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Abstract 

 

Birch pollen represents a significant trigger of allergic symptoms in sensitized individuals with 

allergic rhinitis (AR). Inhalation of birch pollen can elicit nasal and ocular symptoms, and in 

some patients, confer oral symptoms following ingestion of peanut-containing foods due to the 

cross-reactivity between birch pollen and peanut protein. These symptoms can negatively impact 

quality of life during in-season and out-of-season months. This thesis investigates the 

pathophysiology and genetics of birch pollen-induced AR using two experimental models of AR, 

the Environmental Exposure Unit (EEU) and the nasal allergen challenge (NAC), and 

genotyping analysis for mutations in the gene encoding filaggrin (FLG), a critical skin barrier 

protein. The EEU and NAC use contrasting methods of allergen delivery to mimic symptom 

manifestations associated with allergen exposure (EEU, continuous exposure with birch pollen 

grains; NAC, single dose nasal spray with birch pollen extract). Following birch allergen 

exposure, birch-allergic participants experienced a gradual increase in nasal and ocular 

symptoms over time in the EEU, which contrast the immediate sharp increase observed during 

the NAC. Responses to allergen challenge via these two models provided useful information to 

guide future studies of novel therapeutics. Using flow cytometric analysis, the frequency of 

group 2 innate lymphoid cells decreased in the blood and increased in the nose 4 hours after a 

NAC with birch pollen extract. The frequency of the four most prevalent FLG mutations in 

Caucasians in this investigation were significantly lower in birch-allergic participants compared 

to non-allergic controls, which contrasted current literature. When placed directly onto intact 

skin, birch pollen protein did not elicit allergic skin responses in these participants. Collectively, 

these data illustrate the distinct responses of the nasal mucosa compared to the epidermis when 
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both were exposed to birch pollen. Additional studies with a larger sample size would be needed 

to address the lower rate of FLG mutations observed in individuals with birch pollen-induced 

AR. 
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Chapter 1  

General Introduction 

 

1.0 Introduction 

Allergic rhinitis (AR) is an upper respiratory inflammatory disorder that affects 20 to 

25% of Canadians and an estimated 1.4 billion people worldwide1,2. Following inhalation of 

sensitized aeroallergen, individuals can experience both nasal and ocular symptoms, including 

sneezing, nasal congestion, rhinorrhea, nasal pruritus, and itchy/watery eyes 

(rhinoconjunctivitis). Allergic exacerbations can largely impact quality of life, with 

approximately 42% of individuals with AR reporting symptom-related interference from school 

and work, and nearly one third reporting moderate to extreme sleep interference3. Moreover, 

prescription medications account for half of the total direct medical cost of AR in the US4. 

Mainstay treatments include second/third-generation antihistamines, intranasal corticosteroids, 

and combination antihistamine/corticosteroid preparations. However, approximately 60% of AR 

patients still report symptom persistence despite receiving ongoing pharmacologic therapy1. 

 

Birch pollen is a common seasonal trigger of AR symptoms during tree pollen season 

(between the months of April and June). In Canada, the prevalence of birch sensitivity varies 

widely across provinces, ranging from 9.7% in Winnipeg to 22.8% in Vancouver5. Alongside 

allergic symptoms, birch pollen-sensitized individuals can experience symptoms restricted to the 

oral mucosa following ingestion of peanut. Termed oral allergy syndrome (OAS), these 

individuals can become sensitized to peanut following primary sensitization to birch pollen due 

to similarities in the protein structure of Bet v 1 (major birch pollen allergen) with Ara h 8 (major 
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peanut allergen)6. Due to this structural homology, IgE antibodies specific to Bet v 1 may also 

bind to Ara h 8. In contrast, Ara h 1, 2, and 6 are major peanut allergens for individuals with 

primary peanut sensitization; that is individuals who experience peanut-induced anaphylaxis 

following peanut ingestion7,8. IgE antibodies specific for these three major peanut allergens do 

not bind with Ara h 8, demonstrating that Ara h 1, 2, and 6 are associated with peanut-induced 

anaphylaxis while Ara h 8 is associated with OAS due to cross-reactivity with Bet v 16. 

Compared to the early onset of primary peanut allergy, peanut sensitization due to cross-

reactivity with birch pollen often occurs during adolescence. In patients sensitized to both birch 

pollen and peanut, Mattig et al9 showed that 50% developed peanut-OAS after eight years of age. 

Moreover, 40% of these patients developed more severe gastrointestinal and respiratory 

symptoms following an oral food challenge with peanut7. Early sensitization to birch pollen may 

increase the risk of subsequent peanut sensitization due to shared homology between Bet v 1 and 

Ara h 8. 

 

Alongside its structural homology to peanut, birch pollen also contains and releases both 

cysteine and serine endopeptidases. Active endopeptidases can damage the epithelium, degrade 

barrier proteins, and allow the penetration of birch pollen through the skin barrier10-12. Currently, 

sensitization through disrupted skin is one purported mechanism of allergy development. Infants 

with pre-existing eczema or mutations in the filaggrin gene (FLG, critical skin barrier protein) 

are more likely to develop allergic conditions later in life (termed the atopic march)13. Population 

cohort studies demonstrate that children with eczema have an increased odds of both peanut 

sensitization and peanut allergy related to household peanut dust exposure compared to children 

without eczema14. Moreover, an identical relationship was observed for children with FLG 
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mutations compared to those without15. Although the mechanisms of skin sensitization are 

unclear, damage to the epithelium mediated by proteases can induce the release of the epithelial-

derived alarmins IL-25, IL-33, and thymic stromal lymphopoietin. All three are described as 

“pro-allergic” cytokines and are thought to enhance the process of cutaneous sensitization16-18. 

Together with sensitization through the respiratory tract, cutaneous sensitization may represent 

an alternative route towards the development of birch pollen-induced AR. 

 

Collectively, it is clear that birch pollen is a common seasonal trigger of AR 

symptomology. It is cross-reactive with peanut and demonstrates both cysteine and serine 

protease activity. These characteristics gives rise to additional allergic symptoms that can impact 

the overall well-being of birch pollen sensitized individuals. Thus, the primary focus of the 

research presented herein is to investigate the pathophysiology and underlying genetics of birch 

pollen-induced AR using two experimental models of AR (Environmental Exposure Unit [EEU] 

and direct nasal allergen challenge [NAC]) and genotyping techniques for FLG mutations.  

 

The overarching thesis objectives and accompanying hypotheses listed below illustrate 

the overall direction of the research described herein. 

 

1. To assess the two different experimental models of birch-pollen induced AR and their 

impact on both nasal and ocular symptoms. 

a. We hypothesize that the severity of birch pollen-induced nasal and ocular 

symptoms achieved in the EEU will be similar to those achieved in the NAC 

but with different time courses of development of peak symptoms. 
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2. To evaluate the effect of birch pollen allergen challenge on group 2 innate lymphoid 

cells (ILC2s) in the blood and nasal cavity in patients with known birch allergy. 

a. We hypothesize that the frequency of peripheral blood and nasal ILC2s will 

be increased in participants with birch pollen-induced AR following a NAC 

compared to non-allergic controls. 

 

3. To investigate the response to prolonged birch pollen protein exposure to the skin. 

a. We hypothesize that FLG mutations may be significantly associated with 

birch pollen-induced AR, as well as peanut allergy. 

b. Birch pollen and peanut patch tests may demonstrate a positive response in 

birch-allergic and peanut-allergic participants respectively. 
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Chapter 2  

Literature Review 

 

2.1 Allergic rhinitis 

2.1.1 Disease definition, symptoms, and treatment 

Allergic rhinitis (AR) is an upper respiratory inflammatory disorder characterized by IgE-

mediated inflammation of the nasal mucosa. AR is estimated to affect 20-25% of Canadians and 

approximately 1.4 billion people worldwide1,2. Allergic symptoms are triggered following 

inhalation of sensitized aeroallergens and include sneezing, nasal congestion, nasal pruritus 

(nasal itching), rhinorrhea (runny nose), and ocular symptoms such as watery and itchy eyes 

(allergic rhinoconjunctivitis). In clinic, AR diagnosis includes a convincing patient history of 

AR-related symptoms occurring either seasonally or year-round coupled with a positive skin 

prick test to relevant aeroallergens. Traditionally, AR is subdivided into three categories based 

on the timing of allergen exposure, and thus symptom presentation: seasonal, perennial, and 

occupational. Individuals with seasonal AR are often reactive to several types of pollen allergens 

(such as ragweed, grass, and other trees) and experience symptoms during specific in-season 

months. Those with perennial triggers (ex. house dust mite, cat, and dog) experience symptoms 

year-round while those with occupational triggers (ex. chemical irritants, wood dust, and latex) 

only demonstrate symptoms at the workplace3. Aside from allergen avoidance, mainstay 

treatments for AR include second and third-generation oral and nasal antihistamines, intranasal 

corticosteroids, and combination antihistamine/corticosteroid preparations4,5. 
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2.1.2 Pathophysiology following allergen exposure 

Allergic sensitization can be defined as the propensity to develop IgE antibodies against 

innocuous antigens such as tree and grass pollens, pet dander, and various foods such as peanut 

and milk6. Individuals with AR are often sensitized to a wide variety of environmental allergens. 

For example, individuals sensitized to birch pollen have IgE antibodies against birch pollen 

protein. These antibodies bind to high affinity FcεRIs on the surface of mast cells and basophils 

residing in the underlying mucosa. The specific IgE-FcεRI complexes are a key component in 

initiating the IgE-mediated allergic response (type I hypersensitivity) following allergen re-

exposure6. 

 

Allergic reactions in AR are comprised of both an early-phase and (for some patients) 

clinically apparent late-phase responses. The early-phase, or immediate response occurs within 

minutes of re-exposure to sensitized allergens. Inhaled allergens that cross the nasal mucosal 

barrier bind to allergen-specific IgE on local mast cells and basophils, crosslinking the 

underlying FceRIs and inducing cell activation7,8. Activated mast cells release preformed pro-

inflammatory mediators such as histamine and mast cell tryptase (marker of mast cell 

degranulation). Newly synthesized lipid and protein mediators such as prostaglandin D2 (PGD2), 

leukotriene C4 (LTC4), and cytokines (such as TNF-α, IL-4, and IL-5) are also made and 

released7. Together, these products elicit the sneezing, rhinorrhea, and nasal itching often seen in 

AR exacerbations. Histamine acts on sensory nerves to produce the nasal itching sensation while 

PGD2 and LTC4 work in tandem to increased blood vessel permeability, causing mucosal edema 

and rhinorrhea9. 

 



10 

 

Unlike the aforementioned response, the late-phase response occurs 4-12 hours after 

initial allergen re-exposure and includes the resurfacing of allergic symptoms. Sustained nasal 

congestion predominates this response which can last up to 24 hours after allergen exposure8. 

During this phase, mast cell-derived chemoattractants such as PGD2 and IL-5 promote the 

recruitment of granulocytes, macrophages, and T cells into the nasal mucosa10,11. Activated 

eosinophils degranulate, releasing basic granule proteins including major basic protein, 

eosinophil cationic protein, and other prostaglandins and leukotrienes that can damage the 

surrounding nasal epithelium and sustain the inflammatory response8. Allergen-specific Th2 

cells recruited into the nasal passages are repeatedly stimulated by the presentation of allergen 

captured by local dendritic cells. Activated Th2 cells are key players in maintaining the late-

phase response. They release Th2 cytokines (including IL-4, IL-5, and IL-13) which enhance 

specific IgE production from plasma cells and maintain eosinophilic recruitment into the nasal 

mucosa, often exacerbating nasal symptoms well-after allergen exposure8,12. 

 

 

2.2 Experimental models of allergic rhinitis 

2.2.1 Nasal allergen challenge 

The nasal allergen challenge (NAC) model is a robust and clinically validated model of 

AR, capable of mimicking the symptoms and inflammatory processes associated with allergen 

exposure. Participants receive a single pre-titrated dose of allergen directly administered into 

both nostrils and are monitored for several hours thereafter13. Typical NAC studies consist of a 

screening visit and a challenge visit. During screening, eligibility of potential participants are 

assessed; inclusion and exclusion criteria are reviewed and participants often undergo a direct 
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allergen challenge (single or titrated) to confirm reactivity. Following an initial challenge with 

the diluent control to eliminate non-specific hyper-reactivity, participants receive escalating 

doses of allergen until they meet pre-specified qualifying symptom levels. For the NAC visit, 

participants are challenged with the dose of allergen they qualified at during screening and 

symptoms are monitored thereafter13. How the qualifying dose of allergen is determined will 

vary across protocols. For example, qualifying doses can be defined as the highest dose 

administered or a cumulative concentration equal to the sum of all doses received during 

screening. Moreover, the chosen method of allergen delivery (ex. spray or nebulizer) and specific 

preparations of allergen extracts widely differ between NAC protocols. Optimization of in-house 

NAC protocols are required prior to evaluating new medications. 

 

NAC protocols do not require specialized equipment, permitting more complex 

physiological sampling to be performed13. Similar to repeated symptom assessments, different 

biological samples can be collected at pre-specified time intervals throughout the allergen 

challenge. In addition to blood, these include nasal lavage, absorptive matrices, and nasal 

scrapes. Nasal lavage, also called a nasal wash, is a rapid non-invasive method of gently rinsing 

the nasal cavities with sterile saline14. Collected samples can be centrifuged, leading to a fluid 

phase and a cellular phase. The former can be analyzed for soluble mediators such as pro-

inflammatory cytokines while the latter can be analyzed for nasal cell composition15,16. Nasal 

scrapes allow for direct sampling of the nasal mucosa and include the collection of epithelial 

cells, goblet cells, and immune cells residing on mucosal surfaces. More invasive than nasal 

lavages, scrapes are collected using a plastic curette to gently scrape the medial surface of the 

inferior turbinate two to four times17. Collection lasts 30 seconds on average for both nostrils and 
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samples can be analyzed for cell composition, cytology, or undergo genetic sequencing18-20. 

Finally, modified absorptive matrices were developed to overcome the inherent diluting nature of 

nasal lavages as soluble mediators at low levels would be diluted below their limit of detection21. 

Dry matrices would be placed directly into the nasal cavity to absorb nasal secretions without the 

need of additional liquid. Matrix materials vary and can include filter paper disks, polyurethane 

foam, and synthetic absorptive matrices13. 

 

Apart from evaluating treatment efficacy, NAC studies hold an important role in 

elucidating the mechanism of action of currently available medications. For example, following a 

NAC with timothy grass pollen, participants pre-treated with fluticasone propionate, an 

intranasal corticosteroid, demonstrated decreased nasal eosinophilia and reduced nasal levels of 

IL-4, IL-5, and IL-13 compared to matching placebo responses16. Furthermore, immunotherapy-

treated participants showed reduced nasal levels of IL-4, IL-9, and eotaxin compared to untreated 

participants following an allergen challenge with timothy grass extract22. NAC protocols have 

also been used to assess systemic immunological changes following allergen exposure in 

individuals with AR. Following a NAC with grass pollen extract, two recent studies 

characterized unique allergen-induced activation states of peripheral basophils, T cells, and 

dendritic cells and demonstrated impaired peripheral cell mitochondrial function in grass-allergic 

participants23,24. 

 

2.2.2 Environmental Exposure Unit 

Controlled allergen challenge facilities were built to overcome the confounding variables 

associated with traditional natural exposure studies. The Environmental Exposure Unit (EEU) is 
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one such example. Located in Kingston General Hospital (Kingston, Ontario, Canada), the EEU 

is an internationally recognized and validated unit designed to expose a large group of study 

participants to a controlled quantity of allergen under tightly regulated conditions independent of 

outside weather25,26. Inside the unit, participants are seated in a large room equipped with fans, 

the allergen feeder, distribution equipment, and Rotorod® samplers. A custom-engineered 

computer and laser-aided system control pollen delivery while fans direct the pollen flow over 

the participant seating area. Seven Rotorod® samplers are placed throughout the unit to measure 

airborne pollen levels to ensure an even distribution and steady concentration of pollen. The 

EEU is capable of generating sustained airborne pollen concentrations of 200 to 10,000 

grains/m3 (3500 grains/m3 is typical for studies using ragweed, grass, and birch pollen) extended 

exposure periods during the study (up to 14 hours)27. Typical durations of pollen exposure are 

between three to eight hours. Participants record their symptoms at specific time intervals 

throughout the study, allowing real-time monitoring of AR symptomology. To date, the EEU is 

capable of successfully eliciting symptoms in allergic participants using ragweed, grass, and 

birch pollen28-30. 

 

During clinical trials, AR symptoms can be quantified using both subjective (participant-

reported) and objective measures13. The total nasal symptom score (TNSS) is a composite score 

comprised of rhinorrhea, nasal itch, nasal congestion, and sneezing. Participants can rate the 

current severity of each of their symptoms on a 4-point Likert scale (0 being none and 3 as 

severe) and the scores are summed. The total ocular symptom score is measured in a similar 

fashion and is often the sum of watery eyes and itchy/red eyes. The visual analogue scale is an 

alternative to the Likert point scale in quantifying symptom severity. Participants may also rate 



14 

 

their symptoms on either a 0 to 100-point or a 10-cm scale with 0 being no symptoms and 

100/10-cm being the most severe31. Peak nasal inspiratory flow (PNIF) is an objective measure 

of nasal obstruction. Using the PNIF device, a mask equipped with an air flow meter, 

participants are instructed to breathe in as quickly as possible through their nose with their lips 

tightly closed. Resulting air flows are recorded in L/min. Ensuring that participants are 

adequately trained, PNIF measurements strongly correlate with other subjective measurements 

such as TNSS and represent a non-invasive and convenient method of symptom assessment32. 

 

Since its inception, the EEU has been used to evaluate the efficacy and onset of action of 

several second-generation oral antihistamines, steroids, and immunotherapy preparations. For 

example, in a comparative study of astemizole, cetirizine, terfenadine, and loratadine, both 

cetirizine and terfenadine consistently ranked higher in terms of onset of action and efficacy33. 

Two other EEU studies demonstrated the superiority of azelastine nasal spray (intranasal 

antihistamine) over loratadine and cetirizine and a novel intranasal steroid over placebo in 

ragweed-allergic participants34,35. More recently, the unit has been used to evaluate the efficacy 

of a novel peptide-based immunotherapy treatment for grass pollen allergy36. 

 

 

2.3 Group 2 innate lymphoid cells 

2.3.1 The innate lymphoid cell family 

Innate lymphoid cells (ILCs) are a heterogeneous population of cells comprised of 

cytotoxic ILCs and the more recently discovered non-cytotoxic ILCs. Cytotoxic ILCs include 

natural killer cells and lymphoid tissue inducer cells while subsets of non-cytotoxic ILCs include 
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group 1 ILCs (ILC1s), group 2 ILCs (ILC2s), and group 3 ILCs (ILC3s)37. A defining 

characteristic among all ILCs is their classic lymphocyte morphology and lack of typical lineage 

surface markers for B and T lymphocytes, granulocytes, and monocytes, and are often referred to 

as lineage negative (Lin-) cells. Compared to classic B and T cells, ILCs also lack somatically 

rearranged antigen receptors and cannot respond to foreign pathogens in an antigen-specific 

manner37. ILCs, particularly non-cytotoxic ILCs, instead respond to a diverse set of cytokines, 

alarmins, and prostaglandins released by surrounding cells. Following discovery, non-cytotoxic 

ILCs have been identified at various mucosal barrier sites, including the gut, lung, and skin38-40. 

They are thought to play a fundamental role in mediating mucosal immunity against invading 

pathogens, parasites, and microorganisms. 

 

The three subsets of non-cytotoxic ILCs can be distinguished primarily by differential 

expression of transcription factors followed by distinct surface markers and effector molecules 

released following activation37. For example, ILC1s can be distinguished by their expression of 

the transcription factor T-bet and the release of TNF-α and IFN-γ following stimulation with IL-

12 and IL-18. ILC1s largely contribute to immunity against intracellular pathogens and parasitic 

infections41. ILC2s express GATA-3 and release Th2 cytokines (including IL-4, IL-5, and IL-

13), IL-9, and amphiregulin following activation with the alarmins IL-25, IL-33, and thymic 

stromal lymphopoietin (TSLP). Compared to ILC1s, ILC2s are required for protective immunity 

against helminth infections and contribute to tissue repair42,43. Unlike the former two subsets, 

ILC3s are a heterogeneous population of cells in humans. All ILC3s express the transcription 

factor RORγt, but can be further separated into two groups based on the expression of the natural 

cytotoxicity receptor NKp44. Despite phenotypic differences, both subsets of ILC3s release IL-
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17 and IL-22 in response to IL-23 and contribute to immunity against extracellular bacteria and 

intestinal homeostasis37. 

 

Following their characterization, both transcription factor and effector molecule profiles 

of ILC1s, ILC2s, and ILC3s share remarkable similarities to that of Th1, Th2, and Th17 cells. As 

such, non-cytotoxic ILC nomenclature reflects these similarities; ILC1s are the innate 

counterparts to Th1 cells, ILC2s to Th2 cells, and ILC3s to Th17 cells44. 

 

 

2.3.2 Group 2 innate lymphoid cells and allergic diseases 

Since their initial discovery in fetal and adult gut and lung tissue, recent ILC2 literature 

have focused on the role of these cells in Th2-mediated diseases38. As mentioned previously, 

ILC2s respond to the epithelial-derived alarmins IL-25, IL-33, and TSLP, and produce IL-4, IL-

5, and IL-1337. Serving as an innate source of Th2 cytokines, ILC2s have been implicated in 

several allergic diseases, including eczema (also known as atopic dermatitis, AD), allergic 

asthma, AR, and food allergy (FA). 

 

ILC2s have only been recently identified in the skin. Skin-resident ILC2s (sILC2s) are 

localized to the dermis and regulate cutaneous inflammation following skin barrier injury40. In a 

mouse model of AD-like skin Th2-mediated inflammation induced by application of calcipotriol 

(synthetic form of active vitamin D3), sILC2s were significantly increased and accompanied ear 

thickening. Moreover, sILC2s mediated AD-like skin inflammation independently of adaptive 

immunity in Rag1-/- mice (lacking B and T cells), which was abolished when treated with anti-
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CD25 and anti-CD90.2 antibodies (ILC2 depletion)45,46. Agreeing with these studies, ILC2s were 

enriched in the skin of patients with AD compared to healthy individuals45. In house dust mite 

(HDM)-allergic individuals, intraepithelial challenge with HDM extract induced local increases 

in sILC2s followed by elevated levels of IL-4, IL-5, and IL-13, suggesting that sILC2s are able 

to mediate Th2-driven cutaneous inflammation via cytokine production46. 

 

Both allergic asthma and AR are driven primarily by Th2-mediated inflammation in the 

lung and upper airways respectively. Already identified in lung tissue, Smith et al39 demonstrated 

elevated levels of activated ILC2s from induced sputum samples in severe atopic asthmatics 

compared to individuals with mild asthma at baseline. Moreover, Chen et al47 observed an 

increase in IL-5 and IL-13 producing ILC2s in the airways of atopic asthmatics following whole 

lung allergen challenge, suggesting that airway ILC2s play a role in asthma pathogenesis. In AR, 

peripheral blood ILC2s are significantly increased during pollen season and following direct 

nasal allergen challenge48,49. Dhariwal et al50 also reported an increase in nasal ILC2s following 

a NAC in individuals with AR and asthma compared to non-allergic controls. Together, these 

studies correlate the role of ILC2s in driving Th2-mediated inflammation in both asthma and 

AR. 

 

The role of ILC2s in the pathogenesis of FA have only been recently investigated in both 

animals and humans. Mice exhibiting enhanced signalling in the IL-4 receptor (Il4raF709) are 

prone to food allergy development. These mice exhibit a gain-of-function mutation in the IL-4Rα 

chain which inactivates the receptor’s immunotyrosine inhibitory motif, leading to increased 

signalling following IL-4 stimulation. In an elegant study conducted by Rivas et al51, peanut-
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sensitized Il4raF709 mice demonstrated enriched levels of ILC2s in the mesenteric lymph nodes. 

When bred on an IL-33 receptor deficient background, these mice were protected against peanut 

sensitization and adoptive transfer of IL-4 deficient ILC2s did not restore sensitization51. In a 

separate study, irradiated wild-type mice with impaired ILC2 functionality were resistant to 

ovalbumin (OVA) sensitization and OVA allergy while adoptive transfer of IL-13 deficient 

ILC2s only partially restored OVA sensitization52. Both studies demonstrate the role of intestinal 

ILC2s in mediating food allergy pathogenesis. In a broader context, humans with peanut allergy 

demonstrated an increased frequency of peripheral ILC2s both at baseline and following an oral 

food challenge with peanut compared to non-allergic controls, highlighting their implication in 

the pathogenesis of peanut allergy53. 

 

2.4 Atopic March  

The atopic march describes the tendency for infants with AD to develop asthma, FA, and 

AR later in life (Figure 2.1)54,55. AD is the most common chronic inflammatory skin disorder in 

children affecting up to 30% of the pediatric population. This disease is characterized by pruritus 

(itchy skin), an impaired skin barrier, and dry skin due to enhanced transepidermal water loss 

(TEWL, outward loss of water)56,57. Starting at an early age, infants with AD are more likely to 

become sensitized to environmental allergens, increasing their risk of developing subsequent 

allergic diseases. For example, approximately 80% of children with AD developed asthma and/or 

AR within the first seven years of life58. Moreover, in a recent prospective birth cohort study, 

infants with high neonatal TEWL (measured two days after birth) exhibited an increased odds of 

developing AD at 12 months of age and FA by two years compared to infants with low neonatal 

TEWL59,60. Even in infants without AD, those with high neonatal TEWL were still more likely to 
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develop FA at two years compared to infants with low TEWL. The progression towards atopy, 

initially observed in epidemiological studies, has also been replicated in murine models of AD. 

These mice have congenital skin barrier defects and demonstrate AD-like inflammation. With 

age, they exhibit a spontaneous decline in lung function and develop respiratory allergy 

following topical application of house dust mite extract61,62. Collectively, these studies highlight 

the skin as an important component in the beginning stages of AD and further progression 

towards atopy development. 

 

 

2.5 Cutaneous allergic sensitization 

2.5.1 Anatomy, physiology, and residential cells of the skin 

The epidermal layer is located above the dermis and is comprised of five physically 

distinct layers; the stratum corneum (SC), stratum granulosum, stratum spinosum, stratum 

germinativum, and stratum basale (closest to the dermis)63. Being the outermost layer of the 

epidermis, the SC acts as the primary barrier against foreign microorganisms and both physical 

and chemical insults. The structural architecture of the SC includes protein-enriched corneocytes 

enveloped by an organized extracellular network of hydrophobic lipids64. Corneocytes are 

terminally differentiated keratinocytes that are specialized to maintain appropriate surface pH 

and skin moisture. These cells secrete hydrophobic lipids from lamellar bodies, which include 

cholesterol, ceramides, and free fatty acids. Corneocytes also contain natural moisturizing factors 

(NMFs), a group of metabolic acids processed from FLG monomers. NMFs serve to maintain SC 

hydration and acidic surface pH. Corneodesmosomes (assembly of adhesion proteins) and tight 
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junctions also connect adjacent corneocytes, providing structural integrity to the SC and 

maintaining SC hydration by minimizing TEWL63,64. 

 

A variety of immune cells are located throughout the epidermal and dermal layers in 

order to mount rapid immunological responses against invading pathogens that cross the skin 

barrier. These include dendritic cells (DCs), T cells, ILC2s, mast cells, and basophils. DCs are 

located strategically across the epidermal (referred to as Langerhans cells) and dermal (referred 

to as dermal DCs) layers in order to capture external antigens via their dendritic processes. Skin 

DCs represent an important link between the external environment, innate, and adaptive immune 

systems65,66. In healthy individuals, skin T cells are located in the dermis and are largely 

abundant (1 x 106 cells/cm2)67. Following barrier penetration, T cells are able to migrate from the 

dermis to the epidermis to mount a response68. Dermal T cells in particular are characterized by 

their expression of cutaneous lymphocyte antigen (CLA)67. Dermal ILC2s represent 5 to 10% of 

lymphocytes in the dermis and also express CLA. They constitutively express IL-13 compared to 

ILC2s located in other tissues69. Finally, both mast cells and basophils residing in the skin act as 

a major source of histamine and vasoactive mediators following their activation via cross-linking 

of surface FcεRIs70,71. 

 

2.5.2 Effect of skin barrier impairment on cutaneous immune responses to allergen 

From epidemiological observations, the prevailing theory suggests that pre-existing skin 

barrier impairment can increase the risk of becoming sensitized and developing other allergic 

diseases later in life54. Aside from epidemiological studies, the relationship between skin barrier 

impairment and sensitization have been supported by many studies using mouse models of 
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barrier impairment72-74. Artificial barrier disruption methods in mice can include tape stripping, 

shaving, and prolonged patch occlusion. Using these methods, studies demonstrated a 

predominant local and systemic Th2 response associated with barrier impairment following 

topical application of protein allergen. This response was characterized by high levels of IL-4, 

specific IgE, and specific IgG1 in the skin and draining lymph nodes72,74. Moreover, using the 

tape stripping model, Strid et al73 demonstrated that topical application of peanut extract on 

barrier-disrupted skin can switch previously established peanut-specific Th1 responses towards a 

Th2 phenotype. Similar findings can be seen in transgenic mouse models of barrier impairment. 

For example, flaky tail (ft/ft) mice are deficient for the filaggrin (FLG) protein, resulting in dry 

and scaly skin accompanied by increased TEWL. Topical application of protein allergen leads to 

elevated levels of specific IgE and IgG1 without the need of tape stripping75,76. Together, these 

studies demonstrate the underlying Th2-conducive environment created by skin barrier 

impairment that can promote sensitization following allergen exposure. 

 

2.5.3 Proteolytic properties of protein allergens 

Alongside mechanical disruption and barrier impairment due to pre-existing disease, 

protein allergens themselves can elicit injury to the epithelium, facilitating their entry. Many 

common allergens including HDM, fungi, and pollen produce or exhibit intrinsic protease 

activity77. For example Der f 1, a major HDM allergen, exhibits cysteine protease activity, which 

can break down tight junctions between corneocytes and induce the release of pro-inflammatory 

cytokines such as IL-6 and IL-878. Injury to the epithelium can also lead to the production of the 

epithelial-derived alarmins IL-25, IL-33, and TSLP from keratinocytes77,79. These alarmins are 
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described as “pro-allergic cytokines” as they can drive the production of Th2 cytokines from 

resident T cells. 

 

 

2.6 Filaggrin mutations and the skin barrier 

2.6.1 Role of filaggrin in healthy epidermis 

FLG is a key structural protein largely involved in the maintenance of skin integrity and 

barrier function. Located on chromosome 1q21 of the epidermal differentiation complex, the 

FLG gene is comprised of two introns and three exons80. Exon 1 is non-coding while Exon 2 

serves as the initiation site for protein translation. The majority of the profilaggrin protein 

(precursor to biologically active filaggrin) is translated from Exon 380. Produced in keratohyalin 

granules within keratinocytes residing in the stratum granulosum, profilaggrin is a 400-kDa 

histidine-rich polymer comprised of 10-12 FLG repeats each 324 amino acids in length. The 

repeats are rapidly dephosphorylated and proteolytically cleaved to form several biologically 

active FLG monomers (Figure 2.2)63,80. 

 

Following release, FLG monomers signal keratin filament aggregation within 

keratinocytes during their migration towards the SC80. Cytoskeletal collapse soon follows, 

converting keratinocytes into flattened corneocytes observed in the SC. FLG monomers are 

further proteolytically degraded into key amino acids, including histidine, glutamine, and 

arginine (Figure 2.2). Histidine is converted into transurocanic acid while glutamine is converted 

into pyrrolidone-5-carboxylic acid. Transurocanic acid serves as a UVB-absorbing chromophore 

in the epidermis whereas pyrrolidone-5-carboxylic acid contributes to the water-retentive 



23 

 

properties of the SC. Both are major components of the NMFs and help maintain proper skin 

pH64. 

 

2.6.2 Effect of filaggrin deficiency on the epidermis 

To date, numerous FLG null mutations have been identified, all of which are either 

nonsense (generation of a stop codon) or frameshift mutations81. Mutation prevalence is highly 

dependent on race, with estimations ranging from 10% in the normal population to < 1% in the 

African population64,82.The combined prevalence of the four most prevalent FLG null mutations 

in the white European population is approximately 7-10% and include three nonsense mutations 

(R501X, mutation in arginine codon 501; S3247X, mutation in serine codon 3247; R2447X, 

mutation in arginine codon 2447) and one frameshift mutation (2282del4, 4-base pair deletion at 

position 2282). Both R501X and 2282del4 affect the first FLG repeat while S3247X and 

R2247X affect the 7th and 9th tandem repeat respectively80,81. 

 

Loss-of-function or null mutations in the FLG gene lead to truncated profilaggrin 

polymers. Truncated polymers cannot be cleaved into FLG monomers, leading to a loss of 

epidermal FLG protein expression and major structural and functional consequences on the 

epidermal barrier83,84. Filament aggregation within keratinocytes become disrupted, impairing 

lamellar body secretion and reducing the quantities of hydrophobic lipids in the SC85,86. The 

expression of both occludin and ZO-1 proteins are also reduced in the skin, leading to impaired 

tight junction formation and increased water loss through the epidermal barrier85. The reduction 

in amino acids derived from FLG monomers correspondingly reduces the levels of NMFs. This 

decreases skin hydration and increases skin pH (normally acidic), which can subsequently 
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degrade lipid-generating enzymes, further reducing extracellular lipid content in the SC87,88. 

Overall, FLG null mutations dramatically impair the epidermal barrier, leading to a distinct 

barrier phenotype that can be observed in both animals and humans with FLG deficiency. ft/ft 

mice are deficient in FLG protein due to a mutation in chromosome 3 of the murine epidermal 

differentiation complex. They exhibit congenitally increased TEWL, leading to dry and scaly 

skin89. Ichthyosis vulgaris (IV), caused by FLG null mutations, is the most common disorder of 

skin keratinization in humans90. Individuals with IV present with flaky and dry skin, 

hyperlinearity (exaggerated palm skin markings), and a strong association with atopy. Due to the 

mutation, keratohyalin granules and FLG protein are either reduced or virtually absent in the 

epidermis of these individuals, leading to an impaired epidermal barrier80,85,91. 

 

 

2.7 Relationship between filaggrin mutations and allergic diseases 

2.7.1 Filaggrin mutations and atopic dermatitis 

FLG null mutations represent the strongest genetic risk factor for developing AD92. This 

strong association has been repeatedly observed in Irish, Danish, German, and Scottish cohorts 

along with two meta-analyses. Including these studies and others, both meta-analyses yielded 

odds ratios of between 3.12-4.78 for the association between FLG null mutations and AD, 

suggesting that mutation carriers are more likely to develop AD compared to individuals wild-

type for FLG93,94. Along with the disease itself, FLG null mutations predispose carriers to a 

specific endotype of AD. In two separate prospective cohort studies, children with FLG null 

mutations demonstrated an earlier onset of AD with more widespread dermatitis, and were less 

likely to have symptom-free skin during a sequential 6-month period compared to wild-type 
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children95,96. Furthermore, a dose-dependent association was observed between the number of 

FLG null mutations and the age of AD onset. Children with two mutations (homozygous or 

compound heterozygous) had an earlier age of onset (median onset age of three months) 

compared to children with either one mutation (heterozygous) or wildtype (both median onset 

age of 9 months)97. The expression of FLG protein (as measured by mRNA transcripts) in 

umbilical cord blood was also associated with a reduced risk of developing AD within the first 

year of life98. Together, these findings suggest that for individuals with AD, FLG null mutation 

carriers will exhibit a more severely impaired skin barrier and an earlier age of AD onset, 

particularly for homozygous or compound heterozygous mutation carriers. 

 

2.7.2 Filaggrin mutations and the risk of allergy development 

Several studies have reported a strong association between FLG null mutations and other 

allergic diseases involved in the atopic march, supporting the notion that the skin may play an 

important role in allergic sensitization93,94. Asthma is a chronic airway inflammatory disorder 

with allergic asthma (asthmatic symptoms occur following exposure to sensitized allergen) 

representing most persistent asthma cases in adults99. In an early study, FLG null mutations were 

significantly associated with physician-diagnosed asthma in Scottish children. However, 

following stratification for AD status, this association remained significant only in children with 

pre-existing AD100. In several other prospective and cross-sectional studies, similar findings were 

observed; FLG null mutation were significantly associated with asthma only in children with 

concomitant AD100-105. As bronchial epithelial tissue is devoid of FLG mRNA and protein 

expression106, these findings suggest that the increased asthma risk related to FLG null mutations 

may require a previously impaired skin barrier. 
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The relationship between FLG null mutations and the development of FA has only been 

recently investigated. Using a mixed cohort of Dutch, Irish, and English patients, a significant 

association was observed between FLG null mutations and challenge-proven peanut allergy 

(defined as a positive oral food challenge to peanut)107. Later replicated in a large Canadian 

cohort, this association remained significant even after controlling for co-morbid asthma status 

and varying peanut allergy diagnostic criteria82. In another study assessing the relationship 

between early-life environmental peanut exposure (household peanut dust) and peanut allergy 

development, children with FLG null mutations demonstrated a 6-fold increase in peanut 

sensitization and a 3-fold increase in the odds of developing peanut allergy compared to wild-

type children108. This association persisted even after controlling for infantile AD. In addition to 

peanut, FLG null mutations have also been strongly associated with clinical reactivity to other 

foods, including different types of tree nuts, soy, milk, and eggs)109. 

 

Unlike asthma and FA, the relationship between FLG null mutations and AR is unclear. 

In two separate cohorts of German and Polish children, a significant association between these 

mutations and physician-diagnosed AR was observed, which persisted independently of pre-

existing AD104,110. However, using parental reports to classify childhood AR, two other large 

birth cohorts observed nonsignificant associations between FLG null mutations and AR 

development105,111. Furthermore, although in agreement with the first two cohorts, another study 

reported a strong association between FLG null mutations and AR restricted only to children 

with pre-existing AD102. Collectively, it is clear that the relationship between FLG null mutations 

and the risk of developing AR is complex. 
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2.8 Objectives 

It is evident that there are several factors that contribute to the development and pathogenesis 

of AR. These factors include the impact of timing and duration of birch pollen exposure on nasal 

and ocular symptomology, the relationship between ILC2s and AR symptoms following pollen 

exposure, and the role of the skin barrier in the development of birch pollen sensitization. The 

research described in the following chapters will address these factors using the objectives listed 

below: 

 

1. To characterize both nasal and ocular symptom profiles following continuous birch 

pollen exposure or single-dose birch pollen administration using the EEU and NAC 

models. 

 

2. To quantify peripheral and nasal ILC2s, and to evaluate their relationship to AR symptom 

outcomes following direct nasal allergen challenge with birch pollen extract. 

 

3. To assess the relationship between FLG mutations and birch pollen-induced AR, and to 

examine the skin penetration properties of birch pollen protein. 
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2.9 Figures 

 

 

Figure 2.1. Life-time progression of allergic disease. The atopic march describes the tendency 

for children with eczema and food allergy to develop allergic rhinitis and asthma later in life. 

Infants often outgrow their eczema but are more likely to develop allergic rhinitis and asthma. 

Figure was adapted with permission from © Tenn et al55. 
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Figure 2.2. Processing of profilaggrin and functions of filaggrin in the skin. Profilaggrin 

polymers stored in keratohyalin granules are released and rapidly dephosphorylated and cleaved 

to form FLG monomers. These monomers promote keratin filament aggregation and cytoskeletal 

collapse, a critical process in the keratinocyte to corneocytes transition in the stratum corneum. 

FLG monomers are also degraded into free amino acids and their metabolites, which are called 

natural moisturizing factors (NMFs) and help prevent water loss and maintain skin pH. FLG 

deficiency can lead to a loss of FLG monomers, reducing skin levels of NMFs and impairing 

corneocytes formation. These changes lead to increased water loss, dry skin, and reduced barrier 

function enhancing the penetration of chemicals and allergens through the skin. Figure was 

adapted with permission from © Tenn et al55. 
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Chapter 3 

Comparative Analysis of Clinical Allergic Rhinitis Outcomes Induced via the 

Environmental Exposure Unit Versus Direct Nasal Allergen Challenge 

 

3.1 Abstract 

 

Background: The Environmental Exposure Unit (EEU) and Nasal Allergen Challenge (NAC) 

are experimental models of allergic rhinitis (AR). Although both models mimic the inflammatory 

processes and symptom manifestations associated with allergen exposure, they have contrasting 

methods of allergen delivery. To assess the clinical impact of this difference, we sought to 

compare nasal and ocular symptom profiles, and blood differential counts following allergen 

challenge in both the EEU and NAC models. 

 

Methods: Seven birch-allergic and four non-allergic individuals who participated in both an 

EEU study and an NAC study using birch pollen were included in the analysis. For both studies, 

total nasal symptom scores (TNSS), total ocular symptom scores (TOSS), total 

rhinoconjunctivitis symptom scores (TRSS), and peak nasal inspiratory flow (PNIF) were 

collected at baseline, 15 minutes (NAC), 30 minutes, and hourly until 12 hours post-challenge 

(every half-hour during first 4 hours for EEU). Blood samples were collected at baseline, 1 hour 

(NAC), and 4 hours (EEU) following challenge for differential counts. Data were analyzed using 

GraphPad Prism. Adjustments for multiplicity testing were not made. 
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Results: Clinical symptoms achieved in the EEU positively correlated with symptoms from the 

NAC (TNSS, R2 = 0.82; TOSS, R2 = 0.87; TRSS, R2 = 0.91; PNIF, R2 = 0.43; all P < .05). 

Following allergen challenge, peak increases in all symptom outcomes were observed at 3 hours 

(all P < .05) and 30 minutes (all P < .05) in the EEU and NAC respectively. Changes in TOSS 

were not significant at any time point during the NAC. Significant between-model differences 

were observed for TNSS, TOSS, TRSS, and PNIF throughout the challenge. Leukocytes, 

neutrophils, and lymphocytes were significantly increased in the EEU (all P < .05). In contrast, 

eosinophils were reduced in the NAC (P < .05).  Challenge-induced changes in differential 

counts differentially correlated with symptom outcomes in both models. 

 

Conclusion:  The symptom development patterns and changes in blood differential counts 

observed following allergen challenge in both models may be attributable to the differences in 

allergen introduction (EEU, continuous exposure; NAC, single dose). These differences may be 

important when selecting a challenge model to evaluate AR treatments. 

  

 

3.2 Introduction 

Allergic rhinitis (AR) is an upper respiratory inflammatory disorder characterized by IgE-

mediated inflammation of the nasal mucosa. Affecting approximately 10 to 30% of the world 

population, individuals with AR often experience both nasal and ocular symptoms following 

inhalation of relevant aeroallergens1-3. Traditional outdoor studies are one of the earliest study 

designs used to evaluate both the efficacy and onset of action of several AR treatments, including 

first and second-generation antihistamines, nasal decongestants, and corticosteroids4. However, 
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these studies also have confounding factors including varying aeroallergen levels, rain, 

temperature, wind, and humidity4,5. To overcome these limitations, controlled allergen challenge 

facilities (CACFs) and direct nasal allergen challenges (NACs) were developed to provide 

allergen exposure under tightly regulated conditions6. Both CACFs and NACs have been critical 

in evaluating the efficacy, onset of action, and duration of action of new anti-allergic medications 

and understanding the underlying pathophysiology of AR. 

 

CACFs such as the Environmental Exposure Unit (EEU) are clinically validated models 

of AR that can be used to evaluate new AR treatments7,8. The EEU is capable of simultaneously 

exposing large groups of participants to a controlled quantity of aeroallergen under standardized 

conditions, closely mimicking natural outdoor exposure. Offering several advantages over park 

studies, the EEU is capable of controlling several environmental variables such as air quality, 

temperature, CO2 levels, and humidity, creating a unique environment to assess both the onset of 

action and efficacy of new AR treatments7,8. For example, the EEU has been used to evaluate the 

onset of action of several oral and nasal antihistamines, and corticosteroids available on the 

market but also in the Phase II stage of development9-15. More recently, the unit was used to 

assess the efficacy of a novel peptide-based immunotherapy for treatment of grass pollen-

induced seasonal AR16. 

 

The NAC is another validated model of AR, resembling the symptoms and inflammatory 

processes associated with allergic exacerbations. Participants receive a single pre-titrated dose of 

relevant allergen extract delivered intranasally to both nostrils. They can then be closely 

monitored for ensuing symptoms and inflammation thereafter6. As an advantage over the EEU, 
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the NAC model allows for more complex physiological sampling. Different biological samples 

can be simultaneously collected at different time periods throughout the allergen challenge. 

These can include peripheral blood, nasal lavage, scrapes, and secretions6. In this fashion, the 

NAC model has been widely used to evaluate the underlying mechanisms of AR 

pathophysiology. For example, in grass-allergic patients, Shamji et al17 demonstrated unique 

allergen-induced activation states of circulating basophils, T cells, and dendritic cells following a 

NAC with grass pollen extract. Furthermore, Qi et al18 demonstrated impaired peripheral cell 

mitochondrial function following NAC in participants with grass pollen-induced AR. 

 

Both the EEU and NAC are able to generate robust AR symptoms following allergen 

introduction. However, differences between the two models have not been evaluated. In the 

current study, we sought to conduct a comprehensive analysis comparing nasal and ocular 

symptom outcomes and blood differential counts obtained from the EEU and NAC models 

following allergen challenge. 

 

 

3.3 Methods 

 

3.3.1 Study participants 

Adult participants ages 18 to 65 who had participated in both an EEU study and a NAC 

study using birch pollen were included in the current study. EEU and NAC screening and 

challenge visits occurred outside of the typical tree pollen season (April to June) to minimize 

pre-existing AR symptoms due to natural outdoor exposure. All birch-allergic participants had a 
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minimum 2-year documented history of moderate to severe rhinoconjunctivitis symptoms during 

typical tree pollen season and a positive skin prick test to birch pollen extract (defined as a wheal 

diameter ≥ 5 mm over diluent control). All non-allergic participants had completely negative 

skin prick test responses to a panel of common environmental aeroallergens (Alternaria, short 

ragweed, rye grass, Timothy grass, Bermuda grass, birch, mountain cedar, Virginia live oak, tree 

mix, D. pteronyssinus, D. farinae, cockroach, cat, and dog). 

 

The key exclusion criteria were active symptomatic perennial or non-allergic rhinitis, 

asthma requiring the use of a short-acting beta agonist ≥ 2 times a week, clinically significant 

nasal abnormalities or nasal polyps following physical examination, upper respiratory tract 

infection prior to screening or challenge visits (1 week prior for EEU, 2 weeks prior for NAC), 

breastfeeding, pregnancy, noncompliance with washout periods for restricted medications. 

 

All participants provided written informed consent prior to involvement in both EEU and 

NAC studies. All experimental procedures were reviewed and granted ethics clearance by the 

Queen’s University and Affiliated Teaching Hospitals Research Ethics Board. 

 

3.3.2 Environmental Exposure Unit 

3.3.2.1 Unit design 

The unit was held under slightly negative pressure to minimize the potential of pollen 

spreading to other hospital areas. This was further minimized by the use of “sticky mats” which 

captured pollen grains from participant and staff footwear.  The ventilation system provided the 

unit with 100% fresh filtered air that was circulated and directly exhausted outside. During the 



55 

 

pollen exposure visit, temperature and relative humidity were held at 22-24°C and 40% 

respectively. Airborne birch pollen concentration was maintained at 3500 ± 500 grains/m3 and 

was measured every 30 minutes using seven Rotorod® samplers evenly distributed throughout 

the unit. Pollen grains were captured on spinning rods attached to each sampler and manually 

counted using a light microscope.  

 

3.3.2.2 Allergen challenge 

The EEU study was comprised of a screening visit and a pollen exposure visit (Figure 

3.1). During screening, participant eligibility was assessed and both inclusion and exclusion 

criteria were reviewed. Eligible participants returned to the unit for a 4-hour birch pollen 

challenge with European White Birch Pollen (Betula pendula, Greer Laboratories, NC). Nasal 

and ocular symptoms, and peak nasal inspiratory flow (PNIF) were recorded at baseline and at 

specified intervals during the pollen exposure. Symptom severity was rated on a 4-point Likert 

scale (0, none; 1, mild; 2, moderate; 3, severe) (see Table A.1 in Appendix A). Different 

combinations of nasal and ocular symptoms comprised the total nasal symptom score (TNSS), 

total ocular symptom score (TOSS), and total rhinoconjunctivitis symptom score (TRSS) (see 

Table A.2 in Appendix A). Peripheral blood samples were collected at baseline and 4 hours after 

the start of pollen exposure (Figure 3.1). The 4-hour time point was selected to capture any end-

point changes in blood differential counts following the prolonged period of continuous pollen 

exposure.  
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3.3.3 Nasal allergen challenge 

Each NAC was comprised of a screening visit and a challenge visit (Figure 3.2). During 

screening, inclusion and exclusion criteria were reviewed and eligible participants underwent a 

baseline titrated NAC to determine the appropriate challenge dose of birch pollen extract (ALK-

Abelló). Increasing doses of birch pollen extract (1:128 up to 1:2) were delivered intranasally to 

both nostrils. TNSS and PNIF were recorded 10 minutes after each dose. The titrated challenge 

stopped when participants met the pre-specified qualifying criteria (TNSS ≥ 8/12 and % PNIF 

reduction ≥ 50%). The sum of all doses received comprised the challenge dose for each 

participant. 

 

During the challenge visit, each participant received 100 µl of their qualifying challenge 

dose delivered intranasally to both nostrils using a Pfeiffer Bidose Nasal Delivery Device (Aptar 

Pharma). Nasal and ocular symptoms were recorded at baseline and at specified intervals 

throughout the challenge. Peripheral blood samples were collected at baseline and 1 hour post-

NAC (Figure 3.2). As participants were challenged with a single dose of allergen, the 1-hour 

time point was selected to capture any immediate changes in blood differential counts before 

returning to baseline levels as the study progressed. 

 

3.3.4 Statistical analyses 

Only participants providing complete symptom and blood differential count datasets were 

included in the analysis. All data were analyzed using GraphPad Prism 6.0 (GraphPad Software). 

Challenge-induced changes in symptoms were analyzed using the Friedman test and post-hoc 

Wilcoxin signed-ranked tests. Two-way repeated measures ANOVA with post-hoc Fisher’s 
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Least Significant Difference test was used to compare symptom kinetics between models. Mann 

Whitney U tests and Wilcoxin signed-ranked tests were used to compare mean symptom 

differences between models. Pearson and spearman correlations were conducted to assess the 

relationship between symptom outcomes and blood differential counts. Adjustments for 

multiplicity testing were not made. A P value of < .05 was taken as significant. 

 

 

3.4 Results 

 

3.4.1 Participant demographics 

A total of seven birch-allergic and four non-allergic participants who had performed a 

previous EEU and NAC study with birch pollen were included into the study. The mean age 

(SD) was 39.3 (9.4) and 33.0 (7.5) years for birch-allergic and non-allergic participants 

respectively. Birch-allergic participants had a mean wheal diameter of 10.1 mm to birch pollen 

(Table 3.1). One allergic participant was excluded from analysis due to having incomplete 

symptom data. 

 

3.4.2 End-point outcomes in the EEU and NAC 

Following allergen challenge, birch-allergic participants demonstrated a significant 

increase in peak TNSS and % PNIF reduction from baseline in the EEU (P = .016) and NAC (P 

= .016) models (Figure 3.3, A). Peak symptoms were comparable between the EEU and NAC 

(TNSS, 8.00 ± 0.53 vs. 7.43 ± 0.72, P = .66; % PNIF, -47.39% ± 6.69% vs. -48.92% ± 6.69%, P 

= .94). In both models, we observed a positive correlation between mean TNSS and mean % 
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PNIF reduction (EEU, P < .0001; NAC, P = .0084) (Figure 3.3, B). When comparing mean 

symptom scores between models, we observed positive correlations for TNSS (P = .0001), % 

PNIF change (P = .027), TOSS (P = .001), and TRSS (P < .0001) (Figure 3.4, A-D). 

 

3.4.3 Time course of nasal and ocular responses following allergen challenge in the EEU 

and NAC 

In the EEU, birch-allergic participants experienced a gradual increase in TNSS, which 

peaked at 3 hours and persisted until 11 hours post-pollen exposure (all P < .05 vs. baseline, 

except 9 hours) (Figure 3.5, A). Similar gradual increases were also observed for TOSS (1.5 to 4 

hours, all P < .05 vs. baseline) and TRSS (0.5 to 11 hours, all P < .05 vs. baseline), both 

plateauing at 3 hours (Figure 3.5, B and D). In the unit, birch-allergic participants demonstrated a 

gradual decrease in PNIF, experiencing peak PNIF reduction at 3.5 hours, which persisted until 

11 hours post-pollen exposure (all P < .05 vs. baseline) (Figure 3.5, C). 

 

In contrast, NAC participants demonstrated sharp increases in TNSS (P < .05 vs. 

baseline) and TRSS (P < .05 vs. baseline), both peaking at 15 minutes (both P < .05 vs. baseline) 

and decreased for the remainder of the allergen challenge (Figure 3.5, A and D). Similarly, PNIF 

significantly decreased at 15 minutes (P < .05 vs. baseline), returning to near baseline values 

towards the 12 hour time point (Figure 3.5, C). Unexpectedly, no significant differences were 

observed in TOSS in the NAC (Figure 3.5, B). Non-allergic participants did not demonstrate 

significant changes in nasal or ocular symptoms in either the EEU or NAC models.  
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We observed a significantly larger mean TNSS (P = .026) and TRSS (P = .015) in the 

EEU compared to the NAC following allergen challenge. A trend was demonstrated suggesting a 

larger mean TOSS (P = .16) achieved in the EEU compared to the NAC. Mean % PNIF 

reductions were comparable between the two models. 

 

When comparing allergen-induced changes in TNSS profiles by time point, we observed 

significant differences between the EEU and NAC at 30 minutes, and 2-8 hours (all P < .05) 

(Table 3.2). Significant differences between the models were also observed at 30 minutes and 4 

hours (both P < .05) for % PNIF reductions, at 30 minutes, 1, 3-5, 7, and 9 hours (all P < .05) for 

TOSS, and at 30 minutes, 1 through 9 hours, and 12 hours (P < .05) for TRSS (Table 3.2 and 

3.3). 

 

3.4.4 Nasal and ocular symptom profiles of different AR phenotypes 

Participants were phenotyped as early phase responders (EPR), protracted-early phase 

responders (pEPR), and dual phase responders (DR) in the EEU according to their TNSS profiles 

(4-12 hour scores) using previously published criteria19. Of the seven birch-allergic participants, 

three were classified as EPRs, three as pEPRs, and one as a DR (Figure 3.6, A). Graphically, 

pEPRs experienced higher TOSS and TRSS compared to EPRs for the entire duration of the 

pollen challenge in the EEU (Figure 3.6, B and C). Retaining their classification, all three 

phenotypes demonstrated comparable TNSS patterns in the NAC (Figure 3.6, A). Similarly, 

pEPRs demonstrated higher TOSS and TRSS compared to EPRs for the entire duration of the 

NAC (Figure 3.6, B and C). 
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Symptom profiles from the EEU and NAC were graphed together by overlapping the 

time point immediately following the termination of allergen exposure (4 hours for the EEU, 15 

minutes for the NAC). For EPRs, we observed comparable fall-off trends between the EEU and 

NAC profiles for TNSS, TOSS, and TRSS. Similar findings were observed for pEPRs (Figure 

3.6, D-F). DPRs were not compared because of the low sample size (n = 1). 

  

3.4.5 Relationship between CBC outcomes and symptoms following allergen challenge in 

both models 

In the EEU, birch-allergic participants demonstrated a significant increase in peripheral 

leukocytes (P = .016), neutrophils (P = .031), and a trending increase in lymphocytes (P = .11) 4 

hours following pollen exposure. In contrast, a significant decrease in peripheral eosinophils (P = 

.031) was observed 1 hour after challenge in the NAC (Figure 3.7, D). Peripheral monocyte and 

basophil counts were not significantly altered following allergen challenge in both models 

(Figure 3.7, E and F). A trend was observed suggesting a larger increase in peripheral leukocytes 

(P = .11) and neutrophils (P = .16) in the EEU compared to the NAC (Figure 3.7, G and H). 

Changes in the remaining blood differential counts were not significantly different between the 2 

models (Figure 3.7, I-L). 

 

Baseline eosinophils positively correlated with peak TNSS (P = .031) and negatively 

correlated with mean % PNIF reduction (P = .024) in the NAC. Trending correlations between 

baseline leukocytes and % PNIF reduction (mean, P = .066; peak, P = .086) were also observed. 

In contrast, trending correlations between peak TNSS and baseline leukocytes (P = .095) and 

neutrophils (P = .095) were observed in the EEU (Table 3.4). 
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In the NAC model, peak TNSS negatively correlated with changes in peripheral 

leukocytes (P < .0001), neutrophils (P = .019), eosinophils (trend, P = .057), and lymphocytes (P 

= .019) following allergen challenge. Change in peripheral neutrophil counts was also positively 

correlated with peak % PNIF reduction (P = .009). In the EEU, change in peripheral leukocyte 

counts was negatively correlated with peak % PNIF reduction (P = .047) (Table 3.5). 

 

 

3.5 Discussion 

The current study compared the EEU and NAC, two validated models for the study of 

AR, using participant-reported symptom outcomes and peripheral blood differential counts. 

Significant differences in both nasal and ocular symptom development over time were observed 

between the EEU and NAC. Birch-allergic participants who were phenotyped in the EEU also 

retained their classification in the NAC. Following allergen challenge, we observed distinct 

changes in differential counts and their correlations to symptom outcomes in both models. 

 

PNIF represents an objective assessment of nasal congestion20. Together with TNSS, a 

subjective measurement of nasal symptoms, we observed an inverse correlation between the two 

in both models. This further supports the notion that PNIF can reliably assess the severity of 

nasal congestion in an objective manner21. Mean scores for TNSS, TOSS, TRSS, and PNIF 

achieved in the EEU positively correlated with their counterpart scores in the NAC. This 

suggests that participants who achieve higher symptom severity in one model will likely achieve 
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a similar severity in the other. Together, these observations demonstrate the robustness of both 

the EEU and NAC in eliciting AR symptomology following allergen challenge. 

 

When compared, birch-allergic participants experienced a gradual increase in symptom 

severity in the EEU and a sharp increase in symptom severity in the NAC. Both symptomatic 

profiles have been well documented in previous studies9-12,19,21,22. Differences in symptom onset 

between the two models may be attributable to the specific methods of allergen introduction. 

Participants in the EEU are continuously exposed to allergen for prolonged durations. The build-

up of pollen slowly elevates symptom severity over time, mimicking the natural course of 

symptom development found in outdoor park studies4. In contrast, allergen is introduced in a 

single concentrated dose during the NAC. Being administered intranasally immediately elicits a 

temporary peak in symptoms followed by a gradual decrease as participants are no longer 

exposed to allergen. These differences may also contribute to the higher severity of nasal and 

total rhinoconjunctivitis symptoms observed in the EEU compared to the NAC. 

 

In the EEU, pEPRs demonstrated a slight increase in ocular symptom severity following 

pollen exposure compared to EPRs. This observation is consistent with findings from a recent 

study conducted in an allergen challenge chamber. Participants with ragweed pollen-induced AR 

were phenotyped according to conjunctival symptoms alone following ragweed pollen exposure. 

Jacobs et al23 demonstrated a similarly elevated ocular redness and TOSS in pEPRs compared to 

EPRs. In contrast, EPRs exhibited borderline ocular symptoms following allergen challenge 

compared to pEPRs in the NAC. NAC methodology may be useful in distinguishing between 
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EPR and pEPRs based on ocular symptoms alone. However, additional participants are required 

to support this novel observation. 

 

When symptom development from both models were graphed together according to time 

after the allergen exposure stopped (4 hours in EEU, 15 minutes in NAC), we observed 

comparable residual symptom profiles between the EEU and NAC for TNSS, TOSS, and TRSS. 

Moreover, comparable profiles were observed for both EPRs and pEPRs. This suggests that 

independent of pollen introduction methods, symptom fall-off and recovery to baseline may be 

comparable between the EEU and NAC and can be distinguished between EPRs and pEPRs, 

supporting the phenotyping classification first proposed by Soliman et al6. However, as 

mentioned previously, additional participants are required to support this novel observation. 

 

Following allergen challenge, peripheral leukocyte, neutrophil, and lymphocyte counts 

were increased. In contrast, similar changes were absent in the NAC along with a significant 

reduction in eosinophil counts following challenge. Differences in methods of pollen delivery 

between the two models and timing of post-challenge sample collection may account for these 

observations. Continuous allergen exposure in the EEU may have led to a consistent elevation of 

circulating leukocyte levels as participants are continually in an allergen-induced reactive state. 

Conversely, a single high dose of allergen can lead to an initial reduction of differential counts as 

cells are rapidly recruited to the nasal mucosa3,24. Due to the lack of allergen stimulation 

thereafter, differential counts return to baseline, explaining the absence of change 1-hour post 

NAC. 
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In the NAC, we also observed a pronounced inverse correlation between peak TNSS and 

changes in peripheral leukocytes, neutrophils, eosinophils, and lymphocyte counts. These 

correlations suggest that a decrease in differential counts is accompanied by more severe nasal 

symptoms in the NAC. Correlations were not apparent in the EEU, perhaps due to the 

replenishment of circulating leukocytes during the challenge. Together with the prolonged 

duration of pollen exposure and post-challenge sample collection occurring at 4 hours, the initial 

decrease in circulating differential counts may have been missed while the acute-nature of the 

NAC captured the decrease. 

 

A limitation to the current study is the lack of a large sample size. As only seven birch-

allergic participants were included, we could not confirm data normality and employed mostly 

non-parametric statistical testing. Historically, symptom outcomes generated from both the EEU 

and NAC models are normally distributed as evidenced by prior studies21,25,26. Moreover, our 

phenotyping observations only included three participants in both EPR and pEPR groups. The 

inclusion of additional participants would strengthen our initial observations. 

 

In summary, we have demonstrated distinct developmental patterns of nasal and ocular 

symptoms following allergen challenge in the EEU and NAC. Different changes in blood 

differential counts were also apparent between the two models. In a broader context, 

understanding the different methodologies used in both models may be important when choosing 

an optimal challenge model to evaluate a novel AR medication. For example, therapies in the 

early stages of clinical development (i.e. phase II trials) may use the EEU model to demonstrate 

treatment efficacy and, if warranted, onset of action in humans. The EEU is capable of 
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accommodating large numbers of participants often required of phase II and III trials. Sponsors 

are able to evaluate their treatment under standardized allergen exposure environments that 

closely mimic natural outdoor exposure. Since 2000, the FDA has approved the use of EEUs in 

the evaluation of treatment onset in phase II and III studies27. Data from these studies can also 

supplement results from larger multi-center clinical trials. In comparison, the NAC model is 

rarely used in these types of trials due to their inherently lower sample sizes. Instead, this model 

is more appropriate for proof of concept and early efficacy studies, investigating mechanism of 

action, and biomarker evaluation. Due to the lower cost of challenging each participant 

individually, sponsors are able to collect a large variety of biological samples, allowing in-depth 

assessments of both biological and genetic changes associated with their treatment. 
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3.6 Tables and Figures 

 

Table 3.1. Participant demographics. 

 

Characteristics 

Allergic 

(n=7) 

Non-allergic 

(n=4)  

Mean age in years (SD) 39.3 (9.4) 33.0 (7.5) P = .34 

Female (%) 5 (71.4) 1 (25.0) P = .24* 

Race (%)    
Caucasian 6 (85.7) 3 (75.0)  

Black 0 0  
Asian 1 (14.3) 1 (25.0)  

American Indian/Alaska Native 0 0  
Native Hawaiian/Other Pacific Islander 0 0  

Other 0 0  
Mean SPT wheal to birch pollen (in mm, 

mean [SD]) 10.1 (2.8) 0.5 (1.0) P = .003 

SPT, skin prick test 

*Fisher’s exact test 
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Table 3.2. By time-point comparisons of TNSS and PNIF scores of the EEU and NAC models. 

    

 Mean TNSS  Mean % PNIF Change (%) 

Time points (Hours) EEU NAC P value  EEU NAC P value 

Baseline 0.43 0.14 0.7014  0.0 0.0 > 0.9999 

0.5 3.71 6.00 0.0029*  -15.47 -45.83 < 0.0001* 

1 4.00 4.57 0.4437  -23.94 -37.49 0.0503 

2 6.57 4.00 0.0009*  -29.18 -34.64 0.4264 

3 6.71 3.29 < 0.0001*  -28.38 -24.04 0.5266 

4 6.00 3.00 0.0001*  -33.98 -17.13 0.0157* 

5 5.14 3.14 0.0086*  -32.83 -28.17 0.4966 

6 4.00 2.29 0.0236*  -17.00 -21.16 0.5434 

7 3.86 2.29 0.0375*  -20.53 -12.82 0.2616 

8 3.71 2.14 0.0375*  -24.43 -16.87 0.2710 

9 3.00 1.71 0.0872  -25.11 -14.15 0.1120 

10 2.57 1.57 0.1818  -20.17 -17.79 0.7279 

11 2.43 1.43 0.1818  -18.20 -11.59 0.3353 

12 2.00 0.57 0.0579  -18.70 -14.18 0.5099 

Significant correlations are bolded with an *. 
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Table 3.3. By time-point comparisons of TOSS and TRSS scores of the EEU and NAC models. 

    

 Mean TOSS  Mean TRSS 

Time points (Hours) EEU NAC P value  EEU NAC P value 

Baseline 0.07 0.00 0.8500  0.50 0.14 0.7300 

0.5 0.93 2.00 0.0056*  5.21 9.29 0.0002* 

1 1.14 2.00 0.0255*  5.86 8.14 0.0296* 

2 1.79 1.29 0.1879  9.36 6.14 0.0026* 

3 2.29 1.00 0.0010*  10.43 5.29 < 0.0001* 

4 2.14 1.00 0.0033*  9.57 4.86 < 0.0001* 

5 1.50 0.57 0.0158*  7.64 4.29 0.0017* 

6 1.57 0.86 0.0614  6.57 3.71 0.0070* 

7 1.29 0.43 0.0255*  6.14 3.43 0.0102* 

8 1.00 0.57 0.2584  5.43 3.29 0.0410* 

9 1.14 0.28 0.0255*  4.86 2.57 0.0296* 

10 0.64 0.14 0.1879  3.93 2.00 0.0652 

11 0.57 0.14 0.2584  3.29 1.86 0.1699 

12 0.64 0.14 0.1879  3.07 0.86 0.0349* 

Significant correlations are bolded with an *. 
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Table 3.4. Relationship between blood differential counts and nasal symptoms from the EEU 

and NAC models. 

 

Correlation Parameters EEU (n=7) 

r (P value) 

NAC (n=7) 

r (P value) 

Baseline 

leukocytes  

Mean TNSS  -0.14 (0.7825) 0.073 (0.8968) 

Peak TNSS  0.71 (0.0952)† 0.46 (0.3048) 

Mean % PNIF change -0.18 (0.7131) -0.75 (0.0663)† 

Peak negative % PNIF change -0.2 (0.6373) -0.68 (0.0857)† 

Baseline 

neutrophils 

Mean TNSS  -0.07 (0.9063) 0.29 (0.5270) 

Peak TNSS  0.71 (0.0952)† 0.64 (0.1333) 

Mean % PNIF change -0.07 (0.9063) -0.43 (0.3536) 

Peak negative % PNIF change -0.2 (0.6373) -0.61 (0.1413) 

Baseline 

eosinophils 

Mean TNSS  -0.32 (0.4976) 0.47 (0.2921) 

Peak TNSS  0.54 (0.2286) 0.84 (0.0381)* 

Mean % PNIF change -0.14 (0.7825) -0.86 (0.0238)* 

Peak negative % PNIF change -0.07 (0.8595) -0.65 (0.1167) 

Significant correlations are bolded with an *. Trending correlations (P < .10) are labelled with a 
†. 
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Table 3.5. Correlation between change in blood different counts and nasal symptoms from the 

EEU and NAC models. 

 

Correlation Parameters EEU (n=7) 

r (P value) 

NAC (n=7) 

r (P value) 

Δ leukocytes  

Mean TNSS  0 (0.9857) -0.64 (0.1095) 

Peak TNSS  0.38 (0.4063) -0.78 (<0.0001)* 

Mean % PNIF change -0.23 (0.5814) 0.67 (0.1167) 

Peak negative % PNIF change -0.76 (0.0468)* 0.74 (0.0603)† 

Δ neutrophils 

Mean TNSS  -0.18 (0.7131) -0.47 (0.2698) 

Peak TNSS  -0.16 (0.6762) -0.78 (0.0190)* 

Mean % PNIF change -0.18 (0.7131) 0.75 (0.0663)† 

Peak negative % PNIF change -0.49 (0.2516) 0.90 (0.0095)* 

Δ eosinophils 

Mean TNSS  -0.49 (0.2516) -0.10 (0.7714) 

Peak TNSS  -0.08 (0.8381) -0.68 (0.0571)† 

Mean % PNIF change 0.58 (0.1857) 0.63 (0.1429) 

Peak negative % PNIF change -0.07 (0.8786) 0.66 (0.1095) 

Δ lymphocytes 

Mean TNSS  -0.28 (0.5560) -0.72 (0.0603)† 

Peak TNSS  0.54 (0.2286) -0.70 (0.0190)* 

Mean % PNIF change 0.21 (0.6615) 0.58 (0.1873) 

Peak negative % PNIF change -0.13 (0.7603) 0.63 (0.1373) 

Significant correlations are bolded with an *. Trending correlations (P < .10) are labelled with a 
†. 
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Figure 3.1. Environmental Exposure Unit model. The EEU model is comprised of a screening 

visit to determine eligibility requirements and a pollen exposure visit. During the exposure visit, 

participants were exposed to a controlled quantity of birch pollen allergen (3500 grains/m3 ± 

500) for 4 hours. Symptoms were recorded at baseline (before birch pollen exposure), every 30 

minutes for 4 hours, and hourly until 12 hours post-pollen exposure. Blood samples for 

differential counts were collected at baseline and 4 hours following the start of pollen exposure. 

Participants remained in the EEU for the entire duration of birch pollen exposure (4 hours). S, 

screening. 
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Figure 3.2. Nasal allergen challenge experimental model. The NAC model is comprised of a 

screening and a challenge visit. During screening, participants underwent a baseline titrated NAC 

to determine the concentration of birch pollen allergen to be used during the NAC visit. Four-

fold increases in birch pollen concentration were delivered intranasally every 15 mins until 

qualifying criteria (TNSS ≥ 8/12 & % PNIF fall ≥ 50%) were met. The cumulative allergen 

concentration received was used as the allergen concentration to be delivered for the NAC. 

During the NAC, participants underwent a nasal challenge with birch pollen allergen to both 

nostrils. Symptoms were recorded at baseline (before NAC), 15 minutes, 30 minutes, 1 hour, and 

hourly until 12 hours post-challenge. Blood samples for differential counts were collected at 

baseline and 1 hour post-challenge. S, screening. 
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Figure 3.3. Peak changes in nasal symptoms following allergen challenge in the EEU and 

NAC models. A, Both models evoked significant increases in peak TNSS and % PNIF change 

from baseline following allergen challenge. B, Positive correlations between mean TNSS and 

mean % PNIF change were observed in the EEU and NAC. Peak symptom data are represented 

as mean ± SEM (birch-allergic, n = 7; non-allergic, n = 4). Dotted lines represent 95% CIs of the 

line of best fit. For Pearson correlation data, black squares and white circles represent birch-

allergic and non-allergic participants respectively (B only). * P < .05 vs. baseline for NAC 

symptoms. † P < .05 vs. baseline for EEU symptoms. TNSS, total nasal symptom scores; PNIF; 

peak nasal inspiratory flow; CI, confidence interval. 
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Figure 3.4. Between-model agreement using symptom severity. Significant positive 

correlations were observed for mean TNSS (A), % PNIF change (B), TOSS (C), and TRSS (D) 

achieved following allergen challenge between the EEU and NAC models. Dotted lines represent 

95% CIs of the line of best fit (birch-allergic, n = 7; non-allergic, n = 4). Black squares and white 

circles are birch-allergic and non-allergic participants respectively. 
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Figure 3.5. Differences in nasal and ocular symptom responses following allergen challenge 

in the EEU and NAC models. The EEU model evoked a gradual increase in TNSS (A), TOSS 

(B), % PNIF change (C) and TRSS (D) following pollen exposure. The NAC model evoked an 

immediate sharp increase in all symptom outcomes following allergen challenge. A significantly 

larger mean TNSS and TRSS was obtained in the EEU compared to the NAC model. Changes in 

symptom outcomes were absent in non-allergic participants. Data were analyzed using non-

parametric Friedman tests and post-hoc Wilcoxin signed ranked tests per time point and are 

represented as mean ± SEM (birch-allergic, n = 7; non-allergic, n = 4). For time course data, * P 

< .05 vs. baseline for NAC symptoms and † P < .05 vs. baseline for EEU symptoms. For mean 

symptom data, * P < .05.  
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Figure 3.6. Phenotyping participants based on late-onset symptom profiles in the EEU and 

NAC models. Birch-allergic participants categorized as EPRs, pEPRs, and DRs in the EEU 

demonstrated similar TNSS (A), TOSS (B), and TRSS (C) profiles in the NAC model. Residual 

TNSS (D), TOSS (E), and TRSS (F) profiles were comparable between models for EPRs and 

pEPRs following allergen challenge. Data are represented as mean ± SEM (A-C only) (birch-

allergic, n = 7). 
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Figure 3.7. Changes in blood differential counts following allergen challenge in the EEU 

and NAC models. Significant increases in total leukocytes (A), neutrophils (B), and a trending 

increase in lymphocytes (C) were observed in the EEU model. A significant decrease in 

eosinophils (D) was observed in the NAC model. Changes in monocytes (E) and basophils (F) 

were nonsignificant for both models. Magnitude of changes in leukocytes (G), neutrophils (H), 

lymphocytes (I), and monocytes (K) were larger in the EEU compared to the NAC model. 

Magnitude of changes in eosinophils (J) and basophils (L) were larger in the NAC compared to 

the EEU model. Post-challenge measurements were collected at 4 hours for the EEU and 1 hour 

for the NAC. Change in differential counts was calculated as post-challenge subtract baseline 

counts. Data are represented as mean ± SEM (birch-allergic, n = 7). * P < .05. 

 

 

 

 

 

  



78 

 

3.7 References 

1. Keith PK, Desrosiers M, Laister T, Schellenberg RR, Waserman S. The burden of 

allergic rhinitis (AR) in Canada: perspectives of physicians and patients. Allergy Asthma 

Clin Immunol. 2012;8(1):7.  

 

2. Schwindt CD, Settipane R. Allergic rhinitis (AR) is now estimated to affect some 1.4 

billion people globally and continues to be on the rise. Editorial. Am J Rhinol Allergy. 

2012;26 Suppl 1:S1. 

 

3. Bousquet J, van Cauwenberge P, Khaltaev N. Allergic rhinitis and its impact on asthma. J 

Allergy Clin Immunol. 2001;108:S147eS334. 

 

4. Day JH, Ellis AK, Rafeiro E, Ratz JD, Briscoe MP. Experimental models for the 

evaluation of treatment of allergic rhinitis. Ann Allergy Asthma Immunol. 

2006;96(2):263-277; quiz 277-278, 315. 

 

5. Pfaar O, Calderon MA, Andrews CP, Angjeli E, Bergmann KC, Bønløkke JH, et al. 

Allergen exposure chambers: harmonizing current concepts and projecting the needs for 

the future - an EAACI Position Paper. Allergy. 2017;72(7):1035–42. 

 

6. Soliman M, North ML, Steacy LM, Thiele J, Adams DE, Ellis AK. Nasal allergen 

challenge studies of allergic rhinitis: a guide for the practicing clinician. Annals of 

Allergy, Asthma & Immunology. 2014;113(3):250–6. 



79 

 

 

7. Ellis AK, North ML, Walker T, Steacy LM. Environmental exposure unit: a sensitive, 

specific, and reproducible methodology for allergen challenge. Ann Allergy Asthma 

Immunol. 2013;111(5):323–8. 

 

8. North ML, Soliman M, Walker T, Steacy LM, Ellis AK. Controlled Allergen Challenge 

Facilities and Their Unique Contributions to Allergic Rhinitis Research. Curr Allergy 

Asthma Rep. 2015;15(4):11. 

 

9. Day JH, Briscoe MP, Clark RH, Ellis AK, Gervais P. Onset of action and efficacy of 

terfenadine, astemizole, cetirizine, and loratadine for the relief of symptoms of allergic 

rhinitis. Ann Allergy Asthma Immunol. 1997;79(2):163–72. 

 

10. Day JH, Briscoe M, Widlitz MD. Cetirizine, loratadine, or placebo in subjects with 

seasonal allergic rhinitis: effects after controlled ragweed pollen challenge in an 

environmental exposure unit. J Allergy Clin Immunol. 1998;101(5):638–45. 

 

11. Day JH, Briscoe M, Rafeiro E, Chapman D, Kramer B. Comparative onset of action and 

symptom relief with cetirizine, loratadine, or placebo in an environmental exposure unit 

in subjects with seasonal allergic rhinitis: confirmation of a test system. Ann Allergy 

Asthma Immunol. 2001;87(6):474–81.  

 



80 

 

12. Day JH, Briscoe MP, Rafeiro E, Ratz JD. Comparative clinical efficacy, onset and 

duration of action of levocetirizine and desloratadine for symptoms of seasonal allergic 

rhinitis in subjects evaluated in the Environmental Exposure Unit (EEU). Int J Clin Pract. 

2004;58(2):109–18. 

 

13. Ellis AK, Zhu Y, Steacy LM, Walker T, Day JH. A four-way, double-blind, randomized, 

placebo controlled study to determine the efficacy and speed of azelastine nasal spray, 

versus loratadine, and cetirizine in adult subjects with allergen-induced seasonal allergic 

rhinitis. Allergy Asthma Clin Immunol. 2013;9(1):16. 

 

14. Ellis AK, Steacy LM, Joshi A, Bhowmik S, Raut A. Efficacy of the novel nasal steroid 

S0597 tested in an environmental exposure unit. Ann Allergy Asthma Immunol. 

2016;117(3):310–7. 

 

15. North ML, Walker TJ, Steacy LM, Hobsbawn BG, Allan RJ, Hackman F, et al. Add-on 

histamine receptor-3 antagonist for allergic rhinitis: a double blind randomized crossover 

trial using the environmental exposure unit. Allergy Asthma Clin Immunol. 

2014;10(1):33. 

 

16. Ellis AK, Frankish CW, O’Hehir RE, Armstrong K, Steacy L, Larché M, et al. Treatment 

with grass allergen peptides improves symptoms of grass pollen–induced allergic 

rhinoconjunctivitis. Journal of Allergy and Clinical Immunology. 2017;140(2):486–96. 

 



81 

 

17. Shamji MH, Bellido V, Scadding GW, Layhadi JA, Cheung DKM, Calderon MA, et al. 

Effector cell signature in peripheral blood following nasal allergen challenge in grass 

pollen allergic individuals. Allergy. 2015;70(2):171–9. 

 

18. Qi S, Barnig C, Charles A-L, Poirot A, Meyer A, Clere-Jehl R, et al. Effect of nasal 

allergen challenge in allergic rhinitis on mitochondrial function of peripheral blood 

mononuclear cells. Annals of Allergy, Asthma & Immunology. 2017;118(3):367–9. 

 

19. Soliman M, Ellis AK. Phenotyping allergic rhinitis as early- or dual-phase responses 

using the environmental exposure unit. Ann Allergy Asthma Immunol. 2015;114(4):344–

5. 

 

20. Starling-Schwanz R, Peake HL, Salome CM, Toelle BG, Ng KW, Marks GB, et al. 

Repeatability of peak nasal inspiratory flow measurements and utility for assessing the 

severity of rhinitis. Allergy. 2005;60(6):795–800. 

 

21. Ellis AK, Soliman M, Steacy L, Boulay M-È, Boulet L-P, Keith PK, et al. The Allergic 

Rhinitis - Clinical Investigator Collaborative (AR-CIC): nasal allergen challenge protocol 

optimization for studying AR pathophysiology and evaluating novel therapies. Allergy 

Asthma Clin Immunol. 2015;11(1):16. 

 

22. Soliman M, Steacy L, Thiele J, Adams D, Neighbour H, Ellis AK. Administering 

multiple cumulative allergen challenges: An alternative nasal allergen challenge protocol 



82 

 

for the Allergic Rhinitis-Clinical Investigator Collaborative. Ann Allergy Asthma 

Immunol. 2016;117(3):326–8. 

 

23. Jacobs RL, Ramirez DA, Rather CG, Andrews CP, Jupiter DC, Trujillo F, et al. Redness 

response phenotypes of allergic conjunctivitis in an allergen challenge chamber. Annals 

of Allergy, Asthma & Immunology. 2017;118(1):86–93.e2. 

 

24. Thiele J, Adams D, Soliman M, Steacy L, Ellis A. Nasal Allergen Challenge (NAC) 

Induced Eosinophilia - the Allergic Rhinitis Clinical Investigator Collaborative (AR-

CIC). Journal of Allergy and Clinical Immunology. 2015;135(2):AB223. 

 

25. Ellis AK, Steacy LM, Hobsbawn B, Conway CE, Walker TJ. Clinical validation of 

controlled grass pollen challenge in the Environmental Exposure Unit (EEU). Allergy 

Asthma Clin Immunol. 2015;11(1):5. 

 

26. Ellis AK, Soliman M, Steacy LM, Adams DE, Hobsbawn B, Walker TJB. Clinical 

validation of controlled exposure to birch pollen in the Environmental Exposure Unit 

(EEU). Allergy Asthma Clin Immunol. 2016;12:53. 

 

27. Guidance for Industry Allergic Rhinitis: Clinical Development Programs for Drug 

Products [Internet]. [cited 2017 Oct 22]. Available from: 

http://www.fda.gov/ohrms/dockets/dockets/04p0206/04p-0206-ref0001-13-FDA-Draft-

Guidance-04-2000-vol3.pdf 

  



83 

 

Chapter 4 

Peripheral group 2 innate lymphoid cells are recruited intranasally in participants with 

birch pollen induced allergic rhinitis following direct nasal allergen challenge 

 

4.1 Abstract 

 

Background: Group 2 innate lymphoid cells (ILC2s) produce IL-5 and IL-13, drive Th2 

inflammation, and are increased in the peripheral blood of individuals with allergic rhinitis (AR) 

after allergen challenge, and during pollen season. However, the identification of ILC2s in nasal 

samples has not been carefully examined. In participants with birch pollen-induced AR, we 

quantified the frequency of both peripheral and nasal ILC2s before and after a nasal allergen 

challenge (NAC). 

 

Methods: 11 individuals with birch-pollen induced AR and eight non-allergic individuals were 

enrolled into the study. All participants underwent a NAC with birch pollen extract (ALK-

Abello, Mississauga). Peripheral blood and nasal lavage (NL) samples were collected at baseline 

(before challenge) and 4 hours post-challenge. ILC2s were enumerated from all samples using 

flow cytometry. Frequency of ILC2s were compared with nasal and ocular symptoms during 

challenge and blood leukocyte composition at 1 hour post-challenge. 

 

Results: Baseline frequencies of ILC2s were comparable between birch-allergic and non-allergic 

participants. Following NAC, ILC2s were significantly decreased in the blood (P = .018) and 

significantly increased in the nose (P = .031) in birch-allergic participants. A larger reduction in 
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mean peak nasal inspiratory flow was observed in participants with increased nasal ILC2s 

compared to participants exhibiting no change in nasal ILC2s (P = .03). Fold change in 

peripheral ILC2s were not correlated with symptom outcomes following NAC. 

 

Conclusion: Our findings suggest that ILC2s may be recruited to the nasal mucosa following a 

NAC in individuals with birch pollen-induced AR. 

 

 

4.2 Introduction 

Allergic rhinitis (AR) is an upper respiratory inflammatory disorder involving IgE-

mediated inflammation of the nasal mucosa and is estimated to affect approximately 20-25% of 

Canadians1. AR exacerbations include both nasal and ocular symptoms and can negatively affect 

work and school performance2. One third of individuals with AR also report moderate to extreme 

sleep interference due to ongoing symptoms3. Inflammatory responses are triggered following 

inhalation of sensitized aeroallergens and are primarily driven by the release of Th2 cytokines 

(IL-4, IL-5, and IL-13). These cytokines, produced by allergen-specific Th2 cells, augment local 

IgE production from plasma cells, increase mucosal production from goblet cells, and promote 

the rapid migration of eosinophils into the nasal cavity, driving AR symptomology4. 

 

Group 2 innate lymphoid cells (ILC2s) represent a newly characterized cell type that are 

a part of the innate immune system. Lacking typical lineage surface markers for B and T cells, 

ILC2s respond to the epithelial cell-derived alarmins IL-25, IL-33, and thymic stromal 

lymphopoietin, and can drive Th2 inflammation via production of IL-4, IL-5, and IL-135. As 



85 

 

they represent an innate source of Th2 cytokines, these cells have been implicated in several 

Th2-driven diseases. For example, ILC2s were significantly increased in nasal polyp samples 

from patients with chronic rhinosinusitis compared to controls and positively correlated with 

blood eosinophilia and symptom severity6,7. Significantly higher levels of IL-5 and IL-13 

producing ILC2s were also observed in sputum samples collected from allergic asthmatic 

participants 24 hours post-whole lung allergen challenge8. These studies highlight the pathogenic 

role of ILC2s in Th2-driven allergic diseases. 

 

To date, few studies have assessed the role of ILC2s in AR pathogenesis. Elevated levels 

of peripheral ILC2s have been reported in individuals with seasonal AR during grass pollen 

season, which were blunted following treatment with grass pollen subcutaneous 

immunotherapy9. Similar increases in ILC2s were also observed in the blood of cat-allergic 

individuals following a nasal allergen challenge (NAC) with cat allergen extract10. Together, 

these findings suggest that ILC2s may contribute to AR symptomology following allergen re-

exposure. Although AR symptoms are primarily localized to the nose, the identification and role 

of nasal ILC2s have been sparsely explored. 

 

Nasal lavage is a rapid non-invasive method of sampling both soluble mediators and cells 

from the nasal cavity11. The cavity is gently washed several times with sterile saline, yielding 

both a fluid phase and a cell pellet following centrifugation. The pellet can then be analyzed to 

assess local nasal responses. Using this sampling method, increased nasal eosinophilia was 

observed in patients with seasonal AR 6 hours post-allergen challenge12. Moreover, using flow 

cytometric staining, nasal neutrophils demonstrated increased expression of the surface 
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activation markers CD63, CD66b, and CD11b in patients with grass pollen-induced AR during 

pollen season compared to peripheral blood neutrophils13. Collectively, nasal lavage represents a 

non-invasive method of assessing several cell types in the nose. The aim of the current study was 

to quantify the frequency of both peripheral and nasal ILC2s in individuals with birch pollen-

induced AR following a NAC with birch pollen extract. 

 

 

4.3 Methods 

 

4.3.1 Study Participants 

Eleven birch-allergic and eight non-allergic individuals aged 18-65 years old were 

recruited into the study. All birch-allergic participants had a ≥ 2-year history of moderate to 

severe rhinoconjunctivitis symptoms during the typical birch pollen season (April to June) prior 

to enrollment, and a positive skin prick test to birch pollen extract (defined as a wheal diameter ≥ 

3 mm than the negative diluent control). Non-allergic participants had a completely negative skin 

prick test to a panel of common environmental allergens (Alternaria, short ragweed, rye grass, 

Timothy grass, Bermuda grass, birch, mountain cedar, Virginia live oak, tree mix, D. 

pteronyssinus, D. farinae, cockroach, cat, dog). 

 

Exclusion criteria included asthma history, any structural nasal abnormalities or nasal 

polyps detected upon examination, signs/symptoms of active perennial rhinitis or seasonal AR, 

an upper or lower respiratory infection two weeks prior to screening or challenge visits, currently 
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receiving allergen specific immunotherapy injections, and noncompliance with washout periods 

for restricted medications (see Table B.1 in Appendix B). 

 

All participants provided written informed consent prior to study involvement. All 

experimental procedures were reviewed and granted ethics clearance by the Queen’s University 

and Affiliated Teaching Hospitals Research Ethics Board.  

 

4.3.2 Nasal Allergen Challenge 

All study participants underwent a nasal allergen challenge (NAC) with birch pollen 

extract (ALK-Abelló). Each NAC was comprised of a screening visit (to determine the challenge 

dose of birch pollen extract) and a challenge visit as per previously published methodology14 

(Figure 4.1). During screening, serial dilutions of birch pollen extract (1:128 up to 1:2) were 

delivered intranasally using a four-fold escalating dose protocol. Total nasal symptom scores 

(TNSS, omnibus score comprised of sneezing, nasal itching, runny nose, and nasal congestion), 

total ocular symptom scores (TOSS, omnibus score comprised of itchy/watery eyes and eye 

tearing), total rhinoconjunctivitis symptom scores (TRSS, combined score of TNSS, TOSS, and 

itchy ears/palate/throat), and peak nasal inspiratory flow (PNIF) were recorded ten minutes after 

each intranasal delivery. Severity of nasal and ocular symptoms were rated on a 4-point Likert 

scale (0, none; 1, mild; 2, moderate; 3, severe) (see Table B.2 in Appendix B). Dose escalation 

stopped after participants met the qualifying criteria (TNSS ≥ 8/12 and a % PNIF reduction ≥ 

50%). The sum of all serial dilutions received during screening comprised the challenge dose for 

each participant (see Table B.3 in Appendix B). 
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During the challenge visit, each participant received 100 μl of their qualifying challenge 

dose of birch pollen extract, delivered to both nostrils using a Pfeiffer Bidose Nasal Delivery 

Device (Aptar Pharma). TNSS, TOSS, TRSS, and PNIF were recorded at baseline (before 

challenge), 15 and 30 minutes, 1 hour, and hourly until 12 hours post-challenge. Peripheral blood 

and nasal lavage (NL) samples were collected at baseline, 1 hour (blood only), and 4 hours post-

challenge. 

 

4.3.3 Peripheral Blood Collection and Processing 

Peripheral blood was collected by venipuncture into Heparin-containing vacutainer tubes 

(BD Biosciences). 1-hour blood samples were immediately processed for complete blood 

differential counts. 4-hour blood samples were diluted in McCoy’s 5A modified medium 

supplemented with 10% fetal bovine serum (FBS) and layered onto Ficoll-PaqueTM PLUS (GE 

Healthcare). Peripheral blood mononuclear cells (PBMCs) were collected, washed, re-suspended 

in freezing media (40% McCoy’s 5A, 50% FBS, 10% DMSO), and cryopreserved in liquid 

nitrogen. Stored PBMCs were rapidly thawed and washed twice with RPMI supplemented with 

10% FBS prior to flow cytometry staining. 

 

4.3.4 Nasal Lavage Collection and Processing 

NL samples were collected using a modified “nasal pool” method15. Participants were 

seated in a forward-flexed neck position (60° from the upright position) and a tight seal was 

formed between the left nostril and a nasal olive attached to a sterile 0.9% saline-filled syringe. 

The nasal cavity was gently flushed with saline over a one minute period. The resulting fluid was 

collected and the procedure was repeated for the right nostril. Lavage samples from both nostrils 
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were pooled, treated with 1% dithiothreitol (Sigma-Aldrich), passed over a 70 μm cell strainer 

(VWR International), and washed prior to flow cytometry staining. 

 

4.3.5 Flow Cytometric Analysis for Group 2 Innate Lymphoid Cells (ILC2) 

Thawed PBMCs were initially washed twice with Dulbecco’s PBS (DPBS) and stained 

with eFluor® 780-fixable viability dye (eBioscience). Stained PBMCs and freshly filtered NL 

cells were washed twice with FACS buffer and blocked with Fc Receptor Binding Inhibitor 

reagent (eBioscience) to prevent non-specific binding. Blocked cells were then immediately 

stained with a FITC-lineage (Lin) cocktail (CD3 [SK7], CD14 [MφP9], CD16 [3G8], CD19 

[SJ25C1], CD20 [L27], CD56 [NCAM16.2]; BD Biosciences) and antibodies to CD4-FITC 

(RPA-T4), CD11b-FITC (ICRF44), CD235a-FITC (HIR2), FcεRI-FITC (AER-37), CD45-APC 

(HI30), CRTH2-PE (BM16), and CD127-PE-Cy7 (eBioRDR5) or relevant isotype controls (all 

from eBioscience). Lin cocktail and FITC-conjugated antibodies were used to exclude B and T 

cells, eosinophils, neutrophils, basophils, monocytes, natural killer cells, and dendritic cells 

during ILC2 enumeration. Stained cells were washed with FACS buffer and fixed with 4% 

paraformaldehyde diluted in DPBS. Fixed cells were then washed, resuspended in FACS buffer, 

and acquired using a Beckman Coulter FC500 flow cytometer or a Becton Dickinson FACSAria 

III cell sorter within 24 hours. Data were analyzed using FlowJo Software (TreeStar). Peripheral 

blood ILC2s were defined as live Lin-CD45hiCRTH2+CD127+ lymphocytes. Nasal ILC2s were 

defined as Lin-CD45+CRTH2+CD127+ lymphocytes. Both peripheral and nasal ILC2s were 

reported as a percentage of total Lin- cells. 
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4.3.6 Statistical Analyses 

All data were analyzed using GraphPad Prism 6 software (GraphPad Software). Data are 

reported as mean ± SEM. One-way repeated measures ANOVA with Dunnett’s correction and 

two-way repeated measures ANOVA with Bonferroni’s corrections were used to analyze 

symptom outcomes. Paired t tests were used to analyze NAC-induced changes. Unpaired t tests 

were used to compare baseline frequencies between groups. Pearson and Spearman correlations 

were used to assess the relationship between ILC2s and clinical outcomes. Wilcoxon signed-

ranked tests and Mann Whitney U tests were used for non-normally distributed data. A P value 

of < .05 was taken as significant. 

 

 

4.4 Results 

 

4.4.1 Participant demographics 

Following screening, a total of 19 participants (11 birch-allergics and eight non-allergics) 

were included into the study. The mean age (SD) was 43.2 (8.6) and 37.5 (13.0) years for allergic 

and non-allergic participants respectively. Approximately 63.1% of participants were female. A 

majority of participants were of Caucasian (89.5%) followed by Asian (10.5%). The skin prick 

test mean wheal diameter (SD) to birch pollen extract was 8.6 (3.4) and 0.0 mm in birch-allergic 

and non-allergic participants respectively. All participant demographics are summarized in Table 

4.1. 
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4.4.2 Symptom scoring and PNIF outcomes following NAC 

Birch-allergic participants demonstrated a significant increase in TNSS 15 minutes post-

challenge (P < .0001 vs. baseline) which persisted until 11 hours post-challenge (P < .05 vs. 

baseline) (Figure 4.2, A). Similar findings were observed for PNIF, noting a significant reduction 

at 15 minutes (P < .0001 vs. baseline) and persisting until 1 hour post-challenge (P < .01 vs. 

baseline) (Figure 4.2, B). As expected, non-allergic participants experienced minimal changes in 

both TNSS and PNIF following allergen challenge. When compared to non-allergic participants, 

birch-allergic participants experienced a significantly higher TNSS at 15 minutes through to 8 

hours post-challenge and a significantly larger PNIF reduction at 15 and 30 minutes post-

challenge (see Table B.4 in Appendix B). 

 

4.4.3 Characterization of ILC2s from blood and nasal lavage 

A sequential gating strategy was used to enumerate ILC2s from peripheral blood (defined 

as live Lin-CD45hiCRTH2+CD127+ cells) and NL (defined as Lin-CD45+CRTH2+CD127+ cells) 

samples (Figure 4.3). From the FSC-A vs. SSC-A plot, a defined lymphocyte population was not 

observed in NL samples. A debris gate was used instead to exclude debris and cell remnants 

prior to further gating.  

 

In circulation, two distinct populations of Lin- lymphocytes expressing low (CD45lo) and 

high (CD45hi) levels of CD45 were observed. We demonstrated that CD127 expression, and thus 

peripheral blood ILC2s, was confined to the CD45hi population (29.23% vs. 0.86%) (Figure 4.4, 

A). This was further supported using median fluorescence intensity to quantify CD45 expression 

levels (P < .0001 vs. CD45lo) (Figure 4.4, B and C). This population was selected for all future 
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gating. We also used CD45 to positively select for nasal lymphocytes and exclude nasal 

epithelial cells which represent >90% of the lavage cellular composition. 

 

4.4.4 Allergen-induced changes in blood and nasal ILC2s 

The frequency of peripheral ILC2s at baseline were comparable between birch-allergic 

and non-allergic participants (6.72% ± 1.40% vs. 4.76% ± 1.30%, P = .33) (Table 4.2) and were 

similar to values previously reported (approximately 1-20% of peripheral Lin- lymphocytes)16. 

Following the NAC, birch-allergic participants demonstrated a 1.6-fold reduction in peripheral 

ILC2s compared to baseline (6.72% ± 1.40% vs. 4.33% ± 0.81%, P = .018) (Figure 4.5, A). This 

reduction was absent in non-allergic participants following allergen challenge (4.76% ± 1.30% 

vs. 4.37% ± 0.96%, P = .64) (Table 4.3). Fold changes from baseline to 4 hours post-challenge in 

peripheral ILC2s were comparable between birch-allergic and non-allergic participants (0.90 ± 

0.16 vs. 1.16 ± 0.19, P = .20) (Figure 4.5, B) 

 

At baseline, nasal ILC2s enumerated from NL samples were only detectable in birch-

allergic participants (0.011% ± 0.006%) (Table 4.2). Contrasting our results in the periphery, we 

observed a 7.4-fold increase in nasal ILC2s after NAC in birch-allergic participants (0.011% ± 

0.006% vs. 0.082% ± 0.036%, P = .031) (Figure 4.5, C). Only a minor non-significant increase 

in nasal ILC2s was observed in non-allergic participants (0.00% vs. 0.04% ± 0.03%, P = .12) 

(Table 4.3). 
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4.4.5 Correlation of ILC2s with clinical outcomes 

It was noted that only a small proportion of birch-allergic participants demonstrated an 

increase in nasal ILC2s following allergen challenge. We observed a significantly larger mean 

PNIF reduction (P < .05) and a trend suggesting a greater peak PNIF reduction (P = .14) in this 

group compared to birch-allergic participants exhibiting no change in nasal ILC2s (Figure 4.6, 

A). Both mean (TNSS, P = .23; TOSS, P = .33; TRSS, P = .53) and peak (TNSS, P = .40; TOSS, 

P = .91; TRSS, P = .61) symptom scores were comparable between the two groups (Figure 4.6, 

B-D). The frequency of peripheral ILC2s at baseline were also similar (7.79% ± 1.59% vs. 

5.45% ± 2.49%, P = .42) (Figure 4.6, E).  

 

In circulation, a trend was observed suggesting a weak negative correlation between fold 

change in peripheral ILC2s and peak TOSS (R2 = 0.16, P = .14). Other symptom scores did not 

reach statistical significance. Fold change in peripheral ILC2s was positively correlated with fold 

changes in circulating leukocytes (P = .048), lymphocytes (P = .036), and monocytes (trend, P = 

.056) (Table 4.4). 

 

 

4.5 Discussion 

Our study reports the novel characterization of nasal ILC2s from NL samples using flow 

cytometric analysis. A significant decrease in peripheral ILC2s and a concomitant increase in 

nasal ILC2s was observed in birch-allergic participants following a NAC with birch pollen 

extract. A significantly greater mean PNIF reduction was observed in participants with increased 

nasal ILC2s compared to participants who exhibited no change. We also observed a trend 
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suggesting a slight negative correlation between fold changes in peripheral ILC2s and peak 

TOSS achieved following allergen challenge. 

 

The changes in peripheral ILC2s following allergen challenge contradict previous studies 

that reported an increase in circulating ILC2s after perennial (NAC with cat allergen extract) or 

seasonal (grass pollen season) allergen exposure9,10. These differences may be attributable to the 

lack of specific priming prior to both recruitment and challenge in the current study; recruitment 

and NAC occurred outside of birch pollen season during the months of December and April. 

Sensitized individuals who are primed due to prior or continuous antigen exposure can 

demonstrate enhanced allergic reactivity, persistent symptoms, and altered responses to anti-

allergic medications following allergen challenge. Using an Environmental Exposure Chamber, 

Yuki et al17 demonstrated that in patients with Japanese cedar pollinosis, higher severity in both 

nasal and ocular symptoms were elicited if pollen challenges were conducted just after pollen 

season compared to out of season. Additionally, in a study conducted by Fan et al18, baseline 

frequencies of peripheral ILC2s were significantly elevated in AR individuals monosensitized to 

house dust mite (a perennial allergen) compared to individuals monosensitized to mugwort (a 

seasonal pollen) and healthy controls. In sensitized individuals already primed, ILC2s may more 

readily enter circulation, elevating their levels following allergen challenge as previously 

reported9,10. 

 

Using nasal curettage sampling, a recent study demonstrated an increase in nasal ILC2s 

following a NAC with timothy grass pollen extract in grass-allergic AR patients19. However, 

these individuals had concomitant asthma, which can pose as a potential confounder to the study. 
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In humans, several studies have noted the role of ILC2s in asthma pathogenesis. At baseline, 

peripheral ILC2s are elevated in AR patients with co-morbid asthma compared to patients with 

AR only20. Moreover, ILC2s isolated from allergic asthmatics exhibit enhanced type 2 responses 

following in vitro IL-25 and IL-33 stimulation compared to ILC2s from AR patients and healthy 

controls18. In another study conducted by Smith et al22, elevated levels of activated ILC2s from 

induced sputum samples were observed in severe atopic asthmatics compared to mild asthmatics. 

In these patients, ILC2s acted as the predominant source of IL-5 and IL-13 over CD4+ T cells in 

the airways. It is clear that the frequency and activity of ILC2s are altered in patients with 

asthma. Our study clarifies this relationship by demonstrating an increase in nasal ILC2s post-

NAC in a well-characterized population of birch-allergic participants without co-morbid asthma. 

 

For birch-allergic participants with increased nasal ILC2s post-NAC, a greater reduction 

in PNIF from baseline was observed compared to participants exhibiting no change. In a study 

using unilateral nasal provocation with relevant allergen, Baumann et al23 demonstrated a 

positive correlation between nasal levels of IL-13 and nasal obstruction 5 hours post-provocation 

in patients with seasonal AR. Together, these observations suggests that nasal ILC2s may 

contribute to nasal congestion following allergen exposure, perhaps in an IL-13 dependent 

manner. Unexpectedly, fold change from baseline in peripheral ILC2s did not correlate with 

symptom outcomes. Few studies in humans have assessed the contribution of ILC2s in AR 

symptomology. In a recent study using ragweed sensitized Rag2-/- mice (lack T and B cells but 

retain ILC2s), both sneezing and nasal infiltration of eosinophils was significantly reduced 

following intranasal ragweed pollen challenge compared to mice with intact adaptive 
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immunity24. Together with our observations, ILC2s may only play a minor role in generating AR 

symptoms. 

 

Limitations of the current study include the large variability associated with NL fluid 

samples and the small number of participants. Unlike peripheral blood, cell yields from NL 

samples can be variable due to the repeated rinsing of the nasal cavity with saline. With the rarity 

of ILC2s and small sample size, minute increases in ILC2s can be magnified. Of the eight non-

allergic participants, only one individual had a notable increase in nasal ILC2s post-NAC (P = 

.12), which may explain the trending P value observed. 

 

Collectively, our findings support a mechanism by which peripheral ILC2s are recruited 

to the nasal tissue following nasal allergen exposure in AR patients. Recent studies have 

purported a similar mechanism in patients with aspirin-exacerbated respiratory disease (AERD) 

and allergic asthma. Following challenge with either aspirin or allergen, both studies 

demonstrated a decrease in peripheral ILC2s and a concomitant increase in nasal ILC2s in 

AERD patients and airway lumen ILC2s in allergic asthmatics8,25. Furthermore, when naïve mice 

were challenged intranasally with Alternaria alternata (fungal allergen), Karta et al26 

demonstrated the recruitment of ILC2s from both bone marrow and peripheral compartments to 

the lungs in an β2 integrin-mediated manner. Together, these studies highlight the trafficking 

capabilities of both human and mouse ILC2s towards sites of inflammation, and their potential 

role in AR pathogenesis. Therapeutic interventions targeting ILC2 recruitment to the nasal 

mucosa may be beneficial for patients experiencing AR exacerbations. 
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4.6 Tables and Figures 

 

Table 4.1. Participant characteristics. 

 

 Characteristics 
Allergic 

(n=11) 

Non-allergic 

(n=8) 

Mean age in years (SD) 43.2 (8.6) 37.5 (13.0) 

Female (%) 7 (63.6) 5 (62.5) 

Race (%)   
Caucasian 10 (90.9) 7 (87.5) 

Black 0 0 

Asian 1 (9.1) 1 (12.5) 

American Indian/Alaska Native 0 0 

Native Hawaiian/Other Pacific Islander 0 0 

Other 0 0 

Mean SPT wheal to birch pollen (in mm, 

mean [SD]) 8.6 (3.4) 0 (0.0) 

 

SPT, skin prick test. 
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Table 4.2. Baseline frequencies of ILC2s. 

 

 Blood  Nasal Lavage 

 Allergic Non-allergic P value  Allergic Non-allergic P value 

Baseline ILC2s (%) 6.72 ± 1.40 4.76 ± 1.30 0.33261  0.011 ± 0.006 0.00 ± 0.00 0.22812 

 

Data are represented as mean ± SEM. Frequencies are expressed as percentage of total Lin- cells. 
1Unpaired t test 
2Mann Whitney U test 
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Table 4.3. Frequency of ILC2s before and after nasal allergen challenge. 

 

Data are represented as mean ± SEM. Frequencies are expressed as percentage of total Lin- cells. 
1Paired t test 
2Wilcoxon signed-ranked test 

 Frequency of blood ILC2s (%)  Frequency of nasal ILC2s (%) 

Participants Baseline 4 Hours P value  Baseline 4 Hours P value 

Allergic 6.72 ± 1.40 4.33 ± 0.81 0.01771  0.011 ± 0.006 0.082 ± 0.036 0.03132 

Non-allergic 4.76 ± 1.30 4.37 ± 0.96 0.64441  0.000 ± 0.000 0.040 ± 0.030 0.12502 
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Table 4.4. Correlations between fold change in peripheral ILC2s and clinical outcomes. 

 

Correlation Parameters R2 (P value) 

Symptom outcomes  

Mean TNSS 0.003 (0.9527) 

Peak TNSS 0.16 (0.2540) 

Mean TOSS 0.05 (0.5209) 

Peak TOSS 0.25 (0.1374) 

Mean TRSS 0.02 (0.7336) 

Peak TRSS 0.16 (0.2588) 

Mean % PNIF Change 0.01 (0.7372) 

Peak negative % PNIF Change* 0.005 (0.8416) 

Blood differential counts  

Total leukocytes 0.45 (0.0484) 

Neutrophils 0.18 (0.2585) 

Eosinophils 0.03 (0.6389) 

Basophils* 0.41 (0.2711) 

Lymphocytes 0.49 (0.0356) 

Monocytes 0.43 (0.0563) 

Significant correlations are bolded 
*Data analyzed using spearman correlation with associated r coefficient.  
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Figure 4.1. Nasal allergen challenge experimental model. Screening and challenge visits 

comprised the nasal allergen challenge model. The appropriate concentration of birch pollen 

extract to be used during challenge was determined at screening. After birch pollen allergen was 

administered to both nostrils, participants recorded their TNSS, TOSS, TRSS, and PNIF at 

baseline (before NAC), 15 and 30 minutes, 1 hour, and hourly until 12 hours post-challenge. 

Blood and nasal lavage samples were collected at baseline and 4 hours post-challenge for ILC2 

enumeration. Blood samples were also collected at 1 hour for differential counts (collection 

times indicated by *). NAC, nasal allergen challenge; TNSS, total nasal symptom scores; TOSS, 

total ocular symptom scores; TRSS, total rhinoconjunctivitis symptom score; PNIF, peak nasal 

inspiratory flow. 
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Figure 4.2. Change in TNSS and PNIF following nasal allergen challenge. A, Significant 

increases in TNSS was observed 15 minutes post-allergen challenge and persisted until the 11-

hour time point. B, Significant decreases in PNIF from baseline was observed 15 minutes post-

allergen challenge and persisted until the 1-hour time point. Data are represented as mean ± SEM 

(birch-allergic, n = 11; non-allergic, n = 8). ). * P < .05; ** P < .01; *** P < .001; **** P < 

.0001 (all vs. baseline). S, screening; NAC, nasal allergen challenge; TNSS, total nasal symptom 

scores; PNIF, peak nasal inspiratory flow. 
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Figure 4.3. Sequential gating strategy for group 2 innate lymphoid cell (ILC2) enumeration 

from peripheral blood mononuclear cell (top) and nasal lavage (bottom) samples. 
Representative plots for peripheral blood and nasal ILC2s were from one birch-allergic and one 

non-allergic participant 4 hours post-challenge respectively. Peripheral ILC2s were identified as 

live Lin-CD45hiCRTH2+CD127+ lymphocytes. Nasal ILC2s were similarly identified as Lin-

CD45+CRTH2+CD127+ lymphocytes. Isotype controls were gated using a 98% confidence limit. 

FSC, forward scatter; SSC, side scatter. 
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Figure 4.4. CD127 expression is restricted to Lin-CD45hi lymphocytes in peripheral blood. 
Representative histograms and plots from one birch-allergic participant before challenge. 

Expression of CD127 is confined to the CD45hi population as demonstrated by histograms (A), 

dot plots (B), and change in MFI (C) when compared to isotype control. Data are represented as 

mean ± SEM (C only; pooled data from all participants, n = 19). **** P < .0001 by Wilcoxon 

signed-ranked test. MFI, median fluorescence intensity; FSC, forward scatter. 
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Figure 4.5. Frequencies of peripheral and nasal ILC2s after nasal allergen challenge. 
Peripheral ILC2s (A) were significantly decreased following a NAC. Fold change in peripheral 

ILC2s (B) were comparable between groups. Nasal ILC2s (C) were significantly increased 

following a NAC. Horizontal bars represent the mean of each data set (birch-allergic, n = 11; 

non-allergic, n = 8). * P < .05. 
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Figure 4.6.  Differences in clinical outcome in participants with elevated nasal ILC2s 

following allergen challenge. Participants with increased nasal ILC2s demonstrated 

significantly larger reductions in PNIF (A) and a trending reduction in peak PNIF compared to 

participants with no change in nasal ILC2s. Mean and peak TNSS (B), TOSS (C), TRSS (D), 

and baseline frequencies of peripheral ILC2s (E) were comparable. Data are represented as box 

whisker plots. Horizontal line represents the median of the dataset (increased nasal ILC2s, n = 6; 

no increase in nasal ILC2s, n = 5). *P < .05. PNIF, peak nasal inspiratory flow; TNSS, total 

nasal symptom scores; TOSS, total ocular symptom scores; TRSS, total rhinoconjunctivitis 

symptom scores. 
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Chapter 5 

Assessment of filaggrin loss-of-function mutations and sensitization pathways in peanut 

allergy and birch pollen-induced allergic rhinitis 

 

 

5.1 Abstract 

 

Background: Filaggrin (FLG) loss-of-function mutations lead to skin barrier impairment and 

are a risk factor for the development of eczema and other allergic diseases. Current theories 

highlight the skin as an important component in the development of allergic sensitization. 

However, few studies have assessed the ability of protein allergens in penetrating the skin 

barrier. We sought to evaluate the role of FLG mutations in a well characterized cohort of 

participants with peanut allergy or birch pollen-induced allergic rhinitis (AR) and their effects on 

patch test responses to peanut and birch pollen protein. 

 

Methods: Case-control study enrolled participants aged 18-65 years with peanut allergy or birch 

pollen-induced AR, and non-atopic controls. Sixty-seven participants were genotyped for the 

four most prevalent FLG mutations: R501X, 2282del4, S3247X, R2447X. Patch testing was 

conducted on non-lesional skin using different preparations of peanut and birch pollen protein. 

Results were read 72 hours following patch application using the criteria set by the European 

Task Force on Atopic Dermatitis. 
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Results: FLG mutations showed no significant association with peanut allergy (odds ratio, 0.98; 

95% CI, 0.22-4.39; P = 1.0). Birch-allergic participants demonstrated a significantly lower 

frequency of FLG mutations compared to non-atopic controls (2.6% vs. 41.7%, P = .002). The 

highest frequency of positive patch test responses was to crushed raw peanuts in peanut-allergic 

participants. In this group, no differences were observed between the frequency and severity of 

positive peanut patch test responses following stratification for FLG mutations. A low frequency 

of positive patch test responses to birch pollen protein was also observed. 

 

Conclusion: Compared to previous studies, FLG mutations were not associated with peanut 

allergy and birch pollen-induced AR in our cohort. Peanut protein is capable of traversing 

healthy non-lesional skin. Birch pollen protein may require pre-existing barrier impairment in 

order to penetrate the skin barrier. 

 

 

5.2 Introduction 

Allergic diseases including eczema, (also called atopic dermatitis, AD), asthma, food 

allergy, and allergic rhinitis (AR) are increasing in prevalence and effect an estimated 20% of the 

global population. The atopic march describes the tendency for infants with AD to develop 

subsequent allergic conditions later in life1. AD is the most common chronic inflammatory skin 

disorder in the pediatric population and is characterized by dry skin due to increase 

transepidermal water loss (TEWL), pruritus, and an impaired skin barrier2,3. At an early age, 

these infants are more likely to become sensitized to environmental allergens, increasing their 

risk of developing future allergic diseases. In a recent prospective birth cohort study, Kelleher et 
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al demonstrated that infants with high neonatal TEWL (measured 2 days post-birth) had an 

increased odds of developing AD by 12 months and food allergy by 2 years of age compared to 

infants with low neonatal TEWL4,5. Together, these observations highlight the skin as an 

important component in the initial stages of allergic sensitization. 

 

Filaggrin (FLG) is a critical skin barrier protein expressed in the outermost epidermal 

layer6. Loss-of-function mutations in the gene encoding FLG are the strongest genetic risk factor 

for AD7. With a prevalence of 10% in the normal population, these mutations reduce skin barrier 

integrity, and are associated with food allergy and asthma8,9. There is no clear consensus on the 

association between FLG mutations and AR. Studies using parental reports to indicate AR report 

no association10,11. However, other studies report a strong association between FLG mutations 

and physician-diagnosed AR12,13. Clearly, accurate phenotyping of AR is necessary to evaluate 

the relationship between FLG mutations and this disease. 

 

As allergic sensitization often precedes allergy development, an impaired skin barrier 

may serve as an entry site for environmental allergens, facilitating the sensitization process. In a 

mouse model of skin barrier impairment, an association between a defective barrier and peanut 

hypersensitivity was observed, supporting the theory that epicutaneous peanut exposure was the 

route of sensitization14. Additionally, Brough et al15 reports an increased odds of both peanut 

sensitization and peanut allergy associated with household peanut dust in children with AD. In 

the same birth cohort, similar findings were observed in children with FLG mutations compared 

to children without mutations, highlighting the role of the skin in allergy development16. 
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Collectively, sensitization through the skin is one purported mechanism of allergy development. 

However, this theory relies on the assumption that allergens can traverse the skin barrier. 

 

The effect of direct contact of allergenic proteins on the skin has been previously 

illustrated using atopy patch testing (APT). APT is a common method used in the diagnosis of 

food or aeroallergen-induced AD. Preparations of the suspected food or aeroallergen are applied 

to small patches which are placed on the upper back. Results are often read 48-72 hours later17. 

Previous studies have performed APTs with a variety of foods and aeroallergen extracts and 

observed positive responses in individuals with AD18-20. Moreover, positive responses were 

primarily restricted to individuals with AD compared to those without AD. 

 

In contrast to skin sensitization, epicutaneous delivery of allergen through healthy intact 

skin is thought to establish tolerance. Termed epicutaneous immunotherapy, this approach is 

being evaluated for the treatment of peanut allergy (Viaskin®)21. Mirroring the aforementioned 

patch testing methods, repeated applications of peanut patches on intact skin demonstrated 

efficacy in establishing tolerance to up to 5044 mg of peanut protein during an oral food 

challenge in peanut-allergic children and young adults22. However, in mice orally sensitized to 

peanut, Viaskin® treatment on tape stripped skin led to a pro-allergic Th2 dominant response, 

contrasting the Th1/regulatory T cell phenotype that developed when treatment was on intact 

skin23. Collectively, these studies suggest that protein allergens are able to traverse through the 

skin, which can lead to tolerance or sensitization depending on if the skin barrier has been 

disrupted or is inflamed. 
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Although both AD and FLG mutations reduce skin barrier function and increase the risk 

of atopy development, the effect of FLG mutations on cutaneous penetration of allergens has not 

been investigated. In the current study, we sought to evaluate the relationship between FLG 

mutations and AR using a well-characterized cohort of participants with birch pollen-induced 

AR. We further assessed the effect of FLG mutations on positive APT responses to different 

preparations of peanut and birch pollen protein.  

 

 

5.3 Methods 

 

5.3.1 Study participants 

Otherwise healthy Caucasian individuals 18 years and older were recruited into the study. 

Study enrollment was restricted to Caucasian individuals due to the effect of race on the 

prevalence of different FLG mutations24. 

 

All participants provided written informed consent prior to study involvement. All 

experimental procedures were reviewed and granted ethics clearance by the Queen’s University 

Health Sciences and Affiliated Teaching Hospitals Research Ethics Board.  

 

5.3.2 Diagnostic criteria 

5.3.2.1 Peanut allergic cases 

Participants were deemed peanut-allergic based on one or more of the following: A 

positive oral food challenge to peanut; A convincing history of peanut allergy and either a 
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positive skin prick test to peanut extract (defined as a wheal diameter ≥ 3 mm than the negative 

saline control) or a peanut-specific IgE ≥ 0.35 kUA/L. 

 

5.3.2.2 Birch-allergic cases 

Birch-allergic participants were required to have a ≥ 2-year history of moderate to severe 

rhinoconjunctivitis symptoms during the typical birch pollen season (April to June) prior to 

enrollment, and a positive skin prick test to birch pollen extract (defined as a wheal diameter ≥ 3 

mm than the negative saline control). 

 

5.3.2.3 Non-allergic controls 

Non-allergic participants were required to lack a diagnosis of any atopic disease and have 

a completely negative skin prick test to a panel of common environmental allergens (Alternaria, 

short ragweed, rye grass, Timothy grass, Bermuda grass, birch, mountain cedar, Virginia live 

oak, tree mix, D. pteronyssinus, D. farinae, cockroach, cat, dog) and peanut protein. 

 

5.3.3 Clinical assessment 

Information on self-identified ethnicity, age, gender, and personal and family history of 

atopic diseases (AD, asthma, AR, food allergy) were collected using survey-based 

questionnaires. 

 

5.3.4 Genotyping for FLG loss-of-function mutations 

Peripheral blood was collected by venipuncture into EDTA-containing vacutainer tubes 

(BD Biosciences) and stored at -80°C. Genomic DNA was isolated from thawed blood samples 
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using the QIAamp DNA Blood Mini Kit (QIAGEN) and sent to our collaborator to be sequenced 

for the four most prevalent FLG mutations in Caucasians (R501X, 2282del4, R2447X, S3247X) 

using previously published methods25. Participants with ≥ 1 FLG mutation were defined as a 

carrier. 

 

5.3.5 Patch testing 

All participants underwent patch testing to different preparations of peanut and birch 

pollen protein. Accordingly, patch testing was performed with peanut butter, crushed raw 

unroasted peanut diluted in sterile water, peanut extract, 20% formulations of birch pollen extract 

diluted in Vaseline or extract diluent, and undiluted birch pollen extract. Extract diluent and 

Vaseline alone served as negative controls to assess background irritant reactions. The use of 

roasted (peanut butter) and unroasted peanut investigated any potential effect of peanut 

processing method26. Prepared dilutions were applied to 12 mm Finn Chambers and placed 

directly on intact skin areas on the participant’s upper back. The results were read 72 hours 

following patch application using the criteria established by the European Task Force on Atopic 

Dermatitis (ETFAD)17 (Table 5.1). A positive patch test response was defined as a reading ≥ + 

according to the criteria set by the ETFAD. 

 

5.3.6 Statistical analyses 

All data were analyzed using GraphPad Prism 6.0 (GraphPad Software). Severity scores 

of patch test responses were labelled from 1 through 5 as displayed in Table 5.1. Demographic 

and FLG genotyping data were compared between cases and controls using Fisher’s exact test. 

Repeated measures one-way ANOVA with Bonferroni’s correction and Mann Whiney U test 
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was used to compare frequency and severity scores of patch test responses between cases and 

controls. A P value of < .05 was taken as significant. 

 

 

5.4 Results 

 

5.4.1 Participant demographics 

A total of 17 peanut-allergic, 38 birch-allergic, and 12 non-allergic participants were 

enrolled into the study (Table 5.2). The mean age (SD) was 21.9 (9.4), 42.4 (14.9), and 40.2 

(18.0) years for peanut-allergic, birch-allergic, and non-allergic participants respectively. 

Approximately 67% of study participants were female and all participants self-identified as 

Caucasian except one birch-allergic individual (self-identified as Caucasian and Black). When 

compared to non-allergic controls, a strong and significant association between self-reported 

eczema and peanut allergy was observed (odds ratio [OR], 9.2; 95% confidence interval [CI] 1.5-

56.3, P = .02). A similar association was not observed in birch-allergic participants (OR, 1.2; 

95% CI, 0.2-6.6; P = 1.0). We also observed a significant association between atopic risk 

(defined as having at least 1 parent with a history of AD, asthma, AR, or food allergy) and 

peanut allergy (OR, 9.3; 95% CI, 1.6-52.7; P = .02) when compared to non-allergic controls. 

Similar findings were not observed in birch-allergic participants (OR, 2.2; 95% CI, 0.6-8.6; P = 

.33) (Table 5.2). 
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5.4.2 FLG genotype in peanut allergy and birch pollen-induced allergic rhinitis.  

The prevalence of FLG mutations was 41.2% (7/17), 2.6% (1/38), and 41.7% (5/12) in 

peanut-allergic, birch-allergic, and non-allergic participants respectively (Table 5.3). The 

majority of participants with FLG mutations were heterozygotes for only one of the four FLG 

variants (12/13). One peanut-allergic participant was homozygous for 2282del4. The most 

common FLG mutation across all three study groups was R501X followed by 2282del4. When 

compared with non-allergic controls, there was no significant association between FLG 

mutations and peanut allergy (OR, 0.98; 95% CI, 0.22-4.39; P = 1.0) (Table 5.4). In contrast, a 

significant association was observed between FLG mutations and birch-allergic participants (OR, 

0.04; 95% CI, 0.004-0.375; P = .002). When all participants were stratified based on self-

reported eczema, we demonstrated a significant association between FLG mutations and self-

reported eczema status compared to participants with no eczema (OR, 5.5; 95% CI, 1.5-19.8; P = 

.01) (see Table C.1 and C.2 in Appendix C). 

 

5.4.3 Patch test responses to different preparations of peanut and birch pollen 

The frequency of positive patch test responses to peanut and birch pollen were the highest 

in peanut-allergic participants. In this group, crushed raw peanuts (76.5%, 13/17) elicited the 

highest number of positive responses followed by peanut butter (47.0%, 8/17), peanut extract 

(23.5%, 4/17), 20% formulation of birch pollen in Vaseline (20.0%, 3/15), and birch pollen 

extract (5.9%, 1/17) (Table 5.5). The 20% formulation of birch pollen in extract diluent did not 

elicit positive patch test responses in all three groups. Only one birch-allergic participant had a 

positive patch test response to crushed raw peanuts. Non-allergic controls did not demonstrate 

positive responses to any of the peanut or birch preparations. When the severity of patch test 
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responses were quantified, both peanut butter (median severity, 1.0; interquartile range [IQR], 

1.0-3.0; P = .005) and crushed raw peanuts (median severity, 2.0; IQR, 1.5-3.0; P = .001) elicited 

significantly stronger cutaneous reactions compared to peanut extract (median severity, 0.0; IQR, 

0.0-1.5) in peanut-allergic participants (Figure 5.1). 

 

5.4.4 Effect of FLG genotype and eczema on patch test responses 

When peanut-allergic participants were stratified based on FLG genotype, the frequency 

of self-reported eczema was comparable between peanut-allergic participants with and without 

FLG mutations (71.4% vs. 60.0%, P = 1.0) (Table 5.6). We also observed a trend suggesting an 

association between self-reported asthma and FLG mutations in peanut-allergic participants 

(71.4% vs. 40.0%, P = .10). The frequency of positive patch test responses to peanut butter 

(42.8% vs. 50.0%, P = 1.0) and crushed raw peanuts (71.4% vs. 80.0%, P = 1.0) were 

comparable between peanut-allergic participants with and without FLG mutations. A trend was 

observed suggesting an association between the frequency of positive responses to peanut extract 

and peanut-allergic participants without FLG mutations (0.0% vs. 40.0%, P = 1.0). Severity 

scores for peanut butter (P = .59), crushed raw peanuts (P = .72), and peanut extract (P = .38) 

were comparable between both groups. We observed similar findings when we stratified peanut-

allergic participants based on self-reported eczema status. However, the frequency of positive 

patch test responses to peanut extract were comparable between these groups (27.3% vs. 16.7%, 

P = 1.0) (see Table C.3 in Appendix C). 
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5.5 Discussion 

In the current study, we endeavored to assess the role of FLG mutations in a well 

characterized cohort of participants with peanut allergy or birch pollen-induced AR and their 

effects on patch test responses to peanut and birch pollen protein. In our study cohort, we 

observed no significant association between FLG mutations and peanut allergy, but this may well 

have been due to a very high unexpected rate of these mutations in our control population. The 

frequency of FLG mutations was significantly lower in participants with birch pollen-induced 

AR compared to our control group. Following patch testing on non-lesional skin, crushed raw 

peanuts had the highest frequency of positive responses. Birch pollen seldom elicited responses 

in peanut-allergic and birch-allergic participants. The presence of FLG mutations and self-

reported eczema had no effect on the frequency or severity of positive peanut patch test 

responses in the peanut-allergic group. 

 

FLG mutations in this evaluation were not associated with peanut allergy. This contrasts 

several studies that previously reported a strong association between FLG mutations and peanut 

allergy in challenge-confirmed white individuals from English, Irish, Dutch, and Canadian 

cohorts27. Moreover, in these studies, the same FLG mutations (R501X, 2282del4, R2447X, 

S3247X) were evaluated as compared to the current analysis. This difference may be attributable 

to the high FLG mutation frequency in the non-allergic controls and the low sample size used 

herein. The frequencies of FLG mutations in our peanut-allergic cases and controls were 41%, a 

prevalence twice as high compared to previously published values (15-20% for peanut-allergic 

individuals; 5-11% for non-allergic controls)8,27. With such a high background mutation 

frequency, any statistical comparison made would be skewed. Moreover, the sample size used 
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herein is relatively small compared to other genetic studies. For example, Brown et al27 included 

71 peanut-allergic cases and 1000 controls in the primary analysis and 390 peanut-allergic cases 

and 891 controls in the Canadian analysis. It is clear that additional participants are required for a 

more complete conclusion in the assessment of FLG mutations and peanut allergy. 

 

In the current study, the prevalence of FLG mutations was 2.4% in a well-characterized 

cohort of participants with birch pollen-induced AR. This frequency is lower compared to the 

previously published frequencies of 5.3%-15.4% for physician-diagnosed AR and 19.5% for 

self-reported AR10,11,13. This observation may in part be due to the fact that the inclusion criteria 

for birch-allergic participants only included self-reported birch pollen-related AR symptoms and 

a positive skin test to birch pollen. Not all participants in this group may be clinically birch-

allergic as a birch pollen challenge to confirm was not included in the study protocol. Of note, 

however, 16 participants did have a positive birch pollen challenge in previous studies using the 

Environmental Exposure Unit, so this may not be an adequate explanation for our observations. 

Our findings also suggest that FLG mutation carriers are less likely to develop birch pollen-

induced AR compared to non-allergic controls. However, as mentioned previously, this finding 

may be an artifact of the high background frequency of mutations in the control group. The 

statistical significance between FLG mutations and birch pollen-induced AR may be primarily 

driven by this background frequency and will likely not remain significant if additional non-

allergic controls are included in the analysis. 

 

We demonstrated that peanut butter, crushed raw peanuts, and peanut extract are all able 

to traverse non-lesional skin, as indicated by the positive patch test responses in peanut-allergic 
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participants. Both peanut butter and crushed raw peanuts elicited patch test responses of 

comparable severity scoring, perhaps due to the semi-solid structure of the mixture prior to patch 

application. Peanut butter and crushed raw peanuts naturally have a semi-solid form following 

processing. The solid components of the mix can act as a physical irritant to the skin, allowing 

major peanut allergens to cross the skin barrier. Raw peanuts can also contain trace amounts of 

aflatoxin, which may in part explain the higher frequency of positive patch test responses 

crushed raw peanuts, compared to peanut butter and peanut extract. Aflatoxin is produced by 

Aspergillus parasiticus, a common mold contaminant of whole raw peanuts28. Compared to 

whole peanuts, toxin levels are negligible in peanut butter and extract preparations due to the 

extensive roasting and extraction processes28. Aflatoxin can act as a chemical irritant, which may 

elicit nonspecific skin reactions29. Together, the increased frequency of positive patch responses 

to crushed raw peanuts compared to peanut butter and extract support the findings of Brough et 

al15 who demonstrated a higher odds of peanut allergy development in children with AD when 

exposed to household peanut dust compared to children without AD. 

 

In contrast, birch pollen protein did not elicit strong patch test responses in the birch-

allergic group. This suggests that compared to peanut, birch pollen protein alone may not be able 

to penetrate non-lesional skin. In a recent study conducted by Campana et al30, strong positive 

patch test responses to recombinant Bet v 1 (major birch pollen allergen) diluted in Vaseline was 

observed on the skin of birch-allergic participants with and without co-morbid AD. However, in 

that study, all participants underwent tape stripping of the skin prior to patch application, 

suggesting that birch pollen protein may only be able to traverse the skin barrier following 

barrier disruption. 
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Compared to the birch-allergic group, we noted positive patch test responses to the 20% 

birch pollen-Vaseline formulation and birch pollen extract in four peanut-allergic participants. 

All four participants were co-sensitized to birch pollen, which may explain the observed 

reactions. However, these reactions may also be attributable to the shared structural homology 

between Bet v 1 and Ara h 8, a major peanut allergen31. Birch-allergic individuals can often 

develop sensitization to peanut during adolescence. Not reflective of true clinical peanut allergy, 

these individuals experience allergic symptoms restricted to the oral mucosa following peanut 

ingestion (termed oral allergy syndrome) primarily due to shared characteristics between Bet v 1 

and Ara h 832. Moreover, in a Swedish cohort of peanut-allergic patients, the levels of IgE to 

recombinant Ara h 8, recombinant Bet v 1, and birch pollen were strongly correlated33. 

 

In the peanut-allergic group, we did not observe any significant differences in both the 

positivity and severity scoring of patch test responses to peanut butter, crushed raw peanuts, and 

peanut extract following stratification for FLG genotyping and self-reported eczema. This 

suggests that both FLG mutations and self-reported eczema may not contribute to cutaneous 

passage of protein allergens. Perhaps prior mechanical injury to the skin barrier via tape stripping 

is needed to properly discern between individuals with intrinsic barrier impairment, either as a 

FLG mutation carrier or eczema status. 

 

The main limitation in the current study is the small sample size. Prior genetic studies 

assessing the role of FLG mutations in allergic diseases often have combined sample sizes > 

3008,13,15,16,27,34,35. As the prevalence of FLG mutations in Caucasians is approximately 7-10%, 
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low sample sizes are vulnerable to bias. The inclusion of additional participants would help 

reduce the high background mutation frequency observed in our non-allergic controls. Another 

limitation may be the methods used to recruit these individuals. Although all 12 non-allergic 

controls demonstrated a completely negative skin test to common aeroallergens and peanut, three 

had previously reported experiencing symptoms suggestive of allergy, two had thought they had 

allergies, and one was enrolled, but was ultimately excluded from a previous study with cat-

allergic individuals. Moreover, four non-allergic controls have at least one parent with a history 

of atopy. Additional tests such as intradermal skin testing may help delineate who is truly non-

allergic in this group36,37. 

 

In summary, we demonstrate a high prevalence of FLG mutations in our peanut-allergic 

group and a low prevalence of these mutations in a well-characterized cohort of participants with 

birch pollen-induced AR. We also demonstrate the effect of peanut protein when directly placed 

on intact skin, providing support for the epicutaneous sensitization mechanism of peanut allergy 

development. Birch pollen alone was unable to traverse the skin barrier, suggesting that prior 

barrier disruption may be necessary.  
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5.6 Tables and Figures 

 

Table 5.1. Clinical grading of Atopy Patch Test responses provided by the Revised European 

Task Force on Atopic Dermatitis. 

 

 

 

 

 

 

 

 

 

  

Clinical score Number scale Guidelines 

- 0 Negative 

? or +/- 1 Only erythema, questionable 

+ 2 Erythema, infiltration 

++ 3 Erythema, few papules 

+++ 4 Erythema, many or spreading papules 

++++ 5 Erythema, vesicles 
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Table 5.2. Participant demographics. 

 

‘Ever’ defined as currently have or had the disease. 
#One participant identified as white and black. 

*Out of 37 birch-allergic participants. 
†Fisher’s exact test vs. non-allergics. 
‡Risk defined as having at least one parent with history of eczema, asthma, AR, or food allergy. 

  

 

Peanut 

(n=17) 

Birch 

(n=38) 

Non-allergic 

(n=12) 

Mean age in years (SD) 21.9 (9.4) 42.4 (14.9) 40.2 (18.0) 

Female (%) 16 (94.1) 21 (55.3) 8 (66.7) 

Race (%)    

Caucasian 17 (100) 38 (100)# 12 (100) 

Black 0 (0.0) 0 (0.0) 0 (0.0) 

Asian 0 (0.0) 0 (0.0) 0 (0.0) 

American Indian/Alaska Native 0 (0.0) 0 (0.0) 0 (0.0) 

Native Hawaiian/Other Pacific Islander 0 (0.0) 0 (0.0) 0 (0.0) 

Other 0 (0.0) 0 (0.0) 0 (0.0) 

Ever eczema (%) 11 (64.7) 7 (18.9)* 2 (16.6) 

OR (95% CI)† 9.2 (1.5-56.3) 

P = .02 

1.2 (0.2-6.6) 

P = 1.0 

N/A 

Ever asthma (%) 9 (52.9) 14 (36.8) 0 (0.0) 

Ever AR (%) 14 (82.4) 38 (100) 0 (0.0) 

Atopic risk‡ 14 (82.4) 20 (52.6) 4 (33.3) 

OR (95% CI)† 
9.3 (1.6-52.7) 

P = .02 

2.2 (0.6-8.6) 

P = .33 

N/A 
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Table 5.3. Frequency of different FLG genotypes in peanut-allergic, birch-allergic, and non-

allergic participants. 

*Includes compound heterozygotes and homozygotes. 

 

  

 

R501X 

(%) 

2282del4 

(%) 

R2447X 

(%) 

S3247X 

(%) 

Combined FLG 

loss-of-function 

genotype (%) 

Peanut-allergic participants (n=17)      

Homozygous FLG wild-type 14 (82.4) 14 (82.4) 17 (100) 16 (94.1) 10 (58.8) 

FLG mutation – Heterozygous 3 (17.5) 2 (11.8) 0 (0.0) 1 (5.9) 7 (41.2)* 

FLG mutation – Homozygous 0 (0.0) 1 (5.9) 0 (0.0) 0 (0.0)  

 Birch-allergic participants (n=38)      

Homozygous FLG wild-type 37 (97.4) 38 (100) 38 (100) 38 (100) 37 (97.4) 

FLG mutation – Heterozygous 1 (2.6) 0 (0.0) 0 (0.0) 0 (0.0) 1 (2.6)* 

FLG mutation – Homozygous 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)  

Non-allergic participants (n=12)      

Homozygous FLG wild-type 9 (75.0) 11 (91.7) 11 (91.7) 0 (0.0) 7 (58.3) 

FLG mutation – Heterozygous 3 (25.0) 1 (8.3) 1 (8.3) 0 (0.0) 5 (41.7)* 

FLG mutation – Homozygous 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)  
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Table 5.4. Association of FLG mutations in peanut-allergic and birch-allergic participants. 

*Compared to non-allergics. 

 

 

 

  

 

Peanut 

(n=17) 

Birch 

(n=38) 

Non-allergics 

(n=12) 

No FLG mutations  

(homozygous wild-type) 
10 37 7 

One wild-type and 1 FLG mutant 

allele (heterozygous) 
6 1 5 

Two FLG loss-of-function mutations 

(homozygous or compound 

heterozygous) 

1 0 0 

Proportion of individuals with ≥ 1 

FLG loss-of-function mutation (%) 
41.2 2.6 41.7 

Fisher exact test P = 1.0 P = 0.002 N/A 

OR (95% CI)* 
0.98 (0.22 – 

4.39) 

0.04 (0.004 – 

0.375) 
N/A 
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Table 5.5. Summary of patch test responses to different preparations of peanut and birch pollen. 

*Positive patch test response defined as ≥ +. 
†Out of 15 peanut-allergic participants. 

  

Positive patch test response* 
Peanut 

(n=17) 

Birch 

(n=38) 

Non-allergic 

(n=12) 

Peanut preparations (%)    

Peanut butter 8 (47.0) 0 (0.0) 0 (0.0) 

Crushed peanuts 13 (76.5) 1 (2.6) 0 (0.0) 

Peanut extract 4 (23.5) 0 (0.0) 0 (0.0) 

Birch pollen preparations (%)    

20% birch pollen in Vaseline 3 (20.0)† 0 (0.0) 0 (0.0) 

20% birch pollen in extract diluent 0 (0.0) 0 (0.0) 0 (0.0) 

Birch extract 1 (5.9) 0 (0.0) 0 (0.0) 

Extract control 0 (0.0) 0 (0.0) 0 (0.0) 

Vaseline control 0 (0.0) 0 (0.0) 0 (0.0) 
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Table 5.6. Patch test responses to peanut in peanut-allergic participants stratified by FLG 

genotype. 

IQR, interquartile range. 

  

 

FLG mutation 

(n=7) 

FLG Wild-type 

(n=10) P value 

Ever eczema (%) 5 (71.4) 6 (60.0) 1.0 

Ever asthma (%) 5 (71.4) 4 (40.0) 0.10 

Positive responses to Peanut butter 3 (42.8) 5 (50.0) 1.0 

Severity score, median (IQR) 1 (1.0-3.0) 1.5 (1.0-3.0) 0.59 

Positive responses to Crushed 

peanuts 
5 (71.4) 8 (80.0) 1.0 

Severity score, median (IQR) 2.0 (1.0-3.0) 2.0 (1.8-3.0) 0.72 

Positive responses to Peanut 

extract 
0 (0.0) 4 (40.0) 0.10 

Severity score, median (IQR) 0 (0.0-1.0) 0 (0.0-2.0) 0.38 
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Figure 5.1. Severity of patch test responses to different preparations of peanut protein. 
Organic peanut butter and crushed raw peanuts elicited a significantly higher patch test severity 

score compared to peanut extract. Data are represented as box plots with whiskers (peanut-

allergics, n=17). ** P < .01, *** P < .001 (both vs. peanut extract).  
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Chapter 6 

Summary of Thesis Work and Future Directions 

 

6.1 Overall summary 

In the first manuscript, we assessed both nasal and ocular symptom outcomes following 

birch pollen exposure using the EEU and NAC models. Birch-allergic participants demonstrated 

distinct changes in symptom development following birch pollen challenge in both models. 

Symptomatic changes correlated with allergen-induced changes in blood differential counts and 

differed between EPRs and pEPRs. In the second manuscript, we evaluated the frequency of 

peripheral and nasal ILC2s following a NAC with birch pollen extract. Following allergen 

challenge, birch-allergic participants demonstrated a significant decrease in circulating ILC2s 

and a concomitant increase in nasal ILC2s. Increases in the frequency of nasal ILC2s were also 

associated with increased nasal congestion. Similar changes were not observed in non-allergic 

participants. In the third manuscript, we assessed the role of FLG mutations in participants with 

birch pollen-induced AR or peanut allergy and their potential effects on patch test responses to 

birch pollen and peanut protein. In our cohort, we observed no association between FLG 

mutations and both birch pollen-induced AR and peanut allergy. Patch testing to peanut protein 

elicited the highest positive response rate while positive responses to birch pollen was seldom. 

Moreover, the frequency of positive patch test responses to peanut was unchanged when peanut-

allergic participants were separated based on FLG mutation status and self-reported eczema. 
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6.2 Implications 

With progress towards personalized treatments targeting specific disease phenotypes and 

endotypes, biologics may represent the future of AR treatments. The large heterogeneity seen in 

asthma (ex. T2high vs. T2low endotypes) must be taken into consideration when choosing 

treatments (ex. biologics targeting IgE, IL-4, or TSLP)1. Similarly, both the EEU and NAC 

models are capable of distinguishing individuals with different AR phenotypes. For example, 

both models demonstrate the persistent late-onset symptom profiles in pEPRs compared to EPRs, 

suggesting that these individuals may require more aggressive pharmacologic therapy compared 

to others. Moreover, AR phenotypes may be an important consideration for future trial 

enrollment as one treatment may favor one phenotype over the other. 

 

Our findings that nasal ILC2s are increased following NAC in birch-allergic participants 

suggests that these cells may represent a viable target for therapy. Shown previously in a phase II 

trial, the CRTH2 antagonist OC000459 (CRTH2, PGD2 receptor expressed on all ILC2s) 

significantly reduced nasal and ocular symptoms in allergic rhinoconjunctivitis participants 

following a grass allergen challenge in an allergen challenge chamber2. Additional research is 

needed to evaluate the role of ILC2s in AR symptomology. 

 

As the skin may serve as a primary route of allergic sensitization, modification of topical 

treatments aimed at improving skin barrier function may reduce the risk of allergy development. 

Our findings show that peanut protein was able to penetrate non-lesional skin. Although birch 

pollen seldom traverse the skin barrier in our study, it is capable of skin penetration as shown in 

patients with AD3. Previous studies show that application of topical creams can reduce skin 
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penetration of grass pollen and reduce the development of respiratory allergy in a mouse model 

with AD-like inflammation4,5. Together, modified topical treatments may be a plausible 

approach in the primary prevention of both peanut and birch pollen sensitization. 

 

 

6.3 Future directions 

6.3.1 In vitro stimulation of peripheral blood mononuclear cells with birch pollen following 

allergen challenge in the EEU and NAC models. 

To further compare the EEU and NAC models, differences between birch pollen-

stimulated peripheral blood mononuclear cells (PBMCs) collected following allergen challenge 

in both models can be assessed. Following in vitro pollen stimulation, baseline PBMCs from AR 

participants demonstrate increased protein and gene expression of Th2 cytokines (including IL-4, 

IL-5, and IL-13) compared to non-atopic controls6-8. However, very few studies have evaluated 

the effects of in vitro birch pollen stimulation on the biological activity of PBMCs collected after 

an allergen challenge using the EEU or NAC models. Given the observed significant differences 

in symptom development between models, biological activity of PBMCs collected post-

challenge may also be affected. Furthermore, in vitro stimulation post-challenge may capture key 

differences in the expression of Th2 cytokines relative to the mode of allergen delivery (EEU, 

continuous pollen exposure; NAC, single dose).  
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6.3.2 Effect of continuous birch pollen exposure on the frequencies of peripheral and nasal 

ILC2s in the EEU. 

Our findings, along with others, provide support for the role of ILC2s in AR 

pathogenesis. However, many of these studies used direct nasal challenges to interrogate the 

ILC2 compartment in both circulation and in the nose9,10. The effect of continuous pollen 

exposure on the frequency of nasal ILC2s has not been investigated. Only one study to date has 

evaluated the frequency of circulating ILC2s in grass-allergic patients during in-season and out-

of-season periods. The authors demonstrated an increase in circulating ILC2s during in-season 

periods compared to out-of-season11. Evaluating the effect of prolonged periods of pollen 

exposure on ILC2s can provide insight into what likely occurs during natural outdoor exposure. 

This can be achieved using the EEU model to provide periods of continuous pollen exposure 

under a controlled environment. 

 

6.3.3 Effect of current skin barrier impairment on cutaneous penetration of protein 

allergen 

As participant recruitment is currently ongoing, the main focus for the FLG study is to 

achieve our targeted sample size (calculated a priori, n = 150 total participants; 50 birch-

allergics, 50 peanut-allergics, and 50 non-atopic controls). Given the high frequency of FLG 

mutations in the non-atopic control group, including additional participants into the final analysis 

would help reduce the apparent noise. Use of intradermal skin testing (IDT) may also help 

confirm true non-atopic status for our non-atopic control group. Although the method is more 

invasive compared to contemporary skin testing, and is not recommended in clinical practice 
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owing to its higher rate of false positive testing, a negative IDT can reassured all involved that 

there is a true absence of sensitization to particular allergens12,13. 

 

A future consideration could include the inclusion of a small group of participants who 

currently have eczema. This group would allow direct comparisons between skin barrier 

impairment and cutaneous allergen penetration to be drawn. Furthermore, the additive effect of 

FLG mutations on cutaneous allergen penetration can be assessed as these participants can be 

stratified based on their FLG genotype. The inclusion of this group can address the hypothesis of 

whether FLG mutations can enhance cutaneous passage of allergenic proteins in participants 

with current eczema compared to participants carrying wild-type FLG.  
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Appendix A 

Supplemental Tables for Chapter 3 

 

Table A.1. Likert rating scale for allergic rhinitis symptoms. 

 

Score Grade Guideline 

0 None No sign/symptom is evident 

1 Mild 
Sign/symptom clearly present, but minimal awareness; easily 

tolerated 

2 Moderate 
Definite awareness of sign/symptom that is bothersome, but 

tolerable 

3 Severe 
Sign/symptom that is hard to tolerate; causes interference with 

activities during the challenge session 
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Table A.2. Nasal and ocular symptom score composites of allergic rhinitis. 

 

Symptom TNSS TOSS TRSS 

Runny nose (rhinorrhea) X  X 

Nasal congestion X  X 

Sneezing X  X 

Nasal itching X  X 

Itchy/red/gritty eye*  X X 

Watery eyes  X X 

Itching of ear, palate, or throat   X 

TNSS, total nasal symptom score; TOSS, total ocular symptom score; TRSS, total 

rhinoconjunctivitis symptom score. 
aTotal composite scores were the sum of each individual symptom score (rated between 0 – 3); 

TNSS (0 – 12), TOSS (0 – 6), TRSS (0 – 21). 

*Itchy/gritty eyes and red eyes were assessed separately in the EEU model. The average of the 

two symptoms were calculated and summed with the scores for watery eyes to calculate an 

adjusted TOSS out of 6.  
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Appendix B 

Supplemental Tables for Chapter 4 

 

Table B.1. Restricted medications and required washout periods. 

Medication 

Washout period prior to 

challenge visits 

Systemic (intramuscular and/or intravenous and/or oral) 

corticosteroids  

30 days 

Topical Corticosteroids (Topical hydrocortisone ≤1 % covering ≤ 10 

% of body surface without occlusion is allowed) 

7 days 

Inhaled or intranasal corticosteroids; leukotriene modifiers; or 

leukotriene receptor antagonists 

14 days 

Inhaled intranasal or ocular cromolyn; or beta blockers 14 days 

Anti-allergic ophthalmic treatments (e.g. Patanol®, or Alomide®) 3 days 

H1-receptor antagonists (oral and/or topical) and/or H2-receptor 

antagonists 

7 days 

Decongestants* 48 hours 

Saline nasal spray or ocular drops (saline solution for contact lens 

use is allowed)* 

24 hours 

 

*Participants may use these medications provided the washouts are directly observed 
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Table B.2. Likert rating scale for allergic rhinitis symptoms. 

Score Grade Guideline 

0 None No sign/symptom is evident 

1 Mild 
Sign/symptom clearly present, but minimal awareness; easily 

tolerated 

2 Moderate 
Definite awareness of sign/symptom that is bothersome, but 

tolerable 

3 Severe 
Sign/symptom that is hard to tolerate; causes interference with 

activities during the challenge session 
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Table B.3. Qualifying and challenge dose calculations 

 

Screening dose NAC dose 

1:128 1:128 

1:32 1:26 (1:128 + 1:32) 

1:8 1:6 (1:128 + 1:32 + 1:8) 

1:2* 1:2 

 

*Participants qualifying at 1:2 during screening receive the maximum allergen dose during the 

NAC. 
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Table B.4. By time-point comparisons of TNSS and PNIF scores of allergic and non-allergic 

participants. 

    

 Mean TNSS  Mean % PNIF Change (%) 

Time points (Hours) 

Allergics 

(n=11) 

Non-allergics 

(n=6)† P value  

Allergics 

(n=11) 

Non-allergics 

(n=5)† P value 

Baseline 0.18 0.17 > 0.9999  0.0 0.0 > 0.9999 

0.25 7.46 0.67 < 0.0001*  -32.95 -0.13 0.0015* 

0.5 6.24 0.0 < 0.0001*  -34.00 1.84 0.0003* 

1 5.09 0.0 < 0.0001*  -24.13 -1.94 0.1194 

2 4.00 0.17 < 0.0001*  -14.65 -2.38 > 0.9999 

3 3.27 0.17 0.0004*  -10.63 0.83 > 0.9999 

4 3.36 0.33 0.0006*  -5.06 -4.19 > 0.9999 

5 3.27 0.0 0.0001*  -13.4 5.71 0.3248 

6 2.82 0.0 0.0018*  -9.50 2.65 > 0.9999 

7 2.46 0.0 0.0117*  -6.41 4.46 > 0.9999 

8 2.64 0.0 0.0048*  -8.86 0.47 > 0.9999 

9 1.91 0.0 0.1299  -6.68 7.46 > 0.9999 

10 1.73 0.0 0.2608  -7.02 9.15 0.7823 

11 1.82 0.0 0.1853  -7.08 6.28 > 0.9999 

12 1.46 0.0 0.6719  -11.8 6.82 0.3795 

†One and two non-allergic participants were excluded from the TNSS and PNIF analysis 

respectively due to missing symptom score data. 
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Appendix C 

 

Supplemental Tables for Chapter 5 

 

Table C.1. Frequency of different FLG genotypes in participants who currently have or had 

eczema. 

 

‘Ever’ defined as currently have or had the disease. 

*Peanut-allergic, birch-allergic, and non-allergic participants were pooled and stratified based on 

self-reported eczema. 
†Includes compound heterozygotes and homozygotes. 

 

  

 

R501X 

(%) 

2282del4 

(%) 

R2447X 

(%) 

S3247X 

(%) 

Combined FLG 

loss-of-function 

genotype (%) 

Ever eczema (n=20)*      

Homozygous FLG wild-type 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 12 (60.0) 

FLG mutation – Heterozygous 3 (15.0) 3 (15) 0 (0.0) 1 (5.0) 8 (40.0)† 

FLG mutation - Homozygous 0 (0.0) 1 (5.0) 0 (0.0) 0 (0.0)  

No eczema (n=46)*      

Homozygous FLG wild-type 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 41 (89.1) 

FLG mutation – Heterozygous 4 (8.7) 0 (0.0) 1 (2.2) 0 (0.0) 5 (10.9)† 

FLG mutation - Homozygous 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)  
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Table C.2. Relationship between FLG mutations and eczema status in a pooled participant 

group. 

 

 

Ever eczema 

(n=20) 

No eczema 

(n=46) 

No FLG mutations  

(homozygous wild-type) 
12 41 

One wild-type and 1 FLG mutant 

allele (heterozygous) 
7 5 

Two FLG loss-of-function mutations 

(homozygous or compound 

heterozygous) 

1 0 

Proportion of individuals with ≥ 1 

FLG loss-of-function mutation (%) 
40.0 10.9 

Fisher exact test P = .01 

OR (95% CI)* 5.5 (1.5-19.8) 

 

‘Ever’ defined as currently have or had the disease. 

*Compared to no eczema. 
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Table C.3. Patch test responses in peanut-allergic participants stratified by self-reported eczema. 

IQR, interquartile range. 

*Out of 5 peanut-allergics. 
†Out of 10 peanut-allergics. 

 

 

 

Ever eczema 

(n=11) 

No eczema 

(n=6) P value 

Positive responses to Peanut butter 4 (36.4) 4 (66.7) 0.33 

Severity score, median (IQR) 1.0 (1.0-2.0) 2.5 (1.0-3.2) 0.17 

Positive responses to Crushed peanuts 8 (72.7) 5 (83.3) 1.0 

Severity score, median (IQR) 2.0 (1.0-3.0) 2.0 (1.8-4.0) 0.52 

Positive responses to Peanut extract 3 (27.3) 1 (16.7) 1.0 

Severity score, median (IQR) 0.0 (0.0-2.0) 0.0 (0.0-1.5) 0.92 

Positive patch test response to birch pollen 

preparations (%) 
   

10% birch pollen in Vaseline N/A 0 (0.0) N/A 

20% birch pollen in Vaseline 0 (0.0) 0 (0.0) 1.0 

20% birch pollen in extract diluent 2 (20.0)† 1 (20.0)* 1.0 

Birch pollen extract 1 (9.1) 0 (0.0) 1.0 
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