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⎯  ABSTRACT ⎯ 

 
 
Among food allergies, peanut has attracted the most research attention because the allergy 

is typically lifelong, often severe and potentially fatal. Furthermore, other than 

epinephrine, there are no treatments available to date. A decade of research has provided 

a great deal of insight into the factors that promote and regulate the development of 

allergic responses.   However, less in known about the factors involved in the elicitation 

of the most common and severe manifestation of peanut allergy, namely anaphylaxis. The 

research in this thesis centers on the investigation of cellular and molecular pathways 

leading to peanut-induced anaphylaxis (PIA) as well as potential therapeutic targets.  

Specifically presented are: i) the development and characterization of a mouse model of 

PIA (Chapter 2), ii) the role of molecules including histamine, leukotrienes (LT) and 

platelet-activating factor (PAF) (Chapter 3) and, iii) the relative contribution of mast 

cells, basophils and macrophages as well as IgE and IgG1 (Chapter 4). Our data show that 

oral sensitization to peanut in C57BL/6 mice generated local and systemic markers of 

type-2 immunity that was associated with robust and consistent clinical anaphylaxis 

following antigen challenge. In this context, concurrent blockade of PAF and histamine 

receptors markedly decreases the severity of these reactions. Moreover, they demonstrate 

that distinctive immune effector pathways involving activation of mast cells (via IgE and 

IgG1) and macrophages (via IgG1) cooperate to elicit a broad range of systemic reactions 

to peanut. These findings highlight that concomitant and progressive recruitment of 

immune-effector pathways leads to a full range of anaphylactic reactions and therefore, 

therapeutic strategies for PIA may need to target several pathways or, alternatively shared 

components within these pathways. Combination therapy blocking both PAF and 

histamine may represent such as a therapeutic approach. 
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The past few decades have witnessed the emergence of food allergy as a 

significant health problem in so-called ‘westernized’ regions such as North America, the 

United Kingdom and Western Europe 1, 2. This is a result of the dramatic increase in the 

prevalence of this disease and the severity of the reactions that it elicits. Recent survey 

data from the Center for Disease Control and Prevention indicate that the current 

prevalence of food allergy in US children is approximately 4%, an increase of almost 

20% over the last decade 3. The increased prevalence in food allergy parallels the greater 

number of emergency department (ED) visits and hospitalizations for food-induced 

anaphylaxis over the last ten years 4, 5. Food allergic reactions account for one-third to 

one-half of anaphylaxis cases treated in EDs worldwide 4, 6, 7; hospitalizations have 

increased by 350% during the last decade 6, 8. Studies on peanut allergy in the US and 

United Kingdom indicate that the number of children affected has doubled in the past 

decade, with a prevalence now exceeding 1% in school-aged children 9, 10. A similar 

prevalence rate was reported in a population-based study recently conducted in Canada 11. 

In contrast to other food allergies, peanut allergy is a long-lasting allergy that resolves in 

only 20% of children by 8 years of age 12. Among the foods associated with anaphylaxis, 

peanuts and tree nuts account for approximately 80% of fatal and near-fatal anaphylactic 

episodes 13. At the present time, there are no available treatments for peanut allergy other 

than epinephrine to rescue patients undergoing anaphylaxis.  Intervention remains limited 

to strict allergen avoidance. In addition, current diagnostic testing for food allergy cannot 

predict a patient’s risk for anaphylaxis or determine a subject’s threshold dose to trigger 

symptoms 14, 15. Therefore, affected subjects and families must be constantly vigilant to 
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avoid inadvertent exposure; unfortunately, accidental ingestion is a major concern. It has 

been reported that about 60% of children with peanut allergy experience an accidental 

peanut exposure within a 5-year period. 16 Remarkably, at least 87% of patients 

experiencing food-related fatalities (90% triggered by peanut) had a prior history of a 

reaction to the responsible food allergen 13. Thus, the need for diligent research into the 

underlying mechanisms of and therapeutic approaches for peanut allergy is imperative. 

 

Food Allergy As an Immune/allergic Reaction  

The gastrointestinal tract is continuously exposed to a myriad of food antigens 

towards which the default response is tolerance1. It is thought that the failure to induce 

tolerance or the loss of oral tolerance results in food allergy. From an immune 

perspective, food allergic responses encompass two phases: i) sensitization and ii) 

elicitation. Sensitization (or inductive phase) refers to the immunological process 

whereby an allergic immune response (i.e. food-specific immunoglobulins) develops 

following first antigen (Ag) encounter. The elicitation (or effector) phase is initiated upon 

allergen re-exposure and is characterized by clinical symptoms that can range from mild 

to severe and, in some cases anaphylaxis, a severe and potentially life-threatening allergic 

reaction.  

 

Sensitization (inductive phase): The prevailing notion is that sensitization occurs once 

dietary Ags contact the intestinal surface. They are sampled and processed by dendritic 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1 A state of specific and intended immunological hyporesponsiveness 
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cells (DCs) in the lamina propria and carried through the lymph to the draining lymph 

nodes (i.e., mesenteric lymph nodes) where DCs present allergen peptides to T and B 

cells17, 18. Recognition of peptides by these cells, in conjunction with additional 

costimulatory signals from DCs and the cytokine environment, triggers T/B cell 

activation, differentiation and proliferation. For T cells, this typically involves acquisition 

of a type-2 phenotype 19. T helper-2 cells aid B cells to undergo immunoglobulin isotype 

switching by producing IL-4 and IL-13, thereby facilitating B cell production of allergen-

specific IgE. Circulating IgE quickly binds to the high affinity receptor, FcεRI, on the 

surface of mast cells and engages an immune response when that particular food allergen 

is reencountered 20.   The mechanisms driving food sensitization and the development of 

allergic immunity, as opposed to oral tolerance, are at this time poorly understood.  

 

Elicitation (effector phase): Once sensitized, elicitation of the allergic response occurs 

upon subsequent food allergen exposure. Food allergen binding to, and cross-linking of 

surface IgE triggers mast cell activation and the release of various granules-associated 

[including vasoactive amines (e.g., histamine and serotonin), proteases and some 

cytokines] as well as newly generated molecules [i.e., leukotrienes, prostaglandins and 

PAF] 21, 22. These mediators act on target cells such as endothelial cells to increase 

vascular permeability, and smooth muscle cells to induce bronchial constriction and 

intestinal peristalsis. The combined effect of these events leads to the clinical hallmarks 

of food allergy, the most severe being anaphylaxis 23, 24. Skin and mucosal tissues are 

affected in about 80-90% of the cases, with manifestations including urticaria and/or 
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angioedema. The smooth muscle of the lower airway, the stomach and the intestine are 

often involved, resulting in wheezing/dyspnea and abdominal cramps/vomiting, 

respectively. Notably, increased vascular permeability may allow for the rapid transfer of 

a large volume of intravascular fluid (50%) into the extravascular space, hence leading to 

rapid hemodynamic collapse 23. These responses can occur within minutes (acute) to 

hours (protracted) and, in some cases, follow a biphasic course after allergen ingestion 25-

27. In comparison with our understanding of the events underlying allergic sensitization 

much less is known about the effector components leading to anaphylactic reactions to 

peanut. 

 

Central Aim 

Activation of mast cells via IgE has long been envisioned as the typical effector 

pathway leading to the clinical hallmarks of anaphylaxis in humans. However, 

compelling evidence in rodents and humans argues for the existence of alternative 

pathways of anaphylaxis. The central aim of this thesis was to investigate effector 

pathways leading to peanut-induced anaphylaxis (PIA). With this in mind, we first 

developed a mouse model that mimicked immunological and physiological features of 

peanut allergy in humans (Chapter 2). This model allowed us to investigate the roles of 

histamine, leukotrienes and PAF in PIA and, importantly, evaluate potential therapeutic 

approaches for this condition  (Chapter 3). Lastly, we delineated immune-effector 

pathways contributing to PIA (Chapter 4).     
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The remaining sections of the introduction are structured to provide a thorough 

overview of the immune components thought to mediate systemic anaphylaxis. As animal 

models of systemic anaphylaxis are a fundamental component of the work presented in 

the subsequent chapters, a brief critical appraisal of the models most relevant to this thesis 

is discussed immediately below. 

 

Modelling Systemic Anaphylaxis 

The ultimate goal is to understand and treat human anaphylaxis. However, 

performing clinical investigations, including randomized controlled trials, in anaphylaxis 

is a formidable task. In particular reference to food-induced anaphylaxis, studies entail 

intentional oral challenges that must be conducted at a medical facility with expert 

medical supervision and appropriate medicines and devices on hand. Unfortunately, there 

are inherent limitations to the oral challenge. A major concern is the unpredictable nature 

of the reaction, involving sudden onset, multisystem symptoms and nonspecific signs 

which vary in chronology, severity and duration from one person to another, and in the 

same person from one anaphylaxis episode to another 15, 28, 29. In some cases, patients 

refuse to continue the oral challenge because of fear and anxiety. This likely explains why 

most anaphylaxis research in humans has been confined to ex vivo/in vitro- and 

observational-based investigations. Undoubtedly, these studies have furthered our 

knowledge of factors involved in anaphylaxis and aided in its diagnosis/prognosis. 

Nonetheless, their nature does not permit an in depth dissection of the cellular and 

molecular processes mediating the anaphylactic response. In this regard, animal models 
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that mimic physiologic and immunologic features of human anaphylaxis enable 

researchers to conduct detailed mechanistic studies that are simply not feasible in 

humans.  

 

Models of Ag-Induced Systemic Anaphylaxis 

Systemic anaphylaxis has long been induced in animals, mostly mice, by means of 

either passive or active sensitization. Passive Systemic Anaphylaxis (PSA) involves the 

i.v. administration of Ag-specific mAbs (i.e. IgG1 or IgE) followed by an i.v. challenge 

with the same Ag. Most models of PSA use anti-trinitrophenyl (TNP) as a surrogate 

allergen 30-34.  In models of Active Systemic Anaphylaxis (ASA), sensitization is achieved 

by the intraperitoneal injection of either i) chicken egg ovalbumin (OVA)31, 32, bovine 

serum albumin (BSA) 35, 36 or penicillin V (PenV) 33, 37 along with an adjuvant [e.g. 

aluminum potassium sulphate (alum) and/or Bordetella Pertussi   toxin], or ii) goat anti-

mouse IgD alone 38.  Mice are subsequently challenged with the relevant Ag 

intravenously. In both cases, Ag challenge leads to clinical manifestations including 

cardiovascular compromise, respiratory distress, hypothermia and, in some cases, death. 

While both strategies lead to anaphylaxis, models of ASA are associated with many 

natural processes that are not mimicked in mice passively sensitized with antibodies 

including elevated levels of Ag-specific immunoglobulins of different isotypes, increased 

number of various effector cells and Fc receptor expression on these cells as well as in 

elevated concentrations of immunomodulatory cytokines.  
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Models of Peanut Allergy/Anaphylaxis 

An ideal goal of food allergy researchers has been to develop adjuvant-free animal 

models of allergic sensitization that are responsive to oral re-challenge with allergen, 

resulting in immediate hypersensitivity reactions representative of human disease 39. 

However, a major challenge to this goal is that the normal immune response to Ags 

encountered via the GI tract is tolerance 40. Over the last decade, researchers have taken 

several approaches to break oral tolerance, most of which can be extrapolated to the 

human condition, including the use of mucosal adjuvants and manipulation of the 

epithelial barrier function by different means. For example, cholera toxin (CT) is a potent 

mucosal adjuvant that abrogates oral tolerance to coadministered Ags 41.  For example, 

Snider et al 42 showed that oral administration of hen egg lysozyme, or OVA, along with 

CT resulted in Ag-specific immunoglobulin production, and immediate hypersensitivity 

reactions including respiratory distress, edema and, in some cases, death following 

systemic challenge with Ag. Li et al. 43 subsequently modified this protocol to develop a 

model of peanut allergy in which mice are sensitized and challenged through the oral 

route. They showed that multiple feeds of ground peanut plus CT elicited antigen-specific 

Th2-polarized immunity. Anaphylaxis was assessed following oral challenge with peanut 

using a clinical scoring system. Of note, this oral challenge involved 10 mg of ground 

peanut per mouse, which would be equivalent to a challenge in a human with 90 peanuts 

44. Importantly, several investigators including our group have not been able to reliably 

evaluate clinical responses following these experimental conditions. Interestingly, 

objective measurements (i.e. mild-to-severe drop in core body temperature) required the 
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use of extraordinarily large amounts of Ag. In fact, the same group reported a few years 

later oral challenges using 200 mg of ground peanut (i.e. 20 times more than the amount 

initially utilized) 45, 46. 

 

A few years ago, we developed an experimental mouse model of peanut-induced 

anaphylaxis that established allergic sensitization through the oral route and anaphylaxis 

by systemic exposure to peanut 47. We demonstrated that four weekly oral gavages of 

peanut protein with CT elicited local and systemic markers of type-2 immunity that was 

associated with robust and consistent clinical anaphylaxis following intraperitoneal 

challenge with peanut. In particular, anaphylaxis was characterized by severe clinical 

signs  (i.e. pronounced hypothermia), marked vascular leakage and extensive mast cell 

degranulation. This model development encompasses the first body of work presented in 

this thesis (Chapter 2), and was instrumental to the second and third bodies presented in 

Chapters 3-4. 

 

Pathways of Anaphylaxis 

As previously mentioned, anaphylaxis is typically referred to as an allergic 

reaction mediated by vasoactive mediators released in response to Ag cross-linking of IgE 

bound to FcεRI on mast cells. However, anaphylaxis has also been reported in the 

absence of detectable allergen-specific IgE in serum and mast cell degranulation. For 

instance, allergen-specific IgG instead of IgE has been observed in individuals who 

manifested systemic anaphylaxis against various triggers such as protamine 48, infliximab 
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(chimeric mouse/human anti-TNF mAb) 49, insect stings 50 and dextran contained in 

vaccines or high-molecular weight iron-dextran formulations 51. Of particular interest, a 

study evaluating the effect of anti-IgE therapy in patients with peanut allergy reported 

that the treatment increased the threshold of sensitivity to peanut from a level equal to 

approximately half a peanut to one equal to almost nine peanuts.  This occurred in about 

50 to 75% of patients treated with the highest dose of Ab; however, the treatment was 

completely ineffective in 25% of the patients. The partial and/or negligible responses to 

this therapy foretell the existence of IgE-independent pathways of anaphylaxis to peanut 

52. Moreover, a number of studies have failed to detect elevated levels of tryptase, a 

reliable marker of mast cell degranulation, in individuals going through fatal and near 

fatal food-induced anaphylaxis 53, 54. 

 

In the mouse, two distinct pathways leading to anaphylaxis were initially proposed 

38. One, referred to as the classical pathway, involves activation of mast cells sensitized 

by IgE bound to FcεRI. This pathway is thought to be mediated largely by histamine and, 

to a lesser extent, platelet-activating factor (PAF). Similarly, anaphylaxis can be induced 

via an alternative pathway. This pathway is mediated by macrophages, IgG and the 

activating low-affinity IgG receptor FcγRIII. In this case, PAF, rather than histamine, is 

thought to be the main contributor to the anaphylactic reaction.  More recent data strongly 

implicated basophils as a major cell type leading to IgG1-mediated anaphylactic responses 

via PAF in a model of PenV-induced anaphylaxis 33.  
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While both pathways share many clinical features, there are some important 

differences. The involvement, intensity and/or kinetics of some of the pathophysiological 

changes induced via these pathways differ. For instance, mast cells are required for the 

development of the tachycardia response, may contribute to but are not essential for 

decreases in lung function, and are dispensable for the development of hypotension or 

death 55, 56. Conversely, some of the cardiopulmonary changes, as well as the mortality 

associated with anaphylaxis appear to be mediated by IgG1 antibodies and FcγRIII 31. 

Given the implications of these observations to our understanding of how anaphylaxis 

occurs and, consequently, how it may be treated, a detailed examination of the evidence 

pertaining the contribution of these, as well as more recently described pathways to 

anaphylaxis is warranted. 

 

FcεRI and Fcγ Receptors  

 FcεRI is a cell-surface receptor that binds the Fc fragment of IgE with high affinity. 

In its complete tetrameric form, FcεRI consists of a single FcεRIα chain, a single β chain, 

and two disulfide-linked γ chains. The FcεRI α chain binds the Fc portion of IgE, 

whereas the β chain promotes the assembly and cell surface expression of the FcεRI and 

helps to amplify signal transduction through the FcεRI receptor’s two γ chains (main and 

indispensable FcεRI signaling units) 57.  The central role of FcεRI in mediating 

anaphylaxis was investigated in mice with a targeted disruption of the gene encoding the 

FcεRI α chain (FcεRI α chain −/− mice). These mice failed to undergo IgE-dependent 

PSA 58. However, this finding was later challenged by studies using models of ASA to 



PhD	
  Thesis	
  −	
  K.	
  Arias	
   	
   	
  	
  McMaster	
  University	
  −	
  Medical	
  Sciences	
  

	
   	
  12	
  

OVA. Indeed, mice with a homozygous null mutation of the Cε gene (IgE −/− mice) 

displayed anaphylactic responses (i.e. tachycardia, pulmonary function changes and 

increases in vascular permeability) similar to those observed in WT mice 59. Furthermore, 

fatal ASA was observed in FcεRI α chain −/− mice, but not in mice that lack the common 

γ chain of the FcεRI and the FcγRI/FcγRIII (FcR γ −/− mice) 30, suggesting that other 

Ig/Fc receptor pathway/s may contribute to systemic anaphylaxis.  

 

To date, four different classes of Fc receptors for IgG, known as FcγRI, FcγRIIB, 

FcγRIII and FcγRIV, have been identified in mice. Proteins corresponding to the mouse 

FcγRs have been identified in humans. Three of these Fcγ receptors (i.e. FcγRI, FcγRIII 

and FcγRIV) share the same γ chain as the FcεRI 60. Functionally, there are two different 

classes of Fc receptors: activating and inhibitory. The paired expression of activating and 

inhibitory receptors on the same cell is key for the generation of a balanced immune 

response 61.  Additionally, it has been increasingly appreciated that Fcγ receptors show 

significant differences in their affinity for individual antibody isotype, rendering certain 

isotypes more strictly regulated than others.  For example, FcγRIII is the only activating 

Fc receptor that binds IgG1-immune complexes (IgG-IC); IgG2a and IgG2b, despite able to 

bind FcγRI (in the case of IgG2a) or FcγRIII (in the case of IgG2a and IgG2b), are 

functionally dependent on FcγRIV. These same principles also apply for humans, where it 

has been shown that human FcγRIIIA has a higher affinity for IgG1 as compared to 

FcγRIIA 61.  
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The involvement of Fcγ receptors in anaphylaxis has been investigated mostly 

through the use of mice with targeted mutations. Initial observations indicated that 

sensitization to OVA resulted in the production of antigen-specific IgE as well as IgG1 

antibodies 62. Subsequent studies demonstrated that passively administered IgG1 

antibodies were sufficient to induce anaphylaxis 63. More recent investigations showed 

that IgG1 and FcγRIII, rather than IgE and FcεRI, are critical for most of the physiological 

changes, as well as the death, associated with active anaphylaxis to OVA. In this regard, 

Miyajima et al 31 reported that, unlike mice that had a selective deficiency of FcεRI, mice 

that lacked the FcRγ subunit were profoundly hampered in their ability to express active 

anaphylaxis or IgE− and IgG1−dependent PSA.  However, it is relevant to note that while 

FcRγ chain −/− mice completely failed to express active anaphylaxis to OVA challenge 

and exhibited neither mortality nor pulmonary changes in response to challenge with IgG1 

antibodies and specific Ag, IgG1-sensitized FcRγ chain −/− mice did express significant 

tachycardia following Ag challenge. In addition, these mice manifested levels of mast cell 

degranulation that were indistinguishable from those in the IgG1-sensitized and antigen-

challenged FcRγ chain +/+ control group, suggesting that additional effector mechanisms 

may contribute to these responses.  Thus, these findings indicate that sensitization with 

IgG1 followed by challenge with the relevant Ag induces mast cell degranulation and 

tachycardia; yet, all the cardiopulmonary changes, and the mortality, associated with IgE-

dependent PSA or ASA require adequate signaling through the FcRγ chain. Further 

studies using FcγRIIIα chain −/− mice provided evidence that FcγRIII, not FcγRI, is 

critical for the expression of these responses 30. 
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In addition to regulating IgG-mediated responses, Fcγ receptors have also been 

shown to modulate IgE-mediated responses (i.e. IgE-mediated PSA) 34. Indeed, mice 

deficient in the inhibitory receptor for IgG, FcγRIIB, display enhanced IgE-mediated 

anaphylactic responses, whereas mice deficient in the IgG activating receptor FcγRIII 

display attenuated IgE-dependent responses.  These observations led investigators to 

propose that the IgE immune complex–mediated response represents the sum of three 

components, i.e. an FcεRI-mediated major positive factor, an FcγRIIB negative response, 

and an FcγRIII-mediated positive component, respectively. Thus, Fcγ, particularly FcγRII 

and III, receptors play important roles in the modulation of IgE-mediated responses.  

 

Effector Cells  

Mast cells have long been thought to be central effector cells in anaphylaxis. This 

view was established through experiments in mice with spontaneous genetic mutations 

that perturb mast cell differentiation. Mast cells at all stages of maturation express the 

receptor tyrosine kinase Kit (CD117). Most laboratory strains deficient in mast cells arise 

from mutations affecting the Kit gene 64. For example, the WBB6F1-KitW/KitW-v (W/Wv) 

mouse bears a compound mutation (one allele null, the other impaired) at the Kit locus W 

(white spotting), while the KitW-sh/KitW-sh (Wsh) mouse carries an incompletely 

characterized inversion upstream of Kit that affects a key regulatory element 65-67.  

 

The major role of mast cells in anaphylaxis was first described in a model of anti-

IgE-induced anaphylaxis 56.  Specifically, intravenous infusion of goat anti-mouse IgE to 
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mice induced extensive degranulation of tracheobronchial mast cells, as well as 

significant elevation of heart rate, significant reductions in pulmonary mechanics 

parameters (i.e. dynamic compliance and lung conductance), and, in some cases, death. In 

contrast, W/Wv mice exhibited little or no pathophysiological responses and no mortality 

after anti-IgE treatment. Moreover, W/Wv mice reconstituted with bone marrow-derived 

mast cells from congenic +/+ mice (+/+ BM→ W/Wv mice), manifested similar 

cardiopulmonary changes and mortality to those observed in WBB6F+/+ mice following 

anti-IgE infusion. These data strongly supported the concept that mast cells are a key 

effector component in IgE-dependent anaphylaxis. Shortly after, studies in W/Wv mice 

showed that mast cell degranulation contributes to rapid changes in pulmonary mechanics 

parameters and the rapid onset of tachycardia typically occurring during ASA 55.  

 

The central role of mast cells in the classical pathway of anaphylaxis was 

demonstrated in a model of ASA. In this model, mice were immunized with goat anti-

mouse IgD (GaMD) antibody, which activates B cells by cross-linking their mIgD. These 

activated B cells process and present goat IgG (GIgG) to GIgG peptide–specific CD4+ T 

cells, which respond by secreting cytokines that induce mastocytosis and helping B cells 

to mount massive IgG1 and IgE responses 68. Approximately 10 to 20% of this antibody 

response is IgG specific 69.  The classical pathway was demonstrated in GaMD-

immunized mice by challenging them 14 days after immunization (when serum IgE levels 

had returned to baseline but IgE remained bound to mast cell FcεRI) with a mAb that 

efficiently cross-links IgE. Anti-IgE mAb–induced anaphylaxis was dependent on IgE, 
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FcεRI, and mast cells 38.  

 

Anaphylaxis induced by challenging GaMD-primed mice with Ag (GIgG) elicited 

a response that was indistinguishable in its kinetics, severity, target organ involvement, 

and challenge dose requirement from that induced by anti-IgE mAb. However, it differed 

remarkably in its physiologic mechanism as it was IgE, FcεRI, and mast cell independent. 

These findings clearly illustrate that mast cells are not the sole effector cells in ASA and 

suggest the existence of an alternative cellular pathway. There is indeed substantial 

evidence that cells other than mast cells can bind IgG1 and elaborate sufficient mediators 

to provoke fatal anaphylactic reactions 31, 33. In GaMD-primed mice, Ag-induced 

anaphylaxis was primarily mediated through macrophages and FcγRIII.  Anaphylactic 

responses were nearly abrogated by pre-treating mice with anti-FcγRII/RIII mAb or 

inhibiting macrophage function 38. This is in agreement with early studies showing that 

ASA to OVA occurs largely via FcγRIII-expressing cells 30, 31. In these studies, FcγRIII-

dependent responses were more severe in normal than in congenic W/Wv mice, clearly 

indicating that mast cells may enhance the intensity of these responses.  

 

Seemingly at variance, findings in a model of PenV-induced anaphylaxis 

prompted investigators to propose basophils as the pre-eminent FcγRIII-expressing cell 

type mediating IgG-dependent anaphylaxis 33.  Specifically, the data showed that IgG1-

mediated PenV-induced PSA, although present in mast cell-deficient mice, was nearly 

abrogated in basophil-depleted mice.  However, it is relevant to point out that PenV-
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induced fatal ASA was not prevented in mast cell-deficient mice or basophil-depleted WT 

mice clearly suggesting that neither mast cells nor basophils are indispensable for these 

responses. Furthermore, ASA-induced decreases in body temperature (a hallmark of 

anaphylaxis in mice) still occurred in the absence of both cell types, although mortality 

was abolished. Although these findings denote the contribution of basophils and mast 

cells to PenV-induced ASA, they clearly suggest the involvement of other cell type(s) in 

these responses. Collectively, these data challenge the dichotomous model of immune 

pathways leading to systemic anaphylaxis. Within this framework, we have been 

particularly interested in delineating the effector pathways leading to anaphylactic 

reactions to, specifically, peanut. In chapter 2 and 4, we examined the relative 

contribution of different effector immune components to peanut-induced anaphylaxis. 

 

Effector Molecules: Biomarkers vs. Mediators 

The current thinking is that the molecules released following activation of effector 

cells via Fc receptors play a causative role in anaphylaxis. However, this view requires a 

few considerations. This paradigm has an empiric, rather than evidential, basis. Indeed, 

the actual relationship(s) between most of these molecules and anaphylaxis is yet to be 

formally examined. As previously discussed, ethical issues associated with studying 

anaphylaxis in humans constrain the investigation of the role of these molecules to the 

pathogenesis of this condition. Thus, these studies provide largely correlative data that 

considerably limits their significance. In this regard, chapter 3 provides data on the roles 

of histamine, leukotrienes and PAF in PIA.   
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In the early 20th century, histamine was considered the primary molecule 

involved in anaphylaxis. Since then a number of other molecules have been implicated 

through observations made in human studies, in vitro stimulation assays and animal 

models. Thus far, these include those released from mast cell and basophil storage 

vesicles (serotonin, tryptase, and chymase); newly synthesized cytokines (TNF- α, IL-1, 

IL-4, IL-5, IL-6, IL-9, IL-13) and lipid-derived mediators (platelet activating factor 

[PAF], prostaglandin D2 [PGD2], leukotriene 16 B4, cysteinyl leukotrienes [CysLT] 

LTC4, LTD4, and LTE4); complement breakdown products and products of eosinophil 

activation 70, 71. 

 

Histamine. The detection of mast cell–derived mediators, particularly histamine 

(and tryptase) in humans was initially thought to provide confirmatory evidence of an 

anaphylactic episode 72, 73. In this regard, Lin et al. 53 reported that increased levels of 

histamine (>10 nmol/L) correlated with clinical signs (such as urticaria, extensive 

erythema and abdominal symptoms) of acute allergic reactions. Nonetheless, this was 

observed in less than 50% of the subjects (97 patients). This may be explained by two 

likely complementary explanations: 1) the ‘snapshot’ nature of this study may have 

missed the interval of detection of histamine in plasma, and 2) additional (mast cell- or 

non mast cell-derived) molecules significantly contribute to these reactions. 

Experimentally, we have shown that concurrent blockade of H1 and H2 receptors did not 

have a significant impact on the extent and/or kinetics of anaphylactic reactions to peanut, 

thus suggesting that, indeed, other molecules may play a critical role in the pathogenesis 



PhD	
  Thesis	
  −	
  K.	
  Arias	
   	
   	
  	
  McMaster	
  University	
  −	
  Medical	
  Sciences	
  

	
   	
  19	
  

of these reactions (Chapter 3).  

 

Lipid Mediators. Baseline levels of lipid mediators (or byproducts) have been 

reported to increase following an anaphylactic reaction. The production of these lipids is 

initiated by the release of arachidonic acid (AA) after the hydrolysis of membrane 

phospholipids by phospholipase A2 and other enzymes. The byproducts of the reaction 

include lysophospholipids (Lyso-PL), some of which might be further metabolized to 

PAF. Unmetabolized AA and Lyso-PL can become reincorporated into the phospholipid 

pool following re-acylation reactions. AA can then be processed in a variety of ways. It 

can be metabolized by the 5-lipoxygenase [5-LO] pathway enzyme to the intermediate 

LTA4, which is unstable and is rapidly converted into LTB4 or into the CysLT: LTC4, 

LTD4 and LTE4 74, 75. Thus, inhibitors of the 5-LO enzyme can prevent the synthesis of 

all LT.  

 

CysLT are produced by many cells including mast cells, basophils and 

eosinophils. Historically, they were initially referred to as the principal biological slow-

reacting substances of anaphylaxis (SRS-A), because of their ability to induce the gradual 

progression of the contractile response of smooth muscle, ultimately resulting in 

bronchoconstriction 76. Urinary LTE4 measurements have been successfully used to 

monitor LTC4 production in vivo, particularly following anaphylaxis 77, 78. While the 

findings insinuate a causative role for CysLT in this response, direct evidence is lacking. 

In fact, we propose that leukotrienes serve as important clinical biomarkers rather than 
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mediators of the anaphylactic event. This line of thought is further discussed in Chapter 3.  

 

PAF is a phospholipid involved in many physiological and pathological 

conditions. It is synthetized by a variety of hematopoietic cells including mast cells, 

basophils, platelets and monocytes/macrophages. PAF acts through a unique G protein-

coupled seven transmembrane receptor (PAFR) that is expressed in the plasma and 

nuclear membranes of leukocytes, endothelial cells and platelets.  By binding to its 

receptor, PAF mediates cellular responses including Ca2+ mobilization, platelet 

aggregation and vasodilatation 79, 80. Aside from its role as a physiological mediator, PAF 

has been associated with several inflammatory events including increase of vascular 

permeability and lung edema, and leukocyte recruitment 79, 81, 82. Indeed, blockade of the 

PAFR has been shown to decrease edema formation and/or leukocyte recruitment in 

several models of inflammation 83-85.  

 

PAF has also been implicated in the pathogenesis of anaphylactic shock. In fact, 

PAF is known to contribute to hypotension and cardiac dysfunction during hemorrhagic, 

traumatic or septic shock 79, 86. Moreover, administration of PAF to mice can lead to 

bronchoconstriction, hypotension and increased vascular permeability causing pulmonary 

edema and impaired cardiac and renal function 82, 85. On the other hand, PAF-R 

deficiency and administration of PAF-R antagonists can prevent PAF-induced lethal 

anaphylaxis in animal models 86, 87. Importantly, Vadas et al 88 have recently highlighted 

PAF as a marker of severity in human anaphylaxis triggered by different allergens 



PhD	
  Thesis	
  −	
  K.	
  Arias	
   	
   	
  	
  McMaster	
  University	
  −	
  Medical	
  Sciences	
  

	
   	
  21	
  

including foods (i.e. peanut). They noted that PAF levels increased from 4% in the 

control groups to 20% in the group with grade 1 (acute allergic reaction with cutaneous 

manifestations but no other organ system involvement) anaphylaxis, 71% in the group 

with grade 2 (mild-to-moderate manifestations) anaphylaxis, and 100% in the group with 

grade 3 (severe manifestations, with cutaneous, gastrointestinal, and potentially life-

threatening respiratory or cardiovascular signs) anaphylaxis. Moreover, the authors 

reported an inverse correlation between PAF levels and PAF-AH, the enzyme that 

degrades PAF. Interestingly, serum PAF-AH activity was significantly lower in patients 

with fatal peanut anaphylaxis than in control patients. Thus, these findings propose a firm 

association between PAF levels and the severity of anaphylaxis. Nonetheless, it should be 

noted that causality was not ascertained in this study. In this regard, as part of our interest 

to investigate effector molecules in PIA, we have examined the role of PAF in the 

severity of peanut-induced anaphylactic reactions (Chapter 3). 

 

Objectives 

The research presented in Chapters 2, 3 and 4 advances our knowledge of the 

immune-effector components and pathways that mediate anaphylactic reactions to peanut 

and explore potential therapeutic approaches for PIA.   

 

In the first manuscript in this thesis (Chapter 2), we report on the development and 

characterization of a mouse model of peanut-induced anaphylaxis. To this end, we 

evaluated the impact of the number of administrations of peanut along with CT on the 
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induction of local and systemic markers of peanut-specific adaptive immunity, including 

Th2-associated cytokine and immunoglobulin production. We subsequently examined 

whether the number of oral sensitizations correlated with the severity of the anaphylactic 

reactions following systemic challenge with peanut. We assessed anaphylaxis based on 

the following clinical and biological parameters: presence of clinical signs (i.e. drop in 

core body temperature), release of mast cell-associated molecules, increases in vascular 

permeability and induction of late-phase inflammatory responses. Lastly, we investigated 

the impact of immunoglobulins, FcεRI and mast cells on PIA.  

 

In the second manuscript (Chapter 3) we used this model to evaluate the role of 

histamine, leukotrienes and PAF in PIA. This project was partly based on our previous 

observations that histamine and leukotriene levels are significantly increased in mice 

undergoing anaphylaxis.  On the other hand, a large body of literature attested to PAF’s 

involvement in several hallmarks of anaphylaxis. The investigation proceeded along four 

lines. Separate groups of peanut-sensitized mice were treated with either a (A) 5-LO 

inhibitor, (B) a PAF-R antagonist, (C) histamine receptor antagonists or (D) a PAF-R 

antagonist along with histamine receptor antagonists prior to peanut challenge. To 

compare the efficacy of these interventions, we developed a mathematical model that 

allowed us to comprehensively grade the severity of the anaphylactic responses.  

 

The third manuscript builds on the work presented in Chapter 1. Here, we 

examined the relative contribution of different immune-effector pathways to PIA. We 
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investigate the hypothesis that distinct pathways cooperate to the full expression of the 

clinical manifestations of anaphylaxis. To this end, we used three separate approaches 

either individually or in combination. These include mice with spontaneous and targeted 

mutations  (i.e. W/Wv, Wsh, IgE− and IgG−deficient mice), cellular depletion strategies 

(i.e. basophil-depleting mAb and liposomes clodronate) and an anti-FcγRIII mAb.  When 

applicable, preliminary experiments were conducted in order to establish optimal protocol 

regimens. The impact of these approaches on the anaphylactic reactions to peanut was 

assessed mostly as described in Chapter 1.  In an extension of this work, evaluation of 

hematocrit was incorporated as an indicator of increased vascular permeability.  

 

 



PhD	
  Thesis	
  −	
  K.	
  Arias	
   	
   	
  	
  McMaster	
  University	
  −	
  Medical	
  Sciences	
  

	
   	
  24	
  

⎯  Chapter 2 ⎯ 

Impact of CD40 Ligand, B Cells, and Mast Cells in 
Peanut-Induced Anaphylactic Responses 

 
Jiangfeng Sun1,* Katherine Arias1,* David Alvarez1, Ramzi Fattouh1, Tina Walker1, Susanna 
Goncharova1, Bobae Kim1, Susan Waserman2, Jennifer Reed3, Anthony J. Coyle3, and Manel 

Jordana1 
 

* Joint first authors 

1Division of Respiratory Diseases and Allergy, Centre for Gene Therapeutics, Department of Pathology and Molecular Medicine and 
2Department of Medicine, McMaster University, Hamilton, Ontario, Canada; and 3Department of Respiratory, Inflammation and 

Autoimmunity, MedImmune, Gaithersburg, MD 20878 
 

Published in the Journal of Immunology Vol 179. pp 6696-6703, 2007 
 2007 American Association of Immunologists 

Reprinted with Permission  
See Preface for details regarding authorship 

 

Summary and Central Message: This article focuses on the development of a mouse 

model that mimics physiologic and immunologic features of peanut allergy in humans. 

This model allowed us to investigate the impact of immunoglobulins, the IgE high 

affinity receptor, FcεRI and mast cells on PIA. We found that four weekly oral gavages of 

peanut protein with cholera toxin elicited local and systemic markers of type-2 immunity 

that was associated with robust and consistent clinical anaphylaxis following 

intraperitoneal challenge with peanut.  In particular, anaphylaxis was characterized by 

severe clinical signs (i.e. pronounced hypothermia), marked vascular leakage, extensive 

mast cell degranulation and significant late-phase allergic responses. Furthermore, we 

showed that while CD40 ligand-, B cell- or mast cell-deficient mice did not exhibit any 

measurable anaphylaxis, FcεRI-deficient mice manifested partial anaphylactic responses. 

Thus, these data demonstrate the critical contribution of immunoglobulins and mast cells 

to PIA and underscore the involvement of other Ig/Fc pathways in this process. 
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⎯  Chapter 3 ⎯ 

Concurrent blockade of platelet-activating factor and 
histamine prevents life-threatening peanut-induced 

anaphylactic reactions 
 

Katherine Arias1, Moiz Baig1, Marc Colangelo1, Derek Chu1, Tina Walker1, Susanna Goncharova1, 
Anthony Coyle2, Peter Vadas3, Susan Waserman4, and Manel Jordana1 

 
1Division of Respiratory Diseases and Allergy, Centre for Gene Therapeutics, Department of Pathology and Molecular Medicine; 

2Department of Respiratory, Inflammation and Autoimmunity, MedImmune, Gaithersburg, MD; 3Department of Medicine of 
Medicine, Division of Allergy and Clinical Immunology and Emer- gency Medicine, St Michael’s Hospital, Toronto; and 4Department 

of Medicine, McMaster University, Hamilton, Ontario, Canada 
 

Published in the Journal of Allergy and Clinical Immunology Vol 124. pp 307-314, 2009 
 2009 American Academy of Allergy, Asthma & Immunology 

Reprinted with Permission  
See Preface for details regarding authorship 

 

Summary and Central Message: This article is the first to investigate the relative 

contribution of effector molecules to the pathogenesis of food-induced anaphylaxis, 

particularly PIA. Specifically, we examined whether histamine, leukotrienes and PAF 

were associated with the presence, severity and/or persistence of anaphylactic responses 

to peanut. To this end, we evaluated the impact of pharmacological interventions 

targeting either metabolic pathways or mediator receptors in our mouse model of PIA. 

We found that treatment targeting either leukotrienes or histamine alone had negligible 

effects. In contrast, PAF antagonism significantly prevented severe and prolonged 

anaphylactic reactions. Interestingly, combination therapy targeting PAF and histamine 

receptors had a synergistic effect in the prevention of PIA. Thus, concomitant blockade of 

PAF and histamine may represent a life-saving therapy for peanut and, likely, other food-

induced anaphylaxis as well as a “risk-reducing” approach that facilitates the 

implementation of other therapies. 
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⎯  Chapter 4 ⎯ 

Distinct immune effector pathways contribute to the full 
expression of peanut-induced anaphylactic reactions in mice 

  

Katherine Arias1, Derek K. Chu1, Kristin Flader1, Fernando Botelho1, Tina Walker1, Natalia Arias1, 
Alison A. Humbles2, Anthony J. Coyle2, Hans C. Oettgen3, Hyun-Dong Chang4, Nico Van Rooijen5, 

Susan Waserman6, and Manel Jordana1 
 

1Division of Respiratory Diseases and Allergy, Centre for Gene Therapeutics, Department of Pathology and Molecular Medicine; 
2Department of Respiratory, Inflammation and Autoimmunity, MedImmune, Gaithersburg, MD; 3Division of Immunology, Harvard 
Medical School, Boston; 4Deutsches Rheuma-Forschungszentrum Berlin, a Leibniz Institute, Berlin; 5 Department of Molecular Cell 

Biology, VU Medical Center, Amsterdam; and 6Department of Medicine, McMaster University, Hamilton, Ontario, Canada 
 

Published in the Journal of Allergy and Clinical Immunology Vol 127. pp 1552-1561, 2011 
 2011 American Academy of Allergy, Asthma & Immunology 

Reprinted with Permission  
See Preface for details regarding authorship 

 

Summary and Central Message: This article examines the relative contribution of 

immunoglobulin-dependent effector pathways to PIA. To this end, we used three separate 

approaches either individually or in combination. These include mice with spontaneous 

and targeted mutations, cellular depletion strategies and blocking mAbs. Our data 

demonstrate four scenarios in which PIA is fully abrogated: combined mast cell and 

macrophage (but not basophil) depletion, combined deficiency of IgE and IgG1, or IgG1 

signalling, (but not of each immunoglobulin pathway alone) and combined absence of 

mast cells and IgG1 signalling.  However, they also show that the single elimination of 

mast cells, macrophages or basophils prevents fatal and near fatal reactions. Lastly, our 

findings indicate that whereas mast cell responses occur via IgE and IgG1, macrophage 

responses are fully mediated through IgG1 exclusively. Collectively, we provide for the 

first time evidence that distinct pathways cooperate to the full expression of the clinical 

manifestations of anaphylaxis and thus, full inhibition of PIA requires targeting several 

cellular and/or humoral effector components.  
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⎯ Chapter 5 ⎯  

DISCUSSION 
 

 

 

 

 

 

 

 

 

 

 

 

 



PhD	
  Thesis	
  −	
  K.	
  Arias	
   	
   	
  	
  McMaster	
  University	
  −	
  Medical	
  Sciences	
  

	
   	
  57	
  

The aim of this chapter is to recapitulate the major findings presented in the 

preceding chapters and to discuss them in the context of the current literature. The 

significant results and discoveries have been discussed in each individual manuscript 

included in this thesis.  Accordingly, this chapter will elaborate on the overall 

significance and implications of the research contained herein, as well as the limitations 

and potential areas for improvement. 

 

Peanut allergy is typically lifelong, often severe and potentially fatal. The past 

decade has uncovered considerable knowledge about the factors that promote and 

regulate sensitization and allergenicity of peanut proteins. Comparatively, the cellular and 

molecular basis underlying the most severe manifestation of peanut allergy, namely 

anaphylaxis is less understood. Consequently, no innovative treatments have been 

developed and, indeed, therapy remains limited to epinephrine. The reason for this may 

stem, at least in part, from the difficulties associated with conducting clinical studies in 

peanut allergy, and also to the unavailability of appropriate model systems, which only 

recently have been emerging. The work presented in this thesis focused on the 

development and characterization of a mouse model of PIA (Chapter 2) and the use of 

this experimental platform to investigate potential therapeutic targets (Chapter 3) as well 

as immune-effector pathways leading to this condition (Chapter 4). 

 

 

 



PhD	
  Thesis	
  −	
  K.	
  Arias	
   	
   	
  	
  McMaster	
  University	
  −	
  Medical	
  Sciences	
  

	
   	
  58	
  

Mouse model of peanut allergy/anaphylaxis 

 
Initial research on peanut allergy/anaphylaxis was conducted in mice of a 

C3H/HeJ and, to a lesser extent, BALB/c genetic backgrounds. Unfortunately, these 

strains significantly limit the use of genetically modified mice to explore immune 

mechanisms underlying disease. Thus, a major implication of the model we developed in 

a C57BL/6 genetic background was the opportunity to use many mutant strains to 

investigate immune-effector pathways leading to PIA. This is clearly exemplified in 

Chapters 1 and 4 of this thesis. For instance, B cell-, CD40L- and IgG1- deficient mice, all 

of which are available only on a C57BL/6 background, allowed us to outline the 

contribution of immunoglobulins to PIA. Other studies showing the critical role of C-type 

lectin receptor, SIGNR1, in a model of food allergy necessitated the use of mice on a 

C57BL/6 background 36. Thus, a mouse model of peanut allergy/anaphylaxis in a 

C57BL/6 background provides a notable experimental advantage.    

 

The model we established in C57BL/6 mice exhibits central clinical and 

biological features common to those observed in models using other strains of mice. In 

agreement with reports in C3H/HeJ 89 and BALB/C 90, oral peanut sensitization in 

C57BL/6 mice led to systemic antigen-specific Th1- and Th2-associated cytokine 

responses as well as polyisotypic humoral responses in serum. Furthermore, anaphylaxis 

was characterized by a rapid onset of clinical symptoms, significant hypothermia and 

increases in hematocrit, marked mast cell degranulation and pronounced vascular leakage. 



PhD	
  Thesis	
  −	
  K.	
  Arias	
   	
   	
  	
  McMaster	
  University	
  −	
  Medical	
  Sciences	
  

	
   	
  59	
  

In short, the phenotype observed in C57BL/6 is remarkably similar to that observed in 

other strains of mice.  

 

That a large body of research in peanut allergy has been conducted in C3H/HeJ 

mice may be explained, at least in part, to the increased susceptibility of this strain to 

develop anaphylactic responses.  In this regard, we made some intriguing and relevant 

observations not reported in the body of this thesis. For example, the number of peritoneal 

and skin (i.e. ear) mast cells (c-kit+IgE+) is about three times greater in C3H/HeJ mice 

compared to C57BL/6 mice. Similarly, the baseline levels of total IgE as well as the 

expression of FcεRI on peritoneal mast cells are significantly higher in C3H/HeJ than in 

C57BL/6 mice. These differences in mast cells (number and function) and IgE responses 

may influence the increased sensitivity of C3H/HeJ to anaphylaxis. Whether this 

phenotype in C3H/HeJ resembles, or not, steady baseline conditions in humans is 

unknown, but it may point out to the existence of a sub-phenotype in particularly 

sensitive individuals with peanut allergy.  

 

An important feature of the model we developed is that mice are sensitized 

through the oral route and challenged intraperitoneally (Chapter 2). This is in contrast to 

other models (i.e. C3H/HeJ mice) where the oral route is used for both sensitization and 

challenge. At a first glance, the oral route of challenge would be preferred; however, the 

conditions required to elicit an anaphylactic response in C3H/HeJ mice deserve attention. 
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As discussed in Chapter 1, the amount of orally delivered peanut used to trigger 

anaphylaxis is exceptionally high (i.e. 200 mg per mouse) 45, 46. In fact, lower doses elicit 

anaphylactic responses that are inconsistent, mild and, in most cases, not feasible to 

assess using objective measurements (i.e. drop in body temperature) 43. Importantly, we 

observed that C57BL/6 mice sensitized through the oral route and challenged with a low 

dose of peanut intraperitoneally developed anaphylactic reactions that were consistent, 

severe and amenable to objective assessment. Furthermore, we suggest that the 

intraperitoneal route is not an “ackward” route of exposure. Relevant to this point, Dirks 

et al 91 reported that, in humans, peanut absorption occurs in the mouth across the oral or 

sublingual mucosa reaching systemic circulation rapidly after antigen uptake. From this 

perspective, a systemic route of challenge in the mouse may be viewed as a route that 

facilitates immediate access of peanut to the systemic circulation and, thus, a useful 

experimental approach to study systemic effector mechanisms underlying PIA. The later 

is comprehensively illustrated in Chapter 4. 

 

A major finding of this thesis was that the absence of the FcεRI α chain  (FcεRIα 

−/− mice) prevented the anaphylactic response only partially (Chapter 2), thus suggesting 

that other Ig/Fc pathways could contribute to the anaphylactic reaction. However, there is 

evidence that the absence of the FcεRI α chain leads to upregulation of FcγRIII-

dependent mast cell degranulation and anaphylaxis 30. In other words, potential mast cell 

activation via FcγRIII could be not true indication that this pathway contributes to 

anaphylaxis but, rather, an artifact of the genetic deletion of the FcεRI α chain. This 
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concern was subsequently dismissed by our findings that direct blockade of the FcγRIII 

signaling was in fact required to fully prevent PIA in IgE-deficient mice (Chapter 4). This 

is particular relevant as it is increasingly evident that the IgE-dependent pathway, albeit 

critical, is not the sole pathway leading to human anaphylaxis. For instance, there is clear 

evidence of a poor correlation between levels of antigen-specific IgE and incidence, 

severity or threshold of responsiveness in food allergy 92, 93, including peanut allergy 94, 95. 

In addition, anti-IgE therapy increases the threshold of reactivity but does not fully 

prevent anaphylactic reactions to peanut. Moreover, at least 25% of the patients 

experienced no change in their threshold of reactivity 52.  Collectively, these findings cast 

doubt to the notion that the IgE/FcεRI pathway is the single driving effector mechanism 

in PIA and strongly suggest that both FcεRI− and FcγRIII−mediated responses contribute 

to this process. 

 

PAF: a therapeutic target in anaphylaxis 

One of main objectives of this thesis was to investigate the role of molecules 

including histamine, leukotrienes and PAF in PIA (Chapter 3). Indeed, the contribution of 

most molecules produced during anaphylaxis to its pathogenesis remains undefined. This 

is, to a great extent, because anaphylaxis in humans is generally an unanticipated and life-

threatening event requiring emergency management. Here, we determined whether each 

of the molecules above was implicated with the presence, severity and/or persistence of 

PIA in the mouse.  
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A number of studies have documented the presence of leukotrienes and their metabolites 

in body fluids in the course of anaphylaxis in humans. For instance, two studies have 

reported that urinary LTE4 concentrations significantly increase within the first few hours 

following anaphylaxis with an immediate decline during clinical remission 77, 78. 

Interestingly, one of these studies reported that LTE4 levels were considerably higher in 

patients with anaphylactic shock (i.e. hypotension with systolic blood pressure less than 

90 mmHg; n=6/32) than in those without 78. In accordance with this, we observed that the 

levels of CysLTC in mice undergoing PIA steadily increased following challenge, 

reached a peak at 40 min, and gradually waned within 2-3 h post-challenge. While these 

findings suggest a contributing role, we showed that disruption of the 5-LO pathway, via 

either pharmacological blockade or targeted mutation in the 5-LO gene, did not 

ameliorate the clinical manifestations of PIA. These data suggest that leukotrienes may 

serve as clinical biomarkers but do not mediate the anaphylactic event. 

 

In sharp contrast to our observations following the blockade of the 5-LO pathway, 

we found that impairing PAF activity (i.e. PAFR antagonism) significantly prevented 

prolonged and life-threatening anaphylactic reactions to peanut (Chapter 3). These 

findings are particularly relevant as studies in humans showed that the serum levels of 

PAF closely correlate with the severity of food-induced anaphylaxis, including PIA 88. 

However, this was a retrospective study. In this context, our study provided for the first 

time direct evidence of the causative role of this molecule in PIA. An interesting finding 

in this study was that PAFR antagonism was accompanied by a significant reduction in 
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blood levels of histamine and CysLT. One possible interpretation of this finding is that 

PAF activates mast cells, or other effector cells, in vivo,  thus resulting in the release of 

these, and likely other, effector molecules.   In this regard, Kajiwara et al 96 recently 

reported that PAF induces the release of histamine as well as other inflammatory 

mediators (e.g. PGD2, IL-8, etc) from human primary lung and peripheral blood-derived 

mast cells (PBMCs). Moreover, PAF has been reported to be one of the few mediators 

with the potential to quickly (within minutes) raise vascular permeability in the 

pulmonary circulation 82. Together, these observations support the concept that PAF may 

mediate an amplification loop involving mast cell activation. For example, PAF-mediated 

activation of airway mast cells may contribute to bronchospasm and laryngeal edema. 

Importantly, the ability of PAF to stimulate degranulation is not restricted to mast cells. 

Indeed, in vitro studies have shown that PAF induces histamine release from human 

basophils of both normal and allergic subjects 97. Interestingly, ex vivo studies have 

demonstrated that PAF induces contraction of smooth muscle cells isolated from guinea 

pig ileum 98. On the basis of these findings, it is plausible that PAF contributes to the 

severity of anaphylaxis through direct effects on the vasculature and smooth muscle as 

well as indirect effects involving the stimulation of several amplification loops.     

 

In Chapter 3, we also showed that antihistamine (H1 and H2)  treatment did not 

significantly impact the severity of anaphylactic reactions to peanut. However, we 

observed that concomitant blockade of PAF and histamine receptors led to greater 

beneficial effects than PAFR antagonism alone. The idea that concurrent targeting of 
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mediators is required to successfully control anaphylactic reactions has been previously 

proposed. For example, studies in a mouse model of PSA showed that mast-cell-derived 

histamine controls body temperature and respiratory function (i.e. frequency and 

expiration time) but has negligible effects on the regulation of blood pressure 99. In other 

words, inhibition of several  mediators, released by mast cells and, likely, other effector 

cells, may be necessary to express the full spectrum of the pathophysiology underlying  

an anaphylactic reaction.   

  

The findings reported in Chapter 3 have significant implications. PIA is a life-

threatening event in dire need of therapeutic options. Targeting PAF and, possibly, other 

mediators concurrently presents a therapeutic option that not only has an inherent value 

but can also be envisioned as a risk-reducing approach that facilitates the implementation 

of other therapeutic strategies (i.e. conventional immunotherapy).  

 

Pathways of PIA  

It is becoming increasingly evident that the cellular and molecular basis of 

anaphylaxis is heterogeneous, i.e. different pathways might have different contributions 

depending on the trigger (PenV, OVA, food antigens…). In this context, the research in 

Chapter 4 provided a comprehensive and integrated investigation of the role of mast cells, 

basophils and macrophages as well as IgE and IgG1 to PIA. These studies make a 

significant contribution to our understanding of the effector mechanisms underlying PIA 

and convey a message that also carries therapeutic implications   
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A number of effector cells have been proposed to contribute to ASA. Tsujimura et 

al 33 reported that absence of basophils rescued mast cell-deficient mice from death 

associated with PenV-induced ASA. However, depletion of basophils did not fully 

prevent hypothermia in these mice or affect mortality in WT mice, thus suggesting the 

involvement of additional effector cells in this model.  Most recently, Jönsson et al 35 

showed that depletion of basophils prolonged survival but did not significantly avoid 

fatalities in a model of BSA-induced ASA. Conversely, absence of neutrophils abolished 

death and had a significant effect on hypothermia. Of note, concomitant deficiency of 

neutrophils and basophils had a greater beneficial effect on core body temperature drop. 

Interestingly, absence of these two populations along with mast cells did not completely 

prevent the fall in core temperature.    These studies support the notion that several 

effector cell types contribute to ASA.  In this regard, studies in the late 19th century 

suggested that macrophages might contribute to this process.  In essence, they showed  

that FcγRIII-dependent systemic anaphylaxis can occur in the absence of mast cells 30, 31. 

Since monocyte/macrophages represent potential sources of many biologically active 

mediators and were, at the time, the only cell type known to express FcγRIII, the authors 

proposed a contributing role of macrophages in the pathogenesis of anaphylaxis. This 

conjecture was later explored in a particular model in which mice were immunized with a 

goat anti-mouse IgD antibody and then challenged with antigen (goat IgG). Under these 

experimental conditions, anaphylaxis was largely dependent on macrophages 38. Thus, the 

extent to which individual effector cell types contribute to anaphylaxis may vary 

depending on the experimental system,  ranging from little, if any, to considerable. 
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Collectively, the implication from these studies is that anaphylaxis can occur via several 

pathways and that blockade of one pathway is not sufficient to prevent ASA.  

 

In Chapter 4 we provided evidence for the first time that distinct pathways 

cooperate to elicit a broad range of systemic reactions to peanut, thus suggesting that 

complete inhibition of anaphylaxis requires targeting multiple pathways. In particular, we 

reported that the single elimination of mast cells, macrophages or basophils prevented 

mortality associated with PIA; however, concomitant absence of mast cells and 

macrophages, but not of mast cells and basophils, abrogated the full spectrum of 

anaphylactic reactions. Our study also showed that while mast cell responses occured via 

IgE and IgG1, macrophage responses were fully mediated through IgG1. On this basis, we 

demonstrated that blockade of FcγRIII signaling in the context of either IgE or mast 

deficiency fully abrogated anaphylactic reactions to peanut. This illustrates that full 

inhibition of PIA requires targeting several cellular and/or humoral effector components. 

 

In particular reference to food allergy, it is increasingly clear that the IgE pathway 

is likely not the only immunoglobulin pathway involved. In this regard, we reported that 

IgG1 (or FcγRIII) plays a significant role in PIA. Of relevance, our data indicate that  the 

contribution of IgG1 is most significant at late time points Interestingly, This is 

particularly significant as the presence of peanut-specific IgG1 has been repeatedly found 

in the serum of peanut allergic individuals 100, 101. The significance and implications of 

our findings can be summarized as Lowell, CA recently pointed out: “Therapeutically, 
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this could translate into more effort put toward blocking IgG or FcγR binding … in 

patients with severe allergy” 102.  

 

Summary and Concluding Thoughts 

 

In summary, the research documented in Chapters 2-4 of this thesis has centered 

on the identification of effector components leading to PIA and the study of their relative 

contribution to the pathophysiological responses associated with anaphylaxis. The 

underlying goal of this research was to inform future therapeutic strategies.  

 

The initial objective was to develop a mouse model of PIA that mimicked 

physiologic and immunologic features of peanut allergy in humans. This model allowed 

us to investigate key immune-effector pathways leading to anaphylactic reactions to 

peanut. Similarly, we were able to identify potential therapeutic targets to prevent or 

ameliorate anaphylaxis. Lastly, this model has also served as an experimental platform for 

other investigators in our lab to examine immunological mechanisms involved in 

sensitization to peanuts. Thus, the availability of this mouse model of PIA has and will 

continue to advance our understanding of the mechanisms underlying peanut allergy and 

anaphylaxis.      

 

The work presented in Chapter 3 pertaining to the role of histamine, leukotrienes 

and PAF in PIA illustrate three important have important messages: 1) the presence of a 
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molecule does not imply a causative role; 2) the potentially remarkable benefit of 

targeting PAF in humans; and 3) the importance of identifying targets that act as a 

‘common checkpoints’ in distinct effector pathways. The studies showing that 

concomitant or progressive recruitment of immune-effector pathways are involved for the 

full expression of anaphylactic reactions reveals the complex nature of this process. This 

understanding brings to fore two central messages, both of which have been recently 

illustrated in the Journal of Clinical Investigation.  First, it is evident that “ …somebody  

has  to  sit  down  and  update  Wikipedia…” on the classical teaching of anaphylaxis;  

second, “…we have to reevaluate our models for anaphylaxis in humans, which will have 

a direct impact on our therapeutic approaches for the prevention of this potential deadly 

hypersensitivity reaction” 102. Indeed, the idea of complexity leads to the recognition of 

heterogeneity, understood as the existence of distinct immune-effector pathways able to 

converge onto a final common event, anaphylaxis. This concept, we think, has direct 

therapeutic implications.  
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Management of Food-induced Anaphylaxis: Unsolved 
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