supported by results of our siRNA experiments.   

Figure 2 - 10. Alt a 1 primarily induces innate immunity through TLR4. 2.5 x 105 BEAS-2B cells 
were grown in RPMI + FPS + 1% Pen Strep. Cells were washed 24 hours before use. They were 
then starved for six hours. The starve media was RPMI + 1% Pen Strep. Some cells were 
pretreated with 10 μg/mL Anti-hTLR2-IgA, 10 μg/mL Anti-hTLR4-IgG, 10 μg/mL Human IgA2-
Control, or 10 μg/mL Mouse-IgG1-Control for one hour, then given 50 μg rAlt a 1. Cells 
incubated for 24 hours. Media was collected and assayed via BIOLENGEND IL-8 ELISAMAX. Data 
are represented as mean (SD).  After testing for homogeneity of variances, Tukey’s HSD was 
performed and adjusted (if applicable) (* p < 0.001). 

 

In follow-up experiments, we incorporated control antibodies (non-blocking), 

and TLR4 and TLR2 blocking antibodies (Figure 2 - 10).  Blocking TLR4 resulted in a much 

more significant reduction in Alt a 1-induced IL-8 compared to when blocking TLR2. We 
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also examined if combining TLR2 and TLR4 blocking antibodies would have an additive 

effect in regards to dampening Alt a 1 induced IL-8 and found this to be the case. 

Pretreating cells with both TLR2 and TLR4 blocking antibodies completely abolished Alt a 

1 induced IL-8.  Collectively, these results suggested that Alt a 1-induced IL-8 in BEAS-2B 

cells is primarily dependent upon TLR4 with a minor contribution from TLR2. 

 

To further examine the importance of TLR4 in the initiation of the innate 

immune response to Alt a 1, we used specialized human embryonic kidney cells (HEK 

293) engineered to express specific cell surface receptors such as TLR2, TLR4, or TLR5. 

These cells are also engineered with a reporter system whereby an NF-κB dependent 

gene promoter is fused to a gene encoding a secreted form of alkaline phosphatase 

(SEAP). In initial experiments, HEK-Blue hTLR4 cells were used to determine if Alt a 1 

could activate NF-κB signaling via TLR4. We first optimized the systems using cells 

treated with a TLR4 specific agonist LPS (ultrapure TLR4-specific LPS EB) resulted in high 

levels of SEAP. This activity could be reduced when cells were pretreated with a TLR4 

antagonist (LPS-RS which binds to TLR4 but does not induce a downstream signal), or 

with TLR4 blocking antibodies (Figure 2 - 11).  
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Figure 2 - 11. LPS initiated SEAP activity using cell signaling blocking agents. 2.5 x 104 HEK-Blue 
hTLR4 Cells and HEK-Blue Null Cells were plated in a 96 well plate in 200 μL DMEM+1% 
Pen/Strep/10% FBS. After 16 hours at 37°C / 5% CO2, the media was removed from the cells. 
Cells were then starved for two hours in DMEM+1% Pen/Strep. Cells were pretreated with 5 
ng/mL ultrapure LPS-RS, 10 μg/mL Anti-hTLR4-IgG or 10 μg/mL Mouse IgG 1 Control for an hour. 
Then cells were treated with 5 ng/mL ultrapure LPS-EB. Cells incubated with treatments in the 
incubator for 24 hours. Afterwards 20 μL of the cell supernatant was added to 180 μL QUANTI-
Blue reagent. After incubation for 3 hours at 37°C the plate was read at 655 nM room 
temperature. Data are represented as mean (SD).  After testing for homogeneity of variances, 
Tukey’s HSD was performed and adjusted (if applicable) (* p < 0.001). Comparisons shown are 
against LPS-EB (* = p < 0.001).  

 

Using this system, cells were pretreated with the antibodies and then treated 

with rAlt a 1 (Figure 2 - 12). HEK-Null control cells, expressing only an endogenous level 

of a subset of TLRs were not responsive to Alt a 1. Directly supporting our data from 

experiments with TLR4 specific siRNAs and blocking antibodies in BEAS-2B cells, the 

HEK-hTLR4 cells but not corresponding HEK-Null control cells were responsive to rAlt a 1 
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(Figure 2 – 12).  Furthermore, this response could be almost completely abolished by 

directly blocking the TLR4 receptor using both TLR4 blocking antibodies and the TLR4 

antagonistic ligand, LPS-RS. Non-blocking control antibodies had no effect on rAlt a 1 

induced SEAP. 

 
Figure 2 - 12. SEAP activity induced by Alt a 1 is reduced using TLR4 blocking agents. 2.5 x 104 
HEK-Blue hTLR4 Cells and HEK-Blue Null Cells were plated in a 96 well plate in 200 μL DMEM+1% 
Pen/Strep/10% FBS. After 16 hours at 37°C / 5% CO2, the media was removed from the cells. 
Cells were then starved for two hours in DMEM+1% Pen/Strep. Cells were pretreated with 5 
ng/mL ultrapure LPS-RS, 10 μg/mL Anti-hTLR4-IgG or 10 μg/mL Mouse IgG 1 Control for an hour. 
Then cells were treated with 1 μg rAlt a 1. Cells incubated with treatments in the incubator for 
24 hours. Afterwards, 20 μL of the cell supernatant was added to 180 μL QUANTI-Blue reagent. 
After incubation for 3 hours at 37°C the plate was read at 655 nM room temperature. . Data are 
represented as mean (SD).  After testing for homogeneity of variances, Tukey’s HSD was 
performed and adjusted (if applicable) (* p < 0.001).  Comparisons shown are against Alt a 1 + 
IgG (* = p < 0.001).  

 

We also performed similar experiments in hTLR2 and hTLR5 HEK-blue cells. 

Results of these experiments indicated that Alt a 1 induced SEAP activity was dependent 

upon TLR2 but not TLR5 (Figure 2 - 13 and 2 - 16).  
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The specific mechanism for how Alt a 1 triggers both TLR2 and TLR4 is unclear. 

One explanation could lie in the requirement of co-receptor molecules for the 

receptors, such as CD14 and MD2. Experiments focusing upon co-receptor molecules for 

both TLRs were explored. CD14 associates with both TLR2 and TLR4 upon signaling. 

Another receptor, MD2, is more specific to TLR4. Therefore, we tested to see if these 

adaptors/co-receptors may be important for signaling using CD14 and MD2 blocking 

antibodies (Figure 2 – 14 & 2 – 15).  

 
Figure 2 - 13. Alt a 1 induces SEAP activity through TLR2. 2.5 x 104 HEK-Blue hTLR2 cells and 
HEK-Blue Null cells were plated in a 96 well plate in 200 μl DMEM+1% Pen/Strep/10% FBS. After 
16 hours at 37°C / 5% CO2, the media was removed from the cells. Cells were then starved for 
two hours in DMEM+1% Pen/Strep. Cells were treated with 1 μg rAlt a 1.Data are represented as 
mean (SD).  After testing for homogeneity of variances, Tukey’s HSD was performed and 
adjusted (if applicable) (* p < 0.001). 
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Figure 2 – 14. Alt a 1 induced SEAP activity through TLR4 is not dependent on co-
receptor/adaptor molecules. 2.5 x 104 HEK-Blue Null2 and HEK-Blue hTLR4 cells were plated in a 
96 well plate. After adhering to the plate overnight the well volume was adjusted to 200 μL 
DMEM. Cells were pretreated with 10 μg Human IgA2 Control, 10 μg Anti-hCD14-IgA, 1 μg 
Mouse IgG Control, and 1 μg MAb-hMD2. for two hours. 1 μg rAlt a 1 was added to each well. . 
Data are represented as mean (SD).  After testing for homogeneity of variances, Tukey’s HSD 
was performed and adjusted (if applicable) (* p < 0.001). No significant differences were found.  

 

When CD14 was blocked using an antibody, signaling appeared to not be 

reduced (Figure 2 - 14). This suggested that Alt a 1 can trigger in a CD14 independent 

manner through TLR4. Results of these experiments also suggested that MD2 may not 

be important for the ability of Alt a 1 to signal through TLR4.  
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Figure 2 - 15. CD14 plays a role in Alt a 1 induced SEAP activity through TLR2. 2.5 x 104 HEK-
Blue Null2 and HEK-Blue hTLR2 cells were plated in a 96 well plate. After adhering to the plate 
overnight the well volume was adjusted to 200 μL DMEM. Cells were pretreated with 10 μg 
Human-IgA2-Control, 10 μg Anti-hCD14-IgA, 1 μg Mouse IgG Control, and 1 μg MAb-hMD2 for 
two hours. 1 μg rAlt a 1 was added to each well.  Data are represented as mean (SD).  After 
testing for homogeneity of variances, Tukey’s HSD was performed and adjusted (if applicable) (* 
p < 0.001). Comparisons were made against Alt a 1 + IgA2 (* p < 0.001). 

 

In contrast, blocking CD14 in HEK-hTLR2-blue cells treated with Alt a 1 appeared 

to cause a modest but significant reduction in SEAP. This indicated CD14 may be 

required for optimal signaling by Alt a 1 via TLR2 (Figure 2 - 15). Blocking MD2 had no 

effect on HEK-hTLR2-blue cells treated with Alt a 1 indicating unlike CD14, MD2 is most 

likely not involved in Alt a 1 induced signaling via TLR2. 

 

Finally, we investigated the MyD88-dependent TLR5 receptor using a similar 

approach. To ensure that the conditions of our system were compatible with HEK-hTLR5 
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cells, we first used bacterial flagellin from Salmonella typhimurium (FLA-ST), a canonical 

ligand for TLR5 as a positive control (Figure 2 - 16). As expected, FLA-ST induced robust 

TLR5-dependent SEAP activity. 

 
Figure 2 - 16. Flagellin induces strong SEAP activity through TLR5. 2.5 x 104 HEK-Blue hTLR5 
cells expressing TLR5 genes and a secreted embryonic alkaline phosphatase (SEAP) reporter 
gene under control of an AP-1 promoter were plated on a 96 well plate. After adhering to the 
plate overnight, the well volume was adjusted to 200 μL DMEM. Cells were treated with 100 
ng/mL of FLA-ST Ultrapure. . Data are represented as mean (SD).  After testing for homogeneity 
of variances, ANOVA was performed and adjusted (if applicable) (* p < 0.001). Comparisons 
shown are against no treatment (* = p < 0.001). 
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Figure 2 - 17. TLR5 is not involved in Alt a 1 induced SEAP activity. 2.5 x 104 HEK-Blue hTLR5 
cells expressing TLR5 genes and a secreted embryonic alkaline phosphatase (SEAP) reporter 
gene under control of an AP-1 promoter were plated on a 96 well plate (Invivogen) After 
adhering to the plate overnight the well volume was adjusted to 200 μL DMEM. 1 μg rAlt a 1 was 
added to each well.  After testing for homogeneity of variance, ordinary Tukey HSD was used. 
No differences were found. 

 

In contrast to HEK-hTLR2 and HEK-hTLR4, HEK-hTLR5 cells treated with Alt a 1 

showed no response (Figure 2 - 17). In fact, this response seemed as comparable to Alt a 

1 treated HEK-Null cells, indicating that Alt a 1 does not trigger a TLR5-MyD88-

dependent response.  
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Discussion 

 

 

Alt a 1 is the most relevant allergen in Alternaria alternata. Over 90% of patients 

sensitized to Alternaria typically have specific IgE to Alt a 1, indicating that it is a major 

allergen32,33. Sequence and structural studies have indicated that Alt a 1 is a species-

specific allergen with no known cross reactivity with other allergens. Its sequence and β-

barrel structure is unique among fungal allergens16–20. Insights into its function have 

been hypothesized. Because Alt a 1 localizes to the cell wall of spores, it has been 

predicted to play a role in the stability of the spore34. Alternaria spores isolated from 

schools, libraries, and offices have been capable of retaining the ability to secrete 

detectible levels of Alt a 135. On plants, this protein may play a role in the pathogenesis 

of Alternaria spp infection24. This protein has the potential to bind quercetin/flavonol 

like molecules of plant origin25. Though Alt a 1 is in the cytoplasm of the spore, it is 

secreted extremely rapidly in media of physiological pH25. This suggests that in a very 

short time following spore inhalation, the protein would be secreted into the airways.  

Importantly, Alternaria does not grow rapidly at 37°C (Rumore et al., unpublished data) 

but based on these recent Alt a 1 secretion studies it is probable that the major protein 

all individuals are chronically exposed to from Alternaria is Alt a 1.  Studies examining 

the importance of Alt a 1 beyond the scope of its capability of being used in diagnostic 

procedures have not been conducted21. 
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In this study, we report for the first time that the major allergen Alt a 1 induces 

innate immune responses in bronchial epithelial cells in vitro. A combination of cell lines 

and primary cells (BEAS-2B, NHBE, DHBE) with complementary experimental approaches 

were used to determine that at least some aspects of Alt a 1 signaling are dependent 

upon pattern recognition receptors (PRRs) and adaptor molecules including TLR2, TLR4, 

MYD88, and TIRAP. Moreover, this is the first study to show that a single, highly purified 

molecule from Alternaria induces innate immune responses.  

 

Previously, most immunological studies surrounding Alternaria have employed 

potent extracts consisting of a complex mixture of proteins and speculatively other 

molecules from Alternaria which could include mycotoxins, other secondary 

metabolites, and cell wall fragments such as chitin, mannans, and β-1,3-glucans. The 

complexity and inconsistency of extract composition has made it challenging to define 

specific components contributing to the proinflammatory nature of these products.  It is 

widely accepted that different culture and extraction conditions can lead to the 

variability in airway cell response to extracts22,36. Additionally extracts can have widely 

different allergen content37. Expression of fungal allergens can even vary by strain 

chosen38. 

 

It has been reported in several studies that protease activities in Alternaria 

extracts, especially serine, aspartic, and cysteine protease activity, are potent inducers 
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of cytokines in vitro and in vivo39–42. Using inhibitors, it was preciously shown that serine 

proteases activity from Alternaria induced TSLP and IL-33, potentially playing an 

important role in the development of allergic inflammation, airway disease, and severe 

asthma exacerbations39. Aspartic protease activity was shown to activate eosinophils 

leading to degranulation40,41. Aspartic protease activity was shown to induce the release 

of several other cytokines, including IL-6 and IL-842. Despite the evidence for the role of 

Alternaria proteases found in extracts to be potent inducers of cytokines, no single 

purified protease has been identified and correlated with these activities. It is important 

to note that Alt a 1 has not been reported to possess any protease activity. Alt a 1’s 

enzymatic activity has been reported to be primarily esterase and phosphatase14.  While 

extracts have clearly defined a potential role that proteases play in the immune 

response of the airway to fungi, they have not allowed for the determination of the role 

that individual proteins of Alternaria, such as Alt a 1 may play in the context of allergic 

inflammation, sensitization, and development of more complex disorders such as 

asthma43. 

 

Although tremendous progress has been made over the past few decades 

regarding determining the mechanistic aspects of allergic inflammation, more research 

needs to be performed in innate immunity and its role in sensitization and exacerbation 

aspects of allergic diseases. Published studies have increasingly made it clear that TLRs 

are key players in innate immunity to a growing number of allergens. For example, the 

dust mite allergen, Der p 2, has been shown to mimic the activity of human and mouse 
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MD2 in the presence of LPS to trigger a response through TLR444 in vitro and in vivo. Der 

p 2 has been shown to induce TLR2-MYD88 dependent mediated innate immune 

signaling in nasal fibroblasts45. In this study, we found the induction of several cytokines 

and chemokines by Alt a 1 in bronchial epithelial cells including GRO-a/b/g (CXCL1/2/3), 

IL-8, and MCP-1 (CCL2) and this was TLR2/4, MyD88, and TIRAP dependent.  These 

cytokines and chemokines have been shown in many studies to play a role in monocyte, 

neutrophil, and fibroblast recruitment and angiogenesis in asthma and innate allergic 

inflammation46–48.  Studying if other cytokines and chemokines such as TSLP, IL-33, and 

IL-25 are induced by Alt a 1 and/or in different cell types may be the subject of future 

research. 

 

More specifically, using gene knockdown approaches and complementary 

studies with blocking antibodies we found that the ability of Alt a 1 to induce a potent 

cytokine response was dependent upon TLR2, TLR4, MyD88, and TIRAP. Treatment of 

engineered human embryonic kidney (HEK)-Blue Null, TLR2, TLR4, and TLR5 cells with 

Alt a 1 showed that TLR2 and TLR4-associated NF-κB signaling but not TLR5 is activated.  

Further, incubation with TLR4 blocking antibodies and LPS-RS caused the abolishment of 

signaling in both HEK-Blue TLR4 and human bronchial epithelial airway (BEAS-2B) cells.  

In contrast to studies with Der p 2, the MD2 mimic that presents LPS to TLR4, our 

studies suggest that Alt a 1 does not function as an MD2 mimic because it is structurally 

unrelated to MD2 or Der p 2. We had undetectable amounts of LPS in our protein 

preparation. LPS was a requirement for Der p 2 signaling via TLR4 especially. It is 
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possible that Alt a 1 directly binds to and activates TLR2 and TLR4 or liberates a ligand 

from the cell surface via its esterase and/or phosphatase enzymatic activity. Collectively, 

these findings provide new avenues of interest for the study of allergic inflammation, 

the sensitization process, and the development of asthma and other allergic airway 

diseases.  In the future, we will examine the role of Alt a 1 and associated TLR signaling 

in vivo in the context of allergic inflammation. 
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Chapter III. The major Alternaria allergen, Alt a 1, enters 
bronchial epithelial cells 
 

ABSTRACT 

 

Allergens are molecules that elicit a hypersensitive inflammatory response in 

sensitized individuals and are derived from a variety of sources. These sources include 

foods and pets, as well as organisms such as insects, molds, pollen, and bacteria.  For 

sensitized individuals, exposure to these allergens can lead to development of a variety 

of respiratory diseases.  Overall, allergic respiratory illnesses such as allergic asthma and 

rhinitis can affect over 350 million people. These illnesses are all linked by inflammation 

of the airway epithelium. Understanding how allergens enter airway cells and induce 

inflammatory responses can provide new clues and targets for understanding and 

possibly treating allergic diseases.  Several allergens such as Birch tree allergen and 

Timothy grass allergen have been shown to enter cells. Because of this, it has been 

hypothesized that entry of an allergen into epithelial cells may contribute to that 

allergen’s immunogenicity. In this study, we examine the role of cellular entry in the 

context of fungal allergy. We present data describing the entry of the major Alternaria 

allergen, Alt a 1 into airway cells. We additionally explored how this protein entered 

cells. We found that Alt a 1 rapidly enters bronchial epithelial cells. Furthermore, our 

data suggests that endocytosis of Alt a 1 may be partially dependent upon interaction 

with phosphatidyl-inositol-3-phosphate (PI-3-P) but does not rely on its esterase activity. 
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Introduction 

 

Approximately 80-90% of patients sensitized to the airborne fungus Alternaria 

have specific IgE to Alt a 1, indicating that it is a major allergen1,2. Even though it is a 

species-specific allergen, it has been speculated that Alt a 1 may also play a role in the 

sensitization of patients to multiple fungi and possibly allergens from other diverse 

sources3. In several occupations, surveys examining environmental exposure of Alt a 1 

have been used to assess the risk of workers for airway problems and allergy4. Studies 

examining the importance of Alt a 1 beyond the scope of its capability of being used in 

diagnostic procedures for humans have not been conducted5. 

 

Sequence and structural studies have indicated that Alt a 1 is a species-specific 

allergen with no known cross reactivity with other allergens, thus making it more 

challenging to determine its role in sensitization and allergic inflammatory processes. Its 

protein sequence and β-barrel structure are unique among fungal allergens6–10.  β-barrel 

proteins have a variety of rather diverse functions making it difficult to determine the 

role of Alt a 1. These proteins include membrane proteins, RNA binding proteins, lipid 

binding proteins, and transcriptional regulators9. Interestingly, many Alternaria allergens 

have similar roles, but may lack the β-barrel structure.   

 

Insights into Alt a 1 function have been hypothesized. For example, because Alt a 

1 localizes to the cell wall of spores, it has been predicted to play a role in the stability of 
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the spore11. Alternaria spores isolated from school, libraries, and offices have been 

shown to be capable of retaining the ability to secrete detectible levels of Alt a 112.  Alt a 

1 is very thermostable which could potentially explain its longevity in such diverse 

locations11. The IgE epitopes have been demonstrated to still be functional even after 

treatment at 95°C11.  Many Alternaria spp. are plant pathogens and studies have shown 

that Alt a 1 is expressed during infection13. Recently it’s been reported that this protein 

has the potential to bind quercetin-like flavonol molecules of plant and fungal origin 

which may have antioxidant properties dampening initial reactive oxygen species (ROS) 

defense responses14.  

 

Though the β-barrel plays a role in the binding of other allergens such as 

lipocalins to their ligands, the β-barrel interior in Alt a 1 does not appear to have a 

binding cavity for IgE antibodies9.  The interior of the β-barrel, however, does appear to 

be where the flavonol-like compound(s) binds to Alt a 114,15.  For allergy and 

immunology, the IgE antibody binding epitopes on Alt a 1 appear to lie on the outside of 

the β-barrel. Alt a 1 has been reported to form dimers and even tetramers in its native 

state9. When Alt a 1 dimerizes, the epitopes are surface exposed and accessible to IgE 

antibodies, indicating that this structure could play a role in the allergenicity of Alt a 1. 

Interestingly, dimerization has been suggested to be a requirement for allergy16. 

However, immunoassays can detect both dimeric and monomeric Alt a 1 indicating that 

IgE antibodies to Alt a 1 may recognize both forms17,18. Though Alternaria rarely causes 

invasive infection in humans, Alt a 1 has been shown to be rapidly secreted within 
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minutes of when the spore makes contact with media of physiological pH14. This 

suggests that within the time a spore is inhaled, coming into contact with mucosal 

surfaces, the protein could be secreted into the airways regardless of germination and 

hyphal growth. Tying together the ligand binding aspects of Alt a 1, the role of the 

structure of Alt a 1, and its ability to be rapidly secreted even from ungerminated spores 

would be vital for improving our understanding of allergic inflammation associated with 

Alternaria.    

 

Allergens that possess proteolytic activity have been shown to cleave the tight 

junctions between cells of the airway epithelium19,20. For example, the proteolytic house 

dust mite allergen, Der p 1, was shown to localize to tight junctions and disrupt 

them19,20. In response, the airway epithelium increased its membrane permeability. 

Destruction and aberrant membrane integrity enabled Der p 1 to traverse the 

epithelium in as little as one hour19,20. Also in these studies it was shown that Der p 1 

could cleave IgE receptors on B-cells and degrade any proteinase inhibitor. Other house 

dust mite allergens, Der p 3, Der p 6, and Der p 9, are serine peptidases that cleave tight 

junctions21.  These allergens have been shown to interact with protease activated 

receptor 2 (PAR-2) on epithelial cells, which induced robust cytokine production21.  

 

Allergens can be immunogenic by being recognized by cell surface receptors22-23. 

Dendritic cells recruited to the epithelial layer have been shown to recognize numerous 

allergens via the mannose receptor22. Mannose receptor deficiency reversed Th-2 cell 



89 
 

differentiation in humans following allergen treatment22. The loss of the sugar mannose 

on allergens that are mannosylated heavily, such as Der p 1, Ara h 2 (Arachis hypogaea, 

peanut allergen), Can f 1 (Canis familiaris, canine allergen), and Bla g 2 (Blattella 

germanica, cockroach allergen), were shown to result in a reduction in secreted 

cytokine levels23. Interaction with the mannose receptor also was shown to lead to an 

internalization of the allergen as well as IL-5 and IL-13 cytokine release24. 

 

One possible explanation for the immunogenicity of Alt a 1 as described in 

Chapter 2 of this dissertation is that Alt a 1 triggers membrane bound receptor signaling. 

One explanation is that this signaling is due to the allergen entering the cell.  Several 

allergens, such as the birch tree allergen, Bet v 1, and Timothy grass allergens, have 

been shown to enter human airway and skin epithelial cells25–27. Using TEM and confocal 

microscopy of airway cells, within a minute of perturbation, Bet v 1 was visualized at 

and within the cytoplasm of epithelial cells as well as within intracellular vesicles25. 

Further, it appeared that Bet v 1 not only entered cells but traveled deeper into the 

layers of cells suggesting transcytosis was occurring. Bet v 1 entry was hypothesized to 

be dependent upon caveolin28,29. Phl p 1 and Phl p 6 (Phelum pretense, Timothy grass 

pollen allergens), have been shown to enter cells, however their mechanism of entry 

remains unclear27. 

 

Pollen allergen binding to surfactant proteins has been studied somewhat 

extensively30. Surfactant protein was initially studied using pollen starch compounds 
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from Timothy grass and assessed for its role in activating macrophages. It was shown 

that whole compounds have an inflammatory role in the airways while portions of these 

compounds perhaps have an anti-inflammatory role30. The role of the surfactant protein 

was speculated to aid in the aggregation of these compounds that could lead to issues 

with allergen clearance in airway allergy and asthma. Recently, allergen containing sub-

pollen particles have been shown to be internalized by human epithelial airway cells31. 

This uptake led to the activation and recruitment of mediators of phagocytosis such as 

macrophages32. In fungal allergy, a mechanism examining the internalization of fungal 

allergens and their potential for causing a recruitment of additional immune cell 

mediators has not been explored. 

 

In plants, fungal and oomycete effector proteins, such as avirulence proteins, 

have been shown to be able to enter host cells33–35. RXLR motifs (arginine, any amino 

acid, leucine, and arginine) have been implicated in the entry of several fungal and 

oomycte pathogen secreted effector proteins33,34,36. Entry of an allergen into cells may 

also be mediated by an RXLR motif 33,34. This motif has been recently expanded to allow 

for the arginine at position one to be substituted for any positively charged amino acid 

(lysine or histidine). Leucine at position three can be substituted for any large 

hydrophobic residue (such as tyrosine), while the fourth position can accept many 

substitutions (such as serine). Studies have suggested that entry of RXLR pathogen 

effectors is mediated through a phosphatidly-inositol-3-phosphate (PI-3-P) interaction35. 

In one study, cells coated with an inhibitor of phosphatidyl-inositol-3-kinase (PI3K) 
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inhibitor (LY294002), showed decreased Phytophthora infection when treated with an 

oomycete effector, however this response was eliminated when it was revealed that the 

pathogen was able to generate PI-3-P on its own37. Mutations to the RXLR region of this 

protein have been shown to greatly decrease the ability of the protein to enter both 

plant and human cells36.  

 

In this study, we have examined two hypotheses for what makes Alt a 1 an 

allergen: 1) Innate enzymatic activity of the protein causes it to be immunogenic and 2) 

Entry of this allergen into human airway cells facilitates an innate immune response. The 

entry of this allergen may be due to a predicted RXLR-like motif. We produced 

recombinant Alt a 1 in both E. coli and Pichia pastoris. Variant forms of Alt a 1 were 

produced by introducing mutations into the RXLR-like motif region with the goal of 

being able to answer both questions. One mutant would ideally be able to have 

enzymatic activity but not enter cells, while the other would lack enzymatic activity but 

enter cells. These variants would enable us to identify the importance of either entry or 

enzymatic activity on the role of Alt a 1 in human airway allergy. 
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Materials and methods 

 

Alt a 1 constructs 

 

Sequences for native Alt a 1 (WT) and the mutants Alt a 1 HIS84- (HIS) [Histidine 

to Asparagine] and Alt a 1 KQ85 (KQ) [Lysine to Glutamine] were designed and 

synthesized by GenScript Corporation (Piscataway, NJ), with codon usage optimized for 

E. coli expression (Figure 3-1). 

 
Figure 3 - 1. Native and recombinant Alt a 1 sequences. (*indicates 6x HIS sequence) 

 

Vectors for E. coli expression 

 
 

The Gateway expression vectors used to generate the Alt a 1 proteins were 

constructed following the manufacturer’s instructions (Invitrogen, Carlsbad, CA). Briefly, 

the BP clonase reaction was used to introduce the synthetic coding DNA containing 

flanking attB recognition sites into the pDONR vector. Following DNA sequencing 

confirmation, the LR clonase reaction was used to transfer DNA fragments from entry 

clones into destination vectors. The product of recombination reactions was used to 
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transform competent E. coli B21 (DE3) using heat shock. Ampicillin was used as a 

selectable marker. 

 

Vectors for yeast expression 

 
 

An Alt a 1 cDNA harboring vector (pGAPZ, Thermo Fisher Scientific, Waltham, 

MA) for expression in Pichia pastoris was provided as a generous gift from Dr. Martin 

Chapman (Indoor Biotechnologies, Charlottesville, VA). Briefly, the pGAPZ-Alt a 1 vector 

contained a 6X poly-histidine tag for purification via IMAC and allowed for zeocin to be 

used for selection. The pGAPZ-Alt a 1 plasmid was transformed into P. pastoris GS115 

(Thermo Fisher Scientific, Waltham, MA) via heat shock and plated on media containing 

zeocin according to the manufacturers protocols (Thermo Fisher Scientific, Waltham, 

MA). Similarly, the variant DNA, from E. coli (above) was inserted into this vector as well.  

Next, as per the manufacturer’s protocols, zeocin-resistant P. pastoris colonies were 

then screened for presence of Alt a 1 using colony-based PCR using forward primer 5’- 

gtctggaagatctccgagttttacggacgcaag - 3’ and the reverse primer 5’ - 

cttgcgtccgtaaaactcggagatcttccagac – 3’. Positive colonies were selected and used for 

downstream expression and production of rAlt a 1 in P. pastoris GS115. 
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Protein expression and purification 

 
 

Protein was expressed in both E. coli and P. pastoris (yeast). In E. coli, expression 

and purification followed typical IMAC protocol. Protein was expressed in BL21 (DE3) 

cells shaking at 37°C 220-240 RPM in standard LB Broth, Miller until an optical density 

(OD) of 0.6 – 0.8 was reached. 0.1 mM (final concentration) of Isopropyl β-D-1-

thiogalactopyranoside (IPTG) (Gold Biotechnology, St. Louis, MO) (~0.24 g/mL) was used 

to induce cultures. Temperature was reduced to 16°C while 220-240 RPM was 

maintained for expression overnight.  Cells were harvested by spinning via centrifuge at 

5000 x g for ten minutes. Supernatant was removed. Pellets were stored at -20°C 

immediately or were purified.  Frigid filter sterilized lysis buffer (50 mM NaH2PO4, 500 

mM NaCl, 30 mM Imidazole, pH 8.0) was added to the pellets. Pellets were resuspended 

then subjected to sonication for 15 second pulses every 30 seconds for two minutes at 

medium amplitude (40% on a tabletop sonicator). The resulting solution was spun on a 

centrifuge at 20,000 x g for 30 minutes. This was then applied to NiNTA resin (Qiagen 

Inc, Valencia, CA) which was washed and equilibrated in lysis buffer.  Supernatant was 

applied to the column and this flowed through. Four column volumes of lysis buffer 

flowed through the column. Afterwards five mL elution buffer (50 mM NaH2PO4, 500 

mM NaCl, 50 mM imidazole, pH 8.0) was applied to the column. Elution buffer with 

increasing imidazole amounts (100, 150, 200 mM respectively) was then applied. 

Protein eluted at 200 mM imidazole concentration. 
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In P. pastoris, the PichiaPink Secreted Protein Expression System (Life 

Technologies, Carlsbad, CA) was used for expression.  Yeast was grown in 500 mL yeast 

extract peptone dextrose broth at 22°C while shaking at 180 RPM. After 60 hours, the 

culture media was separated into cells and supernatant by centrifuge at 5000 x g for ten 

minutes. The supernatant was then buffer exchanged with 2 L of previously described 

lysis buffer. After concentrating the supernatant to 25 mL, the supernatant was added 

to the NiNTA resin. Purification protocol was the same as described previously. Purity 

was assessed via 15% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Alt a 1 as 

expected appeared to consist of a 14.4 and 17 kDa double band. Amicon Ultra 

Centrifugal Filters molecular weight cutoff (MWCO) 10 kDA (Sigma-Aldrich, St. Louis, 

MO) were used to concentrate proteins into PBS pH 7.4.  

 

Size exclusion chromatography 

 

Yeast-produced protein underwent gel filtration. 2 mL rAlt a 1 and variants were 

loaded onto gel filtration column (Hi Load 16/600 Superdex 75 pg (GE Healthcare, 

Chicago, IL) at 0.5 mL/min flow rate, 200 mL PBS pH 7.2. Protein eluted as a single peak 

in 99 1 mL elution fractions. Size exclusion chromatography with proteins of known sizes 

were run (horse heart cytochrome c, bovine erythrocytes carbonic anhydrase, bovine 

serum albumin, yeast alcohol dehydrogenase, and sweet potato β-Amylase). Elution 

volume was recorded. A standard curve relating known molecular weights of these 
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proteins and elution volume was generated. The elution volumes of Alt a 1 and variants 

were recorded. A linear regression curve was used to calculate the molecular weight. 

 

Endotoxin removal of E. coli produced Alt a 1 proteins 

 

Residual endotoxin was removed from purified Alt a 1 WT, HIS, and KQ by 

decontamination on endotoxin removal columns (Detoxi-Gel endotoxin removing 

columns, Thermo Fisher Scientific, Waltham, MA). Briefly, resin was equilibrated in 1% 

sodium deoxycholate followed by 5 volume washes of PBS. 1 mL of protein was loaded 

onto the column and incubated for 1 hr. Protein was eluted by addition of endotoxin-

free PBS.  

 

Endotoxin quantification of all proteins 

 
 

Quantification of endotoxin levels was performed using Enzyme-linked 

Immunosorbent Assay (ELISA) (Biomatik, Ontario, Canada). Briefly 50 μL of each protein 

sample stored at 4°C (within a week of experiment) or from -80°C were assessed 

following the manufacturer’s protocol. Samples were run in duplicate in 96 well plate 

format and were read on a Versa MAX ELISA Microplate Reader (Molecular Devices, 

Sunnyvale, CA) at room temperature (RT). Measurements at OD450 were corrected 

against values obtained at OD570 following the manufacturer’s suggestions. A standard 

curve was generated for each reading and generated using R software. LPS 
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concentration was determined using the standard curve and tabulated in ng/mL of LPS. 

Experiments were performed at least five times. 

 

Western blotting 

 
 

10 μg of protein from was loaded onto 15% SDS-Polyacrylamide gels. After 

proteins reached the end of the gel, proteins were electrotransfered to Immuno-blot 

PVDF (Biorad, Hercules, CA) membranes. Immunological detection was performed using 

monoclonal mouse anti-Alta1 (MA-3B6, INDOOR Biotechnologies, Charlottesville, VA) as 

primary antibody, and HRP Goat anti-mouse IgG (minimal x-reactivity) antibody 

(Biolegend, San Diego, CA) as secondary antibody. Primary antibody was used at 1:5000 

dilution overnight at 4°C with rotation. After washing with PBS with 0.05% Tween-20, 

the blots were further incubated for 1 hour at RT with the secondary antibody at 

1:10000 dilution. Then the membranes were washed and exposed continuously from 5-

600 seconds with images taken at multiple intervals in between using BioRad Chemi Doc 

CRS+ System with Image Lab Software (BioRad, Hercules, CA). Images were then 

exported with no correction or image modification. 
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Native gel 

 
 

10 μg Alt a 1 WT was loaded onto 7.5% native gel. Additional Alt a 1 was 

incubated with either 1.2 M Dithiothreitol (DTT) or 1 M β-mercaptoethanol (BME) (both 

from Sigma-Aldrich, St. Louis, MO) for 1 hour, then loaded onto gel. 

 

CD spectroscopy 

 
Twenty four μM Alt a 1 WT, KQ, and His was used for circular dichroism spectra 

determination. Far-UV CD spectra of proteins were generated in 10 mM potassium 

phosphate 50 mM potassium fluoride pH 7.2 on a Jasco J-815 spectropolarimeter fitted 

with a Jasco PFD-425 S temperature control unit (Jasco, Easton, MD). Spectra were 

collected using a closed top 1-mm path length quartz closed top cuvette (Starna Cell, 21-

Q-1, Starna Cells, Atascadero, CA) at 25°C. Spectra were obtained from three 

accumulated scans from 190-250 nm using a scan speed of 20 nm / min, a bandwidth of 

1 nm, and a 1 s response time. Buffer backgrounds were subtracted from the protein 

spectra. Secondary structure was predicted via CDPro using an average of all three 

algorithms (CDSSTR, CONTINLL, and SELCON3) when calculable38. 
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Thermal shift assay 

 
 

Alt a 1 WT stability was examined using the Bio-Rad CFX96 Thermal Cycler 

(Biorad, Hercules, CA). Alt a 1 at the specified concentrations was labeled with 1X 

Thermal Shift Dye (Applied Biosystems, Foster City, CA), final volume 200 μL. Each 

concentration of Alt a 1 was run in triplicate. Alt a 1 incubated with PBS and dye on a 96 

well plate. This plate was then exposed to temperatures ramping up from 25°C to 99°C. 

Data presented is representative of one set of replicates. Additional Alt a 1 was 

incubated with either 1.2 M DTT or 1 M BME for 1 hour, then incubated with dye and 

ran through the assay. 

 

Airway cell uptake experiments for confocal imaging 

 
 

Purified Alt a 1 and variants were conjugated to DyLight488 (1 mg/mL of protein 

was conjugated to 5 μL of DyLight488-NHS Ester (green, Ex493/Em518, Thermo Fisher 

Scientific, Waltham, MA)). Conjugation was done at RT for at least twelve hours. This 

solution was buffer exchanged using 10 kDa filters to remove unbound DyLight488. 

Buffer used was filter sterilized 50 mM NaH2PO4 with 100 mM NaCl at pH 7.4. Airway 

uptake experiments were performed in 100 μL of + 1% Pen/Strep/10% FBS RPMI media 

with adenocarcinomic human alveolar basal epithelial cells (A549, ATCC CCL-185, ATCC, 

Manassas, VA), adenovirus transformed non tumorgenic human bronchial epithelial 

cells (BEAS-2B, ATCC CRL 9609, ATCC Manassas, VA), or normal human bronchial 
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epithelial airway cells (NHBE) in BEGM media (both from Lonza, Walkersville, MD), 

which were starved for two hours before application of protein. 10 μg of protein was 

added to each well. The cells were incubated in an incubator at 37°C / 5% CO2, for 15 

minutes. Then wells were washed twice with 100 μL of DPBS (Thermo Fisher Scientific, 

Waltham, MA) to remove debris, dead cells, disadhered cells, and free protein. 100 μL of 

RPMI with 10 % FBS (Thermo Fisher Scientific, Waltham, MA) was added and then cells 

were visualized on Zeiss LSM510 Confocal Microscope (Keck Confocal Microscope 

Facility, Fralin Biotechnology Center, Virginia Tech). For exact settings for microscope 

refer to previously published methods39. 

 

 

Airway cell uptake experiments for flow cytometry  

 

1 mg/mL of purified Alt a 1 was conjugated in 20-40 μL of DyLight488-NHS Ester. 

The solution was left to sit at 4°C for at least 12 hours. After this, the buffer was 

exchanged to filter sterilized 50 mM NaH2PO4, 100 mM NaCl, pH 7.4 buffer utilizing 3 

kDa filters (Sigma-Aldrich, St. Louis, MO). Approximately 5 x 105 cells in 2 mL of RPMI + 

1% Pen/Strep/10% FBS were utilized for the experiment. Experiments were conducted, 

one at a time, in A549, BEAS-2B, and NHBE cells. Numerous controls were used such as 

wells with inhibitor and cells only, wells with only cells and no treatments, wells with 

DyLight488 and cells only, as well as wells with only Alt a 1 and cells. Studies were 

conducted in 12 well plates.  All treatments were done in triplicate or duplicate, and the 

entire experiment was conducted three times. At the start of the experiment 1.5 mL of 
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media was removed from each well giving a final volume of 500 μL. Inhibitors were 

added to starved cells in the following concentrations:  5 μL Wortmannin (0.02 mM), 10 

μL LY294002 (0.04 mM), 2.5 μL Tyrphostin A23 (0.031 μM), 2 μL N-ethylmaleimide (0.24 

mM), 2 μL Cytochalasin D (0.0004 mM), 10 μL Filipin III Complex (20 mM), 5 μL Dynasore 

(0.055 mM), and 10 μL Methyl-β-Cyclodextrin (1.34 mM)(all from Sigma-Aldrich, St. 

Louis, MO).  D-myo-Inositol 1,3, biphosphate (Cayman Chemical Co., Ann Arbor, MI) was 

used as an additional inhibitor added at a ratio of 1:3 with protein. Two additional 

proteins, FAPP1-mCherry and 2xFYVE-mCherry (a gift from of Dr. Shiv Kale, Virginia 

Tech) were additionally used as inhibitors. To prevent cell death, inhibitors were added 

at the surface of the wells and then shaken gently. Cells sat in incubator for 1 hour at 

37°C / 5% CO2. Afterwards 100 μg of protein was added to wells (or 100 μL of 

DyeLight488-NHS Ester).  Cells were incubated for 15 minutes at 37°C / 5% CO2. Media 

was removed and cells were washed with 1 mL of DPBS with propidium iodide (50 μg in 

100 mL)(Sigma-Aldrich, St. Louis, MO). Cells rocked gently on shaker for 2 minutes. Then 

this was removed and cells were washed with 1 mL of DPBS (Thermo Fisher Scientific, 

Waltham, MA). They once again sat on the shaker for 2 minutes. Afterwards the wash 

solution was removed. 500 μL of trypsin (Thermo Fisher Scientific, Waltham, MA) was 

added to each well. Treated cells were then incubated (37°C, 5% CO2) for five minutes.  

Cells were resuspended in the trypsin solution then transferred to other tubes. Cells 

were then centrifuged at 500 x g for five minutes. Trypsin was removed and cells were 

resuspended in 10% formalin buffered saline. They were then taken to the FACS LSRII 

flow cytometer (Beckton Dickinson, San Jose, CA). For exact flow cytometer settings see 
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the previously published methods39. 1.0 x 104 cells were gated positive as singleton and 

negative for propidium iodide labeling which were analyzed for levels of DyLight488 

emission. Compensation was not required and median fluorescence intensity was 

calculated for samples.   

 
 

Airway uptake experiments for immunostaining 

 
 

Immunostaining was carried out using acid washed coverslips. Covers slips were 

washed in a 1 M 37% hydrochloric acid solution and heated to 50°C overnight. The 

coverslips were cooled to RT. They were then rinsed with distilled H2O. The coverslips 

were next transferred to a glass jar. Sonication was performed three times while in a 

water bath. Next, 50% ethanol was added and sonication repeated for 30 minutes. Then 

70% ethanol was added and sonication repeated. Then 95% ethanol was added and 

sonication repeated. Lastly the container was filled with 95% ethanol. Coverslips were 

then added to plates and cells grown on them.  

 

After the experiment, media was removed. Cover slips were then rinsed quickly 

in PBS. The cover slips were fixed in 4% formaldehyde in 2X PHEM buffer for 20 minutes. 

Coverslips with cells were then washed in PBS for 5 minutes three times. The coverslips 

with cells were then permeabilized in 1X PHEM with 0.5% Triton-X for 10 minutes at RT. 

The coverslips were washed quickly three times and blocked in 10% boiled goat serum 

(BGS) for 1 hour at RT.  Immunological detection was performed using monoclonal 
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mouse anti-Alta1 (MA-3B6, INDOOR Biotechnologies, Charlottesville, VA) as primary 

antibody, and HRP goat anti-mouse IgG (minimal x-reactivity) antibody (Biolegend, San 

Diego, CA) as secondary antibody. Primary antibody was used at 1:5000 dilution in 5% 

BGS overnight at 4°C with rotation. After washing with PBS with 0.05% Tween-20, the 

coverslips then were further incubated for 1 hour at RT with the secondary antibody at 

1:10000 dilution in 5% BGS. The coverslips were then washed in PBS with 0.05% Tween-

20 for five minutes. This was repeated three more times. Counterstain with DAPI was 

performed using 2 μL total for the experiment. Counterstain took place for five minutes. 

Coverslips were washed in PBS with 0.05% Tween-20 for five minutes. This wash was 

repeated two more times. Cells were mounted onto slides and sealed. Cells were finally 

visualized on Zeiss LSM510 Confocal Microscope (Keck Confocal Microscope Facility, 

Fralin Biotechnology Center, Virginia Tech). 

 

Surface plasmon resonance (SPR) 

 
 

All SPR measurements were carried out on a Biacore X100 instrument (GE 

Healthcare, Chicago, IL) at room temperature in 20 nM HEPES (pH 6.8), 100 nM NaCl, 

and 1 mM NaN3. Stocks of phospholipids were prepared in organic solvents per the 

manufacturer’s instructions (Cayman Chemical Co., Ann Arbor, MI). Liposomes were 

prepared by a weight ratio of 1:1 phosphatidylcholine (PtdCho) / 

phosphatidylethanolamine (PtdEth) and 10% of PtdIns(3)P, PtdIns(4)P, and PtdIns(5)P 

(Cayman Chemical Co., Ann Arbor, MI). Controls were prepared by adjusting the ratios 
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with PtdCho and PtdEth. Lipid films were generated by drying the lipid mixture with 

nitrogen gas for 30 min followed by lyophilization at RT. Lipid films were hydrated in 20 

mM Tris-HCl pH 6.8, 100 mM NaCl, and 1 mM NaN3 to 1 mg/mL at 67°C for 1 hour and 

freeze-thawed three times. Liposomes were extruded during each freeze-draw cycle 

using 200-nm pore size membranes (Avanti Polar Lipids, Birmingham, AL). The surface of 

an L1 sensor chip (GE Healthcare, Chicago, IL) was preconditioned by injecting liposomes 

at a flow rate of 5 μL/min. The first flow cell of the sensor chip was used as the active 

surface. Approximately 6,000 response units (RU) of 1 mg/mL each of the liposomes 

were immobilized on the surface of the preconditioned L1 sensor chip. After liposome 

immobilization, 30 μL of 10 mM NaOH at a flow rate of 30 μL/min was used to wash 

away any unbound liposome. Nonspecific binding sites at the sensor chip surface were 

then blocked with the injection of 250 μL of fatty acid-free BSA (Sigma-Aldrich, St. Louis, 

MO) at 0.1 mg/mL and a flow rate of 5 μL/min. A range of concentrations of Alt a 1 was 

prepared in the same buffer and injected on both flow cell surfaces at a flow rate of 30 

μL/min. Sensorgrams were obtained from the different concentrations of the protein. 

Association and dissociation times for each injection were set at 120 and 600 seconds, 

respectively. The remaining bound protein was washed away by the injection of 30 μL of 

10 mM NaOH. The sensor chip surface was regenerated and recoated with fresh 

liposomes for the next protein titration. To estimate the kinetic parameters, 

sensorgrams were fitted to a two-state (conformational change) binding model using 

Biacore T200 evaluation software (version 2.0) (GE Healthcare, Chicago, IL). 
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Enyzme activity using ApiZyme™ 

 
 

Enzyme assays were performed using the ApiZyme (bioMerieux, Marcy-l’Etoile, 

France) kit. Two and 10 μg of Alt a 1 WT, HIS, and KQ was diluted in PBS and added to 

each reservoir on the precoated ApiZyme test strip. After incubating for 30 minutes at 

37°C, color changes were recorded indicating enzymatic activity with specific substrates 

present on the strip. Blue color indicated the presence of enzymatic activity per the 

substrate.  

 

Enzyme activity using substrates 

 
 

An enzyme assay to measure esterase activity was performed in a 96 well plate. 

10 μM of a p-bitrophenol butyrate or 10 μM of p-nitrophenol acetate in 50 mM 

NaH2PO4 (pH 7.5) (Sigma-Aldrich, St. Louis, MO) buffer was added to each well in 

triplicate. 95 μL of buffer was added to each well. 5 μL of Alt a 1 WT, His, or KQ was then 

added to each well. Cells were lightly mixed by pipetting then incubated at room 

temperature for 15 minutes.  Samples were run in triplicate in 96 well plate format and 

were read on a Versa MAX ELISA Microplate Reader (Molecular Biosciences, Sunnyvale, 

CA) at RT. Measurements at OD410 were taken. 
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Enzyme-linked immunosorbent assay (ELISA) 

 
 

Enzyme-linked Immunosorbent assays (ELISA) using Human IL-8 ELISA MAX 

(Biolegend, San Diego, CA) was used to detect human inflammatory cytokines. 

Supernatants from human airway cell cultures stored at 4°C (within a week of 

experiment) or from -80°C were assessed following the manufacturers protocol. 

Samples were run in duplicate in 96 well plate format and were read on a Versa MAX 

ELISA Microplate Reader (Molecular Biosciences, Sunnyvale, CA) at RT. Measurements 

at OD450 were corrected against values obtained at OD570 following the manufacturer’s 

suggestions. A standard curve was generated for each reading and generated using R 

software. Cytokine concentration was determined using the standard curve and 

tabulated in pg/mL of cytokine. Experiments were performed at least five times. 

 

Statistical analysis 

 
Data was expressed as means and standard deviations. For flow cytometry data, 

data was expressed using the geometric mean and standard deviation as provided by 

the LSRII FACSDiva software (Beckton Dickinson, San Jose, CA). Downstream analysis of 

all numerical data utilized R software and packages. Packages used for analyzing data 

included Coin, Car, Drc, Multcomp, and Sandwich40–44. 
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Table 3 - 1. List of inhibitors used in this study 
Inhibitor Mechanism 

Wortmannin Phosphoinositide-3-kinase (PI-3-K) inhibitor. 
Forms a covalent complex with lysine residue of 
PI-3-K, which regulates cell signaling, mobility, 
proliferation, and differentiation, survival, and 
metabolism. Catalyzes phosphorylation of the 
hydroxyl group on 3rd carbon of the inositol ring 
on phosphoinositides 

LY294002 PI3K inhibitor, phosphatidylinositol-4,5-
bisphophate 3-kinase inhibitor, and the 
serine/threonine protein kinase (PIM1) 

Tyrphostin A23 Tyrosine kinase inhibitors (clathrin coated vesicles) 

N-ethylmaleimide Inhibits vesicle formation (clathrin) 

Cytochalasin D Inhibits actin formation on the cellular membrane 

Nystatin Binds to sterols affecting membrane permeability 
leading to cell death, forms pores in the plasma 
membrane collapsing ion gradients. Specifically 
affects lipid rafts/caveolin mediated entry 

Filipin III Complex Forms large complexes with sterols between 
leaflets of the lipid bilayer resulting in loss of 
barrier function, disrupts caveolae; lipid rafts 

Dynasore Inhibits vesicle formation on the membrane by 
interfering with Dynamin GTPase activity. Affects 
clathrin coated pit formation on membranes. 

Methyl-β-Cyclodextrin Disrupts membranes by binding and removing 
cholesterol which affects caveolin associated 
integral membrane proteins. 

 
 

Results 

 

Recombinant protein purity 

 
Recombinant Alt a 1 expression vectors were transformed into E. coli and 

P.pastoris expression systems. Alt a 1 constructs are shown in Figure 3 - 1. A 6x Histidine 

tag was produced as part of the expressed protein and used for purification purposes. 

Purification of E. coli produced Alt a 1 was assessed via SDS-PAGE (Figure 3 - 2). 

Additional variants of Alt a 1 in E. coli were produced and previously described by Dr. 
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Amanda Rumore45 (Alt a 1 RX (complete HKWYS deletion), and Alt a 1 VV), however 

those were not used further as yield was too low for utility in experiments.  

 
Figure 3 - 2. 12% SDS-PAGE of E. coli produced rAlt a 1 WT and variants. 10 μg Alt a 1 loaded 
per lane. Alt a 1 appears as two bands around approximately 14.4 and 17 kDa under reducing 
conditions.  

 

Variant forms of rAlt a 1 were also produced using the P. pastoris expression 

system. The proteins were assessed for purity on SDS-PAGE and western blot (Figure 3 - 

3). 
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Figure 3 - 3. 15% SDS-PAGE of rAlt a 1 proteins produced in P. pastoris. A. Alt a 1 WT (15 μg) on 
15% SDS-PAGE. B. 15% SDS-PAGE Alt a 1 WT-Wildtype, Kq: Lysine to Glutamine variant, His-: 
Histidine to Asparagine variant (all 15 μg). C. 15 % SDS-PAGE western Analysis (1 μg/mL of 
protein, 2 μl Anti-Alt a 1 antibody, 2 μL anti goat-mouse antibody as described in materials and 
methods). 

 

Alt a 1 purity was further assessed using gel filtration. Alt a 1 and variants elute 

as a single peak under non-reducing conditions regardless of expression platform 

(example in Figure 3 - 4).  
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Figure 3 - 4. Gel filtration of rAlt a 1 WT. 2 mL Alt a 1 and variants loaded until gel filtration 
column (Hi Load 16/600 Superdex 75 pg) (at 0.5 mL/min flow rate, 200 mL PBS pH 7.2) elutes as 
a single peak in 99 1 mL elution fractions. Shown is Alt a 1 WT, KQ and HIS looked similar (not 
shown). Data is representative of Pichia protein, but was typical for both expression systems. 

 

As visualized using SDS-PAGE and western blot analyses of either E. coli or Pichia 

expressed Alt a 1 appeared to consist of two bands. To verify that the production 

conditions ensure that the bands correspond to the total molecular weight of the 

protein, size exclusion chromatography was used for both E. coli and Pichia produced 

proteins. Alt a 1 WT and variants, regardless of expression platform, ran at a size that 

corresponds to the total molecular weight (example shown in Figure 3 – 5). Additionally, 

this suggests that, as reported, Alt a 1 produced under our conditions forms a dimer46. 
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Figure 3 – 5. Size determination of Alt a 1 using size-exclusion chromatography. 2 mL rAlt a 1 
and variants loaded until gel filtration column (Hi Load 16/600 Superdex 75 pg) (at 0.5 mL/min 
flow rate, 200 mL PBS pH 7.2) Proteins of known size were run. The rAlt a 1 and variants elution 
volume was recorded. Curve fitting was used to generate an equation of the line. Elution 
volumes were used as input and allowed for molecular weight determination. Data is 
representative of Pichia-produced protein, but was typical for both expression systems. 

 

Recombinant protein structure and stability studies 

 
 

To ensure that the variant proteins were properly folded, the CD spectrum was 

determined and compared to Alt a 1 WT. No deviations in secondary structure were 

detected (Figure 3 - 6). Alt a 1 spectra corresponds to a structure that would be 

composed of mainly β pleated sheets. Our Alt a 1 CD spectra also matches protein that 

is produced commercially by INDOOR Biotechnologies (Dr. Martin Chapman, INDOOR 

Biotechnologies, Charlotesville, VA, personal communication). 
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Figure 3 - 6. Circular dichroism spectra determination of recombinant proteins. 24 uM rAlt a 1 
WT, KQ, and His proteins were examined. The experiment was performed in triplicate. Proteins 
were suspended in a pH 7.4 10 mM KPO4, 100 mM KF buffer. Data was generated using the 
CDPro package. Variants of rAlt a 1 did not differ from rAlt a 1 WT (NRMSD is within the 
acceptable range). Data is representative of Pichia produced protein but was typical for both 
expression systems. 

 
 

To ensure that Alt a 1 was in its native conformation, SDS-PAGE with non-

reduced rAlt a 1 was used. rAlt a 1 WT appeared to run at ~37 kDa. Even without 

reducing agent present, rAlt a 1 could clearly be seen as two distinct bands (Figure 3 – 

7a). Next, rAlt a 1 WT was reduced with two different reducing agents, β-

mercaptoethanol (BME) and Dithiothreitol (DTT) (Figure 3 – 7b). Both reducing agents 

caused a complete separation of rAlt a 1 WT into four distinct bands. Native gels were 

used and showed rAlt a 1 WT (reduced with SDS) exhibited different mobility than rAlt a 

1 WT reduced with BME or DTT, indicating that SDS was an optimal reducing agent.  
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Figure 3 - 7. Native analysis of Alt a 1 WT. A. 15 % SDS-PAGE: 10 μg rAlt a 1 WT loaded with 
loading buffer (-BME), 10 μg Alt a 1 WT with 1 M DTT, and 10 μg Alt a 1 WT with 1 M BME. rAlt a 
1 WT migrates differently with reducing agent, suggesting it can be reduced into two individual 
subunits as shown in A and B. 7.5 % Native PAGE: 10 μg rAlt a 1 WT, 10 μg rAlt a 1 WT with 1 M 
DTT, and 10 μg rAlt a 1 WT 1 M BME. Native gel also shows rAlt a 1 migrates differently upon 
reduction to its subunits. Data is representative of Pichia produced protein but was typical for 
both expression systems. 

 

Protein thermal shift assay was also performed to determine the thermostability 

of rAlt a 1 WT produced under laboratory conditions. It was expected that rAlt a 1 would 

have high thermostability11.  
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Figure 3 - 8.  Alt a 1 WT thermostability examined using the Bio-Rad CFX96 Thermal Cycler 
TOP: Fluorescence melting curve showing changes in fluorescent intensity with increasing 
temperature for different concentrations of rAlt a 1 WT (done in triplicate). BOTTOM: First 
derivative of melting curves (dF/dT) is plotted and the temperature at maximum dF/dT is the 
protein melting temperature (Tm). Data is representative of Pichia produced protein. Data was 
typical for both expression systems. 

 

Under environmental conditions in dry and hot regions, current data suggests Alt 

a 1 most likely remains in its stable form. In the context of human airway biology, Alt a 
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1, upon inhalation, would remain in its stable confirmation at body temperature. Our 

results confirmed that Alt a 1 is a highly stable protein (Tm = 75°C) (Figure 3 - 8). 

Moreover, under reducing conditions of BME, Alt a 1 Tm decreased as the ratio between 

BME and Alt a 1 increased (Figure 3 - 9). 

 
Figure 3 - 9. Alt a 1 WT thermostability examined with reducing agents while using the Bio-Rad 
CFX96 Thermal Cycler TOP: Fluorescence melting curve showing changes in fluorescent intensity 
with increasing temperature for different concentrations of rAlt a 1 WT incubated with 1 M BME 
(done in triplicate). BOTTOM: First derivative of melting curves (dF/dT) is plotted and the 
temperature at maximum dF/dT is the protein melting temperature (Tm). Data is representative 
of Pichia produced protein. Data was typical for both expression systems. 
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Enzymatic activity assays for recombinant Alt a 1 proteins 

 
 

Alt a 1 has been reported to have esterase activity47. Using the ApiZyme test 

strip we obtained results that confirmed the esterase and phosphatase previously 

reported (Figure 3 - 10). 

 
Figure 3 - 10. Determination of Alt a 1 enzymatic activity using ApiZyme. 2 μg (not shown) and 
10 μg Alt a 1 WT, HIS, and KQ was loaded into each reservoir on the ApiZyme. Color change 
reaction (pink to blue) indicates catalysis of a specific substrate. 1: Positive control, 2: Alkaline 
phosphatase, 3: Esterase (C4), 4: Esterase Lipase (C8), 5: Lipase (C8), 11: Acid phosphatase, 12: 
Napthol – AS –B1 – phosphohydrolase. Alt a 1 KQ and HIS variants produced in P. pastoris 
showed similar reactivity as Alt a 1 WT (not shown). Data is representative of Pichia produced 
protein. Data was typical for both expression systems. 

 

Alt a 1 WT appeared to have phosphatase activity (Figure 3 - 10). Two additional 

substrates were used to assess Alt a 1 enzymatic activity. In both instances, Alt a 1 

catalyzed substrates in a dose dependent manner (Figure 3 - 11).  
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Figure 3 - 11. Alt a 1 WT readily catalyzes simple carbon chains. 10 μg of Alt a 1 WT in 50 mM 
NaH2PO4 at pH 7.5 was added to each well. P-nitrophenol acetate or p-nitrophenol butyrate was 
then added to each well. The well volume was raised to 200 μL. After incubating for 20 minutes, 
samples were taken to Versa MAX ELISA Microplate Reader at room temperature. Samples were 
read at 410 nm. Background was subtracted before analysis. 

 

Variant proteins were assayed for their enzymatic activity against p-nitrophenol 

butyrate (Figure 3 – 12). It appeared that neither protein catalyzed the substrate 

indicating the proteins were not active against these substrates (Example in Figure 3-

12). 
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Figure 3 - 12. Alt a 1 variants do not possess esterase activity. 100 μL of a p-nitrophenol 
butyrate (5mM) 50mM NaH2PO4 (pH 7.5) buffer was added to each well in triplicate. 95 μL of 
buffer was added to each well. 5 μL of protein was then added to each well. Cells were lightly 
mixed by pipetting then incubate at room temperature for 20 minutes.  After incubating for 20 
minutes, samples were taken to Versa MAX ELISA Microplate Reader at room temperature. 
Samples were read at 410 nm. Background was subtracted before analysis. After testing for 
homogeneity of variances, Tukey’s HSD was performed and adjusted (* p < 0.001). Data are 
represented as mean (SD). Comparisons were made to WT. 

 

The results suggested that we have two variant Alt a 1 proteins with different 

metabolic activity. Though all showed phosphatase activity, it appears that they do not 

all show esterase activity to a similar range of substrates.  

 

Cellular entry studies with E. coli produced Alt a 1  

 
 

NHBE and BEAS-2B cells were assessed for endocytosis of Alt a 1 WT. Alt a 1 WT 

conjugated with an external chromophore, DyLight488-NHS Ester, entered both cells in 

as little as 15 minutes (Figure 3 - 13). 
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Figure 3 - 13. E. coli produced Alt a 1 enters human airway cells. WT Alt a 1 proteins were 
conjugated to a fluorescent marker (DyLight488). Alt a 1-DyLight488 (10 μg) was incubated with 
5 x 105 adherent BEAS-2B or adherent NHBE cells in 100 μL of RPMI+ 10% FBS+ 1% Pen/Strep for 
15 minutes. Cells were washed twice with DPBS and then incubated in incomplete RPMI buffer. 
Cells were imaged using a Zeiss LSM 510 confocal. DyLight488 was excited at 488 nm and 
captured through a broad pass filter :505-530 nm. From left to right: DyLight488 fluorescence, 
light image, complete overlay. 
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When using confocal microscopy, entry of Alt a 1 KQ into human airway cells was 

not detected (Figure 3 - 14).  

 
Figure 3 - 14. E. coli produced Alt a 1 KQ fails to enter human airway cells. Alt a 1 KQ protein 
conjugated to a fluorescent marker (DyLight488). Lys85Gln-DyLight488 (10 μg) was incubated 
with 5 x 105 adherent BEAS-2B or adherent NHBE cells in 100 μL of RPMI+ 10% FBS+ 1% 
Pen/Strep for 15 minutes. Cells were washed twice with DPBS and then incubated in incomplete 
RPMI buffer. Cells were imaged using a Zeiss LSM 510 confocal. DyLight488 was excited at 488 
nm and captured through a broad pass filter :505-530 nm. From left to right: DyLight488 
fluorescence, light image, complete overlay. 
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Entry of Alt a 1 HIS was assessed and shown to enter cells at an equivalent level 

as Alt a 1 WT (Figure 3 - 15). This suggested that HIS was a variant form of Alt a 1 could 

enter cells but did not have esterase activity.  
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Figure 3 - 15. E.coli produced Alt a 1 HIS readily enters human airway cells. Alt a 1 His protein 
conjugated to a fluorescent marker (DyLight488). His84Ala-DyLight488 (10 μg) was incubated 
with 5 x 105 adherent BEAS-2B or adherent NHBE cells in 100 μL of RPMI+ 10% FBS+ 1% 
Pen/Strep for 15 minutes. Cells were washed twice with DPBS and then incubated in incomplete 
RPMI buffer. Cells were imaged using a Zeiss LSM 510 confocal. DyLight488 was excited at 488 
nm and captured through a broad pass filter :505-530 nm. From left to right: DyLight488 
fluorescence, light image, complete overlay. 
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Entry of Alt a 1 and variants was next assessed using fluorescent-activated cell 

sorting. BEAS-2B cells were incubated with Alt a 1 and variants for 15 minutes, 

extensively washed, fixed, and then sorted. Alt a 1 did not cause cell death 

(Supplemental Figure S3 - 1). Entry levels were quantified using FACS (Figure 3 - 16). 

 
Figure 3 - 16. Cell entry of E. coli produced Alt a 1 WT and variants was quantitatively assessed 
by flow cytometry. 2.5 x 105 adherent BEAS-2B cells were exposed to 100 μg of Alt a 1-
DyeLight488 for 15 minutes.  Cells were washed with 1 mL DPBS + propidium iodide and then 
twice with DPBS. Cells were detached with 1% trypsin and resuspended in PBS + 4% 
formaldehyde.  Approximately 2.0 x 104 cells, which gated positive as a singleton and negative 
for propidium iodide labeling [cell death indicator], were analyzed for level of FIT-C emission. No 
compensation was required.  Median fluorescence intensity was calculated for each sample. 
Mean is presented. Error bars are indicative of coefficients of variations (CV). Data is shown 
from a single representative experiment (* p < 0.001 via Tukey’s HSD (unequal variance). 
Comparisons were made to WT. 

 

Unlike the confocal microscopy experiments, flow cytometry data showed that 

the Alt a 1 KQ was able enter cells and was reproducible in several follow up 

experiments.  One explanation may perhaps be the higher level of sensitivity offered by 
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cell sorting over the limited scope of individually searching for cells or groups of cells 

that lack or do not lack the entry of the Alt a 1. Intra-assay variability could also be a 

contributing factor.  

 

Determining the method of entry of E.coli produced Alt a 1 using inhibitors of endocytosis  

 

Cells were pretreated with several inhibitors of endocytosis as described in Table 

3-1. The concentration of inhibitors used was based upon previously published data48–54. 

Inhibitor concentrations were also optimized by assessing for cell death using propidium 

iodide staining (Supplemental Figure 3 - 2). Cells were then treated with Alt a 1 proteins 

(WT and variants) conjugated with DyLight488-NHS Ester and then examined using both 

confocal microscopy and flow cytometry. 
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Figure 3 - 17. E.coli produced Alt a 1 entry is affected by inhibitors of endocytosis. Alt a 1 
proteins were conjugated to a fluorescent marker (DyLight488). Alt a 1-DyLight488 (10 μg) was 
incubated with 5 x 105 adherent BEAS-2B or adherent NHBE cells in 100 μL of RPMI+ 10% FBS+ 
1% Pen/Strep for 15 minutes. Cells were washed twice with DPBS and then incubated in 
incomplete RPMI buffer. Cells were imaged using a Zeiss LSM 510 confocal. DyLight488 was 
excited at 488 nm and captured through a broad pass filter:505-530 nm. From left to right: 
DyLight488 fluorescence, light image, complete overlay. 

 
 

In both BEAS-2B and NHBE cells, Alt a 1 WT entry was decreased in the presence 

of majority of endocytosis inhibitors (Figure 3 - 17). This decrease was further examined 

using FACS analysis (Figure 3 - 18). 
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Figure 3 - 18. Chemical inhibitors of endocytosis can quantitatively alter endocytosis of Alt a 1. 
2.5 x 105 adherent BEAS-2B cells were exposed to 100 μg of Alta1-DyLight488 for 15 minutes.  
Cells were washed with 1 mL DPBS + propidium iodide and then twice with PBS. Cells were 
detached with 1% trypsin and resuspended in PBS + 4% formaldehyde.  Approximately 2.0 x 104 
cells, which gated positive as a singleton and negative for propidium iodide labeling [cell death 
indicator], were analyzed for level of FIT-C emission. No compensation was required.  Median 
fluorescence intensity was calculated for each sample. Mean is presented. Error bars are 
indicative CV. Data is shown from a single representative experiment (* p < 0.001 via Tukey’s 
HSD (unequal variance). Comparisons were made to Alt a 1 WT. 

 

PI-3-Kinase inhibitor (Wortmannin), and PI-3/PI-4-P kinase inhibitor, LY294002, 

appeared to cause decreased endocytosis of Alt a 1 WT into human lung epithelial cells. 

Tyrosine kinase inhibitor, Tyrphostin A23, which can affect kinases that lead to the 

production of PI-3-K, also appeared to cause decreased entry (Figure 3 - 18).  

 

These results suggested that endocytosis of Alt a 1 may involve an interaction 

with phospatidyl-inositols located on the plasma membrane.  Endocytosis through this 

manner has been investigated in plants as well as in humans35,55. Alt a 1 association with 

the plasma membrane and specifically PI-3-P was investigated using microscopy. 
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2xFYVE-mCherry, a protein which specifically binds to PI-3-P, was incubated with airway 

cells before being treated with labeled Alt a 1. Association with this complex appeared 

to be likely (Figure 3 - 19).  

 

 
Figure 3 - 19. Association of Alt a 1 WT at the cellular membrane. Alt a 1 WT was conjugated to 
a fluorescent marker (DyLight488). 2xFYVE-mCherry was incubated for 1 hour, then Alt a 1-
DyLight488 (10 μg) was incubated with 5 x 105 adherent BEAS-2B or adherent NHBE cells in 100 
μL of RPMI+ 10% FBS+ 1% Pen/Strep for 15 minutes. Cells were washed twice with DPBS and 
then incubated in incomplete RPMI buffer. Cells were imaged using a Zeiss LSM 510 confocal. 
2xFYVE-mCherry was excited at 587 nm, DyLight488 was excited at 488 nm and captured 
through a broad pass filter :505-530 nm. Top Left: 2xFYVE-mCherry fluorescence, Top Right: 
DyLight488 fluorescence, Bottom Left:  light image, Bottom Right: complete overlay. 
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2xFYVE-mCherry was shown to not enter cells, so it was used as a tool in 

experiments to examine the requirement of available PI-3-P for cellular entry. In cells 

pretreated with 2xFYVE-mCherry then treated with Alt a 1, endocytosis appeared to be 

reduced (Figure 3 - 20). 

 
Figure 3 - 20. Cell entry of E. coli produced Alt a 1 WT after cells were pretreated with 2xFYVE-
mCherry was quantitatively assessed by flow cytometry. 2.5 x 105 adherent BEAS-2B cells were 
exposed to 100 μg of 2xFYVE-mCherry for 1 hour, then with 100 μg Alt a 1-DyLight488 for 15 
minutes.  Cells were washed with 1 mL dPBS + propidium iodide and then twice with dPBS. Cells 
were detached with 1% trypsin and resuspended in PBS + 4% formaldehyde.  Approximately 2.0 
x 104 cells, which gated positive as a singleton and negative for propidium iodide labeling [cell 
death indicator], were analyzed for level of FIT-C emission. No compensation was required.  
Median fluorescence intensity was calculated for each sample. Mean is presented. Error bars 
are indicative of CV. Data is shown from a single representative experiment (comparisons made 
to Alt a WT, * p < 0.001 via Tukey’s HSD (unequal variance). 

 

To further explore the role that PI-3-P plays for the endocytosis of Alt a 1, a 

chemical which binds to the head group of phosphatidyl-inositols (inositol-1,3-

bisphosphate, 1,3-IP-2) was used to potentially block entry. Human airway cells 
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pretreated with 1,3-IP-2 were incubated with Alt a 1 WT. Entry appeared to be 

significantly decreased (Figure 3 - 21). 

 
Figure 3 - 21. Cell entry of Alt a 1 WT after pretreatment with 1,3-IP-2 inhibitor assessed via 
flow cytometry. 2.5 x 105 adherent BEAS-2B cells pretreated with 33 μM 1,3-IP-2 for 1 hour, 
then with 100 μg Alt a 1-DyLight488 for 15 minutes.  Cells were washed with 1 mL dPBS + 
propidium iodide and then twice with DPBS. Cells were detached with 1% trypsin and 
resuspended in PBS + 4% formaldehyde.  Approximately 2.0 x 104 cells, which gated positive as a 
singleton and negative for propidium iodide labeling [cell death indicator], were analyzed for 
level of FIT-C emission. No compensation was required.  Mean fluorescence intensity was 
calculated for each sample. Error bars are indicative of CV. Data is shown from a single 
representative experiment. (comparisons made to Alt a WT, * p < 0.001 via Tukey’s HSD 
(unequal variance)). 

 

Overall, E. coli produced protein data suggested that Alt a 1 enters human airway 

cells within minutes of exposure. This entry appeared to be facilitated through 

interaction with PI-3-P at the plasma membrane. When phosphatidyl-inositols were 

blocked, either through proteins or chemical inhibitors, entry appeared to significantly 

decrease but was not completely abolished. Variant forms of Alt a 1 showed 

inconsistent endocytosis depending on technique used to assess cellular entry.  
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Pichia produced Alt a 1 endocytosis studies 

 
 

Due to low protein yields in E. coli expression systems, further experiments were 

carried out using the Pichia system. Entry of Pichia produced Alt a 1 and variants was 

assessed using immunohistochemistry. Alt a 1 WT and variants clearly entered human 

airway cells (Figure 3 - 22).  
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Figure 3 - 22. Entry of Pichia-produced Alt a 1 and variants assessed using 
immunohistochemistry. 50 μg Alt a 1 and variants were incubated with 2.5 x 105 adherent 
BEAS-2B Cells in 2 mL RPMI+ 10% FBS+ 1% Pen/Strep for 15 minutes.  Anti-Alt a 1 antibody 
(1:5000 dilution factor), 2 μL anti-mouse/goat HRP secondary antibody (1:10000 dilution factor) 
were then used. DAPI was used as a counterstain. Cells were fixed then visualized via confocal. 
Cells were excited at 488 nm and captured through a broad pass filter :505-530 nm. DAPI stains 
DNA heavily in the nucleus. Z-axis browsing indicated Alt a 1 and variants in cells. 
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Because variant forms of Pichia-produced Alt a 1 robustly entered cells (Figure 3 

– 22), further entry studies with these variants were not carried out. Results of these 

follow-up studies suggested that mutation of the RXLR region in this manner does not 

alter the entry of Pichia-produced Alt a 1 into cells, perhaps suggesting that entry is not 

mediated through a PI-3-P manner or is platform specific. The proteins were accessed 

for their ability to stimulate human airway cells. Human airway cells treated with the 

variant proteins showed no difference in IL-8 secretion compared to Alt a 1 WT, further 

suggesting that these mutations may not play a role in facilitating entry or altering 

immune response in this manner (Figure 3 - 23). 

 
Figure 3 - 23. IL-8 cytokine quantification in human airway cells treated with Alt a 1 WT and 
variants. 5.0 x 105 Human BEAS-2B cells were treated with 50 μg Alt a 1 WT and variants for 24 
hours. Supernatant was collected and cytokine levels were determined using BIOLEGEND 
ELISAMAX IL-8. Data are represented as mean (SD). After testing for homogeneity of variances, 
Tukey’s HSD was performed and adjusted (* p < 0.001). Comparisons were made to WT. 
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Entry of Pichia-produced Alt a 1 was first examined in a dose dependent manner 

(Figure 3 – 24). It appeared that Alt a 1 WT entered cells even at levels that would 

oversaturate cells in Alt a 1 solution than in media. Alt a 1 did not appear to cause cell 

death in any experiments (Supplemental Figure 3 - 1). 

 
Figure 3 - 24. Cell entry of Alt a 1 WT was quantitatively assessed by flow cytometry. 2.5 x 105 
adherent BEAS-2B cells were exposed to increasing concentrations of Alta1-DyLight488 for 15 
minutes.  Cells were washed with 1 mL DPBS + propidium iodide and then twice with dPBS. Cells 
were detached with 1% trypsin and resuspended in PBS + 4% formaldehyde.  Approximately 2.0 
x 104 cells, which gated positive as a singleton and negative for propidium iodide labeling [cell 
death indicator], were analyzed for level of FIT-C emission. No compensation was required.  
Mean fluorescence intensity was calculated for each sample. Error bars are indicative of CV. 
Data is shown from a single representative experiment. 

 

In cells pretreated with an increasing concentration of 2xFYVE-mCherry, 

endocytosis was decreased only at the highest levels examined (Figure 3 - 25). If Alt a 1 

entry was PI-3-P mediated, then it appeared that it was making only a small contribution 

to the overall endocytosis of Alt a 1. 
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Figure 3 - 25. Cell entry of Alt a 1 after cells were pretreated with 2xFYVE-mCherry and 
quantitatively assessed by flow cytometry. 2.5 x 105 adherent BEAS-2B cells were exposed to 
increasing concentrations of 2xFYVE-mCherry for 1 hour, then with 100 μg Alt a 1-DyLight488 for 
15 minutes.  Cells were washed with 1 mL dPBS + propidium iodide and then twice with DPBS. 
Cells were detached with 1% trypsin and resuspended in PBS + 4% formaldehyde.  
Approximately 2.0 x 104 cells, which gated positive as a singleton and negative for propidium 
iodide labeling [cell death indicator], were analyzed for level of FIT-C emission. No 
compensation was required.  Median fluorescence intensity was calculated for each sample. 
Means are presented. Error bars are indicative of CV. Data is shown from a single representative 
experiment (comparisons made to Alt a WT, * p < 0.001 via Tukey’s HSD (unequal variance). 

 

In cells treated with E. coli produced Alt a 1, endocytosis could be considerably 

decreased using 1,3-IP-2. However, in cells treated with Pichia-produced Alt a 1, 

blocking access to the head group of PI-3-P did not affect entry (Figure 3 - 26). 
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Figure 3 - 26. Endocytosis of Alt a 1 is not inhibited by PI headgroup inhibitor. 2.5 x 105 
adherent BEAS-2B cells pretreated with 33 μM D-myo-1,3-inositol-biphosphate (1,3-IP-2) for 1 
hour, then with 100 μg Alt a 1-DyLight488 for 15 minutes.  Cells were washed with 1 mL DPBS + 
propidium iodide and then twice with DPBS. Cells were detached with 1% trypsin and 
resuspended in PBS + 4% formaldehyde.  Approximately 2.0 x 104 cells, which gated positive as a 
singleton and negative for propidium iodide labeling [cell death indicator], were analyzed for 
level of FIT-C emission. No compensation was required. Median fluorescence intensity was 
calculated for each sample. Means are presented. Error bars are indicative of CV. Data is shown 
from a single representative experiment (comparisons made to Alt a WT, * p < 0.001 via Tukey’s 
HSD (unequal variance). 

 

Previous data suggested that Alt a 1 entry may not be affected by only PI-3-P 

pathways but also by PI-4-P-related pathways (Figure 3 - 17 & Figure 3 - 18). FAPP1 is 

able to bind to PI-4-P preferentially over PI-3-P56,57. Human airway cells were pretreated 

with FAPP1-mCherry then treated with Alt a 1 WT. Similar to studies using 2xFYVE, entry 

was not substantially decreased, even at high concentrations of FAPP1-mCherry (Figure 

3 - 27). 
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Figure 3 - 27. Cell entry of Alt a 1 WT FAPP1-mCherry was quantitatively assessed by flow 
cytometry. 2.5 x 105 adherent BEAS-2B cells were exposed to increasing concentrations of 
FAPP1-mCherry for 1 hour, then with 100 μg Alt a 1-DyLight488 for 15 minutes.  Cells were 
washed with 1 mL dPBS + propidium iodide and then twice with PBS. Cells were detached with 
1% trypsin and resuspended in PBS + 4% formaldehyde.  Approximately 2.0 x 104 cells, which 
gated positive as a singleton and negative for propidium iodide labeling [cell death indicator], 
were analyzed for level of FIT-C emission. No compensation was required. Median fluorescence 
intensity was calculated for each sample. Means are presented. Error bars are indicative of CV. 
Data is shown from a single representative experiment (comparisons made to Alt a WT, * p < 
0.001 via Tukey’s HSD (unequal variance). 

 

Phosphatidyl-inositol binding studies of Pichia-produced Alt a 1 

 

Alt a 1 WT entry appeared to not be dependent upon PI-4-P (Figure 3 - 27). To 

further examine the interaction of Alt a 1 WT, PI-3-P, and PI-4-P, surface plasmon 

resonance (SPR) was employed. This system allows for the detection of binding 

interactions on a hydrophobic chip. We created a membrane like environment 

embedded with these phosphatidyl-inositols to study the interaction of Pichia-produced 
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Alt a 1 and this ligand. Pretreatment of cells with 2xFYVE showed a dose dependent 

decreasing in binding to PI-3-P (Figure 3 -28).  

 
Figure 3 - 28. SPR analysis of 2xFYVE-mCherry binding to PI-3-P. Injections of 2xFYVE-mCherry 
(22 μM -> 0.6875 μM concentrations, pink – purple lines, and 22 μM FAPP1-mCherry, red line, 
and buffer, blue line) solution in PBS pH 7.2 (5 μl/min, 180 s delay) were done. The biosensor 
chip was coated with (FC 1) being 100 μL of phosphatidylcholine in PBS solution, and (FC 2) with 
500 μL of PI-3-P solution. Response units on both chips were allowed to reach 26000 RU. 
Analysis was performed using the Biacore T200 software.  

 

2xFYVE-mCherry exhibited a very high affinity for PI-3-P consistently in the 

picomolar range (Figure 3 - 28) (KD = 2.99 x 10-10 M). FAPP1-mCherry initially associated 

with PI-3-P but dissociated swiftly, indicating that it does not have a robust affinity for 

PI-3-P (Figure 3 - 28, red line). FAPP1-mCherry had a nanomolar affinity to PI-4-P (KD = 

4.22 x 10-7 M) (Figure 3 - 29). 
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Figure 3 - 29. SPR analysis of FAPP1-mCherry binding to PI-4-P. Injections of FAPP1-mCherry (22 
μM -> 0.6875 μM concentrations, blue – dark purple lines) solution in PBS pH 7.2 (5 μl/min, 180 
s delay) were done. The biosensor chip was coated with (FC 1) being 100 μL of 
phosphatidylcholine in PBS solution, and (FC 2) with 500 μL of PI-4-P. Response units on both 
chips were allowed to reach 26000 RU. Analysis was performed using the Biacore T200 software.  

 

Pichia-produced Alt a 1 appeared to have a very weak association with PI-3-P, PI-

4-P, and PI-5-P. Immediately after adding Alt a 1 WT into the system, the protein was 

washed away from the membrane (Figure 3 - 30). Dissociation appeared to be 

instantaneous, indicating that Alt a 1 was not binding to the phosphatidyl-inositols in a 

strong manner.  
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Figure 3 - 30. Pichia produced Alt a 1 does not directly bind PI-3-P/PI-4-P/PI-5-P. Injections of 
15 μL 24 nM Alt a 1 solution in PBS 7.2 (5 μl/min, 180s delay) were done. The biosensor chip was 
coated with (FC 1) being 100 μL of phosphatidylcholine in PBS solution, and (FC 2) with 500 μL of 
PI-3-P, PI-4-P or PI-5-P. Response units on both chips were allowed to reach 26000 RU. Analysis 
was performed using the Biacore T200 software. Presented are RU normalized data, in which a 
positive value would indicate an interaction with the phosphatidylinositol phosphate.  

 

The experimental system employed used only solution (PBS), enzyme (Alt a 1 

WT), and ligand (PI-3-P). To simulate a more biologically relevant environment, ions 

were added into the solution. Binding to the substrate could be modulated by a metal 

ion like magnesium (Figure 3 -31) possibly inducing a conformational change in Alt a 1 

allowing it to interact with the phosphatidyl-inositols. 
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Figure 3 - 31. Mg plays a role in Alt a 1 and PI-3-P interactions. Injections of 15 μL 24 nM Alt a 1 
WT solution in PBS pH 7.2 (5 μl/min, 180 s delay) were done. The biosensor chip was coated 
with (FC 1) being 100 μL of phosphatidylcholine in PBS solution, and (FC 2) with 500 μL of PI-3-P. 
Alt a 1 WT was incubated with 9.83 mM MgCl2, 26.87 mM KCl. 

 

Magnesium appeared to somewhat contribute to an enhanced association with 

of Alt a 1 with PI-3-P (Figure 3 - 31). The dissociation appeared to be long lasting, not 

dropping off as soon as injections ceased. This phenomenon was not the case with 

potassium.  To test if magnesium plays a role in modulating associations with other 

phosphatidyl-inositols, Alt a 1 and Mg2+ were incubated together then tested on chips 

coated with PI-4-P and PI-5-P (Figure 3 - 32). 
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Figure 3 - 32. Alt a 1/Mg interaction appears to only enhance binding to PI-3-P. Injections of 15 
μL 24 nM Alt a 1 solution in PBS 7.2 (5 μl/min, 180s delay) were done. The biosensor chip was 
coated with (FC 1) being 100 μL of phosphatidylcholine in PBS solution, and (FC 2) with 500 μL of 
PI-3-P, PI-4-P, and PI-5-P. Alt a 1 WT was incubated with 9.83 mM MgCl2. 

 

Magnesium appeared to induce an interaction on its own with PI-4-P, however 

when Alt a 1 WT is added, this aberrant response vanished to one clearly favoring the 

generic phosphatidylcholine bound lipids on the chip, indicating no association with PI-

4-P. Alt a 1 additionally showed no affinity towards PI-5-P even in the presence of 

magnesium (Figure 3 - 32). 

 

Allergens, such as Timothy grass pollen, Phl p 7, have been shown to be capable 

of interacting with ions which allow them to undergo a conformational change58,59. Alt a 

1 WT was incubated with magnesium and assayed for changes in conformation. No 

deviations in thermal stability were shown (Figure 3 - 33).  
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Figure 3 - 33. Alt a 1 WT thermostability examined in presence of MgCl2 for 10 minutes using 
the Bio-Rad CFX96 Thermal Cycler. 24 μM Alt a 1 WT was incubated with an increasing 
concentration of MgCl2.  TOP: Fluorescence melting curve showing changes in fluorescent 
intensity with increasing temperature for different concentrations of MgCl2 with Alt a 1 WT 
(done in triplicate). BOTTOM: First derivative of melting curves (dF/dT) is plotted and the 
temperature at maximum dF/dT is the protein melting temperature (Tm).  

 

Magnesium did not appear to induce a conformational change in Alt a 1 (Figure 3 

– 33). In fact, it appeared that it increased the stability of the protein.  
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Discussion 

 

Alt a 1 has been identified as the most clinically relevant allergen from Alternaria 

alternata yet no studies regarding immunology or cellular biology have been conducted 

with a purified form of the protein. In several studies 90 – 100% of patients show 

specific IgE to Alt a 11,2. Studies have advised for skin prick tests and other diagnostic 

assays to include Alternaria extract and specifically, Alt a 160. In several regions allergy to 

Alternaria is at over 10% of the population suggesting surveillance and identification of 

allergic individuals should be conducted61–65. The reason(s) for the high levels of 

Alternaria and Alt a 1-associated allergy is unknown. In this study, we have examined 

two hypotheses for what determines why Alt a 1 is an allergen. We initially investigated 

if, 1) Innate enzymatic activity of the protein causes it to be immunogenic and 2) Entry 

of this allergen into human airway cells facilitates immune responses.  

 

Variant forms of Alt a 1 were produced in both E. coli and P. pastoris expression 

systems. The goal of the production of these variants was to be able to identify the 

importance of enzymatic activity and allergen endocytosis on entry. Pathogen effector 

proteins with an RXLR-like motif are capable of triggering cells to undergo endocytosis 

of these proteins35,36. Alt a 1 was shown to possess an RXLR-like motif (Figure 3 - 1). 

Alterations to this region were introduced into Alt a 1. The two selected variants, (HIS 

and KQ) were chosen for study.  
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The role of altering the RXLR-like motif in Alt a 1 was explored by analyzing the 

secondary structure. The HIS variant was created by altering the positively charged 

histidine at position 66 with the nonpolar uncharged alanine. The KQ variant was 

produced by altering the positively charged lysine at position 67 with the uncharged 

polar glutamine. The overall structure of these variants did not significantly differ from 

Alt a 1 WT suggesting that any difference we would see from the variants would not be 

due to changes in structure (Figure 3 - 6). Alt a 1 is a unique β-barrel structure9. Our Alt 

a 1 WT and variants appeared to be heavily favored towards β-pleated sheets and 

implied it formed a β-barrel. Our data showed that E. coli produced Alt a 1 exhibited 

some similarities and some different characteristics compared to Pichia produced 

protein. For example, Alt a 1 wild type proteins, regardless of expression platform, 

rapidly entered lung epithelial cells as evidenced by confocal microscopy of Alt a 1 

directly labeled with fluorescent dye, flow cytometry, and immunohistochemistry. 

However, RXLR variants of Alt a 1 produced in E. coli were compromised in their ability 

to enter cells but the variants produced in Pichia were not. This difference could be 

attributed to the potential for post-translational modifications to more likely occur in 

Pichia which is known to often heavily glycosylate proteins. However, we did not 

observe marked differences in molecular weight between forms of Alt a 1 produced in 

these platforms.  

 

We also observed that inhibitors of endocytosis and PI-3-P binding were more 

effective at inhibiting E. coli-produced Alt a 1 compared to Pichia-produced protein. 
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Because Alt a 1 WT entered cells, we sought to specifically identify the mechanism of Alt 

a 1 triggered endocytosis. Inhibitors of endocytosis were used which targeted several 

ways in which cells undergo endocytosis. Inhibitors of phosphatidyl-inositol-3-kinase 

and phosphatidy-inositol-4-kinase activity were implicated in entry of Alt a 1 primarily 

when using E. coli-produced Alt a 1. However, their contribution to or involvement in 

entry only appeared marginal even when using Alt a 1 produced in E. coli. This perhaps 

indicates that there may be multiple entry mechanisms involved in endocytosis of Alt a 

1 that we have not currently identified. A tyrosine-kinase inhibitor appeared to be 

implicated as well, showing reduction on the same level of a specific PI-3-K inhibitor. 

Because PI-3-K is a tyrosine kinase associated receptor, the decrease may be linked. The 

importance of PI-3-K was further assessed by precoating cells with 2xFYVE, a protein 

with a PX domain that strongly associates with PI-3-P56,57. We show that there appears 

to be co-localization with PI-3-P and E. coli-produced Alt a 1 WT. The association 

between blocking access to PI-3-P appeared to be strongly associated with decreased 

cell entry. In conclusion, E. coli produced Alt a 1 appeared to be associated with 

undergoing endocytosis via a PI-3-P dependent pathway. This pathway may not be 

RXLR-mediated as both variants of RXLR-mediated endocytosis failed to display a 

quantifiable decrease in cellular entry using flow cytometry. Our data suggests that 

cellular entry of Alt a 1 appears to be partially mediated via a PI-3-P endocytosis event 

that is only possible in the presence of magnesium. Because the contribution of entry 

appears to only be partially due to PI-3-P and perhaps at a low affinity, we believe that a 

different novel and important method of endocytosis for Alt a 1 may exist. 
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Our observed melting temperature data for proteins produced in both 

expression systems suggests that Alt a 1 may play a role in the survivability and 

adaptability of A. alternata. Alt a 1 is a component of the cell wall of Alternaria spores 

and hyphae11.  By being able to retain its structure at high temperatures, the protein 

may prevent the fungal cell wall from losing its integrity when faced with adverse 

conditions. Because Alt a 1 is the most important allergenic protein from Alternaria, 

perhaps it is this protein which enables Alternaria allergy to be so prevalent in hot arid 

regions which may be due to it enhanced stability and thermotolerance66.   

 

The importance of the variants on enzymatic activity and immunology was 

explored. Variants showed comparable induction of IL-8 secretion suggesting that the 

region targeted may not be important in immunology. Although enzymatic activity was 

abolished in these variants, and entry may have been decreased in E. coli produced Alt a 

1 KQ, it appeared that neither of these activities played a role in inducing an immune 

response. In fact, it could be argued that they induced greater immune response. We 

were successful at abolishing esterase-type activity but not phosphatase in our variants. 

It is possible still that Alt a 1’s phosphatase activity is associated with its ability to induce 

innate immune responses and warrants further investigation. 

 

In summary, we have identified Alt a 1 as a very thermostable and enzymatically 

active fungal allergen that is clearly endocytosed into cells. Spores of Alternaria are 
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often airborne and ubiquitous. When spores are inhaled into the airways, Alt a 1 may be 

rapidly secreted. While the spores are exhaled or cleared due to the action of cilia in the 

lungs, Alt a 1 may remain in the airways. In the future, it may be interesting to 

investigate mouse lungs exposed to Alternaria spores to assess duration and presence of 

endocytosed/transcytosed Alt a 1 in lung tissues using immunohistochemistry. The 

observation of Alt a 1 being associated with the plasma membrane suggests that there 

could be a receptor that may recognize Alt a 1 on the membrane and potentially 

internalizes it. Mannose receptor, for example, has been shown to be capable of 

initiating endocytosis events in dendritic cells24. In Chapter 2 of this dissertation we 

showed that Alt a 1 may directly bind to TLR2 or TLR4. It may be interesting in the future 

to determine if these TLRs are important in Alt a 1 internalization. In conclusion, in order 

to gain increased clarity on the various cellular, molecular, and biochemical aspects of 

Alt a 1 in the future, one could purify native Alt a 1 from Alternaria and test its 

interaction with PI-3-P, cellular entry, and ability to induce immune responses. 
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Supplemental figures 

 

 
Supplemental Figure 3 - 1. Cell death caused by Alt a 1 WT and variants was quantitatively 
assessed by flow cytometry. 2.5 x 105 adherent BEAS-2B cells were exposed to 100 μg of Alt a 1-
DyLight488 for 15 minutes.  Cells were washed with 1 mL DPBS + propidium iodide and then 
twice with DPBS. Cells were detached with 1% trypsin and resuspended in PBS + 4% 
formaldehyde.  Approximately 2.0 x 104 cells, which gated positive as a singleton and negative 
for propidium iodide labeling [cell death indicator], were analyzed for level of FITC-PE Texas Red 
emission. No compensation was required. Median fluorescence intensity was calculated for 
each sample. Means are presented. Error bars are indicative of CV. Data is shown from a single 
representative experiment (* p < 0.001 via Tukey’s HSD (unequal variance)). 
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Supplemental Figure 3 - 2. Cell death caused by inhibitors was quantitatively assessed by flow 
cytometry. 2.5 x 105 adherent BEAS-2B cells were exposed to selected concentration of 
inhibitor. Cells were washed with 1 mL DPBS + propidium iodide and then twice with DPBS. Cells 
were detached with 1% trypsin and resuspended in PBS + 4% formaldehyde.  Approximately 2.0 
x 104 cells, which gated positive as a singleton and negative for propidium iodide labeling [cell 
death indicator], were analyzed for level of FITC-PE Texas Red emission. No compensation was 
required.  Median fluorescence intensity was calculated for each sample. Means are presented. 
Error bars are indicative of CV. Data is shown from a single representative experiment (* p < 
0.001 via Tukey’s HSD (unequal variance)). 
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Chapter IV. Investigating the role of Alt a 1 in the context of 
Alternaria spore immunogenicity on bronchial epithelial cells and 
optimization of in vitro conditions 
 

ABSTRACT 

 

Immunology studies with Alternaria have focused primarily on using 

commercially available fungal extracts. Though the use of Alternaria extracts have 

enabled the elucidation of some key immune responses from airway cells, it has not 

allowed for the determination of specific responses due to whole spores, individual 

allergens or other Alternaria molecules. In this study, we examined immune responses 

in human bronchial epithelial cells using Alternaria spores. Additionally, mutant strains 

of Alternaria spores were used to examine the contribution of Alt a 1 in the context of 

the overall innate immune response. In this study, we show that Alternaria spores 

induce strong production of several cytokines such as MCP-1 (CCL2), IL-8, and 

GRO(a/b/g) (CXCL1/2/3). We additionally show that overproduction of Alt a 1 further 

enhances immune responses. Our data suggests that Alt a 1 plays an important role in 

innate airway inflammation.  

 

Introduction 

 
Alternaria alternata is associated with and causes allergic respiratory diseases1–3. 

Sensitivity to allergy has been correlated with the rising rates of asthma. In an overlay of 

the countries where rates of asthma are high, fungal allergy has been reported 
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extensively4. In adult patients with persistent asthma not resulting in hospitalizations, 

17% have IgE specific to Alternaria5.  Additional studies with children show incidence of 

sensitivity to Alternaria to be as high as 50%, however, these children showed sensitivity 

to other fungi as well6. In Spain, reports indicate that the rate of Alternaria allergy can 

be as high as 33% in asthmatics and rhinitics7. Studies from Northern Greece have 

similarly reported such a percentage8. In Poland, over 50% of allergic rhinitis patients 

have allergy to Alternaria9. In Chile, over 10% of asthmatic children are sensitized to A. 

alternata10. In inland regions of Australia, sensitization to Alternaria has been shown to 

be present in over 20% of asthmatic children11. In Korea, of children with allergic rhinitis, 

8.6% show sensitivity to Alternaria12. Of patients hospitalized for respiratory diseases, 

11% were sensitized to at least one fungal extract, and of those 60% respond specifically 

to A. alternata extract13.  Allergy to Alternaria appears to be more prevalent as distance 

from the coast increases7. Indications that severity of allergic rhinitis symptoms 

increasing as spore count of Alternaria increases exists9. People sensitized to Alternaria 

allergens are more likely to have asthma than those in the general population14. 

Alternaria may even play a role in increasing severe exacerbations in asthmatics15. 

Because of the prevalence of Alternaria allergy, extract to Alternaria has been suggested 

to be included in allergy tests in Europe16. 

 

Studies defining allergy to Alternaria have focused on using fungal extracts. In 

vitro studies utilizing airway cells from asthmatics found that these cells secrete IL-8 

when treated with Alternaria extracts17. Alternaria extract is able to induce TSLP (Thymic 
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Stromal Lymphopoietin), potentially via TLR218. In Normal Human Bronchial Epithelial 

(NHBE) cells, Alternaria extract induced rapid IL-18 release and cell death19. Several 

studies have been carried out to identify the components of extracts that can 

specifically induce these effects. Extracts contain between 10 to 30 allergens, however, 

few extracts have all allergens that have been identified for an individual species20. 

Variable content of extracts could play a role in the reporting of immune responses in 

literature. Extracts contain both allergens as well as other components.  A. alternata 

allergens include heat shock proteins, enolases, dehydrogenases, and some allergens of 

unknown function21. Extracts contain enzymatically active phosphates, esterases, and β-

glucosidase which alone can induce a variety of immune responses irrespective of 

allergy22. For example, these extracts are hypothesized to contain serine proteins which 

can directly induce lung inflammation23. Serine proteases from Alternaria have been 

shown to induce IL-33, which potentially shows the role of the fungi in increasing 

asthma exacerbations24. An aspartate protease from Alternaria activated eosinophils 

leading to the release of granule proteins25,26. This protease induced the release of 

several other cytokines, including IL-6 and IL-827. 

 

Though the use of extracts enabled the elucidation of key immune responses 

from airway cells, it has not allowed for the determination of specific responses due to 

non-protease Alternaria components. Different culture and extraction conditions could 

lead to the variability in response to extracts28,29. Liquid culture conditions and solid 

phase culture conditions could lead to the presence or lack thereof of major allergens 
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such as Alt a 130. Additionally, extracts can have widely different allergen content20. 

Expression of fungal allergens can even vary by strain chosen31. While extracts have 

clearly defined the role that proteases play in the immunogenic response of the airway 

to the fungi, they have not allowed for the determination of the role that allergenic 

proteins of Alternaria, such as Alt a 1, Alt a 3, and Alt a 9, play. The activity of these 

proteins remains unknown21. 

 

In this study, we present data showing that innate immunity can be stimulated 

using Alternaria spores. Human airway cells were treated with spores from A. alternata 

and then immune responses were characterized using primarily ELISAs. We believe that 

this is a more pathologically relevant approach to studying immune responses to 

Alternaria since high variability in extracts has been reported. In regions where 

Alternaria allergy is prevalent, spore counts of Alternaria are higher11,32.  Using this 

model, we suggest an improved approach that enables the study of additional immune 

cell types that can be stimulated using the secreted cytokines and chemokines from the 

co-culture model.  

 

Materials and methods 

 

Fungal strains and growth conditions 

 
Alternaria alternata strain 66981 (ATCC, Manassas, VA) were used for all 

molecular manipulations. Strains were grown on czapek-dox agar, potato dextrose agar, 
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oatmeal agar, sabouraud agar (all from Sigma-Aldrich, St. Louis, MO). Cultures on agar 

plates were grown at 25°C in the dark. 

 

For cell stimulation experiments, spores were harvested from plates in which 

growth reached the edge of the plate and a consistent dark color was observed 

(typically 7-10 days). For cell stimulation experiments comparing different strains, 

spores from plates of the same age were harvested. Plates were grown for at most 11 

days. Spores were harvested into water cultures. Spore concentration was determined 

using a hemacytometer.  

 

Construction of Alt a 1 deletion and overexpression constructs, fungal transformation, and 
complementation in A. alternata 

 
Alternaria Alt a 1 mutants (deletion, overexpression, complemented mutants) 

were previously constructed and characterized in our lab and provided by Dr. Mihaela 

Babiceanu33.  

 

Enzyme linked immunosorbent assay (ELISA) 

 

 

Enzyme linked Immunosorbent assays (ELISA) using Human IL-8 ELISA MAX and 

Human MCP-1 ELISA MAX (Biolegend, San Diego, CA) was used to detect human 

inflammatory cytokines. Supernatants from human airway cell cultures stored at 4°C 

(within a week of experiment) or from -80°C were assessed following the manufacturers 
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protocol. Samples were run in duplicate in 96 well plate formats and were read on a 

Versa MAX ELISA Microplate Reader (Molecular Biosciences, Sunnyvale, CA) at room 

temperature (RT). Measurements at OD450 were corrected against values obtained at 

OD570 following the manufacturer’s suggestions. A standard curve was generated for 

each reading and generated using R software. Cytokine concentration was determined 

using the standard curve and tabulated in pg/mL of cytokine. Experiments were 

performed at least five times. 

 

Statistical analysis 

 
 

Data was expressed as means and standard deviations. Downstream analysis of 

all numerical data utilized R software and packages. Packages used for analyzing data 

included Coin, Car, Drc, Multcomp, and Sandwich34–38. 

 

Results 

 
 

The effects of A. alternata extracts have been extensively studied both in vitro 

with various types of lung epithelial cells, patient cells, and in murine models17–19,24,26,27. 

To establish a more clinically pathologically relevant model that more closely simulates 

the method of exposure for A. alternata, we incubated human airway cells with spores 

and assessed the innate immune response. Cytokines expressed by Human BEAS-2B 

cells, as previously reported using purified recombinant Alt a 1, were used as the 
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readout for our experiments. We show that A. alternata spores induce the secretion of 

IL-8 in a dose dependent manner (Figure 4 - 1). Optimal secretion occurred at a 2:1 ratio 

of cells to spores, that is two cells per every spore. Once the spore-to-cell ratio 

exceeded 1:1 we observed that the immune response greatly decreased. Visually, it 

appeared as if the cells disadhered from the plate. It was difficult to conclude if the 

disadherent cells were caused by premature cell death due to the fungal spores, or from 

the spores catalyzing the substrates that make up culture treated plates. 

 
Figure 4 - 1. Alternaria spores induce IL-8 secretion in a dose dependent manner. 1.0 x 106 
BEAS-2B cells were grown in DMEM + FPS + 1% Pen Strep. Cells were washed 24 hours before 
use. They were then starved for six hours. The starve media was DMEM + 1% Pen Strep. Spores 
were harvested in water and then counted using a hemocytometer. The specified spore 
numbers (or an equivalent volume of water) was added to wells in triplicate. Cells incubated 
with the spores for 24 hours. Media was collected and assayed via BIOLEGEND IL-8 ELISAMAX. 
Data are represented as mean (SD). After testing for homogeneity of variances, Tukey’s HSD was 
performed and adjusted (* p < 0.001). 
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Previously published experiments have suggested that the effects of 

downstream experiments on fungal extracts can vary based on strain chosen and 

media31. We first tested two media that are commonly used for BEAS-2B cells (Figure 4 – 

2). 

 
Figure 4 - 2. Media is implicated in immunogenicity of fungal spores. 7.5 x 105 BEAS-2B cells 
were grown in DMEM + FPS + 1% Pen Strep (DMEM) or RPMI + FPS + 1 % Pen Strep (RPMI). Cells 
were washed 24 hours before use. They were then starved for six hours. The starve media was 
DMEM + 1% Pen Strep or RPMI + 1% Pen Strep. Spores were harvested in water and then 
counted using a hemocytometer. The specified spore numbers (or an equivalent volume of 
water) was added to wells in triplicate. Cells incubated with the spores for 24 hours. Media was 
collected and assayed via BIOLEGEND IL-8 ELISAMAX. Data are represented as mean (SD). After 
testing for homogeneity of variances, Tukey’s HSD was performed and adjusted (* p < 0.001). 

 



167 
 

A. alternata spores can induce secretion of IL-8 from human airway cells in both 

RPMI and DMEM (Figure 4 - 2). When compared side by side, the cells appear to be 

more responsive to spores in experiments performed in DMEM than in RPMI media. 

This difference in response is enhanced more significantly at higher spore counts.  

We next determined the optimal fungal growth media to optimize the response 

of human airway cells to Alternaria spores. We tested several common growth media 

for A. alternata and then treated human cells grown in DMEM.  

 
Figure 4 - 3. Fungal growth media is implicated in immunogencity of spores. 1.0 x 106 BEAS-2B 
cells were grown in DMEM + FPS + 1% Pen Strep. Cells were washed 24 hours before use. They 
were then starved for six hours. The starve media was DMEM + 1% Pen Strep. Spores were 
harvested in water and then counted using a hemocytometer. 5.0 x 105 spores were added to 
wells in triplicate. Cells incubated with the spores for 24 hours. Media was collected and assayed 
via BIOLEGEND IL-8 ELISAMAX. Data are represented as mean (SD). After testing for 
homogeneity of variances, Tukey’s HSD was performed and adjusted (* p < 0.001). Comparisons 
made to Czapek. 
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Cells grown on czapek-dox agar and on sabouraud media were more 

immunogenic than those grown on oatmeal and potato dextrose agar (Figure 4 - 3).  A. 

alternata spores grown on water agar grew at a significantly slower rate on plates. Next 

we assayed for MCP-1 secretion using ELISA.  

 
Figure 4 - 4. Growth media effects are limited to cytokine chosen. 1.0 x 106 BEAS-2B cells were 
grown in DMEM + FPS + 1% Pen Strep. Cells were washed 24 hours before use. They were then 
starved for six hours. The starve media was DMEM + 1% Pen Strep. Spores were harvested in 
water and then counted using a hemocytometer. 5.0 x 105 spores were added to wells in 
triplicate. Cells incubated with the spores for 24 hours. Media was collected and assayed via 
BIOLEGEND MCP-1 ELISAMAX Data are represented as mean (SD). After testing for homogeneity 
of variances, Tukey’s HSD was performed and adjusted (* p < 0.001). Comparisons made to 
Czapek. 
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A. alternata spores harvested from fungus grown on potato dextrose agar and 

czapek-dox broth appear to induce a similar level of MCP-1 release (Figure 4 - 4). 

Collectively, based upon results of these studies, we deduced that the most optimal 

conditions for future studies using this system are to use DMEM as the cell growth 

medium, and spores harvested from fungus grown on czapek-dox agar. The ideal 

concentration was set to one spore per every two cells. 

 

We next tested the effect that Alt a 1 has on cells. In a previous chapter, we used 

purified recombinant Alt a 1 and saw direct effects on immune response. Here we show 

the effects of having spores that do not express Alt a 1. 

 

 
Figure 4 - 5. Overexpression of Alt a 1 induces stronger innate immune responses in human 
airway cells. 1.0 x 106 BEAS-2B cells were grown in DMEM + FPS + 1% Pen Strep. Cells were 
washed 24 hours before use. They were then starved for six hours. The starve media was DMEM 
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+ 1% Pen Strep. Spores were harvested in water and then counted using a hemocytometer. 5.0 x 
105 spores were added to wells in triplicate. Cells incubated with the spores for 24 hours. Media 
was collected and assayed via BIOLEGEND IL-8 ELISAMAX. Data are represented as mean (SD). 
After testing for homogeneity of variances, Tukey’s HSD was performed and adjusted (* p < 
0.001). Comparisons made to WT. 

 

It appeared that the Δalta1+ mutant is more immunogenic than the knockout, 

complemented, and wild type strains (Figure 4 - 5). This suggests that Alt a 1 plays a role 

in innate immunity. However, caution must be exerted as the knockout strain failed to 

produce a response that was different than wild type. This may be due to masking of the 

immunological effects of Alt a 1 by other fungal components such as cell wall 

polysaccharides, secreted proteases, secondary metabolites, and other yet to be 

identified pro-inflammatory molecules. 

 

 
Figure 4 - 6. MCP-1 levels are unchanged by Alt a 1 fungal mutants. 1.0 x 106 BEAS-2B cells 
were grown in DMEM + FPS + 1% Pen Strep. Cells were washed 24 hours before use. They were 
then starved for six hours. The starve media was DMEM + 1% Pen Strep. Spores were harvested 
in water and then counted using a hemocytometer. 5.0 x 105 spores were added to wells in 
triplicate. Cells incubated with the spores for 24 hours. Media was collected and assayed via 
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BIOLEGEND MCP-1 ELISAMAX. After testing for homogeneity of variances, Tukey’s HSD was 
performed and adjusted (* p < 0.001, comparisons made to WT). 

  

For MCP-1, all mutant strains produced a response that was the same as WT 

(Figure 4 - 6).  

Discussion 

 
We have showed previously that A. alternata spores lacking or overexpressing 

Alt a 1 can be created using traditional molecular biology approaches. Spores lacking Alt 

a 1 have been analyzed and show a complete absence of Alt a 1 in cell walls33. In order 

to better understand the role of Alt a 1 in the entire context of the spore, we explored 

creating and optimizing assays utilizing whole spores. Here we showed that we were 

able to create an assay to measure a diverse range of cytokines. We additionally 

provided new insights into the role of Alt a 1 and A. alternata in innate immunity.  

 

Previous research in human bronchial epithelial cells showed that at the gene 

level, several genes related to cytokine and chemokine production are induced by 

treatment with A. alternata spores39. These included chemoattractants for neutrophils 

and monocyte recruitment, such as IL-8. Additionally, other neutrophil chemoattracts 

were induced such as GRO (CXCL1) and granulocyte chemotactic protein 2 (GCP-2) 

(CXCL6). In order study, we were able to show that A. alternata spores cause human 

airway cells to secrete measurable levels of cytokines such as IL-8. This response was 

concentration dependent allowing us to identify the maximal dose of Alternaria spores 

as a treatment. Interestingly, we saw that after spores exceeded the number of cells in 
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the experiment, the innate immune response appeared to decrease. This suggests that 

there may be a concentration dependent balance of pro- and anti-inflammatory 

substances from the spore. Performing these experiments in vivo could offer new 

insights into the effects of varying levels of spores.  

 

Correlations between elevated levels of spores and increased asthmatic attacks 

have been made. Alternaria spore concentrations can vary throughout the year and in 

different regions11,32. In a region of higher levels of Alternaria, the data suggests that 

people exposed to more Alternaria spores could have a more enhanced response due to 

the higher level of Alt a 1 being secreted. We next attempted to create a model that 

could be used to address the relevance of Alt a 1 on the overall innate immune response 

to fungal spores. Though no difference in response could be detected when using Δalta1 

KO mutants, we found that mutants overexpressing Alt a 1 (about 2.5-fold compared to 

WT) led to a greatly enhanced response. This may perhaps support data from previous 

experiments showing that Alt a 1 alone generates a strong response.  

  

In conclusion, we have developed an optimized approach for studying the 

interaction of Alternaria spores and bronchial epithelial cells in vitro. Our data shows 

that choice of culture medium for both human cells and for the fungus is important for 

achieving the maximum innate immune response. 
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Chapter V. Conclusions and future directions 
 
 

In this dissertation, work was focused on using immunological and biochemical 

studies to identify what may make Alt a 1 an allergen. We first showed in Chapter 2 that 

Alt a 1 induces innate immunity through stimulation of or with dependence on several 

membrane-bound receptors and associated adaptors. Next we determined that Alt a 1 

enters human airway cells within minutes of exposure using microscopy and flow 

cytometry studies. We further showed that the immune response to Alt a 1 can be 

dampened through a combination of receptor blocking techniques. Finally, we used 

human airway cells treated with live spores to show that spores induce immune 

responses. We showed that an Alt a 1 overexpression mutant of A. alternata can induce 

strong cytokine release compared to wild type spores. This suggests that the role of Alt 

a 1 is relevant in the overall route of exposure for Alternaria sensitized individuals. We 

offered evidence to show that we can use the co-culture model to detect activation and 

recruitment of diverse immune cell types to airway cells in the future. Studies to 

perform an experiment on a chip regarding Alternaria-induced neutrophil activation and 

recruitment are ongoing and appear promising.  

 

In chapter 2 we studied the immune response following Alt a 1 treatment of 

bronchial epithelial cells. We identified three cytokines that are secreted upon exposure 

to Alt a 1, MCP-1 (CCL2), GRO(a/b/g) (CXCL1/2/3), and IL-8. These cytokines play a role 

in the recruitment of several immune cell types such as monocytes and neutrophils1–3. 
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Under continuous exposure to an allergen, these cell types can lead to eventual airway 

remodeling, chronic excess mucus production, a tightening of airway smooth muscle 

cells, vasodilation, and cell death. This may perhaps suggest why those who have allergy 

to Alternaria also often develop moderate-severe asthma.  

 

Airway epithelial cells are the first line of defense against inhaled pathogens. 

Nature has specially engineered these cells to express several pattern recognition 

receptors (PRRs) that can recognize different pathogen associated molecular patterns 

(PAMPS), microbial associated molecular patterns (MAMPs) and damage associated 

molecular patterns (DAMPs)4,5. These receptors can range from mannose recognition 

receptors that can recognize mannose sugar molecules on fungi like Candida to Toll-like 

Receptors (TLR) which can recognize a diverse range of PAMPS, ranging from DNA and 

RNA to lipopolysaccharides5–7. From the perspective of allergic inflammation, the role of 

these receptors has only been recently begun to be investigated. House dust mite 

(HDM) allergen, Der p 2, has been demonstrated to induce innate immunity through an 

association with TLR48,9. In one study, it was found that Der p 2 mimicked the role of 

MD2, an accessory protein for TLR410. For fungi, the role of TLRs has been limited to 

primarily that of invasive disease7. In this case, TLR2, TLR4, and TLR9 were suggested to 

be key mediators.  

 

To identify if Alt a 1 was implicated in TLR signaling, we used molecular 

immunobiology techniques to block TLR2 and TLR4 in our human airway cell studies. We 
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showed that both TLRs are involved in the bronchial epithelial airway cell response to 

Alt a 1. Moreover, we carried out knockdown experiments using gene specific siRNAs in 

which we down-regulated MyD88 and TIRAP, two downstream signaling mediators that 

are involved in multiple TLR pathways. The results suggested that Alt a 1 is signaling 

through a MyD88 and TIRAP dependent manner. We tested TLR5, which also has been 

shown to signal through MyD88, and we showed that cells that only express TLR5 are 

not responsive to Alt a 1. This indicated that Alt a 1 is not acting through any TLR-MyD88 

pathway but is most likely specific to TLR2 and predominantly to TLR4. Because Alt a 1 

signaled through TLR4, we investigated the hypothesis that Alt a 1 mimicked the role of 

a TLR4 complex adaptor protein. We showed that in the absence of CD14 and MD2, 

molecules involved in enhancing a TLR4 driven response, signaling to Alt a 1 still takes 

place. This result suggested that signaling in response to Alt a 1 is not necessarily 

mediated by either molecule alone. Studies to identify the structure of Alt a 1 

interacting with TLR4, through direct binding to TLR4, are necessary for understanding 

the mechanism of Alt a 1-TLR signaling in the future.  

 

Overall we showed that Alt a 1 driven innate immunity is mediated through TLR-

MyD88 dependent signaling. Alt a 1 appeared to act through TLR2, however in the 

context of airway cells, the contribution of TLR2 seemed minimal compared to TLR4. 

Blocking TLR4 alone reduced the secreted IL-8 response to almost baseline levels while 

blocking TLR2 reduced the response approximately 25%. The results provided direct 

evidence of TLRs not only being involved in invasive fungal infection but perhaps in 



182 
 

fungal allergy. How this plays a role in vivo still needs to be investigated and the tools to 

study TLRs, gene specific knockout mice, and Alt a 1 are readily available. In most mouse 

studies, mice are often sensitized to commercially available extracts. However, 

sensitizing mice to Alt a 1 alone has not been performed.   Creating an inhalant mouse 

model to Alt a 1 would be vital in understanding if the stimulation of TLR4 via Alt a 1 

results in development of allergic inflammation and the biosynthesis of Alt a 1-specific 

IgE. Additionally, using mice that display classical symptoms of allergy could potentially 

show us specifically how Alt a 1 causes an exacerbation of asthma.  

 

One of the other hypotheses for why a protein is an allergen is that the allergen 

enters airway cells. The role of endocytosis of allergens appears to be gaining more 

attention. If an allergen enters a cell through a classical endocytosis mechanism, then it 

could potentially trigger innate immunity within cells through cell surface internalized or 

cytoplasmic receptors. Additionally, if an allergen enters cells then it could also leave 

cells, gaining access to many cells types, especially antigen presenting dendritic cells and 

mast cells located below the sentinel layer of the airways. Reports of allergens entering 

human cells are on the rise. Birch tree allergens have been shown to enter and 

transcytose airway cells11. In skin cells, Timothy grass pollens are capable of being 

internalized. These pollen allergens have also been detected within airway cells12. A 

soybean allergen has been shown to be capable of resisting proteolysis upon entry into 

the airways and is potentially internalized via caveolae13. A generalized scheme for 

pollen allergens has been hypothesized with strong evidence showing the role of 
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surfactants on airway cells stimulating the endocytosis of small pollen particles14,15. In 

this case, epithelial cells secrete surfactants that cause allergen particles to aggregate. 

These complexes are then internalized by airway monocytes and macrophages. In 

summary, the role of endocytosis in fungal allergy specifically has not been investigated.  

 

Studies using PAMPs in plant cells have suggested a role for an RXLR-like motif in 

driving endocytosis of fungal pathogen effectors16. This motif is promiscuous showing 

prevalence in a diverse range of fungal and oomycete pathogens17. Proteins with this 

motif may interact with phosphatidyl-inositol-3-phosphates and become endocytosed18. 

The role of this effector paradigm in the context of fungal allergens has not been 

extensively investigated. 

 

In chapter 3, we carried out studies to identify the role of entry of Alt a 1 in 

fungal innate immunity. To study Alt a 1 directly, we generated recombinant Alt a 1 in 

both E. coli and in P. pastoris. Variant forms of Alt a 1 were generated. These were 

defined as Alt a 1 HIS84- (HIS) [Histidine to Asparagine] and Alt a 1 KQ85 (KQ) [Lysine to 

Glutamine]. Our biochemical studies showed that these variants were structurally 

similar to Alt a 1 WT protein. In the case of Alt a 1 WT, we showed that the protein is 

very thermostable, capable of withstanding temperatures above 75°C. The protein was 

shown to form a dimer matching the observations of other researchers19,20. Lastly we 

confirmed that Alt a 1 WT has phosphatase and esterase activity. Interestingly, the 
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variants did not show esterase activity suggesting the RXLR-like motif region of the 

protein is important for catalysis of short chain carbon molecules. 

 

Human cells were incubated with the proteins, extensively washed, and imaged 

via confocal microscopy. E. coli produced Alt a 1 WT and HIS entered cells, while the KQ 

variant failed to enter. This observation appeared to not be reproducible in a 

quantitative analysis of entry using flow cytometry. In fluorescent-activated cell sorting 

studies, all proteins entered cells. Oddly, Alt a 1 KQ, which didn’t enter in confocal 

studies, appeared to enter at a higher magnitude than the other proteins.  The 

discrepancy may be attributed to the differences in sensitivity offered by the techniques 

as well as inter assay variability. 

 

We used Pichia-produced proteins due to the higher yield in our production and 

purification scheme for downstream applications. We also assumed that because Alt a 1 

is a fungal protein, it was more likely to be folded correctly when produced in a more 

closely related, eukaryotic expression system compared to E. coli. In these studies, we 

found that the variant proteins produced in Pichia enter cells just as efficiently as Alt a 1 

WT. We also found that they did not cause decreased IL-8 secretion in human airway 

cells compared to Alt a 1 WT protein, perhaps indicating that the RXLR-motif nor 

esterase activity is not relevant for entry and subsequent immune responses in human 

airway cells. However, the role of phosphatase activity could still be important and 

remains to be tested. 
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One explanation for the lack of altered entry due to mutations to the RXLR 

region in Alt a 1 is that the amino acids targeted were not the correct ones. Because 

other mutations to this region did not produce viable yields of proteins or altered 

phosphatase activity, we instead carried out studies to see if PI-3-P plays a role in Alt a 1 

entry. To do this we first blocked access to PI-3-P on membranes and found that Alt a 1 

appears to co-localize with PI-3-P. In quantitative studies, we found that entry decreases 

only slightly when a PI-3-P interacting membrane protein is used to block this entry. 

Additional evidence suggested that chemical inhibitors of PI-3-Kinases can also cause a 

decrease in endocytosis of Alt a 1 further suggesting that PI-3-P may play a role in 

endocytosis.  

 

We lastly used biochemical techniques to identify if Alt a 1 can bind to PI-3-P 

directly. Our studies showed that Alt a 1 may associate with this protein to some degree 

only when magnesium is present in the system. Due to the low affinity association, 

however, we don’t necessarily believe that this is the main route of entry.  Entry wasn’t 

completely abolished even when a high level of protein was used to block access to PI-3-

P further providing evidence for the existence of an additional entry mechanism. 

  

Finally, in chapter 4 we began the process of tying together the role of Alt a 1 

and the fungus, A. alternata, in the effects on human airway cells. The role of fungal 

extracts and their effects on the human airways has been extensively studied. Cell death 

and IL-33 is produced by cells in response to serine proteases in extracts21. Additional 
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cytokines such as TSLP are induced by interactions of the extracts with TLR222. However, 

the role of Alt a 1 in this context has not been examined.  

 

We first began by identifying the contribution of Alt a 1 in the overall innate 

immune response to the fungus. A co-culture model was used. In this situation, human 

airway cells would be treated with spores, and then assayed 24 hours later for cytokine 

release. Typically, experiments have used fungal extracts to stimulate cells, however this 

would be one of the first cases that spores are directly used for human airway cells 

besides a previous published study from our lab23.  

 

Fungal mutants lacking or overexpressing the Alt a 1 gene were generated by 

previous members of the lab. I first set out to define the optimal conditions for driving 

innate immunity in cells stimulated by the spores. Inconsistencies with fungal extract 

content have been due to inconsistent growth conditions suggesting growth media of 

the fungus is an important driver of fungal metabolites. Furthermore, in macrophage 

studies, growth media of fungal spore can lead to potentially non-immunogenic forms of 

the spore24. I have shown that growth media can play a role in immunogenicity of the 

fungal spore. Additionally, I have shown that the growth media used with airway cells 

can play a role as well. I further defined the optimal concentration of fungal spore to use 

in these studies. Interesting, the data suggested that pathologically irrelevant, high 

levels of spores can lead to a dampened innate immune response. Visual studies 

suggested that the spore may be causing cells to disadhere without killing them. An 



187 
 

additional insight may be that there is a very tight regulation of pro and anti-

inflammatory molecules generated by the spore, and that too many spores may cause a 

more anti-inflammatory response. Indeed, in a recent study in our lab by a former 

student, Shivani Grover, it was found that the secondary metabolite from A. alternata 

called alternariol (AOH) can have anti-inflammatory properties. 

 

I lastly confirmed that overproduction of Alt a 1 in spores can lead to a greatly 

enhanced response. The reason for this is unclear, however, insights from our direct Alt 

a 1 experiments may provide an explanation. Alt a 1 is a potent driver of innate immune 

signaling. By having more Alt a 1 than normal secreted into the media by spores, 

epithelial cells would be more responsive than in the case of wild type spores. 

Interestingly our strain lacking Alt a 1, appeared to show no difference compared to wild 

type perhaps indicating that there is a balance of pro and anti-inflammatory substances 

generated by the spore suppressing the response we see with purified Alt a 1 or that the 

effects of this single protein are masked by the complex mixture of pro-inflammatory 

substances in fungi including cell wall components, proteases, metabolites, etc. 

 

In the future, we propose studies to examine the role of Alt a 1 and Alternaria 

mutants in vivo. Correlations between high levels of spores in the airways as well as 

increased hospitalizations exist, implying this phenomenon needs to be explored25. 

Quantifying spores in the airways of mice as well as quantifying the amount of Alt a 1 

secreted in the airways would provide interesting results for this study. The role of Alt a 
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1 in activating downstream immune cell types has not been explored. Our data suggests 

that both protein and spores induce the secretion of cytokines that activate eosinophils 

and neutrophils. This suggests that in an in vivo model recruitment of these cell types to 

the airways could be performed. Our data did not show that Alt a 1 damages or causes 

cell death. In an in vivo model, identifying why these cell types are being recruited 

would need to be addressed.  
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